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Chapter 1

INTRODUCTION

Most agricultural and food production systems cklen the utilization of
locally adapted plant and animal species. Suchtpdananimal genetic resources
comprises species that are of cultural, agricultanal economic importance to man.

A plant species of such importance as a spicericudture is black pepper.

Black pepper, the “King of Spices”, is one of thestnonportant and widely
used spice in the world. The black pepper of coromes the dried ripened berries of
Piper nigrumL. Black pepper is a woody climber, grown commdigien the South
Western region of India, comprising of the state&erala, Karnataka, Tamil Nadu
and Goa. The humid tropical evergreen forests bmglehe Malabar Coast, the
Western Ghats, is the centre of origin and diversit the black pepper. The Malabar
Coast was involved in the cultivation and trade laick pepper since ancient times
and the plants were introduced to Indonesia, Madagsid subsequently to other
pepper growing countries from the region. Presepépper is grown in more than

twenty six countries.

Black pepper, with its innate pungency and flavar, an essential and
inevitable constituent in many cuisines, and thegdiar one which is served
unfailingly at the dining table. It was being ineufor different purposes in the past,
and continues to be so currently and will remainirsduture as well. It was an
important spice and food ingredient for the westjeasential part of the embalming

mixture for ancient Egyptians; a beneficial drug fle ancient Aryans, and for the



Indians it was a spice as well as a medicine wisch fundamental component of
many traditionalAyurvedicdrugs. Stories on pepper richly coloured with imagon
were carried by ancient sailors to distant plages itss fame reached both Western

and Eastern lands.

Piper nigrumL. belongs to the family Piperaceae of the Sévl&asoembryeae
of monoclamidae (Bentham and Hooker, 1880).The gBmer is broadly distributed
in the tropical and sub tropical regions of the oThe main centers of distribution
are Central and South America and South Asia (Tsel@ad Yuncker, 1950). There
are other economically important species excludtark peppei.e., Indian long
pepper Piper longumL.), betel vine P. betleL.), Java long pepperP( chaba
Hunter), Tailed peppeP( cubebal.), Kawa pepperK. methysticuntorster), West
African pepper P. clusimC.D.C.), Benin pepperP( guineensé&chum. & Thonn.)
and Japanese peppé. kadzura(Choisy) Ohwi.). Of this black pepper, long pepper

and betel vine are the three economically imporeapér species grown in India.

The genugPiper, established by Linnaeus (1753) in h&ptcies plantarum”
recognized seventedhper species. The gendsper is characterized by small highly
reduced flowers packed closely to form spikes. iffade flowers contain 2-3 anthers
subtended by a bract and the female flowers aresepted by the naked ovary. More
than 6000Piper binomials are recorded by International Plant Nanauex (IPNI) of
which 119 are of Indian origin (Saji, 2006). Eigitespecies are found to be present
in sub mountainous tracts of Western Ghats andesepeninsular and coastal regions
(Hooker, 1886, de Candolle, 1912, Rama Rao, 1914 bearh925, Ravindraat al,
1987, Velayudhan and Amalraj, 1992, Nirmal Badtual, 1993 and Tyaget al,

2004).



The IndianPiper species are unisexual plants, but the Central anghS
American species are mainly bisexual. But the walléd black pepper is of bisexual
types. Over 100 cultivar of black pepper are inidnd0 of them are generally
cultivated in the major pepper growing areas. (gmlal studies has shown that the
cultivated black pepper is having chromosome numifen (4X) = 52, X=13
(Mathew, 1958; 1972) while 2n=104 was noted in wydes. Black pepper and its
related taxa are either tetraploids or polyploidsl ghe polyploidy has played
significant role in the speciation of South IndiBiper (Mathew, 1958; Rahiman,

1981).

Though black pepper is the most valuable econolyigalportant spice crop
and the best known agricultural product in the gdriper, little is known about its
exact distribution, botany, taxonomy and evolutidhe earlier works in this area are
of Rheede (1688), Miquel (1843), de Condolle (186®)pker (1886), Rama Rao
(1914), Gamble (1925), Fyson (1932), Kanjikd al (1940), Manilal (1988),

Rahiman (1981), Ravindran (1991) and Mathew (1998).

India has one of the largest diversityRiper and a world collection of 3500
accessions of black pepper cultivars and relatextiep which are maintained at
Indian Institute of Spices Research, Kozhikode. Appate identification and
characterization of plant materials is essentiattie successful conservation of plant
genetic resources and to ensure their sustainad#e The improvement of crop
genetic resources is dependent on continuous orfasof wild relatives, traditional
varieties and the use of modern breeding techniqhéshese processes require an
assessment of diversity to select genotypes rasigtdiotic and abiotic stresses, high

in quality and productivity.



Genetic diversity may be gauged using morphologitebchemical and
molecular characterization. In Black pepper the rolephylogeny is particularly
significant, as major breakthroughs in varietalletron have been achieved through
the conventional breeding. However due to redudalf structures morphological
characterization is not fully effective in genetorersity analysis ofPiper. In the
absence of discernable phenotypic characters matemarkers become a powerful
tool for estimating genetic diversity within a s@s; and to determine genetic
relationships between individuals and populatidvielecular markers are utilized in
both basic i(e. phylogenetic analysis and search for useful gemesl applied
research i(e. marker assisted selection). A vast array of DNAseol molecular
markers has been discovered since 1980 and newkemntgpes are developed every

year.

Among the molecular markers, microsatellites or pdamsequence repeats
(SSRs) have emerged as the most widely used anatilersarker type employed for
many applications including genome mapping, phyhegies and population genetics
studies (Goldstein and Schlotterer, 1999). Micreltitds are tandem repeats of one to
six nucleotide long DNA motifs (Thiekt al, 2003), characterized by the relative
abundance, hypervariable nature, locus specifigbdominance, and multiallelic
nature (Powellet al, 1996). SSRs are ubiquitous in the coding and qualing
regions (Tautz and Renz., 1984; Tahal, 2000) of prokaryotes and eukaryotes.
High degree of allelic variation revealed by miatdlite markers results from
variation in number of repeats at a locus causedepiication slippage or unequal

crossing over during meiosis.

Methods have been developed for isolating micrdigatefrom organism with

abundant microsatellite loci (Tautz, 1989, Webat Btay, 1989) and organisms with

4



less abundant microsatellite loci (Ostraneteal, 1992, Armouset al, 1994, Kandpal
et al, 1994, Hamiltoret al, 1999, Glenn and Schable, 2005). Microsatellitas be
developed directly from genomic DNA libraries orordn libraries enriched for
microsatellites. The development of SSR markers domew species is time
consuming and labour intensive (Zagteal, 2002; Squirrelet al, 2003). However,
once developed, these markers provide endless higbughput applications in
molecular breeding by providing accurate, costatffe and reliable genotyping.
Additionally, microsatellites can also be identifiey searching public databases such
as GenBank with the advent of bioinformatics todSTs (Expressed Sequence Tag)
can be obtained through partial random sequendrgPdlA libraries, are 300-500
nucleotide long single pass mMRNA sequences (Adeimed, 1991), representing a
snhapshot of genes expressed in a given tissuee&sgnt Sequence Tags of many
plant species has been generated and a large nwhleicrosatellites have been
detected using bioinformatics tools leading to deeelopment of EST-SSR or genic
SSR Markers. These EST derived microsatellites avin several advantages; easy
identification by electronic sorting, present iretbxpressed portion of the genome,
cost effective and quick approach, and has easwgfeeability across a number of

related species (Varshneyal, 2005).

The microsatellite markers developed in one spemedd effectively transfer
among closely related taxa, which is commonly knaagntransferability or cross
species amplification, has been successfully detraied in many crop species
(Varshneyet al, 2007; Oliveiraet al, 2013). Both genic (EST SSRs) and genomic
SSR markers can be transferred across species. ldowawnsferability depends on
the extent of conservation in the nucleotide segeerlanking the microsatellite loci

(Schlotterer and Pemberton, 1994; Zasteal, 2002) and the stability of these



sequences during evolution (Decroatapl, 2003). Transfer of microsatellite primers
can offer an alternative to tltee novodevelopment of SSR markers in plant species
(Peakallet al, 1998), reducing the cost of development and iogemew perspectives

for population genetic studies.

There are quite a few reports on molecular charaetén of Piper using
molecular markers by Ajitlet al. (1997), Banerjeet al. (1999), Lebott al. (1999),
Babu et al. (2003), Senret al. (2010), Sheejat al (2013) and Chowdhuregt al
(2014). A few reports are also available on theettgwyment of microsatellite markers
in the genusPiper. Menezeset al (2009) and Joyet al (2011) developed and
characterized a total of 16 microsatellite markess black pepper and used them to
study the genetic diversity of 20 varieties from &lian collections and 40 popular
genotypes and four different speciesRiper from India respectively. Lia@t al
(2009) andYoshidaet al (2014)reported isolation and characterization of 11 and 9
polymorphic microsatellite loci from two distaRiper speciesPiper polysyphonum
andPiper solmsianunmmespectively Development of highly reliable and reproducible
molecular markers for assessing the genetic diyerassumes significance to

facilitate the crop improvement programme througietular breeding.

The present study was carried out with the objectif developing adequate
(10-15) microsatellite markers to study the genatichitecture of black pepper and
related species that would enable future crop ingarent programmes in the genus

Piper. The specific aims were to;

= Develop a set of genomic microsatellite markerscbystructing small
insert genomic libraries enriched for SSRs foratoh of microsatellites.
= Develop a set of genic microsatellite markers (EB9Rs) by exploiting

the EST sequences deposited in the public domain.

6



Characterize the SSRs and test their ability to itlepblymorphism in
diverse black pepper germplasm.

Assess the cross- species amplification poterttiahgferability) of genic
and genomic SSR markers so developed in Riggbr germplasm.

To give a better understanding of inter-relatiopdetweerPiper species

and among cultivars and varieties of black pepper.
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Chapter 2

REVIEW OF LITERATURE

2.1. The genusiper

The genus namBiper was derived probably from the Greek name for black
pepper,Peperi(Ravindranet al, 2000). The genuBiper is considered to be one of
the largest genera of angiosperms (Kubitzkal, 1993) and is widely distributed in
the tropical and semi tropical regions of the wopkrticularly Asia and Central
America. The genuRiper comprises about 3000 species of which 119 aredifih
origin. ThePiper species are mainly herbs, shrubs, creepers, diiarel trees. Black
pepper, being the most valuable economically ingydrtspice crop and the best
known agricultural product in the gen@Sper. The phylogenetic position of the
Piperaceae is very much confused and one viewaisiths diverse assemblage of
dicots termed ‘paleoherbs’ (Donoghue and Doyle,91980conte and Stevenson,

1991), plants that resemble monocots in certaietatiye characters.

The genusPiper is distributed both pantropicaly and neotropicalhe
neotropicaly distributedPiper species are mainly bisexual forms and are shrubs o
small trees and the species from the Asian origgnuaisexuals and woody climbers
(Yunker, 1958). Two independent centres of distrdsufor the genu®iper in India
are Trans Gangetic provinces and South Deccan @ip&B886). However, according
to Rahiman (1987) thdliper species are distributed in three centres; the sub
Himalayan and North East Indian, the Western Glaatd the Eastern Ghats of
Andhra Pradesh. The centre of origin of the blaekper is the sub mountainous
tracts of Western Ghats. The patterns of distribuf the genu®iper vary from

endemic to widespread. The greatest diversityPiper species comes about in the

8



Tropical America (~700 species) followed by SoutkiaA(~400 species) (Jaramillo
and Manos, 2001). Some of the economically impoisgecies of pepper along with
black pepper ar®. betleL. (betel vine) cultivated extensively in Indiahare the
leaves are used as mastictdPy:longumL. - Indian long peppelR. chabaHunter -
Java long peppeR. mullesuathe fruit and roots of which are used in indigeso

medicine andP. cubeba tailed pepper used in indigenous medicine.
2.1.1. Black pepper Piper nigrum L.)

Black pepper, considered aKing of Spicesor ‘Black Gold, is the most
widely used spice of the world, and occupies a gqalace in the cuisines of both the
west and the east. Black pepper of commerce is tieel druits of the perennial
climbing vinePiper nigrumL. It contributes towards flavor, taste, antimigiad and
antioxidant properties. It is used in many formstmfditional medicine and is an
ingredient in many medicinal preparations. It wagioally collected as a forest
produce and was later domesticated. Currently pepmgown in about 26 countries.
The major pepper growing countries are India, Iredta, Brazil, Malaysia, Sri Lanka,
Thailand, Vietham, Guatemala, Mexico, Madagascar Malavi. Piper nigrumL. is
the native of India with maximum diversity in culited types occuring in the state of

Kerala.
2.1.2. Taxonomy and Phylogeny

The family Piperaceae was classified under thectags Monoclamidae in the
series Microembryeae (Bentham and Hooker, 1880QleEr(1893) placed the genus

Piper under the series Piperales.

Linnaeus (1753) in hisSpecies Plantarum”described 17 species Biper.

Eighteen species were reported by Roxburgh (1832ylaéh 7 were from Indian



Peninsula. Kunth (1822) described the species oath America and Blume (1826)
on East Indian species. Miquel (1843) in h&yStema Piperaceunsubdivided the
family into Piperaceae and Peperomeae with 15 gemad 304 species in Piperaceae
and 5 genera and 209 species in Peperomeae. de ll@o(i@i23) considered three
genera;Piper, Peperomiaand Verhuellia in his “Piperacearum Clavis Analyti¢a
Piperaceae is counted as one of the most primiaimelies of angiosperms derived
from the herbaceous protangiosperm with minute samgble flowers. On account of
some of the similar morphological charactémer shares characters with two other
families; Chloranthaceae and Winteraceae (De Figwesnd Sazima, 2004). The
genusPiper also shows resemblances to Saurarus and Chloraintivisv of naked
flowers, one celled ovary, sessile stigma, orthmits ovule and albuminous seed (Le
Mount and Decarens, 1876; Heywood, 1978). But theseorders don’t show the

primitive vascular system presentRiper (Corner, 1976).

Datta and Dasgupta (1977) reported the evolutio®ipér and Peperomia
related to adaptation with two different conditipfsper adapted with damper and
lower lands due to the presence of vascular arraages where a$’eperomia
evolved in drier and higher lands which shows teeoghytic adaptation due to the
reduced bundle surface volume ratio. The most adtive floristic study of Western
Ghats was that of Gamble (1925) in his “Flora a&sklency of Madras”, in which the
following species together with taxonomic keys wegreen. P. argyrophyllum, P.
attenuatum, P. barberi, P. trichostachyon, P. galea P. hapnium, P. hookeri, P.
hymenophyllum, P. longum, P. nigrum, P. schmattd P. wightii. In 1981, Rahiman
described a new specieB, bababudanifrom the Bababudan hills of Karnataka.
Ravindranet al (1987) reported a new specié¢, silentvalleyensjsand the only

bisexual wild species from Western Ghats. The otiew reports ofPiper are P.
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pseudonigrunfVelayundhan and Amalraj, 1992) aRdsugandh{Babuet al, 1993).
Ravindran (1991) suggested a taxonomic key for Riypger species occurring in
Western Ghats. He subdivided the genus into twaosec- Pippalli and Maricha -

based on the orientation of spikes, erect or panden

2.1.3. Economic importance of black pepper

The two major products dP. nigrum are black pepper and white pepper.
Black pepper is used directly as a spice and als@reparation of its derivatives -
pepper oleoresin and black pepper oil; white peppaiso used as direct spice. The
major use of black and white pepper on a worldwidsis is for domestic culinary
purpose while in the industrialized countries bdtnms find extensive use in

flavoring of processed foods.

Pepper oleoresin obtained by the solvent extraatiopepper possesses the
full organoleptic properties of the spice and igntyaused for flavoring of processed
foods. Pepper oleoresin is also used in severaln@weutical formulations. Black
pepper oil through distillation posses the aroma fdewvor of the spice, but lacks the

pungency; it finds application in food and flavayiand in perfumery.

The various forms of whole preserved green and payper are prepared in

several of the spice producing countries for thgoetx

2.1.4. Economically important species dPiper

P. nigrum L. (Black pepper)

Black pepperR. nigrunm is the most widely used spice in the world. Mafst
the cultivated species are bisexual that is derifrech wild ones, as a result of
continuous selection and vegetative propagatiomasy through ages.
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P. betle L. (Betel vine)

Betel pepper leaves are chewed as masticator wkianséd in the paan
industry. The extract dP. betlehas been reported to have anti-hypertensive fctivi
(Raj et al, 1998). In some areas leaf juice is used in dilieteons. The plant is
considered useful in treating madness, strangulatifointestine, venereal sore and
syphilis and dysentery. in tribal medicine practi¢dain and Tarafder, 1970). Betel
leaf is also used in certain indigenous medicimapprations. Betel leaves also posses

anti-oxidant action.

P. longum L. (Indian long pepper)

Being one of the most important medicinal plantsduseIndian system of
medicine viz, Ayurveda, Sidha and Unani, long pedpens one of the important
ingredients in various compound preparations usedsthma, anorexia and also in

snuffs used in coma (Chopetaal, 1956 and Nadkarni, 1954).

P. chaba Hunt. (Java long pepper)

The fruits are pungent and aromatic, stimulantmaaative used in cough,
cold and in hemorrhoidal affliction. It is also giv in colic, timpanists and renal

diseases.

P. cubeba L. (Cubed or tailed pepper)

The essential oil of cubeba showed antibacteridlaantifungal activity and for
relief from throat affliction. It is also used alvoring agent in certain liquors,

cigarettes, sauces and also in perfumery to ingraexotic note.
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P. methysticum Forster (Kawa)

It is the source of narcotic drugs. The roots asedufor making potent

beverage Kawa-Kawa.

P. sarmentosum Roxb.

This species is known for its culinary and meditim@perties. It is reported
to have pharmacological properti®g. anti-tuberculosis (Hussaiet al, 2008),
anticancer (Ariffinet al, 2009) and antimalarial (Rukachaisirilatlal, 2004). It also

possesses allellopathic effect (Pukclai and Katmgu¢hi, 2011).

2.1.5. Cytology

Darlington and Wylie (1961) reported the basic amwsome number of the
genusPiperas X=12, 14, 16 and somatic numbePoihigumas 2n=128. In contrast,
Mathew (1958) reported the chromosome numbeP.ofigumas 2n=52. Similarly,
Mathew (1972) reported chromosomal number of 2nf2six cultivars and four

wild types and 2n=104 for two other wild types.

2.2. Molecular diversity

2.2.1. Genetic diversity

Information on genetic diversity is essential iftimjizing both conservation
and utilization of plant genetic resources. Sucadsa crop breeding programme
relied on the degree of variability present in gf@emplasm. Crop genetic diversity is
important for crop adaptation to withstand pestd diseases and it is a significant
prerequisite for plant breeders to augment the rpgzgof traits of economic value

such as yield. Various methods are available famesing the genetic diversity of
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crops, such as morphological, biochemical and nubdeanarkers. Measurements of
genetic diversity can be generated using consemgedssions in gene banks (Gilbert
et al., 1999; Parziest al.,, 2000). DNA-based molecular markers have several
advantages over the conventional phenotypic markerse their presence is not
dependent on the growth stage of the crop, climatenge and can be found in all
tissues (Mondinet al.,2009).

Morphological markers have been primarily applied éstimating diversity
studies in a number of crops. Although morphologidarersity being a good
indication of genetic diversity, but sometimes @ncbe misleading. Morphological
traits are often susceptible to phenotypic plasticdonversely, this allows assessment

of diversity in the presence of environmental vitoia

Although isozyme marker based analysis has theradga that an array of
enzymatic loci can be assayed conventionally onindidual using small amount
of materials, their application is limited sinceeyhare affected by extraction
methodology, plant tissue, and plant stage, fewyis® assays per species and the

enzymatic loci account for a non-random part oféhttre genome.

In current scenario, the molecular markers becomeken of choice than that
of other markers for crop genetic diversity becatisese markers are generally
unaffected by external impact. A vast array of DIdAsed molecular markers has
been discovered since 1980 and new marker of claoeeleveloped every year. The
choice of benchmark could be based on cost, teghlaicour, level of polymorphism,
reproducibility, locus specificity and genomic abance (Garciaet al., 2004).
Molecular markers performed by highlighting diffeces (polymorphisms) within a
nucleic acid sequence between different individudleese differences may be

because of insertions, deletions, translocatiomglichtions and point mutations.
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2.3. Molecular markers

There are generally two categories of DNA markéfs: Those based on
DNA-DNA hybridization (B) Those based on polymerabain reaction. The major
hybridization based and PCR based molecular marketslyvemployed in genetic

diversity analysis is as follows:

2.3.1 DNA-DNA hybridization:

The molecular marker system based on DNA-DNA hybaition was started
in the 1970s. RFLP markers were the first DNA basetecular marker developed so

far (Botsteinet al, 1980).

2.3.2. Restriction Fragment Length Polymorphism (RFLE:

The polymorphism at the DNA sequence level is oftezasured as a variation
in length of restriction fragments generated byiegtDNA with restriction enzymes
that reveal a pattern difference between DNA fragingzes among the individual

organisms. (Botsteiat al.,1980). Such polymorphism is referred as RFLP.

A numbers of steps are involved in RFLP analysis. stift#ion enzyme
fractionated genomic DNA is separated by gel ebgpttoresis and then transferred to
a hybridization membrane. A ‘DNA probe’, a shoragment of labeled DNA, is
hybridized to the filter (Saiket al., 1985; Kumatret al.,2009). These variations may
be due to evolutionary processes, spontaneous iongatand unequal crossing over
(Gonzalez-Chavirat al., 2006) or from differences in DNA sequences (addgior
deletions, or gross chromosomal changes such a&ssioms or translocations) and
these changes of fragment sizes detectable asictiesir fragment length

polymorphisms (Michelmore and Hubert, 1987).
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The advantages of RFLPs are that it gives highlyrodyrcible banding
patterns and are co-dominant markers, hence, hgtwotes are distinguishable.
Nonetheless, RFLP has a number of disadvantagediniitetions of RFLPs are that,
it is laborious, expensive, time-consuming, gemgrases radioactive reagents, and
requires large quantities of high quality genomislA (Mondini et al, 2009) and
difficult to automation (Semaget al., 2006). The extent of polymorphism is limited

for intra-species.

2.3.3. Polymerase chain reaction (PCR) based:

PCR is a molecular biology technique for enzymatycaéplicating small
guantities of DNA reaction (Mullis, 1990). PCR ideefive in estimating DNA
sequence variation as it provides amplificationtted DNA between two specific
priming sites in the genome. PCR based markersreetpss DNA per assay than

RFLP that require higher the concentration.

2.3.4. Random Amplified Polymorphic DNA (RAPD):

RAPD markers were developed in the early 1990s (@ilet al, 1990). It is
based on PCR amplification of random DNA segmentk sitort, arbitrary primers
(William et al, 1990). The polymorphism generated by RAPD mar&szsdue to the

mismatches in the primer binding sites or inseftletetion events.

An oligonucleotide primer used for RAPDs is singhel ghort arbitrary primer
usually ten base pairs long and amplifies many $sxiultaneously and therefore a
number of multiple markers can be assayed withisingle PCR reaction. Each
product is produced from a region of the genomeclwvhs complementary to the

primer close to each other for amplification to fpem. In RAPD analysis the
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amplicons are visualized after ethidium bromidanstg and there is no need for
hybridization with labeled probes as in RFLPs (Kuetzal.,2009).

The RAPD method is simple, quick, less expensivey #mall amount of
DNA is required and thus can be used in laboradoweh limited resources. The
main advantage of RAPD is that, DNA probes and ssrpienformation for primer
designing are not required. Disadvantages of RARBSst& poor reproducibility and
when used in linkage map production, the samenhagi not be detectable in different
populations. RAPDs are dominant markers and do nfferentiate between

homozygous and heterozygous markers.

2.3.5. Amplified Fragment Length Polymorphism (AFLP)

AFLP was developed to overwhelm some of the drakdat reproducibility
of RAPDs as the technique combines the digestioddDNA with some specific
restriction endonucleases with a PCR-based techriismedalet al, 2002). The first
step in AFLP analysis involves the fragmentation ggnomic DNA with a
combination of rare cuttinge€co Rl or Ps 1) and frequent cuttingMsel or Taq )
restriction enzymes (Vaat al., 1995) then the oligonucleotide adapters are alibiwe
ligate to the restricted DNA fragment’s ends. Hitaere-selection step is performed
using magnetic beads followed by a round of seleddCR or two selective rounds of
PCR amplification are applied (Vat al, 1995). In the last step, the amplified
products are separated by polyacrylamide gel elplkbresis and can be visualized
using radioactive or fluorescent labeling.

When compared to RAPD, AFLP results are more efficand reproducible.
(Semagret al, 2006). Compared with RFLPs, AFLPs is quick, led®ur intensive
and generate much more information (Powetl al, 1996). The technique is

amenable to high-throughput analysis which is aditeshal benefit. AFLPs are
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greatly efficient markers and could be useful imeje resource exploitation and
identification of novel traits (Crouch and Ortiz,02). However, AFLPs are dominant

markers.

2.3.6. Inter simple sequence repeat (ISSR) markers

Inter simple sequence repeat (ISSR) technique RCR based technique,
reported by Zietkiewiczt al (1994), which comprise the amplification of DNA
segments between two identical microsatellite repegions ‘oriented in opposite
direction using primers designed from microsateltiore regions. The technique uses
microsatellite primers, usually 16-25 bp long, oihdcleotide, trinucleotide, tetra-
nucleotide or penta-nucleotide repeats to targdtipfel genomic loci. The primers
can be either unanchored (Meyerr al, 1993; Wuet al, 1994) or more usually
anchored at 3' or 5' end with 1 to 4 degenerateshagtended into the flanking
sequences (Zietkiewiczt al, 1994). ISSR primers generate polymorphism whaneve
one genome misses the sequence repeat or hadiardeteinsertion or translocation
that modifies the distance between the repeats.diHmeicleotide repeats anchored
either at 3' or 5' end reveal high polymorphismsfi®t al, 2000). The primers
anchored at 3' end give clearer banding pattercoagared to those anchored at 5'
end (Blairet al, 1999). ISSR technique is simple, quick and lestlg like RAPDs.
But ISSR markers have high reproducibility than RARDNprs due to the longer
primer length. The main disadvantage of ISSR markerthat they segregate as

dominant markers and they showed segregation ti@igianget al, 1998 a).

2.3.7. Microsatellite or Simple Sequence RepeatsIRS)

Currently, microsatellites are the most frequentgd molecular markers in

genetic diversity analysis. Microsatellites or siengequence repeats (SSRs) are

18



tandem repeats of one to six nucleotide long DNAifsxéound at high frequency in
the nuclear genome of most taxa. (McCoetlal., 1997; Zaneet al, 2002; Thielet
al., 2003). The term microsatellite markers firstneml by Litt and Luty (1989) are
variously termed as Simple Sequence Repeats (SS®bek al, 1991) and Short
Tandem Repeats (STRs) (Edwatdal, 1991). The existence of microsatellites was
first documented by Hamadsat al, (1982) from various eukaryotes ranging from
yeast to vertebrates. Further studies by Tautz Bedz (1984) confirmed the
abundance of microsatellites in plants and manyrotukaryotes. Microsatellites
have gained considerable importance in moleculgaieh owing to many desirable
characters including multiallelic nature, hyperaility, codominant inheritance,
reproducibility, amenability to automation, and hithroughput genotyping (Powell
et al, 1996a; Paridat al, 2009). The extraordinary high mutation rate’{16 10°
mutations per locus per generation) of SSRs has niael® popular molecular
markers for many applications including genetic piag, population genetics,
phylogenetics, pedigree analysis and also in DNAerfsics (Goldstein and

Schlotterer, 1999).

The microsatellites repeat sequences are abunddrdistributed in the entire
genome with variable frequency (Sharetaal, 2007; Guoet al, 2009). They are
ubiquitous in both coding and noncoding regionsu(Zand Renz, 1984; Guptiea
al., 1996; Kattiet al, 2001) of prokaryotes and eukaryotes (Zameal, 2002).
Microsatellite locus exhibits between 5-40 repehts, longer strings of repeats are
also possible. Di, tri and tetra nucleotide repeaisthe most common choices for
molecular genetic studies. Dinucleotide repeatsoauc for the majority of
microsatellites for many species (&t al, 2002). Trinucleotide and hexanucleotide

repeats are the most likely repeat classes todsept in coding regions because they
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do not cause frame shift (To# al, 2000). Mononucleotide repeats are less valid due
to the problems with amplification. On comparing iogdand non-coding regions in
different plant species, it was observed that tdl aetra-nucleotide microsatellite
motifs are more common within introns, whereas otlypes of motifs are found

within exons (Tothet al, 2000).

Microsatellite sequences are especially usefulifferdntiate closely related
genotypes; due to their high degree of variabilihgy are, therefore, preferred in
population studies (Smith and Devey 1994) and fer identification of closely

related cultivars (Vosmaet al, 1992).

They are also present in chloroplastic (Progaal, 2001; Chung and Staub,
2003) and mitochondrial genomes (Soraatal, 1999; Rajendrakumat al, 2007).
However, taxon specific variation in frequency disition and abundance of
different SSRs was detected (Hancock, 1999; Tethal, 2000). The overall
microsatellite content in the genome also correlatéth the genome size of the
organisms (Hancock, 1996) with a higher densitysiaiple sequence motifs in the
non-coding regions than in coding regions of eutday (Hancock., 1995; lat al,
2002). In plants SSRs are much more abundant aridr@néially associated within
untranslated regions (UTRs) of the transcribed regithan in the other genomic
regions. (Morgantet al, 2002). AT repeat rich nature of plants and ACeegpich
nature in animals has appeared to be a generairéefdr differentiating plant and

animal genomes (Powadt al, 1996).

The location of microsatellite in the genome detass its major role in
genomics. They have potential enough to effect gegealation, development and

evolution. The presence of SSRs in the coding raglead to the appearance of
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repetitive patterns in the protein sequences (Kattal, 2001) and several reports
indicates the influence/association of microsaedli in regulating molecular
functions/gene expression. The involvement of nsatellite markers in the
regulation of transcription factors (Martiet al, 2004) and recombination events

(Benetet al, 2000; Bagshawt al, 2008) is well presented.

The polymorphic nature of microsatellites was idesd by Litt and Lutty
(1989) by amplifying (TG)in the human cardiac actin gene and detectinglé2s
in 37 unrelated individuals. Weber and May (198&oareported the successful
amplification and polymorphic nature of 10 dinudlde loci. The genesis of these
repeats occurs primarily due to slipped strand awsp@ and subsequent errors during
DNA replication/ repair/recombination (Levinson a@dtman, 1987; Scholtterer and
Tautz, 1992; Kattet al, 2001), nucleotide composition of repeat motiat(i et al,

2001) or unequal crossing over between sister catidsi(Innaret al, 1997).

Though the microsatellite markers are consideredbeoversatile, they are
credited with many advantages and disadvantagesuBe®f its high polymorphism,
co dominant inheritance, ease of scoring and hgyiome coverage, microsatellites
are generally considered to be one of the most galvgenetic markers for
phylogenetic, DNA fingerprinting, mapping and ewaunary studies (Paridat al,
2009). Compared to other markeviz, RAPD, RFLP and AFLP techniques,
microsatellites are more informative and varialbie ét al, 2003; Leeet al, 2004).
The technique is PCR based, hence requires lessitpsamf template DNA (10-
100ng per reaction) (Kumaet al, 2009). Microsatellites also appeals scientific
attention because they are linked to genes of agnanimportance (Yt al, 2000).
Moreover the reproducibility of microsatelliteshiggh due to the lengthy primers and

high annealing temperatures during genotyping. Sineultaneous amplification of
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several loci in a single reaction using compatiigtiple primers (multiplexing) of
microsatellite markers enhances the informationgssay and reduces the unit costs

involved in analysis (Kumaet al, 2009).

Despite the broad applicability of SSR markers inleawlar research their
development remains prime bottle neck in majorityhe species. This is because of
the fact that these ought to be isolatlednovofor much of the species tested for the
first time. Besides this, comparatively low frequgraf microsatellites present in
plant genome causes particular reason for thejelacale development. Conventional
genomic library construction for microsatellite lston is laborious, cumbersome,
time consuming, cost intensive, requires high lefedxpertise and are often complex
with a wide range of steps (Powell al, 1996; Zaneet al, 2002; Squirellet al,
2003). In addition, SSR markers developed for opecies generally exhibit less
transferability when applied to different speciéghee same taxa or different related
taxa. This limited transferability of SSRs acrossoteomic boundaries might be due
to point mutations in the primer binding sites (Kamat al, 2009), thus requires the
development of specific markers for individual gpec(Roaet al, 2000; Kindiger,
2006). AT dinucleotide which is the most abundapteats among plants are difficult

to isolate from libraries because of their palimdionature (Powelkt al, 1996).

Another issue associated with microsatellites esdhcurrence of null alleles
(no PCR product generation). The cause of null alleleght be due to the poor
primer annealing caused by nucleotide sequencergdivee, inconsistent DNA
template quality or low template quality (Ellegré&®©04) or mutations in the primer
binding sites (Jonest al, 1998). This may give rise to intricacy in theeteination
of allelic and genotypic frequencies and an undenasion of heterozygosity (Kumar

et al, 2009) which may lead to biased results. Homgpisigthe next problem using
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microsatellites as a reliable tool for phylogenetiadies because alleles considered
being identical in state is not necessarily idertlty descent (Estougt al, 2002).
Another major problem during microsatellite anadyss the occurrence of stutter
bands that are artifacts in the technique that aqgpky DNA slippage during PCR
amplification. These can complicate the interpretatof the data because size
determination of the fragments is more difficuldameterozygotes may be confused
with homozygotes. However, the interpretation may rhade clear by including
appropriate reference genotypes of known band siziée experiment (Kumaet al,

2009).

2.4, Utilization of Microsatellites in Plant Breedirg

2.4.1. Cultivar identification

A set of SSR markers has been detected for thetifidation of soybean
cultivars (Songet al., 1999). Heet al. (2003) could successfully differentiate 19
diverse tomato cultivars using 65 SSR markers. Siapple cultivars were
characterized with eight polymorphic SSR primers emtlvar identification diagram
CID map was constructed which could clearly distisgweach cultivar studied (Liet
al., 2014). Pourabaét al (2015) used 12 microsatellite markers to distisigu
between 40 rice cultivars and the analysis showechptete discrimination of
cultivars from each other except for two. They @wsgd SSR markers as a
complementary tool for morphological characterssiitc DUS tests. A specific set of
SSR markers should be developed for each econogriogtlortant agricultural crop,
which can be utilized to protect the intellectuabgeerty rights of plant commercial

companies.
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2.4.2. Marker-assisted selection

Marker-assisted selection (MAS) which involves thdirect selection of a
trait of interest based on genetically associateteaular markers play an important
role in enhancing the efficiency of plant breedprggrammes. SSR based marker-
assisted selections have been widely used in brggaiogrammes. For example, in
wheat breeding programmes the gene for resistanttes tHessian flyH32), the gene
for adult-plant leaf rust resistance and yellownpggt contentYP) were successfully
identified by flanking SSR markers of Xgwm3 and X228 (Sardesagt al., 2005),
GWM296 (Hiebertet al.,2007), and Xwmc809 (Het al.,2008), respectively. Two
SSR markers have been successfully employed in masisted breeding for
resistance to powdery mildew in field pea (Bkal., 2005). Neerajaet al. (2007)
identified a major QTL for submergence stre&ul) on chromosome 9 by
employing flanking SSR markers in backcross breegimogiram in rice. Tyrkat al.
(2008) identified a polymorphic SSR marker QLB1 tbatsegregated with the locus
for resistance to the barley yellow mosaic virusiolthwas used for resistance
selection in barley breeding. One microsatelliterkeg TA194 showed linkage to
Fusarium oxysporumvilt resistant locus at 85% probability in chiclgpor marker

assisted selection (Ahmad al, 2014).

2.4.3. Molecular mapping

Condit and Hubbell (1991) first reported genetic piag in plants with
microsatellite markers in tropical trees followeyg Akkayaet al. (1992) in soybean

and then in rice (Wu and Tanksley 1993; Zhao andhiéda 1993).

Microsatellite marker based comparative mappingeatéad homologies

between seven linkage groups betwéegrercusrobur(L.) andCastaneasativgMill.)
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and orthologous loci were also identified (Barrereet al., 2004). Comparative
mapping based on EST-SSR markers in wheat, basfey,and rice confirmed and
identified the conservative chromosome regions eetwwheat and rice and the
presence of orthologues of barley EST-SSRs in d@iffespecies (Yt al., 2004b;
Varshney et al.,, 2005b). SSR-based comparative mapping betwaeabidipsis
thaliana and Brassica rapadetected the presence of small genomic fragments of
thalianathat were scattered throughout the entire linkage wifB. rapa The study
also identified a synteny region betweBn rapa and A. thaliana (Suwabeet al.,
2006).

SSR markers have been successfully employed forciaism mapping in
crops such as potato, maize, wheat, and soybeankd®t al., 2004) identified an
association between a microsatellite marker and @frLresistance td/erticillium
dahlia in tetraploid potato cultivars and eventually @&L was cloned. In wheat, an
association between SSR markers and kernel sizeletasted on three chromosome
regions by association mapping approach using gktenplasm (Breseghello and
Sorrells, 2006a). Association mapping approach ledathe identification of the
association between microsatellite marker loci eesistance t&tagnosporanodorum
glume blotch (SNG) in wheat (Tommaskgti al., 2007). Two common SSR markers
were detected in soybean in two separate popufatizat were associated with iron
deficiency chlorosis (Wanet al,. 2008). Weiet al., (2014) performed association
analysis with 20 microsatellite markers to identthe marker loci linked to 13
morphological traits and 10 physiological traitsainvild P. simoniipopulation which
consisted of 528 individuals. A total of 18 SSR nesskwere found to be associated

with five yield related traits in wild soybea@Glf/cine sojaSieb. and Zucc.).
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2.4.4. Population and evolutionary studies

Microsatellite markers can be employed to analyee population structure
within and among natural populations and to deteenthe potential progenitors.
Analysis of variation among barley populations utthg wild Hordeumspecies, wild
progenitors of cultivated barley, barley landraces\d barley cultivars using
chloroplast microsatellite markers revealed a de®ein cytoplasmic diversity
between wild progenitors and barley cultivars a8 agbetween barley landraces and
barley cultivars (Provaret al., 1999). Due to the inefficiency of morphological
characters in defining most species of cultivatetaim, genotyping of 750 potato
accessions (742 potato landraces and 8 wild spewias performed using 50 SSR
markers. The genotyping data confirmed the redlaaion of the cultivated potato
into four species:S. tuberosumsS. ajanhuirj S. juzepczukiiand S. curtilobum

(Spooneret al.,2007).

2.5. Classification of microsatellites

Microsatellites can be classifieds based on timebau of nucleotide per repeat
unit, the nature of the repeated unit, and thesitipm within the genome (Miaét al,

2013).

2.5.1. A. Based on number of nucleotide per repeat otif- with respect to the
number of nucleotides per repeat unit microsagsllican be classified di-, tri-, tri-,

tetra-, penta-, hexa- nucleotide repeats.

Mononucleotide - (An
Dinuleotide - (CAN
Trinuceotide -(CAThn
Tetranucleotide - (CAGA)
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Pentanucleotide - (AAAGQ)

Hexanucleotide - (GGGAAA)

(n number of variables)
2.5.2. B. Based on the arrangement of nucleotides the repeat motifs- With
respect to the arrangement of nucleotide within riaifs Weber (1990) used the
term perfect, imperfect, composite or interrupt@diveira et al, 2006; Miahet al,

2013) to categorize microsatellites.

a. Perfect microsatellites - the repeat sequencetisterrupted by any base
not belonging to the motif (e.g. CTCTCTCTCTCTCTCTCT)

b. Imperfect microsatellites - a pair of bases is gnédetween the repeat
motifs that does not match the motif sequence (e.g.
CTCTCTCTCTCTACTCTCT)

c. Interrupted microsatellite - a small sequence withie repeated sequence
that does not match the motif sequence (e.g.
CTCTCTCTCTCTGGGGCTCTCT)

d. Compound/Composite microsatellites - two adjacentindive repeats

present within the sequence (e.g. TATATATATAGTGTGIMG

2.5.3. C. Based on the position within the genomerhere are three types; genomic/
nuclear microsatellites, genic (EST) microsatdlit@nd organellar microsatellites

(chloroplast SSRs and mitochondrial SSRs) (Katlial, 2011).

a. Genomic/nuclear microsatellites - microsatelliteslated from the nuclear
genome (genomic DNA of an organism with or withthé construction of
genomic library).

b. EST/genic microsatellites - microsatellites ideatf by data mining or

exploiting EST sequences either from cDNA librany EST databases,
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which are typically by products of the sequenceadedm genes or large
EST sequencing projects.

c. Organellar microsatellites (chloroplast SSRs andchibndrial SSRS) -
microsatellites identified from the chloroplast/onhondrial genome of an

organism.
2.6. Strategies for microsatellite development

To develop robust set of polymorphic microsateltitarker for a new species,
microsatellite loci should be isolated from the gme along with sufficient flanking
nucleotide sequence region to ease primer desighhPCR conditions are required
to be optimized and the primers developed nee@ tecbeened in a limited number of
related and non-related individuals for estimatingir polymorphic potential. Thus,
the de novodevelopment of microsatellite markers is a tedigimse consuming and
costly endeavor process (Rassmatral, 1991; Zaneet al, 2002; Squirreket al,
2003; Thielet al, 2003). The methods and strategies for micrdgatédolation has
evolved substantially from traditional genomic &by construction (both enriched and
non-enriched) (Zanet al, 2002) to mining databases (genomic and EST daéa)
(Victoria et al, 2011) and high throughput isolation through n@eneration

sequencing (Egaet al, 2012).
2.6.1. Genomic/Nuclear SSRs

2.6.1.1 Development of microsatellite markers fron8SR enriched genomic DNA

libraries

The different strategies used for the isolation notrosatellite loci from

genomic libraries were critically reviewed by Zasteal (2002).
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The methods can be broadly categorized into twoné£&d al, 2002; Kaliaet al,

2011)

1. Selective hybridization method -facilitating the selection of microsatellite
containing DNA fragments by hybridization to prob@&aragyozovet al,
1993; Armouret al, 1994; Kandpaét al, 1994; Hamiltoret al, 1999; Glenn
and Schable, 2005).

2. Primer extension method -selective amplification of microsatellite contaigin
DNA fragments by priming with repeat specific oligaleotides (Ostrandet

al., 1992; Paetkau, 1999).
1. Selective hybridization method:

The selective hybridization strategy based micedbi enrichment technique
is a relatively simple, robust, reproducible andtoeffective approach for isolating
large number of microsatellites from diverse plapecies with higher efficiency
(Kalia et al, 2011). This method involves the fragmentatiomgehomic DNA either
by sonication or by restriction enzymes and ligatto known sequence (linker or

adapter). The DNA fragments are then denaturechghddized with

1) Biotinylated oligos in vectrex- avidin matrix (Karat al, 1994).
Or

2) Oligo nucleotides were subjected to bind to nyleembrane (Karagyozov
et al, 1993; Edwardst al, 1996).
Or

3) Biotynilated and captured on streptavidin coated metig beads (Brown
et al, 1995; Hamiltoret al, 1999; Glenn and Schable, 2005; Gehgl,

2010).
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4) Biotinylated SSR probe- streptavidin coated magnégad complex

(Triplex affinity capture protocol, White and Powél997).

After the hybridization step and several washedh vauffer for removing
nonspecific binding, the probe bound DNA fragmeweye eluted. The fragments

were recovered by PCR amplification, cloned and secpa
2. Primer extension method:

These methods (Ostrandsral, 1992; Paetkau, 1999) rely on the construction
of primary genomic library, in which fragmented gemc DNA is inserted into a
phagemid or a phage vector in order to obtain glsistranded DNA library. sSSDNA
is then used as a template for a primer extengaation, primed with repeat specific
oligonucleotides, which generates a double strangextiuct only from vectors
containing the desired repeat. During the constracof primary library, only a
limited portion of the investigated genome is clbrend sequenced. However it is
unclear whether the primer extension approachfectfe for tri and tetra nucleotide
repeats too. The Ostrander protocol has not bestedtdor tri or tetra nucleotide
repeat enrichment, whereas the Paetkau protocdupeal only 0-25% positive clones

when using a tetra nucleotide repeat primer iretttension step.

Hybridization capture is the predominantly usedatsgy, as it allows
enrichment and selection prior to cloning therebyling a faster and easier way to
process multiple samples (Glenn and Schable, 2Q0&ihg these protocols, a large
number of microsatellite markers have been develapeeconomically important

crops.
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2.6.1.2. Development of microsatellite markers fronrmon-enriched genomic DNA

libraries

To construct non enriched genomic DNA library fragried genomic DNA
was ligated and transformed to suitable vectore dlbnes were hybridized to nylon
filters and screened using radio labelled micrdkt@eprobes or enriched with
biotinylated probes and captured with streptavidoated magnetic beads. This
method has been applied for microsatellite isofaiio Citrus limon (Golien et al,

2006) andPhaseolus vulgariéBlair et al, 2009).

2.6.2. Development of microsatellite markers from €R based molecular

markers
2.6.2.1. SSR development from RAPD markers

In this method, isolation of microsatellite regiavas done by southern
hybridization of RAPD fingerprints with repeat pesbfollowed by screening of
positive clones (Endest al, 1996) or cloning of all RAPD amplicons (Luet al,

1999).
2.6.2.2. SSR development from ISSR markers

Inter simple sequence repeat (ISSR) amplificatiores wsed to analyze
microsatellite motif frequency in many crop plamtsevaluate the genetic diversity
among the cultivars. Blaet al. (1999) studied the rice genome by developing SSR

markers from ISSR amplification.
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2.6.2.3. SSR development from AFLP markers

In this approach, AFLP markers with enrichmentcpesses (Hakki and
Akkaya, 2000) or in combination of randomly amgdi microsatellite primer and a
selective primer for amplifying restricted fragmembntaining microsatellite repeats
were used to isolate SSR markers (Van Etjlal, 2001). FIASCO (Fast Isolation by
AFLP Sequences Containing Repeats) is another agpfoa microsatellite isolation
in which AFLP bands were subjected to hybridizatwith biotinylated probes and

captured using magnetic beads (Zahal, 2002).
2.6.2.4. SSR development through Sequential ReveiGenome Walking (SRGW)

The ‘Sequential Reverse Genome Walking’ (SRGW) gsateas employed
by Joyet al (2011) which primarily involved the generation afgenomic walking
(GW) library, which was enriched in two consecatprimary and nested secondary
PCR steps (using SSR oligos as reverse primers ininatian with two adaptor
specific primers). The PCR products were cloned agdenced. Two sets of flanking
primers (F1 and nested secondary F2 primer) wesgyuled based on the flanking
sequence identified from one end of the microstethotif. A ‘sequential reverse
walk’ was then initiated with the rest of GW libies using the flanking primers (F1
and F2) and the adaptor specific primers (AP1 aR@)AThe secondary nested PCR
products were cloned and sequenced to generate &8@mn
2.6.2.5. Development of microsatellite markers usgnhigh throughput sequencing

or next generation sequencing

Recently, Next Generation Sequencing techniques (@gbsequencing)
(Droege and Hill., 2008; Davest al, 2011; Malausa&t al, 2011, Mirimin, 2013) is

becoming versatile which is a feasible way for enmeg entire genome using
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bioinformatics tool for the identification of micsatellites even in case of non-model
organisms. With the development of next genera®A sequencing technologies,
large nucleotide sequence databases of EST anange@NA have been generated
for many plant species and are available for sangesimple sequence repeats (Yang
et al, 2012;Zalapaet al, 2012;Wu et al, 2013). SSR markers based on cDNA or
EST have a number of additional advantages sudteiag tightly linked to traits of
interest, having a high rate of transferabilityvibe¢n related species, and providing
genetic diversity and mapping analyses for the esg®d regions (Varshney al,

2005).
2.6.3. EST derived microsatellite markers

ESTs are sequenced portion of complementary DNAesopf mRNA and
they represent part of the transcribed portionh& genome in given conditions
(Poncetet al, 2006). With the advent of bioinformatics toolROLL (Casteloet al,
2002), MISA (Thiel et al, 2003), Msat commander (Faircloth, 2008), Websat

(Martinset al, 2009), QDD (Meglecet al, 2010).

EST SSRs have more advantages and disadvantage edmepared to
genomic SSRs. Due to the public availability of &muantities of gene sequences
data, the generation of genic/EST SSRs are simpleeasy and are more readily
transferable (Guptaet al, 2003) than those derived from untranslated regio
(Pashleyet al, 2006). As EST SSRs reside in the conserved podiche genome,

null alleles are less problematic when comparegetmomic SSRs.

The generation of EST SSR is limited to the avdilglof EST sequences and
thus could be applied only to economical and widelploited crops whose

nucleotide sequence information is shared in thielipuidomain (Varshneyet al,
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2005; Pashleyet al, 2006). The relatively low abundance of SSRs witthe
transcribed region is also a limiting factor foettarge scale development of genic
SSR markers. Moreover the EST SSR markers exhibiérgelymorphism and are
less efficient in distinguishing closely relatedlinduals when compared to that of
genomic SSR markers (Ched al, 2000; Scotet al, 2000; Chabanet al, 2005).
Using this effective approach, large numbers of $&fRkers for expressed regions
have been successfully developed for many plantiepdlLuet al, 2013;Blair and

Hurtado, 2013).
2.6.4. Organelle microsatellites (Chloroplast micrsatellites; cp SSRs)

Chloroplast microsatellites are developed from tleguenced chloroplast
genome of plants. The polymorphism is exhibitedhbiot conserved and variable
region of the cp SSRs genome. The microsatelliteeaepnotifs present in the
chloroplast genome are mainly mononucleotides (& @n(Brya ret al, 1999). Cp
SSRs are uniparentally inherited which will be ubkdfr studying cytoplasmic
diversity, cyto-nuclear interactions (Vendrareinal, 1996). The most successful way
for the identification of chloroplast microsatedkt isde novosequencing of non-

coding chloroplast regions (Ebert and Peakall, 2009
2.6.5. Cross species amplicability/transferabilityf microsatellite (SSR) markers

Comparative genetics and phylogenetic studies hapesed that the gene
content and order are conserved among closelyetkkyiecies. Analysis on sequence
data may derive to the conclusion that severaltplanld much homology between
genome of the closely related taxa. Thus the matetige markers developed for one
species could be transferred in related species erh in genera to detect

polymorphism. The potential to inventively transtae SSR markers are generally
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termed as transferability. Such cross amplicabilibay compensate with the
traditional laboratory methods for the library ctvostion to isolate microsatellite

markers which is expensive, laborious and time @omsg.

Transferability hold out potential for the low costevelopment of
microsatellite markers for related species and tbpen wider aspect for the
application of these markers in diversified aredglant molecular research. This
method of microsatellite detection and its polynism is significant in such crops
where neither sequence information nor genetic napsavailable (Kalieet al,
2011). The cross transferability has been sucdbgsiescribed in many species (Ellis
and Burke, 2007; Varshne&y al, 2007). However, EST SSR markers showed greater
cross species transferability than genomic SSRshey reside in the expressed

regions and thus are more conserved than non-coégigns. (Varshnegt al.,2005).

2.7. Genetic diversity analysis of Black pepper gerplasm using molecular

markers

Kumar et al (2001, 2003) characterized 24 black pepfapdr nigrumL.)
accessions (9 advanced cultivars and 13 landrasesg) RAPD markers. Twenty two
out of 34 primers tested were able to get cleadipgnpattern. Cultivar specific bands
were obtained for all the cultivars tested exceptHanniyur 3. Good variability was
observed among the tested cultivars. Twenty twtvaus of black pepper exhibited
the genetic proximity among landraces than advarcétdzars. Nirmal Babiet al.
(2003) conducted studies on fourteen major culsivand ten released varieties of
black pepper using RAPD markers. Cluster analysicateld that there are distinct
differences between most of the cultivars and tiase Sreedeviet al (2005)

characterized seven high yielding black peppeinark using RAPD markers. Out of
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the 14 primers, 9 could produce unique bands ihtGBeotested lines. An attempt was
also made by Nazeest al (2005) to analyze the variability and relatednas®ng
49 cultivars/accessions of black pepper using RARDAFLP markers. RAPD could
give better results but AFLP profiling could nowegidistinct clustering among the
tested lines. Jogt al (2007) studied the genetic relationships amomgytpopular
and agronomically important cultivars of black pepmusing AFLP analysis. The
dendrogram constructed by unweighted pair grouphatetanalysis (UPGMA)
grouped the 49 accessions into three major clustedsfour diverse cultivars with
only 30% similarity. Karimunda, the popular cultivehowed to be unique in the

fingerprint profile.

Menezest al (2009) developed and characterized nine micrthisatmarkers
from an enriched library of black pepper. They uesse SSRs to study the genetic
diversity of 20 varieties from Brazilian germplasrollection. Joyet al (2011)
developed seven microsatellite markers for blagippe of which four were found to
be polymorphic. The four markers generated 62edlelith an average of 15.5 alleles
over 4 loci. SSR primers showed an average Polynsnphnformation Content
(PIC) value of 0.85. The estimated average SharteAFrequency ranged between
1.57 and 20.12%. The PCA plot disclosed four closelgted individual groups and
identified Karimunda, Wild pepper and a local lamdraas the most divergent

genotypes.

2.8. Molecular Phylogeny of Piperaceae

Jaramillo and Manos (2001) reported phylogenetilyamins of sequences of

the Internal Transcribed Spacers (ITS) of nucldabsomal DNA based on a
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worldwide sample of the genl&per. Sequences from a 51 speciesRaber were

aligned to yield 257 phylogenetically informativiees.

Chaveeraclet al. (2002) studied inter relationships between 3 gsecfPiper
- P. kadsura, P. retrofractunand P. chabausing morphological characters and
RAPD profiles and demonstrated a closer relationvéen P. retrofractumand P.
kudsurathan betweerP. chaba andP. retrofractum. Nirmal Babuet al. (2003)
studied molecular interrelationships betweenP2der species using RAPD profiles.
The phylogenetic trees groupBdlongum, P. hapniurand P. mullesuan one group
and P. attenuatumand P. argyrophyllumin another groupP. pseudonigrumP.

nigrumandP. galeatumare clustered together.

Wadt et al. (2004) studied 49 genotypes belonging to threeispeof Piper
viz: Piper hispidinervumPiper aduncum and Piper hispidum to assess inter and
intra-specific relationships using RAPD markers. SB#u analysis indicated three
distinct groupings of the genotypes correspondimgPiper hispidinervum Piper
aduncum andPiper hispidumand it supported the existenceRafhispidinervumand
P. aduncumas two separate species. Gataal. (2004) used RAPD to study the
genetic diversity in 18 accessions from 4 natuogdypations of pimenta de macde. (

aduncun from Brazil.

In order to compare the genetic relationships aniGenn, Pepper and its wild
relatives Jianget al (2009) conducted research on Kava by using RARDS(DAR
molecular markers. Total 170 bands were amplifie@®yandom primers, in which
20 bands were polymorphic (12%). Cluster analysmiped the 28 accessions into
Six groups at a similarity cffécient of 0.36, where 6 materials of Kava formed a

group, representing that Kava was distantly relate®epper and its wild relatives.
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Two pairs of Kava specific SCAR markers designed cdddused for molecular

identification of Kava species.

The genetic diversity of eighRiper speciesviz., P. nigrum P. longum P.
betle P. chaba P. argyrophyllum P. trichostachyon P. galeatum and P.
hymenophyllunwas evaluated by RAPD markers (Sstnal, 2010). High genetic
variations were observed among tRger species tested. Out of the 149 RAPD
fragments amplified, 137 fragments were found topbl/morphic (91.95%). All
eight species generated species-specific bands.géhetic distances ranged from
0.21 to 0.69. Jiang and Liu (2011) applied RAPD &RIAP (Sequence Related
Amplified Polymorphism) analysis to study genetigedsity among 74 individual
plants of Piper spp in Hainan Island. The dendrogram generated thighRAPD
markers was topologically different from the dergteon based on SRAP markers,
but the SRAP technique clearly distinguished Rilper spp from each other. The
SRAP technique was found to be more efficient fardging genetic diversity

compared to RAPD technique.

Comparative study of RAPD and ISSR markers were tieednalyze the
genetic diversity among 15 cultivars of betel viRatraet al, 2011). All the cultivars
were related to each other with an average sirtylafi 0.2913. Sheejat al (2013)
reported the genetic diversity analysis of Biper species using ISSR markers. The
UPGMA dendrogram grouped them into six clustersirtyHfive species specific
bands were generated for 19 differBier species. Four unique bands were achieved
for P. galeatum The genetic diversity analysis of six differepesies ofPiper from
Northeast India using RAPD marker was reported bywckary et al (2014) in
which one fifty nine polymorphic bands generatedvedd high level of genetic

variation among the species.
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Liao et al (2009) reported the isolation and characteripatad eleven
polymorphic microsatellite loci from an endemic sigs, Piper polysyphonunfrom
China. Allele numbers ranged from two to ten, othéour loci exhibited a departure
from Hardy- Weinberg equilibrium, possibly due tmpplation mixture. Nine
microsatellite loci were developed and charactdriog natural populations d?iper
solmsianum (Yoshida et al, 2014), a potential source of bioactive secondary
metabolites, and analyzed to estimate the levelgeoktic diversity in this species.
These microsatellite markers should provide a meliable means to understand the

population structure and inter relationships ingkausPiper.

2.9. Development and utilization of genomic SSR mkers in major spice crops

Bory et al (2008) developed fourteen microsatellite primdérsm di-
nucleotide CT/GT enriched genomic library\&dnilla planifolia followed by Billotte
et al. (1999) protocol. Though the markers were found eéontionomorphic within
cultivated accessions, eleven markers were showbnet@olymorphic among two
closely related species and some transferable ahwainprphic across fifteen other

wild American, African and Asian species.

Menezest al (2009) developed nine microsatellite markersHimer nigrum
L. from an enriched library constructed based @npiotocol given by Billottet al.,
(1999). The markers were tested on twenty variebésBrazilian germplasm
collection. With another protocol ‘Sequential ReeeGenome Walking (SRGW)’
strategy, Joyt al (2011) developed seven microsatellite markersokack pepper of

which four were found to be polymorphic.

Liao et al (2009) reported the isolation and characteripatad eleven

polymorphic microsatellites loci fromiper polysyphonurfrom the AFLP sequences
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containing repeats (FIASCO) proposed by Zahal (2002) with modificationsThe
number of alleles per locus ranged from two to ¥wshidaet al (2014) constructed
microsatellite-enriched library folPiper solmsianumaccording to the protocol
described by Billotteet al (1999) with modifications. Of the 19 SSR loci ded
from the genomic enriched library, 14 were optirdiZ&5%) and nine loci were
highly polymorphic. The observed average numbellefes per locus was 3.3, with a
maximum of six and a minimum of one. The mean & R&lues was 0.693, and the
values ranged from 0.375 to 0.8Bhese microsatellite markers provide a reliable

means to understand the population structure anélationships in the genégper.

Eight polymorphic microsatellite markers were depeld and characterized
from a microsatellite enriched library with moddiebiotin-streptavidin capture
method (Dixitet al, 2005) for ginger4ingiber officinaleRosc.) (Leeet al, 2007). A
total of 34 alleles were found across 20 accessmtisan average of 4.3 alleles per

locus.

Siju et al. (2010) reported 18 genomic microsatellite markersetbped for
turmeric Curcuma longal.) from genomic library enriched for microsateli
followed by Glenn and Schable protocol (2005). €sémation of these markers on
20 turmeric accessions generated 103 alleles withvarage of 5.7 alleles per locus.

The discriminating power of the markers ranged ffo@® to 0.70.

A total of 16 SSR loci were developed and optimiredarlic Allium sativum
L.) from (CTk - and (GTg - enriched library (Cunhat al, 2012). Ten loci were
found to be polymorphic when tested on 75 accessiéntotal of 44 alleles were
identified, with an average of 4.4 alleles per kckarlier eight polymorphic SSR

markers were also developed and characterizedric g Maet al, (2009).
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Lee et al. (2004) reported the development of 40 micros&tetiharkers that
showed specific, scorable amplification products palymorphisms in cultivated and
wild Capsicum(Capsicum annunhk.) genotypes. These markers have shown a high

level of PIC value, 0.76.

2.10. Development and utilization of genomic SSR mieers in other economically

important crops

A total of thirty eight microsatellite markers habeen isolated in coconut
(Cocos nuciferd..) from an enriched library based on Edwaetisl (1996) protocol
(Riveraet al, 1999). High levels of polymorphism were deteotgth an average of
5.2 alleles per locus and genetic diversity val(i2s from 0.141 to 0.809. Fifteen
microsatellite loci was developed from microsatellienriched genomic library
according to Edwardst al, (1996) protocol in TeaCOamellia sinensis Average
number of allele per locus ranged from 5-13.

Microsatellite markers were developed for casRicihus communis) from a
microsatellite enriched library following the protw of Billotte et al (2005). Twelve
SSR primers were characterized on 30 accessionastérc The number of alleles
observed for each loci ranged from two to five,hwéin average of 3.3 alleles per

locus. (Bajayet al, 2009).

Twelve polymorphic microsatellite markers were aetl and characterized
for Amaranthus hypochondriacuwsd observed successful amplification in 18 other
Amaranthusspecies (Leet al, 2008). A total of 92 alleles were detected axithe

20 accessions, with an average of 7.7 allelesgoes|

Golien et al. (2005) isolated and characterized seven polymorphi

microsatellite loci from two libraries constructdcom the genomic DNA non
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enriched for repeats (TC and AC) and enriched for &ggats in Citrus. Twenty three
new SSR loci were characterized from (GAAnd (GT) microsatellite enriched
library of Gauva Psidium guajavd..) (Risterucciet al, 2005). Nine newly developed
microsatellite markers were developed and chanaetkin Grape \(itis viniferaL.)
by Goto-Yamamotet al, (2006). A set of 104 microsatellite markers weegeloped
from a microsatellite enriched library constructedm the genotype TMV2 for
peanut Arachis hypogaed..) (Cucet al, 2008). Odenyet al (2009) reported the
presence of 20 SSR markers from microsatellite badgenomic libraries of pigeon
pea (Cajanus cajan[L] Millsp.). The markers developed were analyzashong
Cajanusgermplasm.

Thirteen microsatellite markers were isolated fr&@8R-enriched library of
Walnut Quglans regid.) using the modified protocol of fast isolation BFLP
sequences containing repeats (FIASCO) (Najafi al, 2014).Successful
polymorphism of the 13 primer pairs was observedanous genotypes af. regia
The number of polymorphic alleles ranged from 2 favith an average of 4.35). The
polymorphic information content values ranged fro7 to 0.88 (with an average of
0.69). TC/AG and GAA/CTT class of repeats were thestnadundant di-nucleotide
and tri-nucleotide repeats, respectively.

Microsatellite markers for mango were developednfra genomic library
enriched for (GA) and (GT) dinucleotide repeats (Duvat al, 2005). Twenty eight
microsatellite primers were found to be polymorphimong 15 mango cultivars.
Schnellet al (2005) developed fifteen microsatellite loci édseodified version of
the method described by Edwarelsal. (1996), 13 primers revealed polymorphism
with 2-7 alleles per locus. Six microsatellite loeére isolated from an AC-enriched

genomic library constructed from ‘lrwin’ mango acdimg to the procedure of
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Yamamotoet al (2002) by Honshet al (2005). Twenty one polymorphic SSRs were
developed from a non-enriched genomic library usingautomated high-throughput
system in cashewAfiacardium occidentald..). These markers were transferable
across three related tropical tree specfesr{icrocarpumA. pumilumandA. nanun
(Croxford et al, 2006). Four hundred and sixty six EST SSR mar#lekseloped in
sunflower Helianthus annug..) when tested on wilielianthusspecies 413 markers
(88.6%) were capable of producing amplicons in onenore species, whereas 69
markers (14.8%) amplified products from safflow@afthamus tinctoriusand 67
markers (14.4%) generated amplicon products fratunde (Heesackest al, 2008).
Eleven polymorphic microsatellite markers were dgyed for pomegranate
(Punica granatuni.) from enriched library following the protocof blamilton et al.
(1999). Using the 11 markers 44 alleles amplifieerol3 loci, with an average of
3.38 alleles per locus. The mean polymorphism médron content (PIC) value was
0.433 over 13 loci, which shows that the majoritghe microsatellite loci are highly
informative (Ebrahimiet al, 2010). Pirseyediet al (2010) added 12 more
polymorphic microsatellite markers to thBunica granatumgermplasm. The
microsatellite markers were developed from di- @nducleotides repeat-enriched
genomic library constructed using the fast isofatily AFLP sequences containing
repeats (FIASCO) protocol (Zaret al, 2002) ofPunica granatunlL. The genetic
diversity of these loci was assessed in 60 genstgbgomegranate. The number of
polymorphic alleles per locus ranged from two teefwith an average of 2.9. The
polymorphic information content ranged from 0.28t61 (average 0.43%orianoet
al. (2011) developed 117 microsatellite loci from a/&3& enriched pomegranate

library using a modified enrichment protocoArénzana et al, 2002). The
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polymorphism information content (PIC) value acradisloci ranged between 0.09

and 0.71, with an average of 0.37.

Genomic library was constructed for pineappddnas comosud..) Merr.)

in reference to the SAM method (Hayden and Sha@1pPby Fenget al (2013). Out
of the 36 primers, 24 of them produced clear apdoducible bands of expected size,
and 13 markers showed polymorphism when checkestlected samples.

Nine polymorphic microsatellite loci were developed cornelian cherry
(Cornus mad..) by constructing a microsatellite-enriched &by. These markers
were used to characterize cornelian cherries frormahcentral Europe and the
United States which amplified perfect and imperfegteats and 2 to 11 alleles were
detected per locus (Waelt al, 2013).

Yanget al (2014) developed and characterized 10 polymorphacosatellite
markers inFicus sermentosaar. henryifollowing the protocol Tonget al (2012).
The number of alleles per locus ranged from 2- 3&ty nine coffee genomic
microsatellite markers were developed from micrelitd enriched genomic DNA
library described by Hendre and Aggarwal, 2004; dteret al., 2008; Hendre and
Aggarwal, 2014). Twenty one microsatellite markesese found to be polymorphic

among the tested genotypes.

Ohtsuk et al. (2014) reported the development of microsatefti@kers for
Vitex rotundifolia (Verbenaceae) using an improved technique for aisg
codominant compound microsatellite markers (Liad &ogetsu, 200Z;ian et al,
2006). Out of the 33 primer pairs designed 10 prénveere found to be polymorphic
among 25 genotypes ™. rotundifolia The number of alleles per locus ranged from

one to six
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Maurya et al (2015) developed 1122 microsatellite primersJatropha
curcuswith the help of next generation 454 sequencinghote Out of these 1,122
SSRs, 447 (39.83 %) were found to be polymorphicrapdo curcasaccessions. A
higher transferability of SSRs (76 %) Jo integerrimawas also observed. 41 SSRs
randomly chosen was amplified across 96 accessibds curcas which detected a

total of 152 alleles ranging from 2 to 9 with areeage of 4.0 £ 1.9 alleles /SSR.

2.11. Genic/EST SSR markers in spice crops

Siju et al (2010) reported the development of robust setopolymorphic
EST derived microsatellite markers in turmeric édoaluating 20 turmeric accessions.

The number of alleles ranged from 3-8 per loci.

Twenty six EST-SSR markers amplified 130 polymorpBiNA fragments
and the number of polymorphic alleles per SSR markeged from 2 to 13 with an
average of 5 alleles. Observed heterozygosity ahgorphism information content
(PIC) of the SSR markers were between 0.23 and (=88, 0.20 and 0.87,

respectively (Ipelet al, 2015).
2.12. Genic/ EST SSR markers in other economically iportant crops

Scottet al (2000) isolated 124 SSRs from 500Qis Expressed Sequence
Tags. Ten primer pairs wer@lgmorphic at the level of cultivar/itis species, and
between related genera. SSRs that were from tha&rdnslated region (3' UTR) were
most polymorphic at the cultivar level, the 5' amislated region (5' UTR) SSRs were
most polymorphic between cultivars and species, tde SSRs within coding

sequence were most polymorphic between speciegerata.

Borroneet al (2007) developed seventy informative loci frone #xpressed

sequence tags of 2Rersea Americanavar. Americana Mill. accessions. Genetic
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diversity analysis of sorghum using 40 EST SSR markevealed high genetic
variance (71.7%) suggesting that the germplasns lineluded in the set are more
diverse (Ramuet al, 2013). A total of 360 alleles with an averageQoélleles per

markers were detected in the reference set. Thes&ll@ ranged from 0.1379-0.9483

with an average of 0.5230.

One hundred and six EST based primers were desigosd477 sequences
and tested on chickpe€i€er arietinumL.) accessions. Forty four EST markers were
polymorphic when screened across nine anriliakr species and seven legume

genera (Choudhamst al, 2009).

On screening 65000 EST sequences 27,656 non-realuriBRs were
identified, 1918 primer pairs were obtained fronatthand 68 primer pairs were
designed which could amplify all th€itrus accessions. But 22 of these primers
revealed polymorphism (Palmieet al, 2007). Konget al. (2006) developed 20
polymorphic SSR markers from cucumb@utumis sativu&.) ESTs from National
Center for Biotechnology Information (NCBI). The averagumber of allele was 3.3
per locus ranging from 2-6 alleles. ldual (2010) developed novel 28 microsatellite
markers from cucumber ESTs. The markers showednmjphism among 21
cucumber accessions with 2-7 alleles per loci (m8afv) with PIC range from 0.091

to 0.748.

A total of 586 microsatellites were identified frodB,552 peasRisum
sativumL.) ESTs from the NCBI database. Out of the 49 pramgesigned, nine
markers were found to be polymorphic that revedbed to three alleles per locus.
The polymorphism information content value rangeoimf 0.18 to 0.58 with an

average of 0.41 (Gonet al, 2010a). Eleven novel EST-SSR loci were generaned
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characterized among 29 faba bean individuals fromaCand Europe. The number of

alleles ranged from 1 to 3 in each population (Geingl.,, 2010b).

Dong et al (2006) reported unigene sequences from ESTs ektsarange
Citrus sinensi€Osbeck), trifoliate orange and oth@itrus species and cultivars were
mined for SSRs. 25 primer pair revealed polymorphigithin six Citrus cultivars.
Palmieriet al (2007) developed sixty eight EST SSRs from thgeme sequences of

Cit EST database and validated in differ€ritus spp. and®oncirus trifoliate

One hundred and eighty seven out of 419 expressgoeace tag (EST)-SSR
from cassava were polymorphic among thecurcasaccessions. The EST-SSR
markers comprised 26.20%. dinucleotide repeat3584 trinucleotide repeats, 7.49%
tetranucleotide repeats, and 8.56% pentanucleotideats, whereas the majority of
the G-SSR markers were dinucleotide repeats (62.98%)ty-six EST-SSRs were

chosen to analyze the genetic diversity among.4&bircasaccessions.

By exploiting 10,829 EST sequences from the datha$s84 primes were
successfully designed of which 87 markers produit&tl alleles when tested on 12
H. brasiliensiscultivated varieties and four related species ¢Fetral, 2009). Forty
four EST SSR markers were developed for coffeeffea canephor@ierre Ex A.
Froehner) by exploiting 13, 175 unigene ESTs, ahdi4 gave amplification and

revealed 65.9% t081.8% polymorphism for tetrapbmd robusta genotypes.

Nishitaniet al (2009) developed 73 SSR sequences from 98 ESTesegs!
which gave clear amplification in the entire pealticars tested. Eight hundred and
eighty one EST SSRs were identified from 24000 pe&ST sequences, 251 from

them could be successfully amplified. Most of th&&Rs shown polymorphism in
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the wild type peanut; however, there were only alsmumber of the SSRs showed

polymorphism in cultivated peanut (Feegal, 2012).

Kumari et al (2013) identified 5,673SSRs from 42,477 ESTs &dtropha
curcasthat include 48.8 % simple and 52.2 % compound SS&fsn Dinucleotide
repeats were the most abundant (26.5 %), follomedrinucleotide (23.1 %) and
tetranucleotide repeats (0.8 %). Of the 32 primdeveloped, 24 primer pairs
exhibited polymorphism among 42 accessions givimngaeerage of 2.33 alleles per
polymorphic marker. The PIC value ranged from 0®2.6 with an average of 0.402
indicating moderate level of informativeness witthiese EST-SSRs markers. Featg
al. (2013) identified 22 polymorphic EST derived nosatellite markers for
pineapple Ananas comosuyg.) Merr.) by exploiting 5659 pineapple EST sequen

obtained from NCBI which could detett10 SSR loci.

A total of 182 SSR primer pairs were developed apgr¥itis viniferal.) for
the study on the parental polymorphism. Among tB8 $SR primers, 142 primer
pairs (78%) could produce amplicons at expecteel Isinge, among which 52 primer
pairs (36.62%) showed polymorphism between the pa@nts. These polymorphic
bands were further analyzed among the 94 F1 lwbkgh generated 162 bands and
98 of them were polymorphic in both parents (60.8G86lymorphism, with an
average of 1.88 polymorphic DNA bands for each primpair. Upon evaluation of
chi-square test, 33 of the clearly amplified polyptoc bands followed a 3:1 ratio,
and 37 followed a 1:1 ratio which indicated distdrsegregation ratios (Kayestal,

2013).

Kaur et al (2015) developed 43 SSR primers from 2000 EST esemps of

peach deposited in NCBI. Thirty-eight primers gaverable amplification, 20 being
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polymorphic. The coefficient values were found éamge from 0.483 to 0.711 in six

peach genotypes and 0.451 to 0.975 in all 22 geestgtudied.
2.13. Cross transferability of EST SSRs

Genic or EST SSRs can be transferred both to spedies a genus and to
less extent to multiple genera within a family {€lland Burke, 2007). Cross

transferability of EST SSRs has been reported inynsamp species.

Cross transferability of EST SSR generated from fing#let to pearl millet
was reported by Aryat al, (2009). Out of the seventeen primers develodedidre
successfully transferred to pearl millet with are@ge transfer rate of 64.7%. Gasic
et al, (2009) reported the transferability of 68 apRpET SSR markers tested in 50
individual members of the Rosaceae family, represgrihree genera and 14 species
ranging from 25% in apricot to 59% in the closeyated pear. Twenty EST SSRs
checked in 17 wildFragaria species displayed high cross transferability wath
average of 95%. In sunflower 88.6% of transfergbitiate with 413 EST SSR

markers was reported by Heesaadkeal. (2008).

The 18 EST SSR markers developed by Sfual (2010) in turmeric
(Curcuma longal.) revealed 100 % cross species transferabilitgnvtested on 13
related species. The 14 SSR markers developed iivated Vanilla Yanilla
planifolia L.) were all transferable tdanilla tahitensisbut 11 loci were found to be

polymorphic between these two species (Bsirgl, 2009).

Yuanet al (2013) developed 494 EST SSR primerkillum regaleof which
172 exhibit polymorphism with successful transfdrighin 16 individual species with
537 alleles in 181 loci. The PIC value for 172 prisneanged from 0.111-0.830 with

an average value of 0.493. Out of the 27 genicT(BSR) markers developed in
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Vigna radiate 97% of them could be successfully transferreceight important
Vignaspecies like cow pea, azuki bean, black gram,lré&, and moth bean (Gupta
et al, 2014). High level of transferability was obseahme Cassava tdatropha curcus
(Wenet al, 2010) where they found the level of transfergbivas higher for EST
SSRs (44.63%) than for genomic SSRs (29.67%). Thatersent supports the
previous reports for wheat and related speciesn@btal, 2005), and also for coffee
(Aggarwal, 2007) where genic SSR were found to beemadficient in transferability

compared to genomic SSRs.

Mishraet al, (2011) developed 20 SSR primers in medicinallganant plant
Catharanthus roseuyswhich revealed high transferability (31-57%) imrde
medicinally important plants. Of the 44 EST SSR raskdeveloped in Spruce, 25
were widely transferred across spruce species (§RUgiset al.,2004). Seventeen
polymorphic EST SSR markers developed Garcuma longawere completely

transferred (100%) to 1Gurcumaspecies. (Sijet al, 2010 a).

Two hundred and twenty-seven EST-SSRs were evaluawearcane, allied
genera of sugarcane and cereals, and 134 of whigkaled polymorphism and the
cross transferability rate ranged from 87.0% ta198in Saccharuncomplex, 80.0%

to 87.0% in allied genera, and 76.0% to 80.0% neals (Singtet al, 2013).

Tang et al (2006) tested 243 wheat EST-SSR markers, from wRit
(88.9%) produced amplicons in wheat, 211 (86.8%driey, 187 (77.0%) in rice and
166 (68.3%) in maize. Zhareg al (2005) reported the transferability of bread wheat
EST-SSRs to closely relat&8aiticeae species, ranging from 76.7% far tauschiito
90.4% forT. durum The rates were lower for more distant relativeshsas barley

(50.4%) or rice (28.3%). Similar results were ohégl by Yuet al (2004), who
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observed that a total of 53% of the wheat EST-SSKens produced amplicons in

barley.

The polymorphic markers showed 75.56-85. 19% teaabflity among four
species oflatrophaand 26.67% transferability across genera&rioinus communis
Investigation of genetic relatedness showed thaturcasand J. integerrimaare
closely related. The observed results indicatedhilga efficiency of EST-SSRs on
cross species/genera amplification and are usefultHe identification of genetic
diversity of Jatrophaand its close taxa and to select the desiredectlspecies for

wide crossing to improve new varietiesJatropha(Laosatitet al, 2013).

The cross species transferability rate of the nrarkenges 50-100 % across
eight species. The utility of these markers waess=l in eightavandulaspecies
(Adal et al, 2014). More than 80% of EST SSR markers develap@ear could be
transferred to apple which belongs to the subfaiigloideae and 30% of the pear
EST SSRs was also transferable to almond and peatie subfamily, Prunoideae
(Nishitaniet al, 2009). Kauret al (2015) developed 43 SSR primers from 2000 EST
sequences of peach. Thirty-eight primers showedabt® amplification, 20 primers
being polymorphic which were then used to carrytansferability studies in apricot,
apple, rose and strawberry revealing 50%, 95%, 9% 45% transferability,

respectively.

Cross-genera transferability of simple sequenceatef®SR) markers among
three economically important plants of family Eudiiaceae has been proposed. A
set of SSR loci generated from cassava (199), ruttber(49) and physic nut (42)
were used to determine transferability with fiveeessions each of cassava, rubber
tree and physic nut. The highest transferabili§y.18%) was observed from cassava

to rubber tree, followed by rubber tree to cassawav transfer rates were found
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between cassava and physic nut, and between rukdeerand physic nut. These
identified transferable markers for cassava, ruleer and physic nut (37, 61 and 46,
respectively) will be useful for comparative magpirand genomic studies

(Whankaewet al, 2013).

The 20 polymorphic microsatellite markers developadpeach Prunus
persical.) (Kaur et al (2015) were taken to carry out transferabilitydses in
apricot, apple, rose and strawberry which displap@®do, 95%, 95% and 45%

transferability, respectively.
2.14. Cross transferability of genomic SSRs

Out of the six microsatellites, three polymorphicidhree monomorphic, have
been characterized for the first time in 18 bambpecies (Nayak and Route, 2005).
Monomorphic simple sequence repeats (SSRs) havefteed to be cross amplified
in most of the tested species while polymorphicsaneonly three to four species. The
number of alleles per locus ranges from 2 to 1&lildiversity ranges from 0.041 to

0.870. Polymorphic information content (PIC) valfmstwo were > 0.3.

Cross transferability of sugarcane genomic micrdigatein otherSaccharum
species and five cereal species showed a trangiigraate of 93.2% (Paridat al,
2009). Twelve polymorphic microsatellite markersveleped for Amaranthus
hypochondriacuswere successfully amplified in 18 othe&maranthus species
representing cultivated grain and vegetable spetiesr putative progenitors and

wild species (Leet al, 2008).

Watcharawongpaiboon and Chunwongse (2008) develtpety five SSR
markers using library enrichment procedure in cuseimSome of the markers were

transferable to otheCucurbitspecies (melon, watermelon, pumpkin and bitterajau
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Twenty three new SSR loci were characterized fro)(Gand (GT)n microsatellite
enriched library oPsidium guajavd.. that also showed transferability to three other

Psidiumspecies.

Menezeset al (2009) reported that out of the nine microsatelinarkers
developed in black peppeRiper nigrum L.), five markers were successfully
transferred to four distinct speciegz, P. attenuatum P. hispidinervium P.
tuberculatumand P. colubrinum Cross transferability of 17 genomic SSR markers
evaluated in fourteeRhoenix(date palm) species resulted in complete transidya
in all the species tested, indicating the consemabf priming sites flanking the

microsatellite loci (Akkalet al, 2009).

Out of the forty nine microsatellite markers deysd inJatropha curcud..,
391 markers showed cross species amplificationxisister taxa J. glandulifera J.
gossypifolia J. integerrima J. multifida J. podagricaandJ. tanjorensigSudheeret
al., 2011). Twenty EST SSR tested in 17 whrhgaria species showed high cross
species amplification (95%). Sixty microsatelliteankers (30 genomic and 30
ESTSSRs) in wildAllium species revealed 10 % genomic SSRs and 53.3% ES3 SSR
cross transferability (Khaet al, 2011). Gaoet al (2005) reported the cross
transferability of 60 rice SSR markers to three witet specie®©. rufipogon(100%),
O. officinalis (90%), 0. granulate(73.3). Garcia Morenet al. (2010) developed 119
microsatellite markers from sunflowdtélianthus annus.), 17.6% of these markers
were transferable to 22 lines and germplasm aawmessof safflower Carthamus
tinctorius L.). Kumaret al (2011) studied the transferability of eight macellite
loci in three mangrove specieRRHizophora annamalayana, R. apiculatnd
R.mucronatg all were successfully amplified and polymorpltexteen alleles were

generated in eight loci. The number of alleles duerall species was 0.3333 per
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locus and for overall locus was 0.2619 per spedi@em the data it was observed that
Rhizophora annamalayanand R. mucronatawere found genetically much closer

(0.006) tharR. apiculatg0.008).

Twenty three simple sequence repeat (SSR) primes gaveloped for guava
(Psidium guajavalL.) were transferred to two species of eucalypidacalyptus
citriodora, Eucalyptus camaldulengijsbottlebrush Callistemon lanceolatysand
clove Syzygium aromaticum belonging to the family Myrtaceae and subfamily
Myrtoideae. Of the 23 SSR loci assayed, 18 (78.Z&e cross-amplification iB.
citriodora, 14 (60.8 %) irE. camaldulensisnd 17-17 (73.9 %) i€. lanceolatusand
S. aromaticumEight primer pairs were completely transferaldeatl four species

(Raiet al, 2013).

Oliviera et al (2013) analyzed the cross transferability of ARSmarkers
developed for yellow passion fruitPéssiflora edulisf. flavicarpa Sims) to 11
different Passiflora species. The mean transferability observed wa8%8.the
transferability was higher for thReassiflorasub genus compared to other tested sub
genus. Sathya and Jayamani (2013) used a settgtfike microsatellite primer pairs
derived from adzukibearv{gna angularis(Willd.) Ohwi & Ohashi) to estimate the
transferability in green gram and relatéigina species. Thirty-two were successfully
amplified across the thirty six genotypes and twewright primers revealed
polymorphism. A total of 83 microsatellite allelere generated out of it with an
average of 2.96 alleles per locus. Ohtseikial (2014) reported thahe thirty three
microsatellite markers developed fdtex rotundifoliawere successfully transferable

to V. trifolia and seven pairs showed polymorphism
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Chapter 3

MATERIALS AND METHODS

3. 1. Plant materials

3.1.1. Plant materials selected for microsatellitenriched genomic DNA library

construction

The most popular black pepper variety Panniyurljntamed at Indian
Institute of Spices Research (IISR), Kozhikode, watected for black pepper

genomic DNA library construction enriched for misatellites.

3.1.2. Plant materials selected for characterizato and genotyping of

microsatellite markers

3.1.2.1. Cultivated types of black pepper

Thirty nine cultivated types of black pepper inchgl 16 released varieties
and 23 important cultivars (Tablel, Fig. 1-5) whigfpresent maximum diversity in
black pepper germplasm maintained at the consesvafdISR were selected for the

present study.

3.1.2.2 Piper species

Twenty onePiper species (Table 2, Fig. 6-8) collected from Westehats,
North East region of the country and Exotic spewiese used to study the utility of

microsatellite markers.
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Table 1.Black pepper varieties and cultivars selectedHerdtudy and their salient features

Sl.  Variety name Collection Place of collection Salient features

No. Number

1 Panniyur 1 874 Kannur, Hybrid of Uthirankotta x Cheriyakaniakadan. Higtelging, Long
Kerala, India spikes bearing large berries, early bearing inneadind performs wel

in open conditions. Adaptable to all pepper growargas, excep

under heavy shade.

2 Panniyur 2 4127 Kannur, Selection from cv. Balancotta. Found to be toletarghade. Widely
Kerala, India adaptable to all pepper growing areas in Kerala.

3 Panniyur 3 4128 Kannur, Hybrid of Uthirankotta x Cheriyakaniakadan; Latetanang in nature
Kerala, India and performs well in open conditions. Vigorous iowth. Apt to all

pepper growing areas in Kerala.

4 Panniyur 4 4129 Kannur, Selection from cultivar Kuthiravally. Performs walhder partial
Kerala, India shade. Stable yielding in nature, Fit to grow irpabper growing

areas in Kerala.

5 Panniyur 5 4130 Kannur, Open pollinated progeny of Perumkodi. Adaptableatb pepper
Kerala, India growing areas. Found to be tolerant to shade amsenudiseases.

Suitable as an intercrop for arecanut gardens.
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10

11

12

Panniyur 6

Panniyur 7

Subhakara

Sreekara

Panchami

Pournami

PLD-2

KS27

KS14

856

812

5085

Kannur,

Kerala, India
Kannur,

Kerala, India

Palakkad,
Kerala, India

Kozhikode,

Kerala, India

Wayanadu

Idukki,
Kerala, India

Clonal selection from cv. Karimunda. Suited to black pepper
growing areas. Performs under partial shade and opivation.

Open pollinated progeny selection from KuthiravaNfigorous and
hardy in nature with a regular fruit bearing capacBuitable for

Kerala under open conditions as well as partiatisha

Selection from cv. Karimunda (KS 27).Adaptable lidbdack pepper
growing tracts in Kerala and southern Karnatakad®ces high

quality berries.

Selection from cv. Karimunda (KS 14); Suitable &irblack peppel

growing areas of varying conditions.

Selection from cv. Aimpiriyan (coll 85Bate maturing in nature.

Suitable for all areas of Kerala, except drougbhprregions.

Selection from Ottaplackal (coll 812). Exhibits tdanot nematode

tolerance. Adaptable to all pepper growing regioinkerala.

Thiruvanathapuram,Clonal  selection from cv. Kottanadan; Suitable

Kerala, India

Thiruvananthapuram and Kollam districts of Kerala.
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ISR Sakthi 5009 Kozhikode, Open pollinated progeny of cv. Perambramundi. Eolerto

Kerala, India Phytophthora foot rot disease.
ISR Thevam 1041 Idukki, Clonal selection of cv. Thevanmundi. Vigorous iowth with broad
Kerala, India leaves. Field tolerant to Phytophthora foot roedse.
ISR Girimunda Hybrid - Hybrid of Narayakodi >xeRlamundi; Suitable for high altitude areas.
IISR Malabar Excel Hybrid - Hybrid of CholamundiPanniyur 1.Suitable for high altitude areas.

Berries are enriched with oleoresins.

Cultivar Collection Place of collection Salient features
Number
Kottanadan 959 Kannur, Morphologically resembling Aimpirian, grows vigorsy, having
Kerala, India broad leaves with even margin. Performs well inimpland hilly

regions up to an altitude of 700-800m. High yietdiand widely
adapted; produces high quality berries.

Neelamundi 809 Idukki, Vines are vigorous in nature with medium/ largetevghaped leave

n

Kerala, India with even margins. Tolerant to Phytophthora fodtdisease. Found
suitable for high elevation areas with moderatédiig capacity with

medium quality berries.
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Kuthiravally 849
Kalluvally 984
Narayakodi 1601
Perambramunda 1240
Poonjaranmunda 832
Valiakaniakkadan 884
Cheriakaniakkadan 924

Kannur,

Kerala, India

Kozhikode,

Kerala, India

Pathanamthitta,
Kerala, India

Wayanad,

Kerala, India

Idukki,

Kerala, India

Kozhikode,

Kerala, India

Ernakulam,

As the name resembles, spikes looks like long htaibeleaves are

ovate in shape and medium large with even mardiabl& yielder
with high quality good fruit setting capacity.

Plants are hardy medium sized and hairy in natueaves looks

round elliptical in shape and dark green in colaith even margins.

Gives medium yield and quality.

Moderately vigorous vines. Leaves size ranges somall to medium
with wavy margins and twisted leaf blade. Berriesgess persiste
stigma. Found to be field tolerant to Phytophthoiat rot. Fruits are

small in size with medium yield and quality.

Medium long spikes with bold berries; medium inlgiand quality.

Resembles Neelamundi in morphology.

Leaves are broadly ovate in shape with a cordase;bang spike

with moderate yielding capacity.

Medium to long spikes in length with bold berriehigh gives a

medium yield.

Leaves are samll lanceolate in shapes with an acuminate
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10

11

12

13

14

15

Uthirancotta 929

Balankotta 1000

Arakkulam munda 894

Thommankodi 966
Thevanmundi 1041
Chumalakodi 5029

Kerala, India

Kozhikode,

Kerala, India

Kozhikode.

Kerala, India

Wayanad,

Kerala, India

Kozhikode,

Kerala, India

Idukki,
Kerala, India

Wayanad,

Kerala, India

Spikes are short and bearing smaitsfr Shows early maturity wit
poor yielding and medium quality.

Predominately female; poor in yield.

Vigorous growing nature. Leaves are very large adigotical,
slightly drooping and branches with even margirdefiant to Shade.
Medium in yield with bold fruit of medium quality.

Large leaves with ovate shape and wavy margin.yEadturing
variety with medium yield and quality.

Ovate to widely ovate leaves seen in the main stemg spike with
good fruit bearing. Fruits medium and globose reat@ood yielding

with quality berries. Morphologically resembles Kinavally.

Moderately large leaves and medium length spikdh good fruit
bearing capacity. Berries looks medium oblong iapghgives good
yield and medium quality.

Medium ovate shaped leaves and short to mediumtHengike.

Medium sized fruits give medium yield and quality.
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16

17

18

19

20

21

22

Nedumchola

Malamundi

Karimkotta

Perumkodi

Karimunda

Kumbhachola

P24

1058

805

844

803

815

1114

Wayanad,

Kerala, India

ldukki,

Kerala, India

Kannur,

Kerala, India

ldukki,

Kerala, India

Idukki,

Kerala, India

Kozhikode,

Kerala, India

Kozhikode,

Bearing the smallest leaves among the cultivar$ witund base.

Very short spike (4-6 cm) sets very small berrisor in yielding.

Leaves ovate with round base. Medium length spikéb small
peduncle. Bisexual flowers; medium sized fruitshwifood setting

capacity.

Hardy in nature. Common cultivar of Malabar withopoyielding

capacity.

Ovate to ovate elliptic shaped leaves. Medium lerggikes exhibits

poor fruit setting. Bold fruits with medium qualiattribute.
Leaves ovate and small with even margins. Darkrglteaves anc
spikes. High spiking intensity with good vyieldingapacity with
medium quality berries. Very popular cultivar witlide adaptability.

Shade tolerant in nature.

A cultivar reported as pollu beetle resistant armlight tolerant

Open pollinated progeny of craRdramundi. Tolerant t

]

)
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Kerala, India Phytophthora foot rot disease.

23 04-P24-1 Kozhikode, Open pollinated progeny of IISR Sakthi, moderatedgistant tg
Kerala, India Phytophthora capsidnfection
Table 2. Piper species selected for the study and their botadesdription.
Sl.  Piper Species Collection Place of collection Botanical description
No: Number
1 P. betleL. 5473 Thiruvananthapuram, A perennial dioecious creeper; 5-20 cm long leakesadly ovate
Kerala, India slightly cordate and often unequal at the basettlgshacuminate,
acute and entire, with often an undulated margitabrgus,
yellowish or bright green, shining on both sidgskes pendent an
filiform; fruits rarely produced, often sunk in théeshy spike,
forming a nodule like structure. Native of Malaysieultivated
extensively in India. Wild forms reported from Nitaur forests of
Kerala and Kolli hills of Tamil Nadu.
2 P. nigrumL. 6426 Palakkad, A woody climber with swollen internodes found grogialmost
Kerala, India 1300 m MSL. Runner shots arise from the base. leaiumple,

thick, glabrous and petiolate, size ranges fron240zm, lamina

ovate, elliptic or elliptic lanceolate. Base actbecordate. Wax

glands are present on the lower leaf surface angoang shoots.
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P. sugandhBabu 6021
et. Naik.

P. trichostachyon 639
C.D.C.

Wayanad,
Kerala, India

Wayanad,

Spike pendent, filiform with green, greenish whde purple in
color and long glabrous. Unisexual in wild but bisal in
cultivated. Bracts copular with decurrent basenfstas two, style
absent, stigma three to five lobed. Ovary supeftouit is green
when young and changes to red on ripening. Seedearispl to
ovate and bitter- pungent. Commonly used as spésidbs in the

indigenous medical system.

A stout woody climber, dioecious and perennial,chiétag to a
height of 10m or more; branches terete, swollerthat nodes
glabrous, orthotropic shoot tips purple; leavesralite, glabrous,
ovate-lanceolate, acuminate, base round to acat®fen oblique,
margins slightly wavy, male spikes slender, flesfijfform and
pendant or recurved, female spike slightly thickem male spike
flower held at right angles to the rachis, stipelastamen two,
filaments short and thick. Aligned . nigrumbut differ from it in
having stipulate flowers and deeply copular bradinged toP.
galeatum but differs from it in having the pungent fruit e black
pepper, also aligned tB. trichostachyon but differs from it in
having stipitate flowers, nature of bract and inihg pungent fruit
(Ravindraret al, 1990).

A large woody dioecious climber vergsely resembles té®.
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Kerala, India

P. galeatum 4577 Tamil Nadu,
C.D.C. .

India
P. barberi 613 Tamil Nadu,
Gamble

galeatumbut spikes are slightly hairy. Occurs at mediuavations
upto 1000 m MSL. Leaves simple, alternate and [ad&p five
nerved, glabrous and thick. Ovate leaf shape, roleadl base
glabrous and acuminate tip; Pendent, filiform, ¥aspike;
hirtellous decurrent, connate bracts forming ahfiesup; unisexua
flowers, two stamens, short and bilobed; supenarg three lobed
stigma; very bold fruits, spherical to oblong aritiel in taste; on

ripening color changes from green yellow, thenrange.

A woody unisexual climber with smaller nodes foustdmedium
elevations of 500-800m. MSL in the Western Ghatswies simple

alternate and petiolate, glabrous and thick. Larowete, lanceolat

11}

to ovate elliptic, leaf base round, veining acrodos Spike
pendent, filiform with green to greenish yellow éolor, 6-8 cm
long with loosely arranged flowers. Spike glabrolsanches
prominent and fleshy. Male spike long, sometimexheng up to
25 cm, bracts prominent, connate, forming a fleshp or boat
shaped structure, shortly stipulate and recurvédhrgus, style
absent, stamens two, carpel single, ovary obowgtigma 3-4
lobed. Fruits bold round green turn yellow on ripgnand then
orange red. (Ravindraet al, 1990).

A perennial dioecious climber apikes born on slender very long
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P. attenuatum 4634
Buch.Han.ex
Wall.

P. argyrophyllum 5369
Miq.

India

Kottayam,

Kerala, India

Kollam,

Kerala, India

dangling peduncle. Runner shoots aphyllateavies glabrous
lanceolate with pinnately reticulate venation, dipidc and
slightly serrate. Juvenile shoots slender with igrat scale leaves,
orthotropic shoots have small leaves, 5-7 cm lomgy 20-5.0 cm
broad. Tip acuminate. Male spikes narrow, 7-10 female spikes
4-7 cm, cylindrical, pendulous, borne on long, diEempeduncle
bractspeltate, orbicular. Flowers unisexual. Ovar$-1.0 mm,
sessile, one celled one ovuled, stigma 3 lobedllpayi style
absent. An endangered species, not related to drgr &nown

South Indian species.

A unisexual climber occurring almost all the foeestf Western
Ghats up to an elevation of 1000m MSL. Leaves sémghin.
Glabrous and small lamina shape ovate to ovatptielliveining
acrodromous with seven nerves from the base, ther quair
reaching only half to two third of the leaves. Bletilong, tip
acuminate and glabrous. 7-ribbed from the bas&gespghin, long,
filiform, pendant, female 7-15 cm long, male 8-18 dong,
peduncle about 2 cm, glabrous (Rahiman and NaB7X19ruits

are oblong to round and bitter in taste.

A slender, scandent, perennial climbing shrub, dmes, main

stem and branches glabrous, young shoot pubereages thin,
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P.hymenophyllum 644
Miq.

Wayanad,

Kerala, India

ovate to elliptic, petiolate, lower side of theJea slight silvery,
base round to cordate, younger leaves often minubeliry,

especially along the veins on the lower side, petdout 1-1.5 cm

grooved, glabrous or puberlous. Spikes thin, filiip pendant and
unisexual. Bracts sessile, oblong and adnate toatids. Female

flowers are sessile and male flowers are slightlyitae. Stamens

three, stigma four lobed and style absent. Ovapesar, fruits
oblong, deciduous, and bitter in taste, turns blaok ripening.
Morphologically similar toP. attenuatumbut differ from it in
having 5-nerved nature of leaf base and shortexergsh white
fruiting spikes and silvery scales on the undergiflehe leaves
(Rahiman and Nair, 1987).

Ascandent, slender climber, dioecious having premily
pubescent branchlets and leaves, hairs more prdwitéhe young
shoots. Found in Western Ghats forests up to etevati 750 m
altitude. Leaves thin and broad, lamina shape aeatewate elliptic
or elliptic to lanceolate with cordate or acute ehaweining

acrodomous, tip acuminate, hairy all over the laafl young

shoots, Seven nerved with 2-3 pairs arising from Idaf base or

near to it. Spike thin long and pendent. Male sk cm, female
spike 6-18 cm in length, peduncle hairy, bractsifssoblong and
adnate to the rachis, stamens three, style abstegma 3-4 lobed
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11

P. bababudani
Rahiman.

P. longumL.

5396

5565

Karnataka, India

Kannur,

Kerala, India

recurved and pappillate. Fruits oblong or sometnmend. Seeds

are bitter, turns black when ripens. (Ravindgaal, 1990).

A hardy climbing vine withrikdaurple shoot tip color; erect later
branch with around 42 cm length, ovate leaf lamimaund leaf
base, acrodromous type of veining, glabrous, cedas leaf
texture; spike filiform glabrous white in color, .BOspike length
pistillate flowers; deeply copular with decurremadt; round fruit,
initially bitter then pungent taste, large rounditirgreen to yellow
and orange while ripening; male spike 12.1 cm Idiagy stamen
short filament.

A slender, aromatic, creeping, dioecious, occurtimghe lower
elevations of WesternGhats and other parts of Indegetative
branches creep and spread on the ground; fruitiegches erect
young branches puberlous; hairs minute and muliiee) older
branches glabrous, leaves are distinctly dimorpbétiolate upto 3
cm long, cordate with acute leaf base and acrodusmgpe of
veining and elliptic, lanceolate leaves, base uakyjeordate with
pronounced auricle in fruiting branches. Leavesatelor shortly
petiolate, Spike cylindrical, erect creamy whiteylowish white
when young. Peduncle 1-2 cm long, female spiker3ong, male

spikes 6-10 cm long, yellow on maturity. Bractstatel, orbicular,

al

’
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glabrous. Flowers bracteates, laterally fused, steB3-4, carpel
single, style absent, stigma four lobed, short pafg Fruits very
small, laterally fused, spicy and pungent, fruitsntgreen to black
when ripen, seeds very small. Dried spikes andtsfruare
extensively used in indigenous medical systems ifRat and
Nair, 1987).

12 P. hapniumBuch.- 5501 Kollam, A slender, dioecious climber occurring in low elévas of
Ham. Kerala, India Western Ghats and other parts of India. Vegetatraadhes creep

and spread on the ground, fruiting branches aret.eteaves

petiolate with prominent ribs from the base. Nervesthe lower

side of young leaves are pubescent with minuteddecis. Mature

leaves glabrous; acuminate leaf tip, seven nersteditly petiolate

and campylodromous veining. Spike is cylindricadl dhick. Male

spikes are slender 4.5-5 cm long and sometimesesstiaped and

brown colored. Female spikes are about 5.0-5.5ccmg. [Peduncle

about 2-2.5 cm long. Flowers unisexual subtendedpbljate

vl

orbicular bracts, laterally fused and sessile. $t&s2, stigma 3-!
lobed. Fruits are very small, turn green to bladlewripen. Dried
spikes are used as long pepper in the indigenosteray of

medicine. An endangered species listed in the atal lobok.

13 P. peepuloides 5526 West Bengal, A slender climbing shrub with fgeading slender branches.
Roxb
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P. sarmentosum 5466
Roxb.

India

Andaman

Islands, India

Nicobar

Glabrous, branches rigid terete often wartedves membraneous,
shortly petioled, very uniform oblong linear- or atg- oblong
caudate- acuminate, base rounded 3-5 nerved nieathe tip, 5-
12.5 by 2.5-5 cm., variable in breadth, sometimasawed to a
minutely cordate base; petiole of upper leaves-0.88 cm., of
lower rarely 1.25 cm. Erect spike, male spikes dgen5-7.5 cm
long with peltate bracts; stamens 2-4; female 1LB5- cm,
cylindrical longer than their peduncle. Fruits mimand 0.21 cm in

diameter.

Monoecious, normally small shrubs, 30 cm tall, stimes climber,
all parts glabrous. Petiole 1-2.5 cm long; leafdelahin to thick
chartaceous or papery, light to dark green, broadate to elliptic,
4.5-6 cm wide, 7.5-9.5 cm long; apex acute; leamesepiphytic
branches base deeply equally cordate with rounateek| leaves on
free branch base cuneate to subtruncate; veinl Basal. Erect
spike. spike with male and female flowers togetkiaight up,

cylindrical, 1-1.5 cm long, 0.3-0.5 cm in diameteeduncle ca. 1.

Ul

cm long; bract rounded; stamen 1; stigmas 3- 4.dfespike white
cylindrical, other characters are as above. Fagiispike 1-2 cm
long, 0.5-1 cm in diameter. Flowering on year rgumdny in rainy

season.
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15 P. ribesioides 5525 West Bengal,India A stout climber, thick bragelieeply furrowed when dry. 20-30
wall. cm long leaves, very coriaceous linear or ovatgiong acuminate
base, deeply cordate, 5-9 nerved at the very t3aserved higher
up, petiole 2.5 — 5 cm, very strong nerves, slem#gvules; very
stout petiole; young leaves small, lanceolate, a@dshort, stout
fruiting spike, glabrous pedicel; 2.5-7.5 cm lomakss, rachis of

spike stout rigid; short coraceous bracts; fruigblm in diameter.

16  P.thomsonHook. 5528 West Bengal, India A scandent, bushedous species; propagation is either through
seeds or runners. Male spikes long, erect anariitif(5-11 cm),
female spikes short, erect and sub globose (105er®) with 30-40
closely packed minute berries subtended by péditatets; endemic

to North Eastern Himalaya.

(V2]

17 P. hamiltonii 5536 Andaman NicobarA climbing shrub often creeping on the ground, ghais, branche
CDh.C. Islands, India subterete or angular, petioled, coraceous, ellgtialmost rounded
leaves, 5-7 nerved from above the base, 5-705%%25 cm long

pale when dry, strong nerves, nervules transverase nearly

equal, petiole 1.25-2.5 cm long; orbicular, cilideacts; fruiting

spikes slender, fruit ovoid, male spikes slender53.5 cm;

fruiting spikes 10-15 cm, flexuous; 1.25 cm pedanéluits rachis

glabrous except the ciliate pits.
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19

20

21

P. colubrinum
Link ex Kunth
Link ex C.D.C

P. arboretum
Aubl.

P. ornatum
N.E.Br.

P. magnificum
Hort.ex.Gentil.

392

3363

3362

5816

Kannur,

Kerala, India

Kannur,

Kerala, India

Wayanad,

Kerala, India

Wayanad,

Kerala, India

A distantly related species from South America Wwhiresistant tc

foot rot disease caused IBhytophthora capsicand as well as

Radopholus similisFused berries, elliptical, spike length 60 m

conical and glabrous spikes, peltate bract.

An evergreen shrub or a small tree native to SoAherica,;

usually grows from 2 - 8 m tall, occasionally to rhi spike length

90 mm, erect filiform, glabrous spike, peltate odbar bracts, fused

and elliptical berries.

Climbing vine can grow to about 15 feet; heart-gthjeaves up to

13cm (5 inch) long and 10cm (4 inch) wide. The &smwhave
reddish, 2cm (0.8 inch) long leaf-stalks, which ateched not a
the end of the leaf, but slightly toward the middigper leaf

surface are mottled pattern of green, pink while tinderside is

purple redP. ornatumis a vine endemic to Peru, South Americal.

A small, erect shrub having winged stem, leavegeot@ broadly
elliptic or suborbicular, apex broadly acute, baswmdate to
auriculate, deep green above, glossy, bright marbeneath
Petiole broadly winged. Origin in Peru, now cultee extensively

as an ornamental foliage plant.
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Fig. 1. Sixteen released varieties of black pepper. 1. Panniyur-1, 2. Panniyur-2, 3. Panniyur-3,
4. Panniyur-4, 5. Panniyur-5, 6. Panniyur-6, 7. Panniyur-7, 8. Subhakara

T2
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Fig. 2. 9. Sreekara, 10. Panchami, 11. Pournami, 12. PLD- 02, 13. IISR Sakthi, 14. IISR
Thevam, 15. IISR Girimunda, 16. IISR Malabar Excel
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Fig. 3. 23 cultivars of black pepper. 1: Kottanadan, 2: Neelamundi, 3. Kuthiravally, 4: Kallu-
vally, 5: Narayakodi, 6: Perambramunda, 7: Poonjaranmunda, 8: Valiakaniakkadan
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Fig. 4. 9: Cheriyakaniakkadan, 10: Uthirancotta, 11: Balancotta, 12: Arakulam munda, 13:
Thommankodi, 14: Thevanmundi, 15: Chumalakodi,16: Nedumchola
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Fig. 5. 17: Malamundi, 18: Karimkotta, 19: Perumkodi, 20: Karimunda, 21: Kumbhachola
22: P 24 (IISR Sakthi), 23: P 24 O4 (O4-P 24-1)
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Fig. 6. 21 Piper species 1. P. betle, Lane 2: P. nigrum, 3. P. sugandhi, 4: P. trichostachyon,
5: P. galeatum, 6: P. barberi, 7: P. attenuatum, 8: P. argyrophyllum,
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14: P. sarmentosum, 15: P. ribesioides, 16: P. thomsoni.
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Fig. 8. 17: P. hamiltonii, 18: P. colubrinum, 19: P. arboreum, 20: P. ornatum, 21:
P. magnificum.
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3.2. DNA extraction and Quantification

3.2.1. Extraction of high quality genomic DNA

Presence of high concentrations of polyphenolic maumds and secondary
metabolites are the major trouble associated wéhogiic DNA extraction of black
pepper. High quality genomic DNA was extracted frieaf samples of 16 released black
pepper varieties, 23 cultivars and Riper species. DNA extraction protocol described by
Doyle and Doyle (1990) with modifications was usdthe reagents required for this

protocol is described in Appendix- la.

The DNA extraction protocol is as follows:

« Two grams of fresh leaf tissue was ground in phitedd mortar and pestle using
liquid nitrogen and the powdered tissue was trarsfito a 50 ml oakridge tubes
containing 10 ml preheated CTAB extraction buffeontaining 0.5%0-
mercaptoethanol.

« The homogenate was incubated afG3or 60 min with occasional mixing.

* An equal volume of Phenol: chloroform: isoamyl d&lob(25: 24:1) was added to
the homogenate and mixed by gentle inversion.

e The samples were centrifuged at 8000 rpm for 15utesat room temperature.

» The aqueous supernatant was transferred to a nmwvatad an equal volume of
chloroform: isoamyl alcohol (24:1) was added andtrifiged at 8000 rpm for
10 minutes.

* The aqueous phase was transferred to a fresh tube.

» The DNA was precipitated by adding 2/3 volume @&f told isopropanol into the
tube, mixed gently by inversion and incubated at°>@ for 60 min.

* DNA was precipitated by centrifugation at 8000 rfam15 minutes at 4 °C.

e The supernatant was discarded, washed the petlefA@®6 ethanol and the tubes
were subjected to vacuum drying for 20-30 min.

* The DNA pellet was dissolved in 1 ml of TE buffer.
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Further purification:

The sample was then treated with 3 pl of RNAaseni® ml) and incubated at
37 °C for 30 min in water bath.

An equal volume of chloroform: isoamyl alcohol (BAwas added to the tube,
mixed well and centrifuged at 10000 rpm for 10 nbésu

To the agueous phase, taken in a new tube, an emhane of ice cold
isopropanol was added and incubated at -20 °CHeéBmin.

The precipitated DNA was made into a pellet by GRmgation at 8000 rpm for
15 minutes at 4 °C.

The supernatant was decanted carefully and thetpets washed with 70%
ethanol.

Ethanol was decanted and the pellet was air- @niecicuum dried and dissolved
in 500 pl TE buffer.

3.2.2. Quantification of DNA

The quantity and integrity of the DNA was confirmby resolving on a 0.8%

(w/v) agarose gel stained with ethidium bromideedilophoresis was carried out at 80V

in a maxi submarine electrophoresis system (OwlAJUSsing a programmable power

supply Thermo EC 105.

For spectrophotometric DNA quantification, 1 plBNA samples were diluted

using TE buffer and the absorbance was taken at 260 using Biophotometer

(Eppendorf, Hamburg, Germany). The concentratioDNA (pg/ml) in the sample was

calculated manually. Quality of DNA was analyzedrbgasuring the absorbance ratio of

DNA at 260 nm and 280 nm .

Total quantity of DNA g/ pl) = 0O.D. at 260nm x 50 x Dilutidactor
1000
Dilont factor = Volume made

Volume of the alaju
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3.3. Development of microsatellites (EST SSRs/Geni8SRs) by exploiting EST

databases.

3.3.1. Retrieval of EST sequences

A total of 206 EST sequences were downloaded froE8SI database of NCBI

(http://www.ncbi.nlm.nih.gov/dbEST) using the keywddPiper’.

3.3.2. EST preprocessing

3.3.2.1. Vector clipping, trimming and redundancy gmination

The vector contaminated sequences if any were redhesing online tool Vecscreen
(http://www.ncbi.nlm.nih.gov/tools/vecscreen/) atrdimmest tool available at Mobyle

portal (http://mobyle.pasteur.fr/cgi-bin/portal. pg#tms::trimest).

3.3.3. EST clustering and assembly

The non-redundant EST sequences were then clusisiagl CAP3 online tool of
mobyle portal (http://mobyle.pasteur.fr/cgi-bin/py#forms:.cap3) to collect
overlapping ESTs from the same transcript of alsirggne into a unique cluster to

reduce redundancy

3.3.4. EST analysis for repeat motifs

The hypervariable repeats in the generated nonndzshi EST dataset were
identified and measured using Websat software:(Mtpmartins.net/websat/) (Martires
al., 2009) or MISA (http://pgrc.ipk-gatersieben.deded) (Thielet al, 2003). If two SSRs

were present close to each other in one EST, tleg wounted as individual rather than
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compound SSRs. The steps involved to identify ESR$Sare given as a flowchart (Fig.

9).

Retrieval of Piper EST sequences from public databases

/ \ 1. EST preprocessing

Very short EST's and singletons High quality ESTs
l l 2.EST Clustering and assembly
Discard Consensus EST sequences

13. EST analysis for repeat motifs

Presence of SSR
motifs

Discard

Yes 4. Selection of sequences &
primer designing

Microsatellite primers

!

Functional analysis of sequences &
selection of primers (BLASTX)

Fig.9: Generic steps involved in EST-SSR generation

3.3.5. Designing of primers flanking microsatelliteepeats

Primers flanking microsatellite repeats were designsing online tool, Primer 3
(Rozen and Skaletsky, 2000). The parameters follovie primer designing are
described in Table 14. The quality of the desigmehers was validated using Northwest

Oligocalc (http://www.basic.northwestern.edu/bidsdoligocalc.html). Primers which
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were devoid of primer dimer/cross dimer and haspivere selected and synthesized
(Sigma Genosys, Bangalore, India). The putativections of sequences containing
polymorphic EST SSRs were detected using BLAST MAisghul et al, 1997) by

comparing against the non- redundant protein databa

Table 3. Parameters used for designing of micrbgatgrimers

Parameter Values Definition
Min. Opt. Max.
Primer Size 18 20 27 Length of the primer;

specificity and the
temperature depend on this
parameter.

Primer Tn (°C) 55 60 66 | elihg temperature ()
depends on primer length
and % of GC content

Max Tm difference 0 - 2 Maximum acceptahble
difference between thenlof
both primers

Primer GC (%) 35 40-55 70 Percentage of Gs and Cs| in
any primers

Salt conc. (mMol) - 50 - Total salt concentration,
activation according toJ

3’ end dimmers - 2 - Complementary part
between both primers from
the 3’ end of the primers

Max #N'’s (bases) - - 4 Maximum allowable length
of a mononucleotide repeat

G/C clamping - 1 - G or C nucleotide at the |3’

end of the primer
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3.4. PCR profiling of EST- SSR markers
The primer pairs were screened and tested for &ogtion using the genomic
DNA isolated from thre®iper speciespPiper betle, Piper nigrunandPiper colubrinum

Amplification of the SSR loci was carried out ir2a pl PCR mixture with the following

components.

PCR component Volume
Nuclease free water 15.4 ul
10 X reaction buffer 25 ul
MgCl, (25 mM/ul) 2.0 pl
dNTP mix (10 mM/ul) 1.0 ul
Forward primer (10 pm/ul) 1.0 pl
Reverse primer (10 pm/ul) 1.0 ul
Template DNA (20 ng/ul) 2.0 pul
TaqgDNA polymerase (5 U/ul) 0.1 pl

Amplification was performed with the following pitef

Step Temperature Time Cycle
Denaturation 94 °C 5 min 1X
Denaturation 94 °C 30s

Annealing Ta °C* 45 s 35X
Extension 72 °C 1.0 min

Final extension 72 °C 20 min 1X
Hold 15°C 0

*- Annealing temperature varied for different primers
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3.4.1. Separation of alleles by agarose gel eleqitwresis and denaturing

polyacrylamide gel electrophoresis

The PCR products were resolved on 3% agarose ¢milsed with ethidium
bromide to detect the level of polymorphism. (Apgpenil a) 10-15% denaturing
polyacrylamide gels were used to resolve amplifiemtucts and silver stained to analyze
size variation of different alleles. The steps imed in setting up and casting the

denaturing PAGE gel and silver staining is givethie Appendix (Il b and Il c).

3.5. Characterization of microsatellite markers

Those markers which produced polymorphic profiteB.ibetle P. nigrumandP.
colubrinumwere selected and used for genotyping in 16 retkaarieties, 23 cultivars of
black pepper and 2Piper species. The data obtained were then followedclaster

analysis. The PCR profiles were repeated twiceage ®f ambiguity.

3.6. Construction of small insert microsatellite eriched genomic DNA library in

black pepper

An enriched genomic DNA library for black peppersagenerated and screened
for various microsatellite motifs. The procedure fibrary construction was adopted
from Glenn and Schable (2005).Steps involved inisiodation of microsatellite loci is

represented in Fig. 10.
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Extraction of high qguality genomic DNA

¥

Restriction digestion of DNA

¥

Ligation of linkers to DNA fragments

¥

Dynabead Enrichment for microsatellite
containing fragments

¥

PCR recovery of enriched DNA

)

Ligating enriched DNA into cloning vectors

)

Transformation and selection of
positive clones-colony PCR

)

Sequencing of recombinant clones

Fig. 10. Steps involved in selective hybridizatprotocol for constructing enriched genomic
DNA library

3.6.1. Isolation of high quality genomic DNA

High quality genomic DNA was extracted from freskafl material of black
pepper variety Panniyur 1 as described in secti@l3was used for microsatellite

library construction.
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3.6.2. Selection and standardization of suitable striction enzymes for size

fractionation of genomic DNA

The first step in constructing a microsatelliterdity is to use restriction enzymes
to cut genomic DNA into fragments ranging from 2jto 2 Kb. This sizes of DNA that
are potentially large enough to contain a micrdsteand a flanking region, but small

enough to insert into plasmid.

Optimized digestion conditions were determined karying genomic DNA
concentration, restriction enzymes, enzyme unitugeDNA and digestion period. Four
restriction enzymes were randomly chosen for fraging the genomic DNA (Table 4).
The genomic DNA was digested by using four restmicenzymes viz.Alu |, BstU |,
EcoR | andRsal. The digestion was carried out in pDreaction volume containing 1X
reaction buffer, 1-2ug of purified genomic DNA, 20 Unit restriction enmmg at
appropriate temperature for 8-12 h. After digestite restriction enzymes were

inactivated for 10 min incubation at 65-°71Q

The size of the digested DNA fragments was morkdrg resolving ul aliquot
of the restricted DNA on a 1.0% agarose gel aloity W00 bp and 1 Kb DNA ladder
(Thermoscientific, USA.). Among the four restricti@nzymesAlu 1 andRsal were

taken for further steps based on restriction patter
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Table 4. Restriction enzymes screenefrdgmenting black pepper genomic DNA

Sl. No.  Restriction enzymes Recognition sequence mpEeature
1. Alul AG/CT 37°C
2 BstU | CGICG 65°C
3. EcoR | G/AATTC 37°C
4 Rsal GT/AC 37°C

3.6.3. Preparation of double stranded linker

The linkers will provide the primer-binding siterfeubsequent PCR steps. The
double stranded linkers were prepared by mixingaegalumes of equal molar amounts
of SuperSNX24 forward primer (SuperSNX24 Forward:
5'GTTTAAGGCCTAGCTAGCAGAATC) and SuperSNX24+4p reger primer (Super
SNX24+4P Reverse: 5pGATTCTGCTAGCTAGGCCTTAAACAAAARE.Q., 100ul of
10 uM each). Salt concentration was made upto a finatentration of 100 mMi.g., 4
ul of 5SM NaCl for 200ul of primers). This mixture was heated to 95 °Qled slowly to

room temperature to form the ds SuperSNX linkei aas stored at -20 °C for further

reactions.

Reaction component Volume
SuperSNX24 primer (1QuM) 100.0ul
SuperSNX24+4p primer 1000
NaCl (5M) 4.0 ul

3.6.4. Ligation of linkers to DNA fragments

The double stranded SNX linkers were ligated toreéstricted DNA fragments

using T:DNA ligase enzyme. The linker ligation was doneasately for bothAlu 1 and
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Rsa 1 restricted genomic DNA fragments. The ligationxtmies were incubated

overnight for 18 C. The reaction components and the volume taker a&follows:

Reaction component Volume
Restricted DNA 25.Qu
10x Ligase Buffer 2.0 pl

ds Super SNX linkers 104
DNA ligase (400 U/ul 2.0 ul
Xmnl 1.0 ul

3.6.5. Confirmation of linker ligation to restricted DNA
The ligation of linkers to digested DNA fragmentassassured by performing a
PCR using linker ligated DNA fragments as templdiiee 25 ul reaction contained the

following components.

PCR Component Volume
Nuclease free water 15.4 ul
10 X reaction buffer 2.5l
MgClz (25 mM/pl) 2.0 ul
dNTP mix (10 mM/ul) 1.5 ul
SuperSNX24 primer (10 mM/ul) 1.3 pl
Linker ligated DNA 2.0 pl
BSA (250 pg/ml) 2.5yl
TagDNA polymerase (5 U/ul) 0.2 ul

The PCR was carried out with 30 cycles with thdofeing regimes in thermal

cycler (Eppendorf Master Cycler Gradient S) wita following temperature profile
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Step Temperature Time Cycle
Denaturation 94 °C 2 min
Denaturation 94 °C 20s

Annealing 60 °C 20's 30 X
Extension 72 °C 1.5 min

Final extension 72 °C 5 min

Hold 15°C O

To confirm the amplification 5 pl of the PCR protdweas viewed on 1.0 %

agarose gel along with 100 bp and 1Kb DNA ladd&he(moscientific, USA).

3.6.6. Hybridization of oligonucleotide probe

Six sets of biotinylated olgonucleotide probes [(AGG (TG) 12, (ACT) 12,
(AAAC) 6 (ACCT) 6, (ACTG) 6] (Sigma Genosys, Bangalore) were used for enriclhme
The compositions of solutions and buffers usedtli@ hybridization and enrichment
process are described in Appendix- Ic.

The hybridization of biotinylated oligonucleotideopes to the linker ligated

DNA fragments were carried out in 50 pl reactionlumee with the following

components.
Hybridization Component Volume
2x Hybridization Solution (12x SSC, 0.2% SDS) 2pl0
Biotinylated microsatellite probe (@M each) 6.0 pl
Linker ligated DNA 7.5l
Nuclease free water 11.5
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A PCR was performed to facilitate the hybridizatimaction. The PCR regime is as

follows.
Temperature Time Cycle
94 °C 5 min
94 °C-70°C Quick ramping
70 °C- 50 °C Slow ramping 99x
50 °C- 20 °C Slow ramping 20 x
20 °C- 15 °C | Quick ramping
15°C O

Immediately after the hybridization was over the@ment was performed using
the streptavidin coated magnetic beads (Dynab&aasl, Oslo, Norway).
3.6.7. Dynabead enrichment, magnetic separation, dnelution of microsatellite

enriched DNA fragments

50 pl of Dynabeads was washed and transferred 16 ml eppendorf tube.

e 250 pl of TE buffer was added to the tube, shakeit and beads were captured
using Magnetic particle Concentrator (MPC) (Dynatsedynal, Oslo, Norway).

* The step was repeated twice with 250 ul TE, folldweg two washes with 250 pl of
1X hybridization solution and captured using MPC.

e The beads were then re-suspended in 150 ul of bXdigation solution.

e« The DNA+ probe mix (3.4.6.) was added to the 1500fulvashed, re-suspended
Dynabeads.

e The mix was incubated at room temperature for 3timan orbital shaker.

e The beads were then captured using MPC and therratpet was removed by
pipetting with a P200 pipetter.

¢ The Dynabeads were washed twice with 400 pl of waskolution 1 (2x SSC, 0.1%
SDS) and captured each time with MPC.

« Two additional washing was done with 400 ul of waglsolution 2 (1X SSC, 0.1%

SDS).
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3.6.8.

This was followed by two washes with 400 pl of wiaghsolution 2 and by heating
the solution to within 5-10 °C of the,of the oligo mix (45-50 °C).

The beads were quickly captured using MPC and tipersatant was immediately
transferred to a fresh 1.5 ml eppendorf tube.

200 pul of TLE was added to the tube, vortexed andbated at 95 °C for 5 min.

The beads were immediately captured using MPC hadstpernatant was quickly
removed by pipetting to a fresh eppendorf tube {Téilpernatant contains the
enriched fragments- the “Gold").

22 pl of sodium acetate/ EDTA was added to the mgbant, mixed well by
pipetting up and down.

444 ul of 95% ethanol was added to the mix anddated at -20 °C for 30-60 min.
The tubes were then centrifuged at 12000 rpm fanikDat 4 °C.

The supernatant was discarded and 500 pl of 7thémet was added to the tube and
centrifuged at 12000 rpm for 1 min at 4 °C.

The pellet was air dried and was resuspended 0l 25 TLE (“Pure Gold”).

PCR recovery of microsatellite enriched DNA

A PCR was performed to recover the enriched DNAgrrant using the

supernatant (Pure Gold) as the template.

PCR Component Volume
Nuclease free water 13.0 ul
10 X reaction buffer 2.5l
MgCl. (25 mM/ul) 2.0 ul
dNTP mix (10 mM/ul) 1.5 ul
SuperSNX24 primer (10 mM/pul) 1.3 pl
BSA (250 pg/ml) 2.5 ul
Enriched DNA fragment (pure gold) 2.0 pl
TagDNA polymerase (5 U/ul) 0.2 pl
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The cycling parameters used for PCR amplificatgoad follows:

Step Temperature Time Cycle
Denaturation 94 °C 2 min

Denaturation 94 °C 20s

Annealing 60 °C 20s 20 X
Extension 72 °C 1.5 min

Final extension 72 °C 10 min

Hold 15°C O

5 ul of the PCR product was checked on 1.0% agagelsalong with 100 bp and

1Kb ladder (Thermoscientific, USA) to verify theceess of DNA recovery.

3.6.9. Cloning of enriched DNA fragments

The microsatellite enriched DNA fragments were elbuising pCR® 2.1 TOPO
(Invitrogen, Carlsbad, CA) vector which can accardate more colonies with even less

nucleotide base pair following manufacturer’s instions.

3.6.10. Topo cloning reaction

e 4 pl of PCR product was mixed with 1 plpER® 2.1 TOPQloning vector to
get a final volume of 5 pl.

» Reaction mix was mixed gently and incubated fori® at room temperature

e After the incubation 1 pl of TOPO cloning stop fmo was added to that and
mixed for several seconds at room temperature.

e The tube was briefly centrifuged and placed on ice.

3.6.10.1. Transformation of competent cells/Bactaal transformation

The vector incorporated with DNA fragments weregfarmed into TOP10 cells

following manufacturer’s instructions describeddvel
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e The SOC medium was thawed and brought to room teathpe.
e One vial of one short TOP 10 chemically competefitwas thawed on ice.

e 2 ul of the TOPO cloning reaction was added toah @i One Shot Top 10 cells
and mixed gently.

* The vials were incubated on ice for 30 min.

e The cells were then subjected to heat shock atCA®bf 30 sec in a water bath
without shaking.

* The cells were removed from the 42 °C water bathgaced immediately on ice
for 2 min.

e 250 pl of room temperature SOC medium was addgutiaaly to each vial and
incubated at 37 °C for 60 min and placed on ice.

» 50-150 ul of each transformation mixture was sp@agre -incubated selective
agar plates using a sterile L rod.

» The plates were incubated at 37 °C for overnight.

MI13 reverse

priming site m
[

’ , =__F--z [N EEZ=3-3%
PCR'2.1-TOPO* (M) 333838800 m 33§533a3 W

g pCR-TOPO’
2 3.9 kb

Fig. 11. Vector map of pCR 2.1-TOPO
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3.6.10.2. Preparation of selective agar plates

* 50 ml of LB agar was melted and allowed to cool40 °C.

e 50 ul kanamycin (20 mg/ml) (Appendix 1d) was adttedhe 50 ml molten LB
agar, mixed and poured onto sterile petriplates.

« The agar was allowed to solidify for 20-30 min andubated at 37 °C until

plating.
3.6.11. Screening of positive clones

» Recombinant clones (clones with insert) were idietifrom the master plates

e The colonies obtained were streaked onto a newrkgria+ LB agar plates and
incubated overnight at 37 °C.

e The clones were confirmed by colony PCR with veapecific primers and

stored in 20% glycerol at -80 °C.
3.6.11.1. Identification of positive clones by coy PCR

Colony PCR helps in determining the insert size@ndrientation of the insert in
the vector directly. Bacterial colonies were use@aly as templates in colony PCR
using M 13 forward (5-GTAAAACGACGGCCAGT-3) and verse (5-
CAGGAAACAGCTATGAC-3’) primers. The PCR componentdanolume is given

below.

PCR Component Volume
Nuclease free water 12.9ul
10 X reaction buffer 2.5 ul
MgClz (25 mM/pl) 2.0 ul
dNTP mix (10 mM/ul) 0.5l

M 13 forward primer (10 pM) 1.0 ul
M 13 reverse primer (10 pM) 1.0 ul
BSA (250 pg/ml) 2.5l
TaqDNA polymerase (5 U/ul) 0.2 pl
DNA template from bacterial colony grown 1.5 ul
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Amplification was performed in a thermal cycler lwihe following amplification profile.

Step Temperature Time Cycle
Denaturation 94 °C 5 min

Denaturation 94 °C 30s

Annealing 58 °C 45s 35X
Extension 72 °C 1.0 min

Final extension 72 °C 20 min

Hold 15°C O

The insert size was confirmed by resolving the R@RIuct on a 1.0 % agarose gel.

3.6.12. Isolation of plasmid DNA

Positive clones from the enriched library were udated to 3 ml LB broth
containing kanamycin (50mg/l) and incubated at @&fith shaking at 250 rpm. Plasmid
DNA was isolated using QiagenQIA quick Plasmid MiKit (Qiagen, Germany)

following the manufacturer’s instructions as ddsed below:

= 5 ml of overnight incubated bacterial culture walgied by centrifugation at
12000 rpm for 3 min at room temperature.

» The supernatant was removed without disturbingptiket.

= Pelleted bacterial cells was re-suspended in 23fufiér P1 and transferred to a
microcentrifuge tube.

= 250 pl buffer P2 was added and mixed by inverthng tubes 4-6 times till the
solution becomes clear.

= 350 ul buffer N3 was added and immediately mixedinwerting the tubes 4-
6times.

=  Centrifuged at 13000 rpm for 10 min at room terapee.

» The supernatant was transferred to QIA prep Spinnwo by decanting and

centrifuged at 12000rpm for 1min and the flow tigbwvas discarded.
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= The column was washed by adding 750 pl of buffeaRé& centrifuged at 12000
rpm for 1 min and the flow through was discarded.

= Centrifuged for 1min to remove residual wash buffer

= The spin column was transferred into a new colbectiibe.

= 50 pul of elution buffer was added directly to thenter of the spin column
membrane and centrifuged at 12000 rpm for 1 min.

= The plasmids were stored at -20 °C

The presence of the plasmid DNA was checked byviegpit on a 1.0 % agarose
gel and documented (Gel Logic 200 image analysegsy, Kodak) and quantified

spectrophotometrically (Biophotometer plus, Eppehddermany).

3.6.13. Plasmid DNA restriction digestion

Plasmid DNA was restricted with the restriction yme Eco R1 to confirm the

insert size.

3.6.14. Sequencing of plasmids

The plasmids were sequenced bidirectionally usiBg grism (Xcelris Labs Ltd,
Ahmedabad) using M 13 forward and reverse prim€mtigs were assembled using
DNA Baser version 3.5.4. Vector contamination wasoked using Vecscreen software

and Bioedit softwares were used to remove vectjuesgce as well as linker sequences.

3.6.15. Identification of duplicate sequences/ redulancy elimination and clustering

The sequences were assembled into contigs andce&inglto avoid redundancy

using the online tool CAP3.
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3.6.16. Identification of microsatellites within the sequenced clones

Microsatellite repeats were detected from the gaedr non-redundant dataset

using Websat (Martinst al, 2009) and MISA (Thieét al, 2003).

3.7. Designing of primers flanking microsatellite epeats (genomic and EST SSR)

Primers flanking microsatellite repeats were desijrusing the web based
computer program, Primer 3 (Rozen and Skaletsk§OR0The parameters followed for
primer designing are described in Table 5. Theityuaf the designed primers, their self-
complementarity, possible secondary structure walidated using Northwest Oligocalc.
Primers which are devoid of primer dimer, cross atirand hairpin were selected and
custom synthesized (Sigma Genosys, Bangalore). Titatiye functions of sequences
containing polymorphic EST SSRs were detected uBIng§ST X (Altschulet al, 1997)

by comparing against the non- redundant proteialuese.

Table 5. Parameters used for primer designing

Parameter Values Definition
Min. Opt. Max
Primer Size 18 20 21 ength of the primer; specificity and the

temperature depend on this paramete

=

Primer Tn (°C) 55 60 66 Meltingmperature (f) depends on
primer length and % of GC content

Max Tm 0 - 2 Maximum acceptable difference
difference between the § of both primers

Primer GC (%) 35 40-55 0 [7Percentage of Gs and Cs in any primers
Salt conc. (mMol) | - 50 - | Total salt concentration, activation

according to |,

3’ end dimers - 2

Complementary part between bath
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primers from the 3’ end of the primers

Max #N'’s (bases) - - 4| Maximum allowable length of a
mononucleotide repeat

G or C nucleotide at the 3’ end of the
primer

G/C clamping - 1

3.8. PCR assessment of microsatellite markers

The primer pairs were screened and tested for &ogpion using the genomic
DNA isolated from three distinct genotypesRiper; Piper betle, Piper nigrunandPiper
colubrinum Amplification of the SSR loci was carried outar25 pl PCR mixture with

the following components.

PCR component Volume
Nuclease free water 15.4 ul
10 X reaction buffer 2.5 ul
MgCl. (25 mM/ul) 2.0 pl
dNTP mix (10 mM/pul) 1.0 pl
Forward primer (10 pm/ul) 1.0 ul
Reverse primer (10 pm/ul) 1.0 ul
Template DNA (10 ng/ul) 2.0ul
TagDNA polymerase (5 U/ul) 0.1 pl

Amplification was performed with the following pit.

Step Temperature Time Cycle
Denaturation 94 °C 5 min

Denaturation 94 °C 30s

Annealing Ta °C* 45s 35X
Extension 72 °C 1.0 min

Final extension 72 °C 20 min

Hold 15°C O

*- Annealing temperature varied for different prirse
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3.9. Separation of alleles

The PCR products were resolved on 3% agarose ¢gmilsed with ethidium
bromide to detect the level of polymorphism. 10-18&naturing polyacrylamide gels
were used to resolve amplified products and sistamed to analyze size variation of
different alleles. The steps involved in settingamgl casting the denaturing PAGE gel is

given in the Appendix llc.

3.10. Characterization of microsatellite markers

Those markers which produced polymorphic profilegrev selected for
genotyping in 16 released varieties, 23 cultivdrdlack pepper and 2Piper species.
The data obtained were then followed for clustealysis. The PCR profiles were

repeated twice in case of ambiguity.

3.11. Microsatellite nomenclature

All new genomic microsatellite primers developaoni black pepper were

assigned the name BPSSR (Black Pepper SSR) and(BRk Pepper Microsatellite).

3.12. Cross species amplification of microsatelliteci

The microsatellite markers developed in black peppere tested to amplify in
twenty threePiper species with the same PCR conditions (sectionThd)PCR reaction

was repeated twice in case of ambiguity.
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3.13. Cluster analysis

Only clear and prominent bands were scored forsagsg genetic diversity
among the genotypes. The markers exhibiting 10G#bsterability were selected for
cross species amplification in genkBger. The presence (1) and absence (0) of bands
were recorded for individual genotypes and the datee entered into binary matrix as
discrete variable. This binary matrix was useddtingate the genetic similarity as Dice
coefficient using SIMQUAL subroutine in the simitgrroutine of NTSYS- pc version
2.02i software package. The resultant similaritytrirawas employed to construct
dendrograms using Sequential Agglomerative HiereathNesting (SAHN) based on
Unweighted Pair-Group Method with Arithmetic AveeadUPGMA).The similarity
matrix that was obtained from Dice similarity coei#nt was subjected to principal
coordinates analysis (PCA) to investigate the stnecof the population. The robustness
of the dendrogram was evaluated with a bootstrabysis performed on the binary data

set using 1000 permutations in Past 3 software (Harat al, 2001).

3.14. Polymorphic Information Content value of polynorphic microsatellite

markers

The Polymorphism Information Content (PIC) defirtlee discriminatory power
of each polymorphic marker which depends on the bmmof alleles and relative
frequency of an allele in the population. The P& éach individual SSR allele was
calculated following the formula described by Wgi®90)i.e. PIC= 1-3 P2, where Pis

the frequency of thé"iallele in the genotypes examined, which can belsied to PIC=
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2PiQi, where Pis the frequency of presence andi€the frequency of absence of a

particular band (Tehrami al, 2008).

3.15. Other sources of markers (previously reportedhicrosatellite markers)

Previously reported sixteen microsatellite markreeloped in Black peppeiz.,
nine SSR primers developed by Meneeeal. (2009) and seven SSR primers developed
by Joyet al. (2011) were also used for characterization in 2®lblpepper cultivars and
21 Piper species. Optimization procedure for all these prgvwwas similar to that already
described except annealing temperature which véoiethdividual primers (section 3.4).

The sequence information of the primers used feistudy is given in Table 6 and 7.

Table 6. List of nine black pepper SSR primdvie(ieze<t al.,2009)

ﬁl(;_ II:IZ%E Forward Sequence Reverse Sequence

1 PN A5 F 5 CTTCCAGACCAATAATCAACTT 3 R 5 ATCCCAAAATACACAACAATTC 3’
2 PN B5 F5GTTTTGAATGGGTCGGTGAT 3 R 5 ATTGTTCTGATTTCTTCGTTATTG 3
3 PN B9 F 5AGTATTGGTTGTTTCTCTC 3 R 5 ATGTAAAATCGATAGTCCTCA 3'

4 PN E3 F5TTTGTGTCCTCTCCCTCTCC'3 R 5 AAGACTAAATAGGCAAGGCAAA 3’
5 PN F1 F 5SACTTCAGTGCTATTTTTATCTTCC 3 R 5 CCAACGCCCACTCTCAT 3

6 PN G11 F 5STTACTAGTGTCCACCCCCACT 3 R 5 TCGATGGAAAGTCACCCTCT 3

7 PN H4 F5CTTTTCCCACAATTCAGTCTCG 3 R 5 ACCCATGCGTGTATCTTCTCAG 3
8 PN H8a FSTGTGTCTTTTATATTTTTGATG 3 R 5 TATTAGTAGTTCTCCCTTTTGA 3

9 PN D10 F 5GTGTTACCTTTGGGGCATTCA 3 R 53 TGTGTCAGGGCATCAAACC 3




Table 7. List of seven black pepper SSR primerg ¢ial., 2011)

Sl Locus

No:  Name Forward Sequence Reverse Sequence

1 PnCA25 FS5 GTGTGTTATTTGTCTCTGGGTTTTTCC 3 R SCTTTGGGGCACTCTAACCATCGTCTG 3

2 PnCA88 F 5CACATATTTTTCTTACATTGCG3 R 5GATTATGGGCTGCCGGATTT3

3 PnGT119 F SCCCAACTTCAGAATGATTATACAGC3 R 5CTGGGCAGTAAGCAAACATA3

4 PnAG30 F SACTAAGGCTAATGTGATAACCTGAGGA 3 R SATCCCTGGATGGAAATTTGAAGGCTTGC 3
5 PNnGT2 F'CTAGAGAGTAACAGTTATCACTTCACAG 3 R SCTAGCAAATTTGTTCTCTAATTCACATGT 3
6 PNGATA10 FB3CTCCCAGTTATACAACATCACAACCTAGCAC3’ R BAGAGGCTTGTCTTAGTTGTGCTCGGGA 3
7 PnCA9Fb F'STCATCAATCACACCTAAAAGAAGGCTATCC 3 R 5ATGTGGCTATGGGGAACGGTCAGGGGT?3

PCR assessment of 16 microsatellite markers, sepaet alleles on denaturing
PAGE gels, characterization of markers, clusterdysigwas carried out as described

earlier (section 3.6, 3.7, 3.8, 3.9, 3.11, 3.13).

3.16. Sequencing of microsatellite carrying PCR pmuct amplified by the primer

BP SSR 11 and their multiple sequence alignment

In order to confirm the microsatellite repeat a#dn in terms of allelic
difference, the alleles generated by the primeiSBR 11 from 3 genotypes (Panniyur 2,
Panniyur 3 and Pournami) were sequenced indivigudle sequences obtained were
aligned using CLUSTAL W multiple sequence alignmenbgram (Thompsort al,
1994) of Bioedit software (Hall, 1999) and alsotwitega 6 (Tamurat al, 2013)

sequence alignment programme.
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3.17. Sequencing of microsatellite carrying PCR prtuct amplified by the primer

PC EST SSR 22 and their multiple sequence alignment

To reveal the presence of repeat motif in the deglloci the PCR product
generated with the primer PC EST SSR 22 from theotype Sp2 R. nigrun) were
sequenced. The obtained sequences were aligned thethoriginal sequence using
CLUSTAL W multiple sequence alignment program (Tipsonet al, 1994) of Bioedit
software (Hall, 1999) and also with Mega 6 (Tametal, 2013) sequence alignment

programme.
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RESULTS




Chapter 4

RESULTS

4.1. Isolation of genomic DNA

Genomic DNA of good quality was isolated from thinhine black pepper
genotypes (16 released varieties and 23 cultividagk pepper) 2Piper species (Fig.
12, 13, 14). A260/A280 ratio of 1.7-1.8 indicatdthtt extracted DNA is devoid of

proteins and polysaccharides.
4.2. Identification of microsatellites by exploitig EST databases

To develop polymorphic genic (EST) SSR markersBBd sequences available

in the public domain were retrieved and mined 8RS using computational approaches.
4.2.1. EST Database and Sequence Retrieval

A total of 206 EST sequences were downloaded frembgnk at NCBI website
(http://ncbi.nim.nih.gov) using the keywordiper’. Out of the 206 sequences, 87 EST
sequences were froRiper nigrum 50 fromP. colubrinum 63 fromP. longumand 6

from P. tuberculatum
4.2.2 Sequence Analysis and clustering

Cluster analysis has employed to identify overlagpPiper EST sequences
representing same native transcripts as putatimer@dundant sequences using CAP3.91.

The sequences were assembled to 6 contigs, 6&&inglinP. nigrum 7 contigs and 35
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singletons inP. colubrinum 4 contigs and 6 singletons h longumand 6 singletons in

P. tuberculatum

4.2.3.Distribution and identification of EST-SSRs

Redundancy elimination and exclusion of poly A tasulted in 74 non-redundant
Piper nigrumESTs with a total base pair of 39409 which was theed to for SSR

detection.

Since the sequence availability was limited, miatebites viz., penta and
hexanucleotide) with>2 repeats were set as a parameter for the idexidic of SSR
from the sequence. Whet2 repeating microsatellites were excluded fromdataset di
nucleotide repeats were the most common SSRs. Otlteo74 Piper nigrum EST
sequences examined, 66 SSR were detected whictereldsinto 46 different types of
motifs as represented in Table 8. Number of SSRatung sequences was 41, while 18

sequences had more than one SSR and 11 were SSRigrecompound formation.

The most abundant microsatellite repeat motif detedn P. nigrum was
pentanucleotides (51.52% of 66) followed by hexéeuntdes (37.88% of 66) (both are
repeated two times). The occurrence of mononucleatpeat motif is only 6.06% of 66
microsatellites. Di and trinucleotides repeats wéoend but of least frequency.

Tetranucleotide motif was completely absent inahailable dataset &. nigrum

A total of 15 microsatellite SSRs were detectednffa longumESTSs comprising
of 11525bp. There were 11 SSR containing sequesmtgs? sequences possessed more
than one SSR.4 SSRs were involved in compound $8Ration. Seven different types
of motifs were present among identifi®iper longumESTs. Pentanucleotide repeat
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motif was the most abundant (46.67%) among the asatellites followed by
hexanucleotides motif (26.67%). Mono and dinuclimtiepeats were observed but is of
less occurrence. Tri and tetranucleotide repeat® \a#ogether absent in the scanned

database dP. longum(Table 9).

Within the dataset of 42 non-redundant EST sequerafeP. colubrinum
comprising of 10904 bp, 13 SSRs were identifiedolldlustered into 13 different types
of motifs. Number of SSR containing sequences viastiile 2 sequences had more than
one SSR and 2 were involved in compound SSR foamaRentanucleotide repeat motif
was found to be the most abundant (38.46% of 18)veas followed by hexanucleotides
(830.77% of 13) in the case d&1. colubrinum database studied. All other types of

nucleotide repeats were detected but of least omeee (Table 10).

Only one microsatellite repeat was detected amargusigenes ofPiper
tuberculatumESTSs, representing 2459 bp and the motif ideutifias a pentanucleotide

(AAGCG/CGCTT) (Table 11).

Pentanucleotide (50.53% of 95) and hexanucleoBde/B8% of 95) repeat motif
constituted the major repeat motifs fper ESTs. All the penta and hexanucleotide
motifs observed in the present study were of 2atpdExcluding two time repeats from
the dataset the major part of the sequence codtaare di nucleotide repeats.
Trinucleotide and tetranucleotide repeats wereadt (3.18% of 95) occurrence in all the

four species oPiperanalysed.
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The details of microsatellite containing EST seqesretrieved from NCBI d?.
nigrum P. longum P. colubrinumand P. tuberculatumwere given in Table 5. The

primer designing and genotyping of EST SSR mar&egsiescribed in 4.4 and 4.5.
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Table 8. Occurrence of microsatellite repeatB.inigrumL. ESTs (accessed from NCBI database).

SSR motif Number of repeats Total SSR Motif Number of repeats Total
2 3 4 5 >5 | Number 3 4 5 >5 number
of repeats| of
repeats
AIT - - - - 4 4 ACTGC/AGTGC 1 1
AG/CT - - - 1 1 AGAGC/CTCTG 2 2
AAG/CTT - - - - 1 1 AGATG/ATCTC 1 1
AAAAC/GTTTT 1 - - - - 1 ATATC/ATATG 1 1
AAAAG/CTTTT 2 - - - - 2 CCCCGICGGGG 1 1
AAACC/GGTTT 2 - - - - 2 AAAAAC/IGTTTTT 3 3
AAACG/CGTTT 1 - - - - 1 AAAAAG/CTTTTT 2 2
AAAGG/CCTTT 1 - - - - 1 AAACTG/AGTTTC 2 2
AAATC/ATTTG 2 - - 2 AAAGAC/CTTTGT 1 1
AAATT/AATTT 1 1 - - 2 AACCTG/AGGTTC 1 1
AACAC/GTGTT 2 - - - - 2 AACGAT/ATCGTT 1 1
AACAG/CTGTT 1 - - - - 1 AACTGT/ACAGTT 1 1
AACAT/ATGTT 1 - - - - 1 AAGCTC/AGCTTG 1 1
AACTC/AGTTG 1 - - - - 1 AAGTGC/ACTTGC 1 1
AACTT/AAGTT 2 - - - - 2 ACAGTC/ACTGTG 1 1
AAGAC/CTTGT 1 - - - - 1 ACCTCC/AGGTGG 2 2
AAGGT/ACCTT 1 - - - - 1 ACTGCT/AGCAGT 1 1
AAGTC/ACTTG 1 - - - - 1 AGATGG/ATCTCC 1 1
AATCC/ATTGG 1 - - - - 1 AGCCCC/CTGGGG 1 1
AATGG/ATTCC 3 - - - - 3 AGGCCG/CCTCGG 2 2
AATGT/ACATT 1 - - - 1 ATATCC/ATATGG 1 - 1
ACAGC/CTGTG 2 - - - - 2 ATCATG/ATCATG 1 - 1
ACATG/ATGTC - - - - 1 CCCCCG/CGGGGG 2 2
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Table 9. Occurrence of microsatellitesHnlongumESTs
ESTs (accessed from NCBI database).

Table 10. Occurrencmimfrosatellites irP. colubrinumn
(accessed from NCBI database).

SSR motif Number of repeats Total number| SSR motif Number of repeats Total
2 3 4 5 >5 | of repeats number
of repeatsg

AT - - - - 2 2 AT - - |- - 1
AC/GT - - - 2 2 AT/AT - - |- 1 1
AAAAT/ATTTT 2 2 ACG/CGT - - 1
AACTG/AGTTC 2 2 AAAT/ATTT 1 1
AGCTC/AGCTC 3 3 AAAGG/CCTTT 1 1
AAACAT/ATGTTT 2 2 AAGGG/CCCTT 1 1
ACTGCT/AGCAGT 2 2 ACATG/ATGTC 1 1
ACGAG/CGTCT 1 1
Table 11. Occurrence of microsatellitesPintuberculatuneESTs ACTAG/AGTCT 1 1
(accessed from NCBI database). AAAATG/ATTTTC 1 1
SSR motif Number of repea Total number of AAGTCG/ACTTCC 1 1
2 3| 4| 5| >5|repeats ACATAT/ATATGT 1 1
AAGCG/CGCT1 1 1 ACATCG/ATGTCC 1 1
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Table 12.

Details of the microsatellites regioastaining sequences obtained fremnigrum, P. longum, P. colubrinuamdP.

tuberculatumEST databases

SSR containing sequencesin Piper nigrum L.

Locus name

GI19033510

G1189502757

G1190335102

G1190335104

Sequence

TTGACGTGGTCGCCCGCGGGAGGTCAGGTTGCCGGCGATCTTTCTTGGGITGAGAGGTAGTATTCTTGAGCCATGATCTCCAAATAGAGCT
GATCCTTGAGCTTCCTAGGATGGTGAAAGCTCGCAGAGACCCAGAGAGGAGAAGAAGAAGAAGAAGA TCAGACAGCTTATTGCCTAGA
ATGGCTATTCTTACTCAAGCCAAAAGAGTTTCAATTTCTCTCCCACAGCTRGCATCGTGCTCAGCACGTCTTCACACAAAAGCAGCGACGGCG
GAAACCACGGCAGTGCCCACCGGGGAAGCCCTCTGTCTGGCAGACACTGE&CAGTTGCTGTCCCTCACACACGGACCTTTGAACCTGTGGCT
CTGTGACTCGCAGATCCTTGCCTCGGCAAAGCTCGGCCCAACATTTCCAAGEGACATGATCAGCAAAACCATGATAAAAATGGCTGGGAACA
GACGTGATCACCATTAGTCCTGAAAGCTAGAATCAGAAGCCGAGGATTTGAMGACCTGCCCGGG

ACTACCGTTTCGATGGCACCCCTGTTTACAAGGCCGCTTGGAGGGAGGCHHEGAGTGCGTCTACGTCGAGCCCACGAGGGGTCGCCGGAC
AGGGCGTCTACTGGTACGGACACAAGTTTTGAGACAAGATCTTGCGTCGGBRATCGATGGTTGGGAAGTGGGTGGTCGATTATCTTGCCGTTC
TTGTCTTTGTTATAATTTAGTATTGTTATGGTTATTTAGTCCGTCATTGCAGSGCGACATGGTCTAATTTAATTTAATT GAGGGATACTATTG
TTGGAAGCCGCCCATCTTTTTTGGGTTTATAGTCGGTATCT

TTTCGAGCGGCGCCCGGGGCGGTAAGTGGCCCGGGTGGAGAGGAGCAGOGBSGTTCTGAGGAGGTTTAGGTTGCCGGAGAATGCTAAGG
GGAGGAGGTGAAGGCGGGGGTGGAGAACGGGGTGCRICTGTGACTGTG CCCAAGGTACTGCTCTATTATTCCAAATAAAGAAGTATTCA
CATTATACAAATTTATCCGAAAAGTTGTGATCAACTAAAACGAATAATGGA CTTAACCTACCTGCAAAAAACAAAGACTACCAAACCGCGCAA
ATGCCTTTGTCATGACAGCTTAACTCATGCAAATTACGACTACTAAACAATAATTAGTAATAACTTCACTTTGTTAAACTAGGAGGTGAAGAAG
TCTGAGGTTAAGGCCATTGAAATCTCTGGAAACTAAGAGTTTCGAAAAAGATAATATTGTGTCAAGGCCATGTGTGTCACCACGCTTTTCGTGA
ATGTGTTTGGTCTCGGTTGGAGCTTGTTTTCTTTATCTTCGTCTTGTAATAGGTGATGAATGGGTCTATGCGAGGATCGGTGTTGATGTCAGTT
AGTATGAATGGGACATTCAGTTTAAAACTGTTATAATTTGATGTCTGATTACCGCTCAACAAATTCCAACACAACCATAACGAAGCCGGAAAA
CCATAAGGGTTAAAGCCCTGGGGTGCCCTAATGAATGAACAAACCCA

CCCAACCATTTACTTTAACAGCAGAAAAATGTGGATTTCAAGAACTTGGAGCTGAAACTACTACTGGTGGGACCAAAATTGTGGGCACTAATC
TGCAGTCTCCAACAGTAAAGAAGGCTCAGCCAATGGAACCTTCACAACCARTAGCACCAAGCATGGTGATGAAGAGGATGCTTGCTCTGTTG
CTTCTTCATAAATTCATGCTACCTTTTTGCAGCCAATGAAACCTTCACAACCAGATAACACCAAGCATGGTGATGAAGAGGATGCTTACTCTGT
TGCTTCTTTCACTGCTGCATCAATTCAAGRAATCAAATCA AGGATTATTGCCGCAAGTGCTCGAGTATTTAGGGTCACTGAACGTGCAGAA
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G118950276

G118950276

G118950276

G1189502763

AGCGGAAAGAATTTTACCGAAAGCTAGAAGAGAAATACCAAGCTCTAGAAG CTGAAAAAAACCAGTCTGAAGCAACGACCAAGATTTTTGAT
TTTTTCAGATTTGTTTTGTATGGGTAAATGTGTGTCTCTGTAGTCGTATCGGTCATTAGCTTGTTTCCTGGTGTTGAAAATTTGGTTATTCCGGT
CAGAAGTGATTAATCCAAATTTATTGGNTTGGGCNCCATGGCGGTTTCAGTGGGGAAACTGTCGGGCCTTGCTNAGGAATCGGCA

ACTTTCAATCAGGAGCAGAAAAAGATGGGTAACTTTTTCCGAGTGACCTGAATTTTGAATAATGCAGCTTGCAAACTGAAACTG AATGAAT

TCCGGGAAGCTGCGAAGCTCTGTGCAAAGGCTTTGCAATTAGAGCCTGACACGTGAAGGCTCTCTACCGTAGAGCTCAGTCTTACATTGAGA
CAAGTGATCTGGACTTGGCAGAAATAGACTTATTGGCTGCAAAGGAAATTGAACCAGACAATGAGCCATTAAATCAACTACTGGAGAGAGTG

AAAAAACTAAAGACACGAGCCAGTAAAATGGATATGAAATTTTACGCAAAC ATGCTGGCAAAGGTTAACATTGCACACTGTAAATAACTCAG

AAATATCTTTATACTGCTCATTTTTGTTGAGTTAAAACAGATCTGATTAGG GTTGGAAAAATAAGCATTGAAGAGATTGTTTGCCTCAGCGGCT
CTGTATCATTCTATAGGCGAGAGCTTTTAATTTCTTTTGTGATTAGTGATAAAAGAAGGGACGAGATAAATAATTTGGTGGGCATATGTTTGGA
ATGTATTCTGCATGATGAGCTGTTGTTGATAAATGCTTGAAAGGGATGATGATATGTATAATAATACACAGGCTGCTGGGAGTATATATATGTA
ACTTGTACCTGCCCGGGCGGCGCTCGAATCAAAAGGGGCC

ACTTACATCACAACAGTTTGCCACTACAGAAAACCGCGGATGTAGATCTCAGAAGTTTCCTACTGCAGTAGCGGCACCCTACGTTCCTGTGC
GCACTACCAGAATGTTTATCATGGGATGGCCCCACTGTAACTGTAA GAACGGCAGTTCCTGTGTTTTCAGCACCTCCTCATCCACCAACAC
CTGGCTGCTGTGCTCCTCCAGGAATGGGGCCGGGAGTGCGAATGGCTCCBBGTGAATATAAGATCTGTTGTGCCAGTATTTGCAGCACCTCC
ATCCGTGGTCAGAATTGAGGACCCCCCATCAGTTTTTGCTGCTCCTACAARCTGGCAAGGTCATCCATAAAGATCGAGGAGAAGGGTAATCC
CACTTCATCAACAGCAGTTATAGCTCCACCTCCGCCCACACAGACTTCAGEAAGACGGATGACATTACCAATTTGCCAGGGCCTTCCGTTTCC
GCAGCTCCTCACTCTGTCCAGCCATCGGTTATAGTAGAAGAAACTAGCATCCTGCTCCAAAGAACATGCAAAACCCAGTCATACAGAACCTA
CAACAGCTAAAGATATGATGAGGAGGTTGTAAGTTGGAAAATGATTCTCTTTCTCCGTGCTGTTCCTTAACGTATTTGTTTGGTTTTTCCGATGT
ATGTCGTAAATCATCCTGCGTAGTTAGCTTATGGTAGTAC

ACAGGAGAAAAAGTGATAGAATTTTATCTTCTGGAAAGCAACTCCTTCATGGGCTTACTTCTGTTCACTCTAAAAATGCTGGGGTGGACGTTG.
AAAGAAGTCCAAGGCTAGAAAGGACAAAGCTGGAATTTTGTGTCATGCATCTTATGCTGCTATAAAGCAATATGGTTCACTCCCGTCTACTTG
AATTCTTCACATTGAGACTTTGCAGAAAGAAATGATTATGACATCCGATCAGGCTTCTAACCAAAATCAATGGTTACCTAAAGGTTTTGCGTAT
GTTCCAATAGGTTGCTTATCGAAGAGAAGCAAGAACCTGATGGATAATGTCICCCCTTCAATGGGCGACTTGTTTGCACTTTCATCATGACTCC
CAATTTTGCTCAAGCATATTGTTTGCCGCAATGGTGGAGCTTCAATGCTGEGGTAACTGTTTGATTAAAAGCAAAAAAAAAAAAAACCAGATC
AATTGGTCAGCTGAGTTTTTGATGGAGCTCCTCAAGCTCCTGTTACTGCABGAAATGACAAGGCCAGGCTATCCTGCAGGATTTCTGGGGGT
GGCTTTGCAAAATGTTCATTGCCAGCGGAAAGAGAGACCAGGGTGGTGTCAGATTTTTAACAGAACGTTAGTTGAATAGCTATGTTTGGCCT
GTCCAATGGAGATGAGAT TTTACTCTGATACTTGTATATTAGGAAAGCTGGTGGCTTTCTTTTCTGTARATCTGTAAATTAGACCGTTGTAT
TGTGTCG

ACAAATTCAGCACCGACATTCCCCAATATATGAAATTGTAACAGAAGCACCATCTTGCGTAGAGCAGGAGGATGAGCTCAGTTCCACTGGAAA
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G1189502759

ACCAGTCCACATCTGCTATATCCTTGAACATCTCTGAATCTATACACTTCGA@ TGCAGAATTGCGCAACAAACTGATTGCGAGAAAGGCTATCCA
CCCCTTGCGAAAGATAAGGAAAACATATCTAAAAAGACTCCTATCAACCGATTCTTAAGCATATTGCAATCAACCACTCTATGCTAAACCCTG
TCAGAATCAAAAAGAAGTTTCACCTTACAGTTCTGCAGTCCACTAATACCCCACAACAGAAATTCAATAGTCCATATGATACTTGTCATAAAA
AGGAAGCTAGTAAAACTCTTGCCCTCTTAAGCCAGTTCCTAGATGAGATTCATATGTTIGATCATGATCA AACTTCATTGTCCGTCTGTTAC
CACTAAAAAGTGCACACAAGACTTGGAGGTAACTGCGTGTACCTGCCCG

ACAAACCATTATTCGCTTCATATCATGAAACAAATAAAGAGGAAATTTATT CTTCTTATTCTAATTCCACCTTACTAACATTATTAGCTAAGGC
ACCAAATATGGTCATATCCATGATCACACTTGTGACATAATATTAAAGCTA TCCATTTGATGGCTAGCATCGATCACTGGGCAACCACCATTTC
GATGGGGTTGTCCTCCACCTCCAAAGTGTCGGTGCTATTTGGCAGCACATRAGCTTGACAGACGCCGGACAGGTCGAGCTCCGCGGCGTCGG
GCAGGTGATGAATTTGGTGGCGGATGTCCACACACAACCTCACATTCATGACCTCTCCAACATGACCGAGCCGCAGTGAAGCACCGCCGTGT
TCACTCCCAATCCTTGGTTGATAGCGTTCACCACATCGACGGTCAGGTATIGTTGGTGTGAGATGGCCTGATACCTCTTCTAGAGAGGAGATA
GAGGAGGTTCGCCTTATCGCAAGTGCAAGTGC TCTGGAGAAGTAGTCGCTCACCGTCAACCAGGTGCAGGGGCCGTTGTCTTCAAGTC
TGCTCCCACGCCACCATGTTGTTGTCGTTGAGCATGCAGCCGAGCTCGGBATTCTGGTTGAGACTTCTATGATATTTTGGAGAGCCTTGGGA
TCGAAGGAATTTAGAGCATTGATGCTGCGAAATTCCTTGCCAAAACCGGAGACAAGTCGTCTTTTTGGTCCAGGTGGAGGGAGCAGCATCGC
CTTGCTGGGGGCAGA

SSR containing sequencesin Piper colubrinum

Locus name

G19098888!

G190988877

G190988875

Sequence

CTCTCCAACTGCAAAGTATGGTTCGGTAGCGTCCAAATAATCTTTGACATACCTCCCCAGAATCCTCTAACAAAGTCTAGTCT CCATCCATCAT
ATCCAATCTCCTCCCTAAGCCAGCGAAGCCATTCCTTGATATCATTCCTCRAAAAGTCTTGTGNAGTGATCAATATTTGGAGCCGCGTGGAAATT
ATCACCACTACCCTCTATTGCCCCCTTCCCTGA

CTTTTTCGGGGGAGCGAAGGAGAGGCGCAGACGTCGTCGTCGTCG GCGGGGGGGAGGAGAGATGAAGATCTTCGTGAAGACCCTCAAGGG
CTCCCAATTCGACGTCGAAGTCGACGCCGAAGCCACGGTTGCTGAAGTGAMAAGCATATAGAAACTATGCAGGGTGCGGATGTTTACC

CATGCACCGTGTTTAAGACTGACCAGTATTGTTGCAACTCCGGCAGCTGTTGCCGACGGACTACTCGAGGTTCTTCAAAACTAGGTGCCCGGAT
CCTATAGCTACCCCAAGGATGATCCTACCAGCACTTTCACTTGCCCCGGQOE&CACAAATTACAGAGTTGTCTTCTGCCCATGAATGGTTGATCCAA
TTAACCATAAACCATGCATGCGTATATATATA AATAAATAATATATGTGATGAATAAGGTCTCTGAGCATTCCGGGATGAAGCTCGGGAGATTG
GAGATCAGTTGGTAAAATAAGGAGTTGT
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G190988874

G190988864

ACTCTCTTATGTGGTGCCTGTATTCATAGCAGAGATAACACCCAAAAATCTCAGAGGAGGGCTAACAACTGTAAATCAGTTGATGATTTGCACAGG
TGTATCTGTCGCATACATCTTAGGCAACU CATGTCATG GCGCATGCTAGCTCTAACGGGACTCATCCCATGTGTAATTTTACTGGTGGGTTAT

ATTTCATTCCANAATCCCCCAGATGGCTGGCAAAGGTCAATCGTCAGAAARATTTGTAGTAGCCCTTAGGAGGCTTAGAGGTAAGAATGCTGAC

ATTTCCATTGAGGCATCTGAAATCCAGGATTACATAGAATCG

CCACCACATAATTATTACATATATATCTGTTATATTTACCATACGTCACGCAAATATCGCCCGTCCATCTGCAATTTTTTTACGAAGCTCTCAACC”
GGGAGGCATCCATTGAACCCTGTTTTTGAACTATAGTATGGAGAACCCGAGCACATCCTTGGCCATGCCTTTGGCATCACCGATACATATAC
AT AACCCCCTTGGGTGATCACATTCCATATCTTCTGAGGCCTTTTCAATCATCTGTGCTGCACATACTCTTTACTGGTCCCTTCACGAGAGAAGGC
AACAATCAGCTCATTCTGTTCCATTTTTAGGTNTTTGTTTGGGGATGCAGAAGCTGTCATAGAGTATACAAGGTCCATTCTTGGCCAC

Microsatellite containing sequences iriper tuberculatum

Locus name

G129249486

Sequence

GGGCTCTCCACTAGGGACATGGTTGCCTTGTCCGGGTCACACACCATAGERAGCCCGGTGCACAACCTTTAGGGCCACATATACAACGAGAGH
AAATTTGAAGGTTCTTTGGCCAAGGACAAGACAGGCTAGGTGCCCAAGAARTCGGGCTCTGGCGACAATAATTTGGCACCGTTAGATCTGCAGT
CGCCGACCTTTCAACAATCACTATTACAAGAACCTCATCAGTATGAAAGGCCTATTGCACTCCGATCAAGAGCTGTTCAACAGGGGCTCGGTGGAT]
TCTCTTGCCGGACCTATAGTAGTAGCGAGACCACCTTCTTCAACGETTCGCTTCG GCCATGATCAAGATGGGAGACATTAGCCCGCTCACAGG
CTCGAACGGAGAGATTAGGAAGAATTGCAGGAGGATAAAT
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4.3. Isolation and identification of SSRs from genmic DNA of black pepper

To isolate more SSR from black pepper, genomic DiNfaries were constructed
enriched for microsatellite repeats [(AG) (TGhz, (ACT)z, (AAAC)s (ACCT)s,

(ACTG)g] following the selective hybridization method (@feand Schable, 2005).
4.3.1. Restriction digestion

Among the four restriction enzymeg. EcoR1, Alu 1, Bst Ul andRsal (Fig.
15) used for digesting genomic DNA, two restrictienzymes Rsal and Alu 1) gave
good restriction digestion pattern (Fig. 16a. aigl E6b.). The restriction with both the
enzymes was carried out separately. They producedntinuous smear of fragments
ranging from 200 bp to 2 Kb. Both the enzymes vgslected for further steps based on
the size range of fragments generated. The 50sgriaton digestion mix contained 2 ug
DNA with 1X reaction buffer and 20 U of restricti@mzyme Rsal andAlu I) incubated

for 8 h at 37C.
4.3.2. Ligation of linkers to the DNA fragments

The double stranded linkers were prepared by mixqgal volumes of equal
molar amounts of SuperSNX24 forward primer (Supet3N Forward:
5'GTTTAAGGCCTAGCTAGCAGAATC) and SuperSNX24+4p reser primer
(SuperSNX24+4P Reverse: 5’pGATTCTGCTAGCTAGGCCTTAAARAA) (e.g.,
100 ul of 10 uM each). Salt was added to a final concentratiohQ8f mM {.e., 4 uL of
5M NaCl for 200ul of primers). This mixture was heated to 95 °Coled slowly to

room temperature to form the ds SuperSNX linketsstared at -20C.
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TheRsal andAlu | restricted DNA fragments were then ligated byOMA ligase
separately. The reaction mixture (@0 contains 1Qul ds Super SNX linkers(pm), 3ul
10X ligase buffer, 2uU DNA ligase (New England Biolabs, 400 unitg/ 1 pul Xmnl
(NEB), 34ul restricted DNA fragments, were mixed properly amcubated at 16 °C for

overnight in a thermal cycler (Eppendorf Master IEyS).

4.3.3. Confirmation of linker ligation to restricted DNA fragments

The ligation of linkers to the restricted DNA fragnis was confirmed by
performing a PCR with linker ligated mix as templahd SNX forward primer. The PCR
products when separated on 1% agarose gel, a sshdemgments (200 bp - 1 Kb)

centered at 500 bp was observed, indicating sultdéisger ligation (Fig.17a. and 17b.)
4.3.4. Hybridization of oligonucleotide probes/ PCRecovery of enriched DNA

After enrichment a light coloured pellet was formed precipitation. The
enriched fragments on PCR amplification with SNXifard primer produced a smear of
fragments (200 bp - 1 Kb) centered at 500 bp, comfig successful enrichment of

microsatellite containing fragments. (Fig. 18).

4.3.5. Ligation of enriched DNA to the plasmid vecir
The microsatellite enriched DNA fragments were tighto pCR® 2.1 TOPO
from Invitrogen (Carlsbad, CA) and transformed istumpetent cells. A total of 185

white colonies obtained were transferred to mastges, incubated overnight at 37

(Fig 19).
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4.3.6. Screening, identification and selection ofggitive clones

One eighty five transformants were subjected tormplPCR using M 13 forward
and reverse primers (vector specific primers) (2@.). One hundred and six clones

having insert size of 300 bp to 1 Kb were identifend selected through colony PCR.

4.3.7. Isolation of plasmid DNA

Plasmid DNA was isolated from 106 clones with aseim size of 300 bp to 1 Kb.
The plasmid DNA isolated from positive clones wagresented in Fig. 21.

4.3.8. Restriction digestion of plasmid DNA

Plasmid DNA was restricted usirfgco R1 restriction enzyme to confirm the
insert size (Fig. 22.).
4.3.9. Sequencing of plasmids, redundancy eliminat and clustering

A total of 106 plasmid DNA were sequenced at Xeelrabs Ltd, Ahmedabad.
The sequences obtained were subjected for contgenddy and microsatellite

identification.

4.3.10. Identification of microsatellites from bla& pepper genome

Scanning of microsatellites in the non-redundarnaskt revealed a total of 144
unigue SSRs in the case Bf nigrum Here also the two times repeats were set as
parameters in case of hexa or penta nucleotidaslsdaom the dataset. From such
analysis, pentanucleotides were the most abounB$19% of 144) microsatellite
repeats detected, followed by dinucleotide (18.181%444) and hexanucleotide repeats

(13.90% Of 144). Di nucleotide repeats were theompprtion if two time repeats were
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excluded from the dataset. Only a single type ohomucleotide repeat (A/T) was
noticed. The other most abundant repeat motifs W&€/GT) in dinucleotides,
(AAG/CTT) in trinucleotides, (AAAC/GTTT) in tetrarmleotides, (AATAT/ATATT) in

pentanucleotides and (AAAAAG/CTTTTT) in the hexalaadide.
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Fig.12.Genomic DNA isolated from 16 released varieties of black pepper. Lane 1: Panniyur-1,
Lane 2: Panniyur-2, Lane 3: Panniyur 3, Lane 4: Panniyur-4, Lane 5: Panniyur-5, Lane 6: Panniyur-6,
Lane 7: Panniyur-7, Lane 8: Subhakara, Lane 9: Sreekara, Lane 10: Panchami, Lane 11: Pournami,
Lane 12: PLD-02, Lane 13: IISR Sakthi, Lane 14: IISR Thevam, Lane 15: IISR Girimunda,
Lane 16: IISR Malabar Excel.
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Fig.13. Genomic DNA isolated from 23 cultivars of black pepper. Lane 1: Kottanadan, Lane 2:
Neelamundi, Lane 3: Kuthiravally, Lane 4: Kalluvally, Lane 5: Narayakodi, Lane 6: Perambra-
munda, Lane 7: Poonjaranmunda, Lane 8: Valiakaniakkadan, Lane 9: Cheriyakaniakkadan,
Lane 10: Uthirancotta, Lane 11: Balancotta, Lane 12: Arakkulam munda, Lane 13: Thom-
mankodi, Lane 14: Thevanmundi, Lane 15: Chumalakodi, Lane 16: Nedumchola, Lane 17:
Malamundi, Lane 18: Karimkotta, Lane 19: Perumkodi, Lane 20: Karimunda, Lane 21:
Kumbhachola , Lane 22: P 24 (IISR Sakthi), Lane 23: P 24 O4 (O4-P 24-1)
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Fig.14. Genomic DNA isolated from 21 Piper species. Lane 1: P. betle, Lane 2: P. nigrum,
Lane 3: P. sugandhi, Lane 4: P. trichostachyon, Lane 5: P. galeatum, Lane 6: P. barberi, Lane
7: P. attenuatum, Lane 8: P. argyrophyllum, Lane 9: P. hymenophyllum, Lane 10: P. bababu-
dani, Lane 11: P. longum, Lane 12: P. hapnium, Lane 13: P. peepuloides, Lane 14: P. sarmento-
sum, Lane 15: P. ribesioides, Lane 16: P. thomsoni, Lane 17: P. hamiltonii, Lane 18: P. colubri-
num, Lane 19: P. arboreum, Lane 20: P. ornatum, Lane 21: P. magnificum.
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Fig.15. Agarose gel showing the restriction digestion profile of Black pepper DNA using 4 different
restriction enzymes. Lane M- 100 bp DNA ladder, Lane 1- Eco RI, Lane 2- Alu I, Lane 3- Bst UI,
Lane 4- Rsa I, Lane M- 1Kb DNA ladder, Lane 5- Black pepper var panniyur 1 genomic DNA

BRLRN

Fig.16. a). Gel image showing successful re-
striction digestion with Alu I. Lane M- 100
bp DNA ladder, Lane 1- 0.5 pg of genomic
DNA, Lane 2- 1.0 pg of genomic DNA, Lane
3- 1.5 pg of genomic DNA, Lane 4- 2.0 pg of
genomic DNA, Lane M- 1 Kb DNA ladder
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Fig. 16.b). Gel image showing successful re-
striction digestion with Rsa I. Lane M- 100
bp DNA ladder, Lane 1- 0.5 pg of genomic
DNA, Lane 2- 1.0 pg of genomic DNA, Lane
3- 1.5 pg of genomic DNA, Lane 4- 2.0 pg of
genomic DNA, Lane M- 1 Kb DNA ladder



Fig. 17 a). Gel image showing successful
linker ligation. Lane M- 100 bp DNA ladder,
Lane 1- linker ligated DNA fragment digest-
ed by Alu I, Lane 2- control 1 (double
stranded linker), Lane 3- control 2 (AluI di-
gested DNA), Lane 4- control 3 (sterile
water), M- 1 Kb DNA ladder.
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Fig. 17 b). Gel image showing successful
linker ligation. Lane M- 100 bp DNA ladder,
Lane 1- linker ligated DNA fragment digest-
ed by Rsa I, Lane 2- control 1 (double
stranded linker), Lane 3- control 2 (Rsa I di-
gested DNA), Lane 4- control 3 ( sterile
water), M- 1 Kb DNA ladder.

Fig. 18. Gel image showing successful enrichment using 5’ biotinylated oligos. Lane M- 100
bp DNA ladder, Lane 1- enriched fragment, Lane 2- control 1 (linker ligated DNA fragment),
Lane 3- control 2 (ds linker), Lane 4- control 3 (sterile water), M- 1 Kb DNA ladder.
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Fig. 20. Lane M: 100 bp DNA ladder; 1-106: Screening of putative recombinant clones from
genomic DNA library enriched for microsatellite repeat probes [(AG),,, (TG) , (ACT)
(AAAC),, (ACCT),, (ACTG),] using colony PCR.
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Fig. 21. Lane M: 1 Kb DNA ladder; 1-106: Plasmid DNA isolated from the selected putative
recombinant clones, Lane M2: 100 bp DNA ladder

124



11 12 13 14 15 16 17 18 19

——

M 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
M N YT e N T b 4

Sead W Sy e e e B B

M 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57

L L Y S — el L e R e I I

n & o

6] 402 268 264 62 JOGL 267 68 269 70 .71 72 .73 Rid ML /6

M2 58 59 60
2= | b d A A A Al S Gy ¢ ey Pu Gued

M2 77 .78 80. 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95

Fig. 22. Lane M: 100 bp ladder; lane M2: 1Kb DNA ladder; 1-106: plasmid DNA restricted

with restriction enzyme Eco R1
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Table 13. Details of some cloned genomic DNA segesmwvith the microsatellites regions obtained fldatk pepper genome.

Locus name GenBank Sequence
accession no.
BPM CNTG 4 KC 347528 ACATGTATATGGGTGCATGTATATGTTTGTGTGTATGTATGTTTGTGTATGATGCATGTATGTATGTA TGA

ATGATTTTGTTGGATTGACTGATTATGTGTGGTTATGATTATTGCTTCCGTAAGTAGTTTGTGTGGTTATGAT
TATTACTTCCGCTAAGTTGTAGTTAGGTAGAACTACATCGAGCTTGATCCAACATGGGTATGTAGGCCAATC
AAAATTGTTTGATTTCAGCTCATCTAAGATAGAATAAAAGAAGGTTAATAC CATGTTAGTAGTAGTTAAATTA
TGTTTAACTACTATTTAGATTTTTGGGGTGTTACAAATGGTATCAGAGCGAACCCGGTTCCGTCTTGGTTGATA
GGAATCCAAAACCTACTGGGGT

BPM CNTG 5 KC 347529 ACTTTTTATGGTTAATACTGGTGATTAGATTCAGCTTATGTTTAATGTTGGITTTAATTGTATATATTGTGAAAT
TGAAAATTTGGATTTGTGGGATTAGTTGTGGTGATAAGAGATTGCTGTTTTITTTTGGATTGTTTAATTCAACC
GTGACAGAAGATCCTTGCTATAGTTGTGTTTGCTTGAAATTTTGTTCAATITATTGCTTTTGGTTGACATTTGTA
ATTGAATTTAGCTTGTATTCATTTTTTGTTTCTAATTGTATGGTGGGATTAATTTAGGTGATTAGAGATTGAAG
ATTTTTGGACCTTAGTGATCGGATTTAGTGTAGTTTAATTTTTGGTTCTAATTGTATATTGAAATTAAA GATT
TGGATTTG TGGGATTAATTGTGGTGATTAGAGATTGCTGTTTGTTTGGATTGTTTGGGGTAATTCAATCGT
GAAAGAAAGATCCTTTCTATATTTTGTTGGTTTGAACTTGTGTTCGATTGCACTTAGGTTGATATTTGTGGTTGA
GTTTATCTTATGT

BPM CNTG6 KC 34753 ACGAACCCTCCCTAGGGAACTAAAAAAAAAAGCCTTTAACGCTGGCAAGCCTTCTTACTGGTCGGGTAAG/
AGACCGATAGCCCCACCCAAGCTATCAACAACGAGCCCAGACCTTCATTTEGCTATTTCAGAAACGAGATTC
TTATATAATATATATAATTGCATCTCTCTTTTTCTAATAGACTTGTGATGTIGTGTGTGTGTGTG AGAGAC
CGAGCCTGATCAAAGTTCGGTCTTTTCTTTCTCTTTCTTCTGTGCTCATIAGGCCGAGCATTCAAAGTTCGGC
CCTTTTTTTTATTCCTACACTGCACATCATTGATTTTTTTGCCGAAGGCTAATTCTCGATTCAAGTAAGTGGG
ATGGGAGCCTGCTGTGGTTCAAAAAGCGAACTAATGATATAGAGTCTTATICTCTCGGATAAGCTTTAAAAGG
TTAGCTAGACCCTTTGCCATCGAACACTGTAAACAGAGTAAGAGAGCAAAACAGCAACACATAGTCACTGTC
TAAATCAAAACCCCGTCGATAGCGTAGAGTCACACCTTGGATTGTTCCCAAGCCAAAGGAGGCTCACACGC
CCTGTATAGATCATAGGCCTGAAAGAGGATACCGTAGACTTCAGATTTCATITCTTCTTTATCAAAAGCCTTTC
GGCGCCAATCTAGACAGACCATTCTCTGAGCTAGTAGGGCGTCTATAGGATATTGAGATCAAGGGCTACAA
GGCTGT

BPM CNTG 9 KC 347535 ACAAGTTTTAACATGGGTATATATCTAGCTTACAGCTATTTTCAGTTTTTTTTTTTTTAAATGACGAACCCAGT
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BPM CNTG 10

BPM CNTG 12

BPM CNTG 15

BPM 4

KC 347536

KC 347537

KU 189217

KC 34753t

AATCAAGAGTTTGTTAAAAAAAATTAATACCTGCAACTACATCAGCACAAC CTTAATCTTGATGGGAGGAGC
TTCATAGCAAAACATTTTTTTTTAAAAAAAAAGGA GAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

GAGAGAGAGAGA GGGAGGAGGAATATTAATACATTTTAGTGATGATTTTTTGTGAAAGATTGTTAACTTC
TTGAGAGGTGTAACCTTTAGTAAATAAAAAAAGAAATTAATTAATACCATA TACACACACTATATGGAGACA

CCGAGCCCTTTTATAGACCTCTTATGTTATAGATTTTTTGTGACTTTGTAGTTCTATACATGGAATGAATGTG
ATTGT

CTAGCAGAATCCTTGIGTGTTGGCTGAGTAGTTTAGTTTATGGCAATGTTTTGGATAGTGTTGAACAGGGTTA
TGTTCCATGATTCTAATAATGACTCCGAAATGTGTGCTTTTTGTGTTTGGTGTGATCTCAGATTGTGCAATTTT
TTCGGTCAGGATTTTGGTTCTGAACTAAAAACAAATGAAAACAAAATACAT ATGCTATTTCTTGATTGATGGT

TCTTTAATTAGTATTGTTGTTTGAAAGAGATTGTTTTGACCTTTATTATTTTGTGTATATGTGTCTGTTGCAGTT
GGATCGAAGGTTTATGTGTTGGCTGAATAGTTTAGTTTATTGCAATGTTTITGGATAGTATTGAACATGGATTA
TTTTCTTGCATTCAAACGTGCTTCCAAATGTGGGTTTGCTTTTTGTGTTTATTGTTATCTCAAATTGTGCATTT

GGATGAACTTAGGTTAGG ACGTTGGTTCTTGAATGTCTAGCAATCAATTTAAAGATCACTCAAACTTTAAA

CTCACTTGATATGGTTACTGAAACTTTCTATTTTCCCCATTCCCTTCTTGAAGCCTTGTTTAAGAAATTGATTA
CTGTTTTTTGAGTATTTTTCATAGTTTGTTAAAAGATTTATATTGTTATAT GTTTCATTTACAGAAGGAATAG

ACACAAATGACCTCTTCCTTTTTCAAATGTTGAAGAAAAAAATAAGATAAA ATGTACCAGATGTTTATAAGGG
AACTAGTCTCGTATATGAAAATTAGTGTATATCCCATTAAAGAGCTTTCAT TGCATGGTGGGCTGTGAAGAAG
AGAAAAGGGGGATGACTCAATAAACAAAAACAAAAACAAAA AAAAGAGAGAGGGGGATGAGCTGCTTC
CTTCGTGGAGTTATCGAATGTCATATACATATAAATATATCATATATATGT TGCAGAGAGACAGGTAGGTGAT
ATGCTTCATCTAAACTTGCACCCCCCTTAAATCTATACGGTCCCCCAGCTCAATGTTTATGGTTATTTGTTGC
TTGTTTACTGACAAGAATGGGTGAGCTACTAATGGACAAGGCACGCAACTACGGGTGGTCCTTTGTTTTCTGT
GTGTGTCTGTGTTTTTTGTTTTCACCAGCTTCTCTGATTTTATATATGTGRATTGCATGCCAGTAAAATCTATC
GGCCAACAGGAATGTAGTTGGTGTTCACTGCAAACACATCAATGCTATATGSTGGT

TAGAATTAAGGCCTAGCTAGCAGAATCACAAACTACACGGAAATAAAAAAA AATGAAAACATAGGCTAGAA
ACATTCAACGACCAACTAAAAT CATACATACATACATA ATCATACATGCTATTCCAAAACACACAATGAC

ACCACGTGCAACCCGAACAACTCAACGGAGCAACAACATGTCATAAACATATACATGTATTGGAATCTAGTC
GATGGTAACATGTTCATATCATGCATAAACATATACATGT

CTTCAATTTATATTGCTATAGTCTGTTTGTGATTTTTATTTCTTGTTTGTGTATAATTCTTTAACTGTGGATTAG
GTTTGTTACATGATAATTTGATGTCTGTTGTTTGATTGCTTCCTTTATATIATTATAGTTTGTTTTTTACATIGT
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BPM 6

BPM 8

BPM 10

BPM 18

KC 347539

KU 189202

KC 347540

KC 347541

GTGTGTGTGTGTGTG TTTAATTCTCAACAGTTGATAAATTGATGTGTGTATTTTGATAGGTTTGATTATTA
TTATTTCCGTTTGAAATTTTCTCTGTTAATTAGTTTGGATTCTCGTGTATA TTAATTATTAACTGTTGATTGGG
TTTTGGTATGATAATTTGCTGTGTGGCAAATTATTGTCATTTGCATTTTGATGGTTTATTATTTTGAATTGTTG
TGCTTGTTTAGTTCTTCACTGTTGATTCAGTTTTGTCATGACTTTATCCGGTCTTTCGTGTGTGGTTTGATAG

AGGTGTGAGTCAGTTTCACTATCTCTCGGCTCACGAAAAACTCGATAAAAATCTTGTATAGGCTTGGCAGGG(
ATTTAATAATTTAGGAATGAAGGCAACTTGCGGTTTATCTTGTTTTTGAAGTCAGACTTGAGGGATCACAACC
TCGAGGATTGTTAATTTAAGGAAACTAGTTATATTTATTTATATAAAATAA AGTAACATGGTGGCAGGATAGC
TCAGTTGGTCGAGCATTAGAATGAAAACTTAAAGGCTGTGTGTTCAAACCACGCTCTCAACATTGATATCATT
TTTTATTAAAAACTAGCTCGTGACTTTATAATCGAGCTGGTTTAGAACGAGCTAGTTTTGAGTGTCTGTGTCTG
TGTCTATGTCTGCGCCCTGTTTGCGTGAGTGTCTGTGTCTGT GACTAGGTATGTCTCTGTGTCTGTCTCTT
TGTGTGACTCTATTTGTGTTTTATGTCTTTCTCTGTCTATGT

ACGTCCTCTTTTAGTTTTTTGTTGTTCTTTGCGCTTGAAATTTGAGTTATATCTTGGTTTTGTGTTGTGATGG/
GGTGGTTGATGGTGTTGGTAGAGGATGAAATTTGATTGGGATTTTTAGAATAGAAAGTTTGAAGTGGTGATT
GATTGGCGTAAAGATGCGTTCTTTCTTTTGGTTTGTTGCTGTTGTGTGGARCTCCAGTTGGGTTATTATTATAT
ATTTGTTTGTTTG ATCTTCTGCTTTTTAAGTTCATGAATTGTATATGAGGGTTTGCTGCGGGTGTCTACTGTT
GTGGTGGAGGTGTTTAATTTGCTTAACAACATTTATTTGGCACTTAAGCTGST

ACTTGTTTGTGACAGCTTACATCTTTCACGATTAGTAACTTTGAAAAACAATTACCAACACAAGGAACGTTTG
AGAAACAAATATTACTAAGCATCAATGATAATTATGATATAAATCATTTAT GAATCTCGATTAACTCTACCTG
CCAACGTTCAAATAAATTACCAACAATTTACACATGTAACTGCTGTGAAAA AAGACACAAAAAAGAAGATAT
GCTCCGAGCCAAAAAATCGACAACAAATTATCACAGTTAATGGATGGATTTGGAACGTTTTCCATCAATGTCA
ACTCTTTTTTCAGAAGTAGAACGTCGAGCAGACAACTCCATGTATCTGAACTCTTTATAAGCCGGAGGCAGT
TTTCATCTGTAGCAGAATTAGAATGTCGAGGAGACATCCATGAGTCTGAACCTCTTTAAAAGCTGCTGGTAGC
TTTCATCTTTGTCGTCTTTATCAGTTTCACATGTCCAGTCAGCAACTAAATCACGCCACTGCTTCCAATCAATG
ATTGAATGCCGACGGTCTATAGAAGTTTGTTTGTTT GTTGAGCATTTCTTGTTTGTTTCATGTTTATCACGG
CCATAGGAGTTGAAG

CTGGCTACTCTTAGAAAAAAACCAAAAATAAATGT TTACATTAGTGGAGATGAAGGCAAATGGCAAACATAT
TTGTACATGAGCCTGAGTGTTATTTTCTTGTTGCAAATGAGAAGGATAAGGGAAAGGACTATCTTACACACA
CACACACACACAC ATGGAGTGCCTTCTTTTGGGTGTGATTGATGAAAGAGAATTTCTGATTTGATGACAT
ATTATTGCCTTTCGATTGTTTGATTAAGGATCATATGAGAACATAATGGGACTAAGTATTTTTGTGTAATAAA
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BPM 19

BPM 23

BPM 24

BPM 26

KF 05540

KF 111689

KF 147543

KF 147545

ATTTTTTTTTGGTTATAATATTTTGCTCAGGATGCACAAAAGTTTAAGTTTGGGGGTGTGTTAAGTGTTTAAAG
TATATAATATTTACCCATGTTTTTATTTTGATTTTGTAAATCCCAAGTATA ATTATAGTAAGATTGACATCTTGT
TGCCTTTCGATTGTTTGATTAAGGATCATATGAGAACATAATAGGGACTAAGTATTTTTTGTAGTAAAATTTTT
TTTTTGGTTATAATATTTTGCTTGGGATACACAAAAGTTTAAGTTTGGGGGTIGTGTTGTGTTTAAAGTATATAG
TATTTACTCATGTTTTTATTTTGATTTTGTAAATCCTAGGTATAATTATAT TAAAATAGGTGATATTTCTCATTA
TATTCTAGTTAATTAATATTTTATGAGATATGCTTAATTTTTGAGTTTTCA TGCAAAAAAAAGTAAAAACAAA
GAAGATTAGGAATTGATAGTTAGAGCATTGGACCCCACCGGTATTGACAAAG

GCCCGAGGTTGALTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTT T
CTCTATGCCTCTTTATCTATGATTAATATAGAACATAAGCAATTTAAGATGTTAG CTATTTCACAAAGAAAA

GCGTTTGTTTTATTTCTTGTTGATCTAATTTTTGTTATCACTGCAGATGTAGTGGATCCTCTAGGTTCCATAAG
TAACAAGAACAAGAGCTTGAAGAGCTCACATCCAATTCCCGTTATCGATGATGTTTTGGAACCAGAAGACTA
CCCACCACCTGGCCCCAATCGTCCATTACCTCCTGGTTGTTGCTAATTAAPACAGTGT

CTAAATACTAACGCCCGCTCATGATGCAATCATACATCCTATGTCACACGTGCATCCATCACACATCAGTCA
CAGTCA CATCAACCATGCATCAATCACACACATCAATAATAATCAATATACATTTTC CTACTCTACGTAGCA
TTAGATTACTATACCTATCTAATCAACCTAATTAATCCCTTAGTATTTATT TTATTATCACACAAACACGCATC
TTCAACATAAAAATATATATAGCACACCAATCATTCAATCATAGCATCCTA GCAGGTT

ACAACCACATCACCCGATTGCAAGCTCGACATGTCATCACTAACAATAGTCTAGATGATTTAAAAAATTTTAG
GGGGGTGAAGTGATGATTTAAAAAATTTCAGGGGCATTAAGTGACATTTGCCCTGAATTATAATTAAGAAAA
TTTCACGCATTTTCCAATTTTTTTCATACCAACCAAATAAAATCTAAGTTA AAAAAAGGCAATCTCCACTTTTA
CATATTTATAATTATAA AGTTCTAATCTACACTAGAAAAATATTTGCAAAAATAAACTTTTGCTACAC CTG
AAACAATAATAAACATCAAATAATGCATGCTTATGTAAAGATAGTTAAGCT CAACATGTCATCACTAACAAA
AGTCTAGGGTGTGAAGTGATGATTTAAAAAATTTCAGGGGGTTAAGTGACATTTGCCGTGAATTATAACTAAA
AAATTTTACGCATTTTCCAATTTTTTTCATACCAACCAAATAAAATCTAAG CTACAAAAAGGCAATCTCCACTT
TTACATATTTATAATTACAAAGTTCTAATCTACACTAGAAAAAACATTTGC GAAAATAAACTTTTGCTACACC
TGAATACATTAATAAACATCAAATAATGCATGCTTATGTAAAGATCGTTAA GCTCTAAATTCACAAACATCAA
AATCAAACTACAAGTTAGGTCATATCAAACATCTGAATACAACTCAAGCTA AAACAAGCCAAACAAACTCAA
TCAATTAGGAACCTTCGAAACCAGGGCACTCGT

ACTCGCTAACAAACCTAAGTAATAATCGAAAGAAAGATTTTAGCATAACAC TAGTATGGGACGGTGTGCCAC
TTATGTGTCATACTAGGTGCACGTGACACCTAAACCAATGAGCGTATATGGACGCCTTTAGAATCAGCAGTG
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BPM 29

BPM 30

BPM 31

KF 483424

KF 483425

KF 483426

TTATCTATGTAGTATGGGTGGTATGGGACGCCTGTGCGATATGGATAACAGGTCATGGGATAGTGTGCCCC
CTTTAGCTATGCATATAAGTGACAATGCTTAAATCATAATAATTAA AATAATAATAATAAT AACTGGACT
GCATGGCTCCAACGGAACTCAAAGAGTTAAAGAGTCAACAAGAAGTGTTACGGGCAGGTTTCATTCAACCAA
TACTTCACCCTGGGGAGCCCCTGTTCTTTTTGAAAAGAAGAGGATGGCTCBTTCGATTGTGT

ACGTAAGGTTGATCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT CT
CTCTCTTTTTTTCAAAGACAAAAAAAAAAAGGTGGAGAAAGAACATAAGCAATTAA AGATGTGAGCGTTTT
TACAAATAAAAGTGTTTGTTTTATTTCTTGTTGATCTATTTTTTGTTGTCCCTGCAGATGTTAATGGATCCTCTA
AGTTCCATAAGTAACACCAACAACACCTTGATGAGTTTTTTTGGAATTCCCGAAATCAATGATGCTTTGGAAC
CCGAACACTACCCCCCACCCGGGTGTGATTGTATAT

CTCATAAAGTAGCAAATCTTGCAACCAGATAAATATTTTGGATATGTAATA TTTTGATCTTAATAAAAATATT
GTTTTCAAAAAAATTAATGATTTATTAATTATATATGAGAACTTCTTGGCT GTTTTTCTTTTGTAAAAAGAAAT
TCTATAAAATCATTATTCTTGTGATCTAGATTTAGAAAAAAATCAAAAAGA ATCCTAAAGCACATAAAAATA
AGGAATTTGTGATTTAATTGTGATATAATGTTTTGCCACTTTATTAACAAT TCCAGAAAAATAAAAAATAAAA
AAACAATAAACAAACAAAGCGAACATTCAAACCCAACAACTACAAGTTACA ACCGTGCCCAAACACATATAT
GACCATTTCAAATAAATGTGGCCAAGAGTCAATCTTTATCGATATTTTTCTTTTTACAGCGTCAATATCCAATA
ATACTTTTTATTTGAAATCTGAACAACCCATGCTGGCTGTCTTGGTTGGGGCTGTCCAACCAATTTCAATGGG
CAGGTTGTCCCGGCCAAGAGTGAACAAATTTAGTGCCCCTCCCACATATTTTATTTT TTATTTTCATTTTA
ACTTAACGGCTTCCCGAATAGATCCTGCTCATGGCTTTCGGAGTCGAACTOCTGTAAATGACTCTCTATCAAT
ATATTTAATGATCGACTCCCCGGTCAAATAATAAAAGTTATTGATATAGTT TACTTTTTTTTACTTAGTTAAAT
TAATATTTTAAAGTAATATAAATAATACATTTATCAATTTTAAGTGTCAGG AGAATAATAGATACTAATTTCA
TATAATATTTTTTTATTCGATTAAAAAAATAATATGAATGACTATAAACTG GTGTAAACTCAAATCTGAGTTG
GTTTTAGAGTCGTATCTAAGCCAAATCCATTCCAGGTCTAGTCCAAGGGAGAGACGGGGCTAGGTTTTGGCG
GTTATTCCTAGTGATCCCGTGTTCCTGACGGATAGTCGGTACTATTCGAGIGTGGAAACAATTAATCAAAGT
GGATTCGTGTTATGGTTGCCGGCAAAGATCAAACTGTGGTGCATAGAGTAGTCGGGCGAGGGACCGACAGC
GAGCAGTGTAGCAGTGAAGTAGTCGGTAACAAGTATCGAGGATGCCGCTABTCGGCATCGAGCATGGTGGG
TTCCAGCCTGTACAAGGTCAAAGCTGGTCGGGAGGCCGCTACCGAGACGARTCAGCAGTGATTGAGAGTA
ACAAGAG

ACAACATATCACAAAATATGGTGCATAGATTAAACTCAACAACCCAGCATGTTTCATGAGTTTGCACGTTCCA
TTTGCCTAAGTTGGCCACCTCCAAGGCTGGCACACACACACACACACACACACATACACACACAC
ATATATAAAGGGATAATATCAATAATAGGGCGACTACTGGTCCCAAACAACT AATAGCGAAAAGTCAAACTG
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BPM 3z

BPM 52

BPM 54

KF 48342

KF 488561

KU 189203

GCATATGGACAAACATATTCACGTCCATGGGAAAATACTAAAACACCATGAAATCCCAAACAAGGGCTGCTA
AATAAAAGGAGAGCCATCGTAAACCATCCCAAAACATACATAGAGAGGAAG GTTGGCACAATAACCATGGC
CTCTCAACATACATAAACATATCATACAGCAATGCCCTTACACAATATCTA TATAATACCTGCCACGGTCCTT
GCATGGCACAGAAGGAAATATCACAAATTTCAAAAATCTGATGTGTTACGCAGT

CTGGTGCATGTGCCAGTCAAA(TGGGCTCTTGATTGGTGAGTGGGTTGTTCCATTCTTGAGGGATCCTGATA
CTCCACATTTTGAGTTCCTCAAATCTAGAGAAGTGTGGAGGATTATGGGTATGTAATGCAGCACATGTCTAG
ACATTTAGATTCAAATGATATTGAAGGCGCTTGCTTGAGAGTACTCGGCCTAGTGCCTAGGGCCAGGAATTA
TACAGAGGATGCAGAGGGCTTTAGTATTCTAGATTTCCCAAGCATGGGATATATGAAAATGCTGAGAGAGG
CATATGACTAGTCAGAATGCGACGCTATTCAGGCCAAGGCTAACGATTAGTGCCCTTATGAGTGATTCTAATG
TAGAAGAAAATATGATTGATTATATTTAACATGAAAGTCATCTCTCATGTG CCAGTTCGATTATTTAGTTATTT
CTGGATTAGTAACACTCATTATTGACTTTTTCGTATTATATATGTAAGTGAGGCCTAAATGACTGAGAACTATT
AGGACCATAGAGGAGTAGCAATGCAACATGCACACATATACCTGCCGAGATTITAATGAGAATGCAATGTGAT
GAATTACTATGGATTATTGTGGATAACTTCTATAGTGTCTTATTGCAAGAAATGTTTGTGTGAAATAATAAAA
TGATCTGTGTGTGTTGGTTATTATGAATAGAAGTGAATTGGATGAGCAAAGGGGTTCAACACCCGACTCAAA
AAGATAAAATGTATTATGATGTGAATGTTGTGTGAAAAGTACAATGCTTTG GCAATGTTTTATATTTTTATCAT
TACATATATATACTAT TTGATATTGATA AGGTAATCCCTATTGTACTTTTAAGGGATATTTTGTCCGTTTTG
TTTTAAATATCGTTGCTTTTTGAATTTTTAATGGGTTTGTTTTGTTTTGCACATGGATTGCATATCATATCATTC
ACTACCACAACGTTAGAG

ACTAGGGCTTGAAGCATATGACAACGGAACTGCATGGACAGAAGAACTTGAOTGCACAGAAGAGGATGATCC
AGAGCCAAAGTGAGAGTCAATTAAGCTGCCCACATTAGACACACGAGAAAATGCGGGTCTGCTACCCTGAGG

TTACATAATATCAGTTCACACATAGAAAAAACACACCAAAAACAAAGAGCC AGACAACTACAACCTCAACA
AACAAACA CGTCAAATAAGGTCCCACAACTTTCAGCAAGTTAAACTACAAAAGTGGATACCAAAATGCCAA
ATGTAGCTTGAGAAGAAACTCAACCCTATATCTAGCAACCATACCATACTGGATGGCTTCAACCTATCCGTTT
GAAAATTAGGTTCCAAACTGACAATACCATTGGT

ACTTGCGTTGCTTTTATTATATTTACAAAAATGGTCAAAAATATTATTTAA TTATGGGTCTTGTTATAATTTAG
TTAGTTGAAAAGATCTTATAATTGGATGGTATTATAAGTTTATTTCAATAT TTTTTGGATAAAGCAACTTATAC
AATGCTAATGCTATTGCATTGCGCTAAAATCTTAGCTAGTTGTAGTTTGAAGTGTCTAACAGTGCAATGGTTC
ATTTGTTGAGGCCACTAATTTTGTATAAGAATTTTAGCTTATTTTAGCAAGTTTACCCATGTTTTTATGTAATTG
TTCTTTTTTCATTATGTTGTTACTGTAATCTTCCGCTCTTGTTTCTAGTTGTAAGAAGAATTGAATCAATCAAA
TAGACAAGAAGTTGAAGAGTTTTACCTTGGTAAGTATGTCAATAAATGTAA GTATTCTTCTGTTTCAGTTCAT
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BPM 13

BPM 133

BPM 154

BPM 156

KF 48856-

KF 488565

KF488566

KU 189204

ACCATGAACTTGTTATTACTCTTATATTGCTTTGGAAAAAAATATTAAATC TTCTATATATA TAAACCAATA
ATAAAATCCACCCAAAATGATAGGGAAAGAATGCTTGAAGAAAAAAAATCA CTTTGCCTGTTTCTGAATTGT
CAAAGTCAGTTTTTCCCACACACTGGATATCTTCCACAGGTTGAGCAACCTGAATCGTATACAGAGCCATTCC
TTTTTCTTGTGGATTCCAAGTCTCTCTCTCTTTAATCTCTGATGCCATGACATGCTCGTTATTAAGATGCAGTC
CATGGGTTCTTCCTACGCTCTAACAGTCCATCTCAGAGGGACTAGGATGGACCAATTTGGAAAAAGAAGCA
ATACATACCTCTACCACCTTACAACAAATATGTAAGGT

GCAGTCGTGTGTGGTAGATGGAGGACATGGTAGCTGTTATTCTTTTGGGGA GTTGGGGTTTTTAGATAGGS
TGTGTGTGT GGGTTGGATATTTTGATGTTACGTGGCTTTGTTTGGTTGTAGAAATTGGGEBGGGAATTGCAC
TGGACTGCTTCTGATGTTGTGCTTCCCACTTCATATTTTATGTGTCGATTGGATGAGGCAGAAGAGTGAGTA
GAACTCATTGTCCGATTTGTTGTTATTCTGT

ACCTGATATGTTTCGTGGGGTCTTTGATTTATTAATGTATTATTGTTATCG CTTGTAGGGTGTTACCTTTGGG(
CATTCAAACAATTGCTTTCAAGGTGTATAAGCCTTAAAGTCCTATAATATA AATAATTAAGGTATGCAAGATG
TATTTAAATACAGATGTGTGTGTGTGTGTGCGTGTGTGTGTGARAGAGAGAGAGAGAGAGAGAGAGA
GAGAGATAAAAGAACATAGACTGGATGAGCTTATGGTTCATGCTGCTTGAAGGGTAGCACGTGAAGACTAAC
GGTTAGGGTTTGATGCCCTGACACACAATGATGCCTCTATCTATTTAATTCTTTTTGTATGGCATATGGAACA
AATAATTATGACTTAATGTTTACTTTACTGCTAGATCATTATCGTCTAAGA ATAAGTTATCTAATATAAAGGTT
AAAACTAAGT

ACGGTCGGAGCGAGGTGGAGGAGCCTCGTCGGTATGGAGAATCGGAAGAMTGGGCGTGACGAGGACGA/
GGATATGGTCGCCGTCAATATGTGAGTGAGTATTGCCTTTTAATTGATTGATT GTTTTGAATGCTTTGTTT
TCGTTGTTGTTGTTATTGTCATGCAATTGATCTATTGCTAATGAGTGTGATCGTTCATTTTCTTTTTCTTTCTA
GCTAGAGGTGATAGGATCAATTTATCCTTGGGTTCATTTTGCAGCAAGTTACATTGTTTTATATTGTTTATTT
ATTTGTCTCCTCTCTGAGATTTGAATTAAATTTTATTTTTGT

ACTCAGAGGTATGTGGATAAATACGCCAATATGCGAAAAATTGTTCGTCTCATATTTATTTCACATTAAAAAA
AAAACATAAATAAAAAGGAAGGGGGAGTATTTGTTGCATGTGTTCATGTGATTTTATTCATATTCTTAACAGC
GTTGAATGTCTAATCAGCTAAATTGTTTTCTTTTTTTTGTTGTTGCAGGCAACAGTTATGGCGCTGGCGTTAT
TTATTTCTGAGCTTCATCTAGGTGTCCTTACTTTTTATTGTTCATATTTTIGTTTGCAATTTTTATTGTGTATAAA
TCATTCTGTAATACTCCTCGTCCTTTTTGCTTCTTTTAAAGTTTGTGCCTCATTTCCTGTGCATCCTCATCAATC
TATAGTATCTTTTACCTCACAATTTGTTAACGACGCAGAGCTCATTGCCATGCCAATCATACATACACACAC
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BPM 157

BPM 159

BPM 161

KU 189205

KU 189206

KU 189207

ACACACACAC TCTCTCTCTCTCTCTCTCTGTTATTATCTTTTTTTTTTGCCCCCCCTTTAGACTGTTCTTCT
ATCAACTCCTCCACATTCTGTTTCGCACTCTTCACCGAGTTAGCTGAGAAAGTTATTCACTTCTGTATGCTTC
TTGTTACAATT

ACTCACTATTTATCTAATTTTCTATGAATACATTTTCTTTGTTTATTTATT AATTTTTTATTTATTATTATTATGT
CTCGATTTACATGCCATATGTTTAGTTATAGGTTTCTTGGTATTATTTTCTITGTTGTGATGTATTAAAGATATG
AGCACACACCACGAACATGAATCATATAGAGATATTAGTATTTTTCTTAAT AGTGGGTTCCGATGTAGGTTTC
GAAGTCCGAGCACGTCGTAGATTTGCTGATATACTTGGAGCTTGGACCGOBGTCTGGAGGACTCTCTCTC
TCTCTCTCTCTCTCTCT CCCCCAATTTATTGACAGATTACCTTCTATAACAGCAACTTCAATGGGCTCCAA
CACTGGTTTAGAGCATTCTATTATATTAACTTCACCTGTATCCTGCTTTAACAAGTGTTCGGCTATTGATTTAT
ATCCTCTCCGTCTGACACGATTTGCAAGGTCTTTTCTGCTAACATTAAACAAAGAGTTCAATTGCATGGAAT
AATAAACCCAAGATATCTACATCATGTATGGACATCATCTATTGTTCAAAT AGCTTGTAGGCAGAAGAAAGA
ATTTCCATAAACCCTTGCGCATCCTGCCTTCATTTTGATTAGCAGGTAATRAGAAAGTTGACAACTGTCCATAG
CTTGAGT

ACTATTATGATTAGAATTGAACAGGATAAGCTAATGGGTCAAGACCCAATT CAAGATGATAAAAAATATTGA
TGATGGAAAATTTGTGAGATAAGCAAGACGTTCAACATTAAGGATGATTTCACTCCCGAAGAGGAGGAAGAG
GCCCTCGAGTGAGGAAGAATCGTTATAGGAATCTTTAGTTATGAAGACTACTGCGGTTTTTTTATTCTTGGTCG
GTGGCGTAATGCTTATCATTGTTTACATTCGTGTTCTAGTTGGGTTATATGTCGCCGCCTGTCGTTTGGATGT
TTAGCGGTTATATCACTGTATATATACACCTCTGAGTGTCCAACCTCCCTTATAATATTGTTTTACGTGTTTG
CCTCTAAACGTTGGATGGGAGGAGTTATTTTATATATCAAATATTGGATGCATAGTTAAACATGTGCACACGT
TGTCCTCAGTTTATGGAGGAITGTTTGTTTGT GGGGGGTTTTCTTTGTGTTTGGTATTGTTTGTGTTTGGAC
TGTGTTATTGTTTTAACTCATTCTGAACTGCTATTGTTTGAGGTCTTTTTAATATGCATGAGATTAGAATACAT
ACCGGTGTAATTTTTTGTTCATGGTTCTCGCTTAAAACATGCACTAGTGGBTGAATCAAGATTATGTAGCTTG
TTATATAGTATCAGCCATCCCCGTAGCTTTTTTTAAAAAGGGAACAAGTTGAGTTTAACAAGTGTTCGAACTC
GGCTTGAATAGTTCAAAATTTGTTTGAATTTCCGTTTTAATCGAACAAATTTTGT

ACCGTGACGGGTGAAATGGAAGATGTGAGGACATAAGCATTGTATGTATGATATGATTATGAGCCGTGCAT
GCGAGCCGACACTTGCTTAAGTATGTTTGCTTATCGCCAATGTGAGGCAATTTGAAGCTTCATAAGTTTTCGT
CGGTAATGGAATACCCATTAGCTAGTTTGTATTAGTTATTTTTCGAACTAGTAACTCATTATTGACATTTTTCA
TATAATATAGTAGGTCTTACAATCTTGAGTCAACTTTGGTAGGAGGATAGATAAACGCTACACACACACA
CACACTTAATCTCAACGTAGTTATTTATTTTCTTACTTTTATTTATGTTTGATGTGTTTTAACATGTATTTAAT
AATGTCTTCCATTCTTATGACACCAAGAAGGTTGTTTCGATCGTTTTTATIGATCGAGTCGT
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BPM 172

BP SSR 1

BP SSR 2

BP SSR

KU 189208

KU 189209

KU 189210

KU 18921

AGGCCTAGCTAGCAGAATCACAAATCTAGGCTAAGATTTTTTGCAAGAAAGTTTAAGTATGGGTGGTTTTGAC
CTTACGTTGTGATTCATGTATTTTCACATGGAGCTATAACAATAAGGAATGAGAAAAATGGAAACTAATTCAA
TTCATCCATCTCACCAACTTTGGAATGTTAATCAAGCTAAGAACCATAAACAAGTGCTTCATGGGATGTAACC
CAACTTGTTATCTTCATATCTTAAAAAAAATAAAAAAACAA AGAGAGAGAGAGAGAGAGAGAGAGA
GAGAGAGAGAGAGAGAGAGAGAGAGAG ACAATAAAGCCTACATGATGAAGGCATGGTGACCCAAA
AGGAAGAAACCAACCCTACCTAGGATCAAAAAGATAAATTGTGAAAGGAAA GTGAAAGGGAAAG

AGAATCACACAAGCATGGCAAACACACTCATGCAACCACACTTACACCCTCACATCTTCCATATGACGCTGGC
CTTGGTACTCTTTATCCAGCTAGCCACTAAGAAAGTTAACAGACCAAATTATTAAATGTGTAAGCAATTTTAT
AGAAAACTTTTATATCTATGTATTTATTAGAATAAACATATATGGATGCAG GGGAGGACGCCTTCTTATGTGC
AGAACAAATGTTTATTTGCGAACGTATTTGATCCAATTCATCACGATTCACGAACAATAAGGTGGAATGACCG
CCTTGCTAAACATCACAATAACACATCTTTAAAATCTCTCCGTGGTGCCTECTCTTCTTTTTACTGTTCTTTCT
AATAAAAAGATAATTAGGGGCAATATAACCGGTAGAATTTTGACATTCAGG GATGCAAAGTGTTGAATATA
TATAT AGCTCTAATAATGATGAATATGTGGTTCAGCAGTGAAATGATGCTCCACCTTAATCTGTTTAGCTTGA
CATAATTGAAATAGTGTTGCAGCACTATTTAGTGGCTTCCCTCTGTACATATGAAGTTCACATTTGTGGCCAA
AAGAGAGGAATCAAT

GCCCTTGTTTAAGGCGTAGCTAGCAGAATCACAGACCAGCCAAAATCAGCATTTAAAAGAGCTCGCCCTTTT
GAAAGACAAACTAAAATAAGCTCTCAACTTTGGATACAAATTATCTCAATT GACAATGTTTGAGTGATAACTT
TTACCTGAGCACCGATCAAAAGGTTTTCAGGTTTAATATCTCTGTGTATCACATGTTTTTCATGGCAATAGATG
AGAGCTCTTGCCAAAGAAGCAATATACTGTCATGAACAACACATAGGAAACAAATTACAACATAATATTATT
ATTTACATCGTCACATAAAGTCTAATAATCACCACGCAACATGCACAACAATTTAAACCCATAAAAGATCCA
AATAAAACACCACCAATTACCGTGGCAACACGTTTCTCTCTGAAGTATTTGCATCTTTGCAGTTCTTTGTAGAG
TTCACCTCTAGCTGCATATTCCACTACCAGATAAACACACGACTGCATTTRAAAACTTATTTAATGTTTTATAA
ATACATTGTTACAACACAATCAACTAATAGATAGAAATAATCAGATGAAAA TAATAAAAATAAA TATAAA
CAAGATAAACAAGTGCATGATATTAAAAAGACCACCATAAAAAATCATTAC AAAGCAGGCCAACTACGATCA
GAAAAATGGATCAATGGGCATATACTTAGATTCAATGCTTAACAATTTTAA TTCCGATACACCAACTTTTCCT
TCCAGTGATTCTGCAAACTAGGCC

ACTAGTTAATTTTTTTATTGGGGATTAAGGTAAAATTTTAGCTTGTTACAT TTCTACGACCCTAAAAATTATAT
AATCTAGACAAAATATTACGCCATGCACGGCCTATGTAAGAGATGATATTCAAATTTTATACGTAGGTCGTCG
TTAAATGATGGCTATAATGATTTATTATTTTAGAGTCTAATTTTAATTGAA TGAGGGAGGAGATTAATAATTT
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BP SSR 4

BP SSR 5

KU 189212

KU 189213

AGTTGATTTATTTAATTTTTTTTTTGAATTATTTATTGGCTATTAAAGAGA GCAGTAAGAAATTGCTTATTTAA
AAAAAAATTAAATATAGTTAGTTTGCTTATATTGTGCAACAGAACAAGAGC AATTGATGTCCTCAAATTATAG
TGAAAAATTATGATTCACAACTTAATTCCTTTGTTTCTTATACTAAACAAT TATTCTTATCGGATCGAGTCAAA
AATTGAATTTGGTTTGATGCTCCCAAATATTGGATGTATCTAATAATTACGTCTTAACATTCATGGTATTGAAT
TTAACAATCTAGAACATATATAGGAAGCATACCTTGCAGCAGAATCAGATC GAACTGGAACGACAAACATAG
TAATAATCACCTCACAAATCCGGTTAACCTAAATCTCTAACTCTACTTCACCTTGATTGATTCGAGTGTGTG
TGTGTGTGTGT CGGCAAACCCTTTATTGTCTTGTTTATAAACATCATAAGTATTAGGAGTCTAAAATGAGT
TCTAGCTCTCTTACTTATTTCAATTAATAAGTTGAGTGTTAGGAATTGAGTTTGTGACTCTCATACTTATATCTC
AATTAATTAGATAAGCCTTAAGATTCCTTATTTGGGTGGGGCTCACCCTTACATGCGTGATTCTACTAGCTAG
GCCTTAAAC

ACCCATTATAGTCGGCAGGCCTTTTCTTGCCACTGGGAGGACGTTGATTGPRGTTGCTGCTGGAGAATAAATA
ATGAGAGTGGACAATGAAGAAGTGGTATTTAATGTTTTTAAGGCTATGCAATATCCGGAACCAGCAGATGAT
TGTTTTTATGTTGATGTAATTCATCTCCTTCGTCAACTATTTTTGAGGAAATGTATCCTATGGACCCCTTAGCA
GCCACATTAGTTTITGATGTTGATG ATTCTAGTGATAAGGAGAGAGGGGAGTATTTGCATTCGCTAAATTC
TACTCCAACATTTCCTCGAGGTCAAGATAAATTTGAATCTTTGGAGTTGCAATCTTCAATATCGAGGCGAATC
AAGCCTTCCATTGAAGTCCCACCGACCTTAGAGTTGAAACAGCTTCCATCTATTTGAGGTATGCATTTCTAG
GTCCTTGTAACACTTTACCAGTTATTATTTCGTCAGCTTTAACTAGTATGAAGGAAGACAAGCTATTGAGAAT
ATTGCGGGAGCATAAGCTGGCTATAGGTTGGACTATTGGTGACATTCGTGBATTAGTCCTTCTTTTTGTATGC
ATAAAATCATTCTTGAAGATGGATATAAACCTTCAATAGAACATCAGCGCC GGTTAAATCCAATCATGAAGG
ATGTTGTCAAGAAAGAAATCATTAAGTGGCTTGATGCAGGTATAATTTTACCTATTTCTGATAGTTCTTGGGT
AAGTCCTGTACAATGTGT

GAATCACCATTTTAATAGTTGTAGCCCGCACTACTGGACAGAATGTGTCGRATAATTCAGCCCCTCCTTTTC
ATTACAACCAAGGCTGATGGCTTTGTTGATCACTACAAGGCAAGG CTGGTTGCTAAGGGCTTGAAGTTCAG
CATTCATGGCATGACTCCATTTTGGAGATTTAGAAGCTTGACGGTAGTGGGGGTTCAAAGGGGGGGAAGCA
AGAAACCTGTAGGTAGAGGGTATAGGGAAACAAAGGCTTCTTTGAATGTGCITACATGGGATGAGTAAGGGT
GGTCGAGTAGATGAAAATGATAAGAGAGGTGGAGATGGAGGCGAAGTGGGAGAAGAGGAATAGGCAAGG
ATGGAGAAGAATAGGGCTGAAATTGGTGTGTTGCAGTGTGGTCGAAGGCATTATTATTTCCATCTCCCATTT
NCCCGACCATTGACCATTATCGTATTGCTTAACGCTTTCTTGACCATTTGCGCTACTGGATTTTGAACATTCT
GACTGACTATGAATGATTAAAAATTGGTAAATTTTGATTTGAAACACAAAG CTTTGGTAATGCTAAACTTTTG
ATGTGTGTGGGGGTGTGTTTAGGTTGAGTAGATGTAGGAGGCAGACATTGABCATGAGCTGGAGAAGACATC
AAGGAGAGCATAAGGATGGAAGCTGTTGGAGTTGAGATGCGTTAGGAGAAT TGACGTATGAAGAGGGATA
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BP SSR 9

BP SSR 11

BP SSR 13

KU 189214

KU 189215

KU 189216

GTGGAAAGACATTGAGGATGAGCTGGAGAAGACATCAAGGGAGATIATGGAAAGAGACAAGGACTTCGGTA
GAGATGTGTTAGAGTTAGGTGGAGAGATATGAGGAATCTTAAGAGACAAAATGGGAAGAAGAAAAGGAGGC
GACACACTTGAACTTGAGGATTTGGTGGATTGATCTCTTTGAAGGGAATCTGTTATCATTGACCATGACATG
GTGGCTTATGGTAACTTTGTTTATAAGTGGATTATAGCAAGAATAACCATGGGGTGAGGGGCTATATCTGAGA
AAAAACACACCAGGTTGTTTGGTACTTCGCTCGTCATTCTGAACTTACTTAAGCGA

CCCTTGTTTAAGGCGTAGCTAGCAGAATCGCGAACTATANACATTTTCTTIGGAAAGGCAAATCAATTGACAA
CCATTTGAAGGAGATGATCTTACACTGTTATATATTATGTCCAACTCATTGGAGAAGCTGTGAAGTTGATAAA
CTGTAAAAACACACTAGTAAAACTGTAAAAACACACTAGTAAAACACACTA GCAGAATTCATTTCAT ATC

TCAGAATTGTTAAGATGGAGAGGAAGTTTGAAGTGTGTGGGTGGGTGGGAGCGGTTAGTCGGCATTGAAGG
AGACATTGTCTATAATCATCC

AGAATCACCTACAGAGTGCAATAACAGTCAATACAATAGCACGTGCATCACCAATCAGAAATCAGTCATGAA
ACGCACACAAGATGATAACTTACACATAGGACAATGAATGAACCAGCTCCTGCATATCATCTGCTGTAAAGC
CAACTTGATCCAAAAGAACATGGTAATGGGTTGGCCTTGTTGTTCCCTGAGCGAAGTGGCAAGGAAATTTTT
GCATCAAGAAAAGTAACAATTTTCAGATATGTGCAACCGTTAATAACTACT TATTATCATTCCCGCATGGGAG
CAGATGTAAAAGTCATAATTTTTTGGGTGGCATATTTTGTTGTCAATCACGGTTCCTGCATAAAGAAGAGTTT
ATTCAGATAAAACTGATACACCCCTTTCCAGTTAATAACCACATGGATAGGTCAAAACGCTAATCCTACTTTT
TTTACTGCTATATCATGCTTACCAGGCGGCACATTATCGGGAGAATTAGGTGAAAAAATTTTGTATGGTGGT
TCTTCTGGGCAATAATAACAGTAAACTTAGGAGACCACTTCTCATCCAGAAACTTGCATGCCTAAACAAGGGC
AACGAACAAGGACAACAACTAGTCTTGTCAATTACAAGTTTTCATTCGCTCCAACCATCAAGTCCCAATCATT
CTAAAAGAGT GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

GAGAGA TGTAGCAAACAAACCTCCATGATTTGATCTAGCTCAATA

AGAATCTTTTCTGCCCTTGGCTTAGGTAATCGTCTCTCATACAACACACACACAC ATACATATAGACAAA
CATATTCACACTCACACTTGCTCTTATAAATTATTGTATAAAATTCAATGG TAGCTGTTTGCTTTGACAATGGC
ATGATTTAGTAGCAGTATATAGTATCATGTTCATCAACGATATGATTCAGTAGCAGTATGCTTCTATGGTTGTA
TGTTTCATTAACGGTATGTTACACGAACTCTCTACAGTTTGTATGCTTCAGCCCCAGCATGGTATGATAGGAGC
TCATAGTCATTGTGTATGTGATTCTGCTAGATAGGCC
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4.4, Designing primers flanking microsatellite repats

The primers targeting amplification for microsatelimakers were designed using
primer 3 software following the parameters desdhiimeSection 3.7.
4.4.1. EST SSR

Out of the 23 primer pairs designed, synthesized &ssted for

amplification in black pepper, 17 primers yieldembd amplification products within the
expected size range. Annealing temperature (Tapéwh primer was standardized by
setting gradient PCR at different temperatures Igrah.)
4.4.2. Genomic SSR

Out of the 37 primers designed 28 primers generatplicons with the
expected base pairs. Annealing temperature waslatired using gradient PCR at

varying temperatures (Table 15.)
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Table 14. Details of EST SSR primers developed filoegenu$iper.

SI.No.  Locus name SSR Motif Forward primer (5' - 3 ") Product size GenBank BLAST X description

Reverse primer (5'- 3 ") number (species, accession no.)
P. nigrum

1 PN EST SSR 1 (AGA) TTCTTGGGTGGTGAGAGGTAGT 320 G1190335106 Putative gamma-thiorGaftanea
GTTCAAAGGTCCGTGTGTGAG sativg(AAL15885.1)

2 PN EST SSR 2 (TAATTE) ATGGCACCCCTGTTTACAA 279 G1189502757 Microsomal oleate desaturase
GGCGGCTTCCAACAATAG [ArachishypogagaAAF8229.1)

3 PN EST SSR (GAGCA) ACGAATAATGGACTTAACCTACCTG  21C CONTIG1 Predicted hypothetical prote
CTGCATGTGGAAGGAATTAGTG [Vitisviniferg (XP002284360.1)

4 PN EST SSR 4 (AATCA) ATGCTTGCTCTGTTGCTTCTTC 216 G1190335104 Predicted hypothetical protein
AAAATTCTTTCCGCTTCTCTGC [Vitisviniferg](XP002284360.1)

5 PN EST SSR 5 (TTTGY) CCGAAAGCTAGAAGAGAAATACCA 236 G1190335104 Predicted: hypothetical protein
CGACAGTTTCCCCACTGAAA [Vitisvinifera (XP002284360.1)

6 PN EST SSR 6 (ACTGT®) GCAGGTTCTTGAGGAGGTTTAG 224 G1190335102 Heat shock protein 1@&\grostis
ACCGAGACCAAACACATTCAC stoloniferavar. palustri§(AAC01560.1)

7 PN EST SSR 7 (AAACTG) TTCCGAGTGACCTGCATTTT 217 GI189502767 Peptidylprolyl isomerase; FK506-
ATGGCTCATTGTCTGGTTCAAT binding protein Arabidopsis thalianp

(BAB02082.1)

8 PN EST SSR (CTGTAA):2 CGGCACTACCAGAATGTTTATC 24z G118950276 Predicted hypothetical prote
AGTGTTGTAGGAGCAGCAAAA [Vitisviniferg (XP002285171.1)

9 PN EST SSR 9 (GAGAY) CTCCTCAAGCTCCTGTTACTGC 227 Gl189502765 Unnamed protein prodiiti§vinifera]
TACAGAAAAGAAAGCCACCAGC (CBI19085.1)

10 PN EST SSR 10 (TGATCA) TCCACTAATACCCCACAACAGA 189 GI1189502763 Predicted protelPhlyscomitrella patens
TACACGCAGTTACCTCCAAGTC subsppaten$ (XP001786305.1)

11 PN EST SSR 11 (CTTCCA) ACTGGGCAACCACCATTTC 238 G1189502759 Hypothetical protein

GTGAACGCTATCAACCAAGGAT

SORBIDRAFT_02g0401705orghum
bicolor] (XP002461070.1)
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12 PN EST SSR 12 (AAGTGE) ACGGTCAGGTATTTGTTGGTGT 217 G1189502759 Hypothetical protein
AGAAGTCTCAACCAGAATTGGC SORBIDRAFT_02g0401705orghum
bicolor] (XP002461070.1)
13 PN EST SSR 13 (CAAGCT) CGGTCAACAGAAGCTGGG 223 G118950256 Predicted hypothetical protein
ATGAGAGGGAGATGGTTGCAT [Vitisviniferg) (NP175372.1)
14 PN EST SSR 14 (GCceL) GGAAGGTTTCTGAGGAGAGACA 225 G1161318464 Leucine-rich repeat family protein
AAGCGGAGGTGGATGTGTT extensin family protein4rabidopsis
thaliang (NP175372.1)
P. colubrinum
15 PC EST SSR 15 (GACGA) TATATTACCACCCGCAACGAC 233 CONTIG1 Rop guanine nucleotide exchange fag
AAACCACCAAGAGAACGAAGAA putative Ricinuscommun]s
(XP0050622.1)
16 PC EST SSR ] (AGTCT):2 GTTCGGTAGCGTCCAAATAATC 19¢ G19098888! Predicted hypotheticiprotein
GGCAATAGAGGGTAGTGGTGATA [Vitisvinifers) (002270049.1)
17 PC EST SSR 17 (TC&) GGGGAGCGAAGGAGAGGC 188 G190988877 Hypothetical protei@lgome spinoga
ATTTGTTGTGCGCTTGGGTAAA (ABD96879.1)
18 PC EST SSR 18 (T4) TGATCCTACCAGCACTTTCACT 187 G190988875 Osmotin isoform precurs@ipler
TTACCAACTGATCTCCAATCTCC colubrinuni (ACH54108.1)
19 PCEST SSR 1 (ATAA) 2 TGATCCTACCAGCACTTTCACI 187 G19098887! Osmotin isoform precursoPiper
TTACCAACTGATCTCCAATCTCC colubrinunj(ACH54108.1)
20 PC EST SSR 20 (TCAT®) TCAGAGGAGGGCTAACAACTGTA 151 G190988874 Predicted hypothetical protein
GGAATGAAATATAACCCCACCA [Vitisviniferg (XP002270927.1)
21 PC EST SSR 21 (ATACAT) TAGTATGGAGAACCCGATGCAC 150 G190988864 Hypothetical protein OsJ_164adyka
TCGTGAAGGGACCAGTAAAGAG sativaJaponica Group](EEE61817.1)
22 PC EST SSR 22 (CGACAY) GGAGGAACCATGCGTCTTG 320 G190988854 Hypothetical protein OsJ_026826yfa
AAGGCCAGCAGTTTCAAGTTC sativaJaponica Group](FAZ12698.1)
P. tuberculatum
23 PT EST SSR 23 (CTTC®) GCCGACCTTTCAACAATCACTA 180 G1]192494868 Predicted: hypothetical protein

GGGCTAATGTCTCCCATCTTG

[Vitisviniferg (XP002278996.1)
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Table 15. Details of genomic microsatellite prirpairs developed frorRiper nigrumL.

Forward primer (5' -3 )

GenBank accession

SI.LNo.  Primer Name SSR Motif Reverse primer (5' - 3 ) Product size number

1 BPSSR 01 (AT) e S LS 236 KU 189209
2 BPSSR 02 (AATAAA) e e oS 285 KU 189210
3 BPSSR 03 (G¥) e O at 308 KU 189211
4 BPSSR 04 (TTGATG) A puasaaliovcndis 233 KU 189212
5 BPSSR 05 (CAAGG) g(T:é\Z/TATTTc/fr/gcAAGCTcTTGCTTAcGTCTi(T:g 322 KU 189213

6 BPSSR 06 GAGGAR) A T e ey 374 KU 189213

7 BPSSR 07 (TTTGA) v ysiasuveliovaliis 248 KU 189213

8 BPSSR 08 (ACTTGA) xgg&gﬁfgg AATGAQ%ACTCGATCGS 178 KU 189213

9 BPSSR 09 (TTCA®) B S e S LoASTTe 164 KU 189214
0w own  DLrCOCGOwMos e
11 BPSSR 11 (GA Jsesicialipasv vt 385 KU 189215
o wen  roen SN B
13 BPSSR 13 (AG) e R o e oar 315 KU 189216
14 BPM CNTG 4 (ATGT) e AT oTC 220 KC 347528
15 BPM CNTG 5 (GATTTG) ’?gg%:%i%i;gﬁéﬁ:ﬁggﬁg 320 KC 347529
o ewowss e Lo W o
17 BPM CNTG 9 (GAR %ﬁﬂ;ﬁﬁgﬁggﬁggé‘?gg 350 KC 347535
18 BPM CNTG 10 (TTAGG) e S S, 215 KC 347536
19 BPM CNTG 12 (AACAAA} gﬁgﬁ:ﬁggﬁ?f;fg;?fg &é c 315 KC 347537
20 BPM CNTG 15 (CATA}) GCAGAATCACAAACTACACGGA 150 KU 189217
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

BPM 4 a

BPM 4 b

BPM 6

BPM 8

BPM 10

BPM 18

BPM 26

BPM 31

BPM 52

BPM 132

BPM 133

BPM 154

BPM 156 a

BPM 156 b

BPM 157

BPM 161

BPM 172

qle]
(ATT)
(GTGTCT
(TTTG}
(GTTH
(ACjo
(AAT}
(CAR
(AACA}
(GTy
(AGh
(GATT)
(AG)
(CH
(CT
(AQY
(AG)s

TGAGTTGTTCGGGTTGCAC
GTCTGTTGTTTGATTGCTTCCT
CGAAAGACACGGATAAAGTCAT
TCTGTTGTTTGATTGCTTCCTT
CACGAAAGACACGGATAAAGTC
ACTATCTCTCGGCTCACGAAAA
ACTATCTCTCGGCTCACGAAAA
ATGGTGTTGGTAGAGGATGAAA
GCAGCAAACCCTCATATACAAT
CAGAAGTAGAACGTCGAGCAGA
CTATGGCCGTGATAAACATGAA
GCAAATGAGAAGGATAAGGGAA
AATCGAAAGGCAACAAGATGTC
AACCAATGAGCGTATATGGGAC
GTGAGCCATCCTCTTCTTTTCA
TAAACTCAACAACCCAGCATGT
TATTGTGCCAACCTTCCTCTCT
GATCCAGAGCCAAAGTGAGAGT
GCTGAAAGTTGTGGGACCTTAT
GCTGTTATTCTTTTGGGGATTG
TACTCACTCTTCTGCCTCATCG
CTTGTAGGGTGTTACCTTTGGG
AAGCAGCATGAACCATAAGCTC
ATGGAGAATCGGAAGAATATGG
GAACGGATCACACTCATTAGCA
AGTTTGTGCCTTCATTTCCTGT
AACATTTCTCAGCTAACTCGGTG
GCCATGCCAATCATACATACAC
GTGAAGAGTGCGAAACAGAATG
TAGTGGGTTCCGATGTAGGTTT
AGCCCATTGAAGTTGCTGTTAT
TGAATATGATTATGAGCCGTGC
ATCGAAACAACCTTCTTGGTGT
GGTGGTTTTGACCTTACGTTGT
TTCCCTTTCACTTTCCTTTCAC

280

350

315

260

260

220

280

300

155

260

180

170

165

200

315

215

295

KC 347538

KC 347538

KC 347539

KU 189202

KC 347540

KC 347541

KF 147545

KF 483426

KF 488561

KF 488564

KF 488565

KF488566
KU 189204

KU 189204

KU 189205

KU 189207
KU 189208
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4.5. PCR assessment of microsatellite markers inditk pepper genotypes
45.1. EST SSR

Out of the 17 primer pairs amplified, 7 primerseaked polymorphism among
the 21 Piper species studied. All the EST SSR primers producedomorphic
banding pattern on PAGE when tested on 39 blackgregenotypes.
4.5.2. Genomic SSR

Out of the 28 primers that generated amplicongyrirfBers were identified as
polymorphic markers when tested &hper species. Out of the 13 polymorphic
markers 2 markers produced smearing amplicons a&md mot considered for further
studies. Those primers which produced multiple baad gave poor amplification
were also excluded from the study. Out of whichese8SR primers have produced
100% transferability were used for genetic divgrsihalysis inPiper species. Five
markers had generated polymorphism among 39 blepgey genotypes.
4.5.2.1. Utilization of genomic microsatellite markrs in black pepper varieties

Among the 28 primer pairs which produced prominbahds, 5 primers
exhibited polymorphism in 16 released varietieblatk pepper (Fig 23, 24.). All the
five polymorphic markers (BPM CNTG 15, BPSSR 11, BPMIG\5, BPM 154 and
BPM 156 B) could generate a total of 26 alleles dwadatverage number of alleles per
loci was found to be 5.2. The maximum number oéled was noticed with the
markers, BPSSR 11 (10 of 26) followed by BPM CNTG &5f 26) and the least
number of alleles was noticed with BPM 156 B (3 of. Zhe maximum value of PIC
was noticed with BPM CNTG 5 (0.30) and minimum valwe BPM 154 (0.21)

(Table 16).
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Table 16. Locus name, repeat motif, sequence irgtiom, no. of alleles and PIC of five

genomic microsatellite markers

Primer sequence
Locus name Repeat motif Forward primer(53') No. of alleles PIC
Reverse primer (53')

GCAGAATCACAAACTACACGGA
BPMCNTG 15 (CATA) TGAGTTGTTCGGGTTGCAC 5 0.27

BPSSR 11 (GA» TAAAACTGATACACCCCTTTCC 10 0.24
AGCTAGATCAAATCATGGAGGT '

BPMCNTG5  (GATTTG) ATTCAACCGTGACAGAAGATCC 4 0.30
TCGAACACAAGTTCAAACCAAC

BPM 154 (GATT) ATGGAGAATCGGAAGAATATGG 4 0.21
GAACGGATCACACTCATTAGCA '

BPM 156 B Ch GCCATGCCAATCATACATACAC 3 0.25
GTGAAGAGTGCGAAACAGAATG '

4.5.2.2. Genomic SSR markers: genetic diversity alysis in released varieties of

black pepper

The sixteen released varieties were divided inte tilusters with the aid of
five genomic microsatellite markers (Fig. 25). T$imilarity coefficient of various
clusters ranged from 0.69 to 0.96. Panniyur 1 amthBur 3 which are the hybrids of
same parents shared 84% similarity. The percentasity exhibited by Panniyur 4
and Panniyur 5 was 92%. These four varieties forthedfirst cluster. The second
cluster consisted of Panniyur 2 and Panniyur 7is§a®4% similarity along with
Panniyur 6 which was linked to them at 86% simijarSreekara and Subhakara with
96% similarity to each other together with ISR $akind ISR Thevam which were
92% similar formed third cluster. Panchami, Pourn@iD-2 and ISR Girimunda
were included in the fourth cluster. ISR Malabarcé&ixstood as an outgroup forming
the fifth cluster with 69% similarity with other udters. The SSR profiles clearly

separated all the released varieties of black peppe
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Clusters

Released varieties of black pepper

Cluster | Panniyur 1,Panniyur 3, Panniyur 4 and Bamrb
Cluster Il Panniyur 2,Panniyur 7 and Panniyur 6

Cluster IlI Sreekara, Subhakara, ISR Sakthi and T&Bvam
Cluster IV Panchami, Pournami, PLD-2 and ISR Girichan
Cluster V ISR Malabar Excel
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5 6 7 8 9 10 11 12 13 14 15 16

1112 13 14

i

Fig. 23. Amplification profile of polymorphic genomic microsatellite markers in 16 released varieties of black pepper. Lane M-
ULR (10 bp DNA ladder), A) BP SSR 11; B) BPM CNTG 15; C) BPM 154; Lane 1: Panniyur-1, Lane2: Panniyur-2, Lane 3:
Panniyur-3, Lane 4: Panniyur-4, Lane 5: Panniyur-5, Lane 6: Panniyur-6, Lane 7: Panniyur-7, Lane 8: Subhakra, Lane 9: Sreekara,
Lane 10: Panchami, Lane 11: Pournami, Lane 12: PLD- 02, Lane 13: IISR Sakthi, Lane 14: IISR Thevam, Lane 15: IISR Giri-
munda, Lane 16: IISR Malabar Excel
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Fig. 24. Amplification profile of polymorphic genomic microsatellite markers in 16 released varieties of black pepper. Lane M1: ULR,
Lane M2: 100 bp DNA ladder, D) BPM CNTG 5 (15% PAGE gel); E) BPM 156 B (3% agarose gel); Lane 1: Panniyur -1; Lane 2: Panniyur
-2; Lane 3: Panniyur -3; Lane 4: Panniyur -4; Lane 5: Panniyur -5; Lane 6: Panniyur-6; Lane 7: Panniyur 7; Lane 8: Subhakara; Lane 9;
Sreekara; Lane 10: Panchami; Lane 11: Pournami; Lane 12: PLD-02; Lane 13: IISR Sakthi; Lane 14: IISR Thevam; Lane 15: IISR Giri-
munda, Lane 16: IISR Malabar Excel.
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100! Panniyur 1

54 Panniyur 3

67 Panniyur 4

Panniyur 5

84 Panniyur 2

Panniyur 7

Panniyur 6

67 Subhakara

Sreekara
ISR sakthi
ISR Thevam

N
cd

Panchami

Pournami

PLD-2
ISR Girimunda

ISR Malabar Excel

I I I
0.69 0.77 0.84 0.92 1.00

Coefficient

Fig. 25. UPGMA dendrogram showing genetic similarity among 16 released varieties of black pepper based on Dice similarity coeffi-
cient using 5 genomic microsatellite markers. Bootstrap values above 50% (based on 1000 permutations) are indicated in each node
of the dendrogram.
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4.5.2.3. Utilization of genomic microsatellite markrs in black pepper cultivars

The four polymorphic markers showed a consider&el of polymorphism
among the 23 black pepper cultivars (Fig. 26, 2%ptal of 17 alleles were generated
with the 4 polymorphic markers (BPSSR 11, BPM 31, BF and BPM 156 B)
and the average number of alleles per loci is 488 maximum number of alleles
was noticed with the marker BPSSR 11 and BPM 154 (& pfollowed by BPM 31
and the least number of alleles was noticed in BBBI R (3 of 17). The PIC values
of each genomic microsatellite markers also shovathtions. The maximum value
of PIC was noticed with BPM 31 (0.39) and minimumueaby BPM 156 B (0.23)
(Table 17.).

Table 17. Locus name, repeat motif, sequence irdgtiom, no. of alleles and PIC of four

genomic microsatellite markers used in the prestrty

Locus Repeat Primer sequence
Forward primer(53’) No. of alleles PIC
Reverse primer (53)

TAAAACTGATACACCCCTTTCC

name motif

BPSSR11  (G/Ap AGCTAGATCAAATCATGGAGGT 5 0.30
TAAACTCAACAACCCAGCATGT

BPM 31 (CA)2 TATTGTGCCAACCTTCCTCTCT 4 039
ATGGAGAATCGGAAGAATATGG

BPM 154 (GATT) GAACGGATCACACTCATTAGCA 5 0.29

BPM156B  (CT) GCCATGCCAATCATACATACAC . 0.3

GTGAAGAGTGCGAAACAGAATG

4.6. Genomic SSR markers: genetic diversity analysin black pepper cultivars
The twenty three cultivars in the present studyenvided into seven clusters
with the aid of four genomic microsatellite markefSsig. 28). The similarity
coefficient ranged from 0.64 to 1.00. Kottanadad Karimkotta with 94% similarity
to each other were identified as the first clust€he second cluster included
Perumkodi and Karimunda and ISR Sakthi and 04-P2dehg with Nedumchola
and Kumbhachola. Malamundi stood distinct but lshke the second cluster with
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76% similarity. Neelamundi and Perambramunda whstfared 88% similarity
formed the fourth cluster. Kuthiravally and Balartacas well as Arakkulam munda
and Chumalakodi could not be separated. All the &dang with Valiakaniakkadan
and Thevanmundi were identified as the fifth clusténe sixth cluster comprised of
Kalluvally and Thommankodi with 94% similarity algpnwith Poonjaramunda.
Uthirankotta which showed 82% similarity to Naragedk and Cheriyakkaniakadan
formed the seventh cluster. Most of the clustersevgeipported by bootstrap values

greater than 50.

The 4 SSR markers separated many of the cultivaraeMer IISR Sakthi and
and its open pollinated progeny (P 24-0O4-1) coudt e separated with the SSR
profile. Similarly Kuthiravally, Balancotta, Arakkam munda and Chumalakodi were

could not be separated with the SSR data. The diugteattern was as follows:

Clusters Black pepper cultivars

Cluster | Kottanadan and Karimkotta

Cluster Il Nedumchola, Perumkodi, Karimunda, ISR tB8a&nd O4-
P24 and Kumbachola.

Cluster IlI Malamundi

Cluster IV Neelamundi, Perambramunda,

Cluster V Kuthiravally, Balancotta, Arakkulam munda,
Chumalakkodi and Valiakaniakkadan

Cluster VI Kalluvally, Thommankodi and Poonjaranmand

Cluster Vi Narayakodi, Cheriyakaniakkadan and Uthkictta
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Fig 26. Amplification profile of polymorphic SSR markers in 23 black pepper cultivars. A)BPSSR 11 B)BPM 31 C)BPM 154.
Lane M- ULR (10 bp DNA ladder), Lane 1: Kottanadan, Lane 2: Neelamundi, Lane 3. Kuthiravally, Lane 4: Kalluvally, Lane 5:
Narayakodi, Lane 6: Perambramunda, Lane 7: Poonjaranmunda, Lane 8: Valiakaniakkadan, Lane 9: Cheriyakaniakkadan, Lane 10:
Uthirancotta, Lane 11: Balancotta, Lane 12: Arakkulam munda, Lane 13: Thommankodi, Lane 14: Thevanmundi, Lane 15: Chum-
alakodi, Lane 16: Nedumchola, Lane 17: Malamundi, Lane 18: Karimkotta, Lane 19: Perumkodi, Lane 20: Karimunda, Lane 21:
Kumbhachola , Lane 22: P 24 (IISR Sakthi), Lane 23: P 24 04 (0O4-P 24-1)

22 23
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9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Fig. 27. Amplification profile of polymorphic SSR markers BPM 156 B in 23 black pepper cultivars (run on 3% agarose gel). Lane M: 100
bp DNA ladder, Lane 1: Kottanadan, Lane 2; Neelamundi, Lane 3: Kuthiravally, Lane 4: Kalluvally, Lane 5: Narayakodi, lane 6: Permbra-
munda, Lane 7: Poonjaranmunda, Lane 8: Valiakaniakkadan, Lane 9; Cheriyakaniakkadan, Lane 10: Uthirancotta, Lane 11: Balancotta,
Lane 12: Arakkulam munda, Lane 13: Thommankodi, Lane 14: Thevanmundi, Lane 15: Chumalakodi, Lane 16: Nedumchola, Lane 17:
Malamundi, Lane 18: Karimkotta, Lane 19: Perumkodi, Lane 20: Karimunda, Lane 21: Kumbhachola, Lane 22: P 24 (IISR Sakthi), Lane
23: P24 O4
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Kumbhachola
Malamundi

85|
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0.64 0.73 0.82 0.91 1.00
Coefficient

Fig.28. UPGMA dendrogram showing genetic similarity among 23 black pepper cultivars based on Dice similarity coefficient using

4 genomic microsatellite markers. Bootstrap values above 50% (based on 1000 permutations) are indicated in each node of the den-
drogram.
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4.7. Transferability potential of microsatellite markers

A set of 14 polymorphic microsatellite markers @hgmic and 7 EST-SSR)
developed in the present study were tested foreftsctive transferability and
polymorphism in 2Piper species. All the 7 EST-SSR markers frBnmigrumandP.
colubrinumwere completely transferable to all the Riper species. Among the 13
polymorphic genomic SSR markers, 7 markers were tateip transferable to all the

Piper species tested.

4.7.1. EST- SSR markers: its polymorphism and crosspecies amplification.

Seven microsatellite markers were employed to tbst cross species
amplification profiling of twenty ondiper species including the exotic species. All
the 7 EST-SSR markers were considerably good in ibgngattern and

polymorphism (Fig 29, 30).

A total of 36 alleles were generated with seven E@Tived microsatellite
markers. The average number of allele per locusld. The maximum number of
alleles was noticed with the marker, PN EST SSR 6f(86) followed by PN EST
SSR 3 and PC EST SSR 15 with 7 alleles. The least ewailalleles were observed
with the microsatellite PN EST SSR 4 and PC EST SSRi&Ptwo alleles each. The
PIC values of each EST derived microsatellite markdso showed variation. The
maximum PIC value was noticed with PN EST SSR 4 {0aB@ minimum PIC was

observed with PC EST SSR 22 (0.09) (Table 18.).
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Table: 18. Locus name, repeat motif, sequencerimdtion, no. of alleles and PIC of

seven EST SSR markers used for cross species aatiaifi.

R t Primer sequence
Locus name rr?gt(iefa Forward primer(53') No. of alleles  PIC
Reverse primer (53")
PNESTSSR3 (GAGCA) ACGAATAATGGACTTAACCTACCTG 7 0.10
CTGCATGTGGAAGGAATTAGTG
PNESTSSR4 (AATCA) ATGCTTGCTCTGTTGCTTCTTC 2 0.36
AAAATTCTTTCCGCTTCTCTGC
PNESTSSR6 (ACTGTG@) GCAGGTTCTTGAGGAGGTTTAG 8 0.23
ACCGAGACCAAACACATTCAC
PN ESTSSR9 (GAGAR) CTCCTCAAGCTCCTGTTACTGC 4 0.31
TACAGAAAAGAAAGCCACCAGC
PCESTSSR (GACGA): TATATTACCACCCGCAACGAC 7 0.15
15 AAACCACCAAGAGAACGAAGAA
PCESTSSR  (ATAA): TGATCCTACCAGCACTTTCACT 6 0.30
19 TTACCAACTGATCTCCAATCTCC
PC EST SSR (CGACAT). GGAGGAACCATGCGTCTTG 2 0.09
22 AAGGCCAGCAGTTTCAAGTTC

4.7.2. EST SSR markers: genetic diversity analysis PPiper species

Seven microsatellite markers derived from the E&thloase could resolve 21
Piper species into nine clusters (Fig. 31). The simyacihefficient value ranged from
0.64 to 1.00P. betlealone formed the first cluster. The second clustersisted oP.
nigrumandP. sugandhas sub-cluster with 98% similarity along with théscluster
comprising ofP. trichostachyorand P. galeatumsharing 98% similarity. The two
sub-clusters showed 89% similarity with each otRehababudanwas linked to the
second cluster with 84% similarity forming the thluster.P. barberistood distinct
in the EST based phylograi. attenuatunandP. hymenophyllurwhich shared 95%
similarity along withP. argyrophyllumformed the fifth cluster. Th&iper species
from North- East regiorviz, P. peepuloides, P. ribesioides, P. thomsand P.
hamiltonii were grouped together in the sixth cluster.longumand P. hapnium
which showed 100% similarity with each other alevith P. sarmentosuraomprised
the seventh cluster. The exotic species were adsdrgether in the eighth cluster

but P. colubrinumstood apart from rest of the exotic species. T [@ot based on
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principal coordinate analysis was in agreement \ht phylogram generated (Fig.

32). The EST SSR markers separated all thifg®r species excefr. longum and P.

hapnium
Cluster Piper species
I P. betle
Il P. nigrum P. sugandhi, P. trichostachy@ndP.galeatum
1] P. bababudani
\Y P. barberi
Vv P. attenuatum, P. hymenophyllamdP. argyrophyllum,
Vi P. peepuloides, P. ribesioides, P. thomsordP. hamiltonii,
Vi P. longum, P. hapniurandP. sarmentosum
Vil P. arboreum, P. ornaturandP. magnificum
1X P. colubrinum
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Fig. 29. Amplification profile of polymorphic EST -SSR markers in 21 Piper species. A) PN EST SSR 03 B) PN EST SSR 04 C) PN EST
SR 06 D) PN EST SR 09. Lane M- ULR (10 bp DNA ladder), Lane 1: P. betle, Lane 2: P. nigrum, lane 3: P. sugandhi, Lane 4: P. tricho-
stachyon, Lane 5: P. galeatum, Lane 6: P. barberi Lane 7: P. attenuatum, Lane 8: P. argyrophyllum, Lane 9: P. hymenophyllum, Lane 10:
P. bababudani, Lane 11: P. longum, Lane 12: P. hapnium, Lane 13: P. peepuloides , Lane 14: P. sarmentosum, Lanel5: P. ribesioides, Lane
16: P. thomsoni, Lane 17: P. hamiltonii ,Lane 18: P. colubrinum, Lane 19: P. arboreum, Lane 20: P. ornatum, Lane 21: P. magnificum
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Fig. 30. Amplification profile of polymorphic EST -SSR markers in 21 Piper species. A) PC EST SSR 15 B) PC EST SSR 19 C) PC
EST SR 22. Lane M- ULR (10 bp DNA ladder), Lane 1: P. betle, Lane 2: P. nigrum, Lane 3: P. sugandhi, Lane 4: P. trichostachyon,
Lane 5: P. galeatum, Lane 6: P. barberi Lane 7: P. attenuatum, Lane 8: P. argyrophyllum, Lane 9: P. hymenophyllum, Lane 10: P. baba-
budani, Lane 11: P. longum, Lane 12: P. hapnium, Lane 13: P. peepuloides , Lane 14: P. sarmentosum, Lanel5: P. ribesioides, Lane 16:
P. thomsoni, Lane 17: P. hamiltonii, Lane 18: P. colubrinum, Lane 19: P. arboreum, Lane 20: P. ornatum, Lane 21: P. magnificum
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Fig. 31.UPGMA phylogram showing genetic similarity among 21 Piper species based on Dice similarity coefficient using seven EST
SSR markers. Bootstrap values above 50% (based on 1000 permutations) are indicated in each node of the phylogram.
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Fig. 32. The 3-D plot diagram showing the relationship among 21 Piper species based on principal coordinate analysis (PCA) using 7
EST based microsatellite markers. The number represents the genotypes. (1. P. betle, 2. P. nigrum, 3. P. sugandhi, 4. P. trichostachyon,
5. P. galeatum, 6. P. barberi, 7. P. attenuatum, 8. P. argyrophyllum, 9. P. hymenophyllum, 10. P. bababudani, 11. P. peepuloides, 12. P.
longum, 13. P. hapnium, 14. P. sarmentosum, 15. P. ribesioides, 16. P. thomsoni, 17. P. hamiltonii, 18. P. colubrinum, 19. P.

arboretum, 20. P. ornatum, 21. P. magnificum).
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4.7.3. Genomic SSR markers: its polymorphism and oss species amplification.
Seven genomic microsatellite markers developed weexl to analyze the
cross species amplification profiling of twenty dPiper species including the exotic
species (Fig 33, 34). A total of 43 alleles wereagated with seven genomic
microsatellite markers. Average number of allele lpei is 6.14. The maximum
number of alleles were noticed with the marker, BB2(10 of 43) followed by BP
SSR 11 with 8 alleles. The least number of allelese observed with the SSR marker
BP SSR 12 and BPM CNTG 5 with only 4 alleles. The P&dlies of each genomic
derived microsatellite also showed variations. Thaximum value of PIC was

noticed with BP SSR 12 (0.40) and minimum value by BENTG 5 (0.09).

Table: 19. Locus name, repeat motif, sequence nmdtion, no. of alleles, PIC of

seven genomic microsatellite markers used for cspssies amplification.

R i Primer sequence
Locus name rr?cl)oti‘a Forward primer(53’) No. of alleles PIC
Reverse primer (53')
BPM CNTG5 (ATGT) TTCAACCGTGACAGAAGATCC 4 0.09
TCGAACACAAGTTCAAACCAAC
BPSSR 11 (GAx TAAAACTGATACACCCCTTTCC 8 0.29
AGCTAGATCAAATCATGGAGGT
BPSSR 12 (TCAGA)2 CAGCTTTGTGGAACTAATGAGA 4 0.40
CTACATAAGAATGCGAGCAGAT
BPM 52 (AACA) GATCCAGAGCCAAAGTGAGAGT 10 0. 27
GCTGAAAGTTGTGGGACCTTAT
BPM 132 (GT3 GCTGTTATTCTTTTGGGGATTG 5 0.25
TACTCACTCTTCTGCCTCATCG
BPM 133 (AG)4 CTTGTAGGGTGTTACCTTTGGG 5 0.18
AAGCAGCATGAACCATAAGCTC
BPM 154 (GATT} ATGGAGAATCGGAAGAATATGG 7 0.31
GAACGGATCACACTCATTAGCA

4.7.4. Genomic microsatellite markers: genetic divsity analysis in Piper species
Nine clusters were attained with the UPGMA dendaogrcreated with
genomic SSR markers. (Fig. 35). The similarity coefht ranged from 0.61 to 1.00.
P. betle was the only species present in the first cluskr. attenuatum, P.
hymenophyllunandP. argyrophyllumare with 98% similarity and formed the second
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cluster. Among the second clusté, attenuatumand P. hymenophyllunexhibited
100% similarity of coefficientThe third cluster was occupied by foRiper species
and isP. nigrum P. galeatum, P. trichostachyand P. sugandhiAmong theseP.
nigrumandP. galeatunshowed more similarity with a 95% coefficient ofndarity.
Cluster IV consists oP. longumand P. hapniumand their similarity of coefficient

was 93%.

P. barberiwas the sole member of the fifth clustér. bababudaniand P.
peepuloidesare also placed individually in cluster VI and \éspectively.P.
sarmentosum, P. ribesioides, P. thomsand P. hamiltonii together formed the
eighth cluster. Of thesd&?. thomsoniand P. hamiltoniishowed 97% similarityP.
arboretum, P. ornatum, P. magnificiemd P. colubrinumare occupied in the cluster
IX with two sub groupsP. colubrinumandP. ornatumformed the first subgroup with
92% of similarity.The pattern of distribution ofett21 Piper species with principal

coordinate 3-D plot matched with the dendrograng.(B6).

Cluster Piper species
I P. betle
I P. attenuatum, P. hymenophyllamdP. argyrophyllum

Il P. nigrum P.galeatum, P. trichostachyoandP. sugandhi

\Y P. longumandP. hapnium

Vv P.barberi

Vi P. bababudani

Vi P. peepuloides

VIII P. sarmentosum, P. ribesioides, P. thomsmwiP. hamiltonii
IX P. colubrinum P. ornatum, P. arboreum, P. magnifn.
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The exotic species were clearly separated fromaimdpecies and were

together grouped in cluster 1X. The grouping isacland is in agreement with the

present understanding of interrelationship®iper species. However, these markers

could not separate. attenuatunandP. hymenophyllum

4.7.5.Unique bands observed with microsatellite markers

Unique bands could be identified for most of thecsgs with the aid of both

genome and EST derived microsatellite markers dgeel in the present study.

Table 20. Discriminatory primers (EST SSR and geno8SR) and unique bands

specific to differenPiper species.

Piper species Unique band Discriminatory prime

P. betle 2 PC EST SSR 225
BPM 133200

P. barberi 3 PN EST SSR 2o
BPM 52180
BPM 52220

P. colubrinum 2 PN EST SSRso
PN EST SSR@g
PN EST SSR62
PC EST SSR 150

P. arboreum 2 PN EST SSR 3o
PC EST SSR15s

P. ornatum 1 PC EST SSR1%&o

P. magnificum 1 PC EST SSR1&o

P. ribesioides 1 BPM CNTG 5300
BPM CNTG 5310

P. hamiltonii 1 PN EST SSR 2o
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Fig.33. Amplification profile of polymorphic genomic SSR markers in 21 Piper species. A) BP SSR 11 03 B) BP SSR 12 C) BPM
52, D) BPM 132 . Lane M- ULR (10 bp DNA ladder), Lane 1: P. betle, Lane 2: P. nigrum, lane 3: P. sugandhi, Lane 4: P. tricho-
stachyon, Lane 5: P. galeatum, Lane 6: P. barberi Lane 7: P. attenuatum, Lane 8: P. argyrophyllum, Lane 9: P. hymenophyllum,
Lane 10: P. bababudani, lane 11: P. longum, Lane 12: P. hapnium, Lane 13: P. peepuloides Lane 14: P. sarmentosum, Lanel5: P. ri-

besioides, Lane 16: P. thomsoni, Lane 17: P. hamiltonii ,Lane 18: P. colubrinum, Lane 19: P. arboreum, Lane 20: P. ornatum, Lane
21: P. magnificum
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Fig. 34. Amplification profile of polymorphic genomic SSR markers in 21 Piper species. A) BPM 133 B) BPM 154 C)
BPM 132 . Lane M- ULR (10 bp DNA ladder), Lane 1: P. betle, Lane 2: P. nigrum, lane 3: P. sugandhi, Lane 4: P. trichostachyon,
Lane 5: P. galeatum, Lane 6: P. barberi Lane 7: P. attenuatum, Lane 8: P. argyrophyllum, Lane 9: P. hymenophyllum, Lane
10: P. bababudani, lane 11: P. longum, Lane 12: P. hapnium, Lane 13: P. peepuloides Lane 14: P. sarmentosum, Lane 15:
P. ribesioides, Lane 16: P. thomsoni, Lane 17: P. hamiltonii , Lane 18: P. colubrinum, Lane 19: P. arboreum, Lane 20: P.
ornatum, Lane 21: P. magnificum
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P. argyrophyllum

P. nigrum
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Fig. 35. UPGMA phylogram showing genetic similarity among 21 Piper Species based on Dice similarity coefficient using 7 genomic
SSR markers. Bootstrap values above 50% (based on 1000 permutations) are indicated in each node of the phylogram
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Fig. 36. The 3-D plot diagram showing the relationship among 21 Piper species based on principal coordinate analysis (PCA)
using 7 genomic microsatellite markers. The number represents the genotypes. (1. P. betle, 2. P. nigrum, 3. P. sugandhi, 4. P.
trichostachyon, 5. P. galeatum, 6. P. barberi, 7. P. attenuatum, 8. P. argyrophyllum, 9. P. hymenophyllum, 10. P. bababudani,
11. P. peepuloides, 12. P. longum, 13. P. hapnium, 14. P. sarmentosum, 15. P. ribesioides, 16. P. thomsoni, 17. P. hamiltonii,
18. P. colubrinum, 19. P. arboretum, 20. P. ornatum, 21. P. magnificum).
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4.7.6. Combined SSR markers (Genomic SSR + EST SSBgnetic diversity
analysis inPiper species
The matrix generated with genomic SSR and EST-SSRs pamled together

and used for constructing a consensus phylogram.

Cluster Piper species

I P. betle

I P. barberi

1] P. attenuatum, P. hymenophyll@amdP. argyrophyllum
A\ P. ribesioides

\% P. thomsonandP. hamiltonii

Vi P. peepuloides

Vi P. longum, P. sarmentosuandP. hapnium

VIII P. nigrum P.galeatum, P. sugandandP. trichostachyon
IX P. bababudani

X P. arboreum, P. ornatum, P. magnificamdP. colubrinum

The combined phylogram showed similarity to the lpgsam constructed
with genomic SSR markers (Fig. 37). The 79 alledemerated with combined
phylogram clearly separated all the Riper speciesP. longumandP. hapniumwere
separated in the combined phylogram, eventhough tere placed in the same
cluster with 100% similarity in EST SSR markers. thany P. attenuatumand P.
hymenophyllumwhich could not be separated with genomic SSR markegre
discriminated in combined phylograrithe PCA generated from pooled similarity

matrix corresponded well with the UPGMA clusteriigig. 38).
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Fig. 37. UPGMA phylogram showing genetic similarity among 21 Piper species based on Dice similarity coefficient using 14 micro-
satellite markers (7 Genomic SSR+ 7 EST-SSR). Bootstrap values above 50% (based on 1000 permutations) are indicated in each
node of the phylogram.
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Fig. 38. The 3-D plot diagram showing the relationship among 21 Piper species based on principal coordinate analysis (PCA)
using 14 (7 EST+ 7 genomic) microsatellite markers. The number represents the genotypes. (1. P. betle, 2. P. nigrum, 3. P.
sugandhi, 4. P. trichostachyon, 5. P. galeatum, 6. P. barberi, 7. P. attenuatum, 8. P. argyrophyllum, 9. P. hymenophyllum, 10.
P. bababudani, 11. P. peepuloides, 12. P. longum, 13. P. hapnium, 14. P. sarmentosum, 15. P. ribesioides, 16. P. thomsoni,
17. P. hamiltonii, 18. P. colubrinum, 19. P. arboretum, 20. P. ornatum, 21. P. magnificum).

169



4.8. Genetic diversity analysis using previously ported microsatellite markers

Previously reported 16 microsatellite markers wesed for genetic diversity

study among 23 black pepper cultivars andPRier species.

4.8.1.Utilization of previously reported microsateite markers in black pepper

cultivars

From the previously reported SSR primers developeblack pepper (9
primers by Menezest al, 2009 and 6 primers by Jey al, 2011), six microsatellite

markers gave polymorphism among 23 black peppé¢ivars (Fig. 39, 40).

A total of 25 alleles produced with six microsatellmarkers (PN H8a, PN
E3, PN A5, PND10, PN F1 and Pn GT2). The averagebeu of alleles per loci is
4.1. The maximum number of alleles was found wlid primers PN D 10 (7 of 25)
and the least number of alleles were noticed withgrimer Pn GT2 (2 of 25). The
maximum PIC value was obtained with the primer PN(&35) followed by PN F1

(0.43) and the least value noticed was 0.34 fonthgker PNGT2.

Table 21. Locus name, repeat motif, sequence irgtom, No. of alleles, PIC of

six previously reported microsatellite markers usetthe present study.

Primer sequence No. of
Locus Repeat motif Forward primer(53) °- % pic
) alleles
Reverse primer (53")
PN A5 (ACho F 5 CTTCCAGACCAATAATCAACTT 3 5 0.35
R 5 ATCCCAAAATACACAACAATTC 3’
PN E3 (CA)13 FSTTTGTGTCCTCTCCCTCTCC'3 3 0.45
R 5 AAGACTAAATAGGCAAGGCAAA 3’
PN D10 (GT)s F S5 GTGTTACCTTTGGGGCATTCA 3 7 0.35
R 5 TGTGTCAGGGCATCAAACC 3
PN F1 (TG)1 F S ACTTCAGTGCTATTTTTATCTTCC 3 3 0.43
R 5 CCAACGCCCACTCTCAT 3
PN H8a (TG)e FSTGTGTCTTTTATATTTTTGATG 3 5 0.37
R 5 TATTAGTAGTTCTCCCTTTTGA 3
(GT)AT (GT) F 5 CTAGAGAGTAACAGTTATCACTTCACAG 3 2 0.34
PnGT2 AT (GT)1/GG F5 CTAGCAAATTTGTTCTCTAATTCACATGT 3
(GT)o
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4.8.2. Cluster analysis of black pepper cultivars sing six microsatellite markers

Cluster Black pepper cultivars

I Kottanadan, Kalluvally, Neelamundi and Kuthirdyal
I Narayakodi, Poonjaranmunda and Thommankodi
[l Perambramunda, Valiakaniakkadan, BalancottaAradkulammunda

v Cheriyakaniakkadan and Uthirancotta

Vv Thevanmundi, Malamundi, Nedumchola, Karimkottd &erumkodi
VI Karimunda, Kumbachola, ISR Sakthi and O4-P24-1

Vi Chumalakodi

The similarity coefficient of the dendrogram randgeom 0.43 to 0.96 (Fig
41). Kottanadan and Kalluvally showed 87% of sinijawith each other and
occupied the Cluster | along with Neelamundi andhitavally which were 84%
similar to each other. The coefficient of similgribetween Narayakodi and
Poonjaranmunda was 78% and Thommankodi was linkéuem with 71% similarity
and they formed the second cluster. Perambramunda/aliakaniakkadan showed
75% similarity to each other. Balancotta and Arakutaunda shared 87% similarity.
The third cluster comprised these four cultivarsei@kaniakkadan and Uthirancotta
with 70% similarity were placed in the fourth cleist

Thevanmundi, Malamundi and Nedumchola, Karimkottd Rerumkodi were
accommodated in the fifth cluster. Karimkotta aneruPhkodi together formed a
subgroup with 75% affinity to each other. ISR Salkthd O4P24-1 are 95% similar
and had affinity towards Kumbhachola together fainiee sixth cluster along with

Karimunda. Chumalakodi was the only distinct mendfehe cluster VII.

The present study could identify one microsateltitarker (PN E3) which

could differentiate ISR Sakthi (P24) from its ogmsilinated progeny O4P24-1.
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Fig. 39. Amplification profile of polymorphic SSR markers in 23 black pepper cultivars. a) PN A5 b) PN H8a c) PN E3 . Lane M-
ULR (10 bp DNA ladder), Lane 1: Kottanadan, Lane 2: Neelamundi, Lane 3. Kuthiravally, Lane 4: Kalluvally, Lane 5: Narayakodi,
Lane 6: Perambramunda, Lane 7: Poonjaranmunda, Lane 8: Valiakaniakkadan, Lane 9: Cheriyakaniakkadan, Lane 10: Uthiran-
cotta, Lane 11: Balancotta, Lane 12: Arakkulam munda, Lane 13: Thommankodi, Lane 14: Thevanmundi, Lane 15: Chumalakodi,
Lane 16: Nedumchola, Lane 17: Malamundi, Lane 18: Karimkotta, Lane 19: Perumkodi, Lane 20: Karimunda, Lane 21: Kumbha-
chola, Lane 22: P 24 (IISR Sakthi), Lane 23: P 24 O4 (O4-P 24-1)
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Fig. 40. Amplification profile of polymorphic SSR markers in 23 black pepper cultivars. D) PN D10 (15% PAGE gel) E) Pn GT2 F) PN
F1 (run on 3% agarose gel). Lane M1: ULR, Lane M2; 100 bp DNA ladder. Lane 1: Kottanadan, Lane 2; Neelamundi, Lane 3: Kuthiravally,
Lane 4: Kalluvally, Lane 5: Narayakodi, lane 6: Permbramunda, Lane 7: Poonjaranmunda, Lane 8: Valiakaniakkadan, Lane 9; Cheri-
yakaniakkadan, Lane 10: Uthirancotta, Lane 11: Balancotta, Lane 12: Arakkulam munda, Lane 13: Thommankodi, Lane 14: Thevanmundi,
Lane 15: Chumalakodi, Lane 16: Nedumchola, Lane 17: Malamundi, Lane 18: Karimkotta, Lane 19: Perumkodi, Lane 20: Karimunda,
Lane 21: Kumbhachola, Lane 22: P 24 (IISR Sakthi), Lane 23: P 24 O4 (O4-P 24-1)
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Fig. 41. UPGMA dendrogram showing genetic similarity among 23 cultivars of black pepper based on Dice similarity coefficient
using 6 previously reported microsatellite markers. Bootstrap values above 50% (based on 1000 permutations) are indicated in each

node of the dendrogram.
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4.8.3. Utilization of previously reported microsatdite markers in Piper species

Six polymorphic microsatellite markers were usedtiady the cross species
amplification profiling of 21Piper species including the exotic genotypes (Fig. 43,
44). A total of 45 alleles were observed with sotymorphic microsatellite markers.
The maximum number of alleles was noticed with riirerker, PN D10 (11 of 45).
The least number of alleles were observed withrtherosatellites PnGT2 with 4
alleles. Variations are noticed in the PIC valuesgeal from 0.18 to 0.48. The
maximum value of PIC was noticed with PN G11 (0.48) minimum value by PN
D10 (0.18) (Table 22.).

Table: 22. Locus name, repeat motif, sequencernrdtion, No. of alleles, PIC of six

six previously reported microsatellite markers ugdtross species

amplification.
Primer sequence
. No. of
Locus Repeat motif . PIC
P Forward primer(53') alleles
Reverse primer (53')
PN B5 (TG) F5 GTTTTGAATGGGTCGGTGAT 3
4 RS ATTGTTCTGATTTCTTCGTTATTG 3 5 0.32
PN E3 (CA)13 FSTTTGTGTCCTCTCCCTCTCC'3
R 5 AAGACTAAATAGGCAAGGCAAA 3’ 10 0.20
pnGlL (ACks F 5 TTACTAGTGTCCACCCCCACT 3
R 5 TCGATGGAAAGTCACCCTCT 3 6 0.48
PN D10 (GThs F5 GTGTTACCTTTGGGGCATTCA 3
R 5 TGTGTCAGGGCATCAAACC 3 11 0.18
F 5 ACTAAGGCTAATGTGATAACCTGAGGA 3
PRAG30  (CTITT (CThs R 5 ATCCCTGGATGGAAATTTGAAGGCTTGC 3 9 0. 26
PNGT2 '(A\c.;rT()SGAT-;lgGT)“ F 5 CTAGAGAGTAACAGTTATCACTTCACAG 3
GG (GT)o F 5 CTAGCAAATTTGTTCTCTAATTCACATGT 3 4 0. 28

4.8.4. Cluster analysis oPiper species with 6 polymorphic markers

The similarity coefficient of the phylogram rangdm 0.34 to 100%. Most
of the Piper species were clearly separated with these marleasept P.
argyrophyllumandP. hymenophyllumvhich showed 100% similarity to each other

(Fig. 45). The PCA generated from the similarity mxas represented in Fig. 46.
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Fig. 43.CAmp1ification profile of polymorphic genomic SSR markers in 21 Piper species. A) PN D10,B)PN E 3, C) PNG11 Lane
M- ULR (10 bp DNA ladder), Lane 1: P. betle, Lane 2: P. nigrum, lane 3: P. sugandhi, Lane 4: P. trichostachyon, Lane 5: P. galea-
tum, Lane 6: P. barberi Lane 7: P. attenuatum, Lane 8: P. argyrophyllum, Lane 9: P. hymenophyllum, Lane 10: P. bababudani,
Lane 11: P. longum, lane 12, P. hapnium Lane 13: P. peepuloides, Lane 14: P. sarmentosum, Lane 15: P. ribesioides, Lane 16: P.
thomsoni, Lane 17: P. hamiltonii ,Lane 18: P. colubrinum, Lane 19: P. arboreum, Lane 20: P. ornatum, Lane 21: P. magnificum
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Fig. 44. Amplification profile of polymorphic SSR markers in 21 Piper species. D) PN B5 (15% PAGE gel) E) Pn GT2 F) Pn AG30 (run
on 3% agarose gel). Lane M1: ULR, Lane M2; 100 bp DNA ladder. Lane 1: P. betle, Lane 2: P. nigrum, Lane 3: P. sugandhi, Lane
4: P. trichostachyon, Lane 5: P. galeatum, Lane 6: P. barberi, Lane 7: P. attenuatum, Lane 8: P. argyrophyllum, Lane 9: P. hymenophyllum,
Lane 10: P. bababudani, Lane 11: P. longum, Lane 12: P. hapnium, Lane 13: P. peepuloides, Lane 14: P. sarmentosum, Lane 15: P. ribe-

siodes, Lane 16: P. thomsoni, Lane 17: P. hamiltonii, Lane 18: P. colubrinum, Lane 19: P. arboreum, Lane 20: P. ornatum, Lane 21: P. mag-
nificum
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Fig. 45. UPGMA phylogram showing genetic similarity among 21 Piper species based on Dice similarity coefficient using 6 previ-
ously reported microsatellite markers. Bootstrap values above 50% (based on 1000 permutations) are indicated in each node of the
phylogram.
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Fig. 46. The 3-D plot diagram showing the relationship among 21 Piper species based on principal coordinate analysis (PCA)
using 6 previously reported microsatellite markers. The number represents the genotypes. (1. P. betle, 2. P. nigrum, 3. P.
sugandhi, 4. P. trichostachyon, 5. P. galeatum, 6. P. barberi, 7. P. attenuatum, 8. P. argyrophyllum, 9. P. hymenophyllum, 10.
P. bababudani, 11. P. peepuloides, 12. P. longum, 13. P. hapnium, 14. P. sarmentosum, 15. P. ribesioides, 16. P. thomsoni,
17. P. hamiltonii, 18. P. colubrinum, 19. P. arboretum, 20. P. ornatum, 21. P. magnificum).
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4.9. Combined microsatellite markers (Genomic SSR previously reported SSR

markers): Genetic diversity analysis in black peppecultivars

The 4 genomic and 6 previously reported microstdelmarkers were
combined to discriminate 23 black pepper cultivégotal of 42 alleles generated
were clearly separated 23 black pepper cultivate wisimilarity co efficient ranged

from 62 to 100%. (Fig. 42).
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Fig. 42. UPGMA dendrogram showing genetic similarity among 23 black pepper cultivars based on Dice similarity coefficient using
10 microsatellite markers (Genomic SSR+available markers). Bootstrap values above 50% (based on 1000 permutations) are indi-

cated in each node of the dendrogram.
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4.10. Combined microsatellite markers (Genomic SSR EST SSR + previously

reported SSR markers): Genetic diversity analysig Piper species

The matrix generated with genomic, EST-SSRs andiqusly reported
markers were pooled together and used for constguet phylogram. The similarity
coefficient of the phylogram ranged from 0.48 t0Q0L.The 124 alleles generated with
20 polymorphic microsatellite markers clearly seped all the 2Piper species (Fig.
47). The PCA plot also matched with the phylograrilging similar pattern of

distribution ofPiper (Fig. 48)

Cluster Piper species

I P. betle

Il P. nigrumandP. sugandhi

1] P. galeatumandP. trichostachyon

\Y, P. bababudani

Vv P. attenuatum P. hymenophyllandP. argyrophyllum
Vi P. thomsonandP. hamiltonii,

Vil P. longum, P. SarmentostandP. hapnium

Vil P. peepuloides

IX P. ribesioides

X P. barberi

Xl P. arboreum, P. ornatum, P. magnificandP. colubrinum
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Fig. 47. UPGMA phylogram showing genetic similarity among 21 Piper species based on DICE similarity coefficient using 20 micro-
satellite markers. Bootstrap values above 50% (based on 1000 permutaions) are represented in each node of the phylogram.
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Fig. 48. The 3-D plot diagram showing the relationship among 21 Piper species based on principal coordinate analysis (PCA)
using 20 (7 EST+ 7 genomic+ 6 previously reported) microsatellite markers. The number represents the genotypes. (1. P.
betle, 2. P. nigrum, 3. P. sugandhi, 4. P. trichostachyon, 5. P. galeatum, 6. P. barberi, 7. P. attenuatum, 8. P. argyrophyllum,
9. P. hymenophyllum, 10. P. bababudani, 11. P. peepuloides, 12. P. longum, 13. P. hapnium, 14. P. sarmentosum, 15. P.
ribesioides, 16. P. thomsoni, 17. P. hamiltonii, 18. P. colubrinum, 19. P. arboretum, 20. P. ornatum, 21. P. magnificum).
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4.11.Multiple sequence alignment of different alleles fom SSR loci generated

with BP SSR 11 primer

The aligned sequence obtained from the three PCRugi®odf the genotypes
(Panniyur 2, Panniyur 3 and Pournami) amplifiedhwBP SSR 11 showed the
presence of microsatellite repeat variation. Thdtiple sequence alignment showed
variation in the microsatellite repeat (GAN different allelesThe allelic variations
were due to the length polymorphism of microsateliepeats. The three genotypes
showed microsatellite repeat variation for (GAJPanniyur 2- (GA)o, Panniyur 3-
(GA) 19; Pournami- (GA)22) when compared with the original sequence (£2A)
(Fig.49). The result obtained strengthened thaéiiy of the microsatellite primers

developed.

4. 12. Aligned sequence of the PCR product of theionoasatellite marker PC

ESTSSR 22

The presence of the repeat region (CGAGAIN) the amplified product of
microsatellite marker PC ESTSSR 2%as confirmed by aligning the sequence
(obtained by sequencing the PCR product of Sp2nigrum with the original
sequence (SSR containing EST sequend& oblubrinumretrieved from NCBI). The
Fig. 50 represents the presence of microsateijpeats in both original sequence and

PCESTSSR Sp2.
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Fig 49. Multiple sequence alignement of the PCR pectedof BP SSR 11 primer.
Each sequence obtained showed the presence of GAgaiellite motif with variable
number of repeat motifs with conserved flankingoag

10 20 30 40

Ve e Nz T C T TC TGGGCAATAATAACAGTAAACTTAGGAGACCACT TN
BPM11_var3 BN T CTCHEBEAA TEHANAMNEGTAAACTTAGGAGACCACT T
BPM11var2 TCTTCTGGGCAATAATAACAGTAAACTTAGGAGACCACT TN
BPM_11 varll TCTTCTGGGCAATAATAACAGTAAACTTAGGAGACHACT THES
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Fig 50. Aligned sequences of the PCR products of PGSRTI22 primer. The
original sequence and the sequenced sample (PCESABESER) showed the

PCESTSSR22 SP3
original PCESTSSR22
Clustal Consensus

PCE5T55R22_5P3
Griginal_FCESTSSRZZ
Clustal Consensus

PCESTSSR22_SP3
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original PCESTSSR22
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original PCESTSSR22
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presence of CGACAT di repeats.
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DISCUSSION




Chapter 5

DISCUSSION

The genusiper, the largest in the family Piperaceae, comprisimgr 3000
species of which about one hundred and nineteeonfdrelian origin. Of these black
pepper Piper nigrumL.) is the most valuable economically importanicepcrop,
which is consumed throughout the world. Apart fraksian countries such as
Malaysia, India, Indonesia, Thailand, Vietnam, Chieyad Sri Lanka, it is also
cultivated in Brazil and Madagascar. The humid ctimaonditions and the daily
consumption in the diet made this spice crop aisymoof the Asian continent. The
Western Ghats of Indian peninsula is the primantreeof origin ofPiper nigrumL.,
the source of medicinally and commercially impottalack pepper (Ravindraet al,
2000). Kerala the southernmost state of India oesup considerable portion of the
Western Ghats and is a rich source of wild relatigé this spice crop. The hot and
humid climate of the sub-mountainous tracts of \WestGhats is ideal for its
cultivation and hence Kerala is the centre for pheduction of most of the black
pepper in India.

Black pepper is ranked as the most important exmorénted spice
commodity. Improvement programmes on this crop hHasen predominantly based
on selection from the available genetic variability cultivated pepper plants.
Currently the different centres are focusing ongheary gene pool for developing
hybrid suitable for cultivar release.

Studies on genetic variability of any economicaliyportant plant has

paramount importance as it help to make the bdstation of genetic potential of
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genotypes for improvement of traits and for adambat to various conditions. In
addition, the genuBiper exhibits extreme reduction of floral characterschlare the

key factors for phylogenetic analysis. Hence mdbacweharacterization oPiper
species is needed for the development, utilizatiod conservation of the pepper
resourcesln genetic diversity studies, the most frequentigdimolecular markers are
microsatellites or simple sequence repeats duehéd high mutation rate, high
reproducibility, codominant natur@nd high genome coverage. There have been few
studies on genetic diversity of Indian black peppesming molecular markers
(Pradeepkumaet al.,2003; Joyet al.,2007; Joyet al, 2011).

The present study was carried out with the objectiv developing more
number of microsatellite markers to study the gerathitecture of black pepper and
related species that would enable future crop imgmeent programs in the genus
Piper.

5.1. Exploiting EST databases for microsatellite detéion

ESTs are sequenced portion of complementary DNAesopf mRNA and
they represent part of the transcribed portionh& genome in given conditions
(Poncetet al, 2006). Development and identification of micredige from ESTs can
be achieved through electronic sorting that witluee time and steps required for the
genomic DNA library preparation and screening (Thkieal, 2003; Varshnegt al,
2005). During the mining of SSRs from EST databatbesretrieved sequences from
the database were refined by trimming out the pBdllytail followed by its clustering
and conservation to unique sequences as report&lijlet al (2011) inCurcuma
longa Refining the original dataset reduces the sizéhefdata and redundancy for

frequency analysis (Kantest al, 2002). The frequency of the presence of SSRs in
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non-redundant ESTs accurately reflects the dewn$i§SRs in the transcribed region
of the genome (Varshney al, 2005).

In the present study a total of 206 EST sequenegs vetrieved from genbank
at NCBI website (http://ncbi.nlm.nih.gov) using theylwvord ‘Piper’. Out of the 206
sequences 87 EST sequences were fRyper nigrum 50 from P. colubrinum 63
from P. longumand 6 fromP. tuberculatum The sequences were assembled to 6
contigs, 68 singletons iR. nigrum 7 contigs and 35 singletons kh colubrinum 4
contigs and 6 singletons iR. longumand 6 singletons ifP. tuberculatumwere

obtained.

Since the availability of EST sequence in the gdniper is very less (206
EST sequences), penta and hexanucleotide repeat2 afiere also considered as a
parameter for SSR detection. In all the studies #swobserved that the
parameters/limits used for SSR detection in frequeralculations were different.
Again, “the estimation of distribution and frequgraf EST SSRs are related to the
search criteria and SSR mining tools, which is atdserved for other crops

(Varshneyet al, 2005; Fenget al, 2009).

Including the penta and hexanucleotide repeats =th&, present study
identified pentanucleotide repeats followed by mexdeotide comprising the major
portion of the dataset frofiper EST sequences. All the penta and hexanucleotides
repeats obtained in the present study were two t@peats only. Ince (2012) noticed
abundance of hexanucleotide repeats even moredinaicleotide repeat motifs in
Chichorium ESTs. Higher occurrence of hexanucleotide repestg be due to the
multiple repeats of the trinucleotides that arespr¢ in the coding region. The
abundance of the two time pentanucleotide repeaysh® due to its occurrence in the

coding region of genome. Dinucleotide repeat mimtiin the most abundant repeat
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motifs in genusPiper if penta and hexanucleotide two repeats are egddcbm the
analysis which is reported to be the major repeatifrm EST sequences of many
crops (Rungist al, 2004; Aggarwakt al, 2007). Trinucleotide and tetranucleotide

repeats were of least (3.18% of 95) occurrencd thefour species dPiper studied.

The findings of earlier workers supports the currebservation that the
microsatellite repeat number present in ESTs amng less (Morganet al, 2002; Liet
al., 2004) and di nucleotide repeats are much lespiént in coding regions than in
noncoding regions (Wangt al., 1994; Liet al, 2004). When compared with the
earlier reports on the frequency analysis of marelites from EST databases
(Varshneyet al, 2002; Thielet al, 2003; Aggarvakt al., 2007) the low level of tri
and tetranucleoide repeats observed in the prestwly could be due to the
application of stringent limits for SSR availabyjliand also identification in the
guantity of sequence data analyzed. Comparing codimtj non-coding regions in
different plant species, it was observed that td detranucleotide microsatellite
motifs are more common within introns, whereas iotigpes of motives are found

within exons (Tothet al, 2000).

Microsatellite sequences are especially usefulifierdntiate closely related
genotypes; due to their high degree of variabilihgy are, therefore, preferred in
population studies (Smith and Devey 1994) and far identification of closely
related cultivars (Vosmaet al, 1992).

5.2. Isolation and identification of microsatellites from enriched genomic DNA
library

Microsatellite isolation from genomic DNA has bes#ane earlier by screening
of clones by colony hybridization with probes conitag repeats (Rassmaet al,

1991), but the method is not efficient for thoseops which contain less
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microsatellites. Hence this method was replaced nlgrosatellite enrichment
protocols (Zanet al, 2002).

In the present study, seven microsatellite markerse developed for black
pepper from genomic DNA library enriched for sixcnosatellite repeats [(AG),
(TG) 12, (ACT) 12, (AAAC) 6, (ACCT) 6, (ACTG) ¢] following Glenn and Schable
protocol (2005). This protocol is preferred for nosatellite isolation as it was
modified to ensure efficient A-tailing of each PCRghucts to yields good results and
it is a combination of best approaches from mammgmoprotocols to reduce the time
and steps required.

Scanning of microsatellites in the non-redundaritaskt revealed a total of
144 unique SSRs in the casePofnigrum Here also the two time repeats were set as
parameters in case of hexa or penta nucleotideshsé@m the dataset. From such
analysis, pentanucleotides were the most abund&rbsatellite repeats detected,
followed by dinucleotide and hexanucleotide repeBiaucleotide repeats were the
major portion if two time repeats were excludedrirthe dataset. Only a single type
of mononucleotide repeat (A/T) was noticed. Theeptmost abundant repeat motifs
were (AC/GT) in dinucleotides, (AAG/CTT) in trinucliedes, (AAAC/GTTT) in
tetranucleotides, (AATAT/ATATT) in pentanucleotidasd (AAAAAG/CTTTTT) in
the hexanucleotide. As in black pepper (AAAC/ GT19)reported to be the most

abundant tetranucleotide repeat®uwritis (Jantasuriyaragt al, 2012).

Excluding mono, penta and hexa nucleotide repdhts,total number of
repeats (Di- 26, Tri- 18, Tetra- 9) present in gGuences analyzed included 53 SSRs.
The enrichment efficiency of these repeats in bjagper was found to be 77%. The
enrichment efficiency of microsatellites in the g@at study was higher when

compared to Menezes al (2009) where the enrichment efficiency was arobi2eo
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in black pepper. A high percentage of enrichmefitiehcy of 84% was reported by
Sigristet al (2010) in turmeric. But in the same crop 36% aofigtiment efficiency
was also reported by Sigt al (2010). The enrichment rate was found to be $s le
range from 10-22% for many crop&., in graminaceous species, namely sugarcane

(Paridaet al, 2009) wheat (Pestsoeaal, 2000).

5.3. Isolation of EST SSR markers

This is the first report on the development of ESSR markers from black
pepper and related species. Seven polymorphic satellite markers were generated
from a total of 23 primers tested (30%). Out of #8primer pairs synthesized and
tested for amplification 17 primers yielded goodpéification products (73%) within
the expected size range. Except for 4 primers thkroprimers contained penta and
hexanucleiotide of 2 repeats. It was also obsethatithe 7 polymorphic EST SSR
markers were containing penta and hexa two rep&hesremaining 10 primers were
found to be monomorphic. The lack of amplificatminthe remaining primers may be
due to 1) the primer pair encompassing a long mpwducing a PCR product that
could not be visualized on the electrophoretic ifgpP) sequence errors or problems
during primer synthesis, 3) usage of consensus esegs obtained from the
compilation of several ESTs. (Nicet al, 2004). Blast X resulted in the observation
of one marker developed frof. colubrinum(PCEST 19) with a hit for osmotin

isoform precursorKiper colubrinum with accession number ACH54108.1.

5.4. Isolation of Genomic SSR markers

During the development of genomic SSR markers, thal@ysequences were
available containing microsatellite repeats. Boths€la &20bp size) and Class I

(>12bp< 19 bp size) (Muret al. 2006) motifs are discovered in genomic SSR3ose
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sequences that contained dinucleotide repeats weren priority for primer
designing. Designing of primers failed for somewsatges and this may be due to the
lack of sufficient flanking sequences or repeat ifsolocated at the end of the
sequences. Such failures in designing primers \aége reported in many studies

including sugarcane (Pariéaal, 2009) garlic (Meet al, 2009).

Among the 37 primers designed and synthesized, 28eps generated
amplicons with expected size (75%). The lack of iEfioption of the other primers
may be due to divergence in the nucleotide sequélanking the SSRs producing
null alleles (Smuldergt al, 1997). Out of the 28 primers that produced acopis
with expected size range, 13 primers were fourtmetpolymorphic among the species
tested. Two primers generated multiple bands amtenevere excluded. Seven
polymorphic markers were found to be 100% transierg63%) among 2Piper
species. Out of the 28 primers which gave expecied ranged amplification
products, 5 primers were found to be polymorphioagithe black pepper genotypes.
Success rate of more than 70% amplification fohlggnomic and EST SSRs have

been reported in different crops (Varshney, 2005).

5.5. Characteristics of microsatellite markers in kack pepper germplasm

During the validation of the markers, the scorablaker bands were
considered to be alleles and the lighter bandsymed may be stutters arising due to
slippage ofTag DNA polymerase during PCR (Ra&b al, 2000). The polymorphism
information content (PIC) for each individual SSRelIwas calculated following the
formula described by Weir (1990¢. PIC= 1-) P?, where Pis the frequency of the

it allele in the genotypes examined, which can bel#ied to PIC= 2PiQi, whereiP
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is the frequency of presence andi®the frequency of absence of a particular band
(Tehraniet al, 2008).
5.5.1. ESTSSR markers

EST SSR primers developed iper species could not reveal polymorphism
among the black pepper genotypes. They were fouthe fpolymorphic amonBiper
species only. This result is in agreement withdta@ement of other workers that EST
SSR markers exhibit lower polymorphism and is leSgient in distinguishing
closely related individuals when compared to tHajenomic SSR markers (Chet
al., 2000; Scottet al, 2000; Chabanest al, 2005). Greater DNA sequence
conservation in transcribed region can lead to top@ymorphism in genic SSRs
(EST SSRs) making them less efficient compared tmigec SSRs for fingerprinting

or varietal identification studies (Varshney,

2005a). Moreover, the development of genic SSRsesdricted to those

species for which there are sufficient sequenca awdilable (Varshney, 2005).

5.5.2. Genomic SSR makers

In the present study 5 polymorphic microsatellitarkers could detect a total
of 26 alleles with an average of 3-10 allele peut The average number of alleles
observed per loci was 5.2. However, Meneeeal (2009) reported a total of 53
alleles with 9 markers in black pepper genotypeb wumber of alleles in the range

3-10 and the average allele detected per loci wasd to be 5.8.

The sixteen released varieties were divided inte filusters with the aid of
five genomic microsatellite markers. The similaritgefficient of various clusters
ranged from 0.69 to 0.96. The ¢luster consisted of two sub clusters; 1) Panniyur

and Panniyur 3 which are the hybrids of same parant shared 84% similarity.
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Though these two varieties are distinct in morpbwal characters they are the
progenies of the same parents. The grouping oéttves in one cluster may be due to
their lineage. This is in agreement with the obaton by Nazeenet al, 2005 who
reported close similarity between Panniyur 1 anchnBarr 3 based on RAPD
profiling. 2) Panniyur 4 and Panniyur 5 which exted 92% similarity. This
grouping was also reported by Saji (2006) basedhenmorphological similarities.
The second cluster consisted of Panniyur 2 andifAanid sharing 94% similarity
along with Panniyur 6 which was linked to them &&@8 similarity. The marker
BPSSR 11 generated a different banding profile feekara and Subhakara. But in
general, both the varieties which are clonal sglastfrom Karimunda showed 96%
similarity to each other. Pradeepkumetr al. (2003) differentiated Sreekara and
Subhakara with RAPD markers. Panchami, Pournami,-Plddd ISR Girimunda
were included in the fourth cluster. ISR Malabacé&xstood as an outgroup forming

the fifth cluster with 69% similarity with otherusters.

5.6. Genetic diversity analysis in black pepper ctivars using genomic SSR

markers

The 23 cultivars of black pepper were characteribgdfour polymorphic
genomic microsatellite markers. These cultivarseaggouped into seven clusters with
a similarity coeffecient ranged from 0.64 to 1.CheTfour polymorphic markers
discriminated all other cultivars except Perumkawl Karimunda, ISR Sakthi from
04 P24- 1, Kuthiravally- Balancotta and Arakkulamunda - Chumalakodi.
Perumkodi and Karimunda which were the part of sdcoluster showed 100%
similarity to each other. Matheet al. (2001) also reported similar results grouping
Karimunda and Perumkodi in the same cluster basezifanorphological characters.

RAPD profiling of black pepper cultivars also grodgearimunda and Perumkodi in
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the same cluster with 50% similarity (Pradeepkurearal, 2003). Most of the
grouping was in agreement with the previous undadshg with a few exceptions.
Joy et al. (2011) discriminated majority of the black peppettivars with four de

novo developed polymorphic microsatellite markers.

5.7. Polymorphism and cross species amplificationT{ansferability) of SSR

markers

Because of the high polymorphism microsatellite raeskare considered as
the ideal choice of markers for phylogenetic stadiBut the applications of these
markers are limited because of the need for deugjogpecific primers for individual
plant species. The SSR primer pairs developed irspaeies could be used to detect
the diversity in other species or genera. The piatiy to successful transfer of
microsatellite markers across species is calledsscrepecies amplification or
transferability. This offer an alternative tte novodevelopment of SSRs in plants
(Peakallet al, 1998).When the evolutionary distance betweerispancreases the
transferability success rate decreases (Steinkeadingl, 1997; Barbar&t al, 2007)i
e., the transfer rate is in agreement with the phgieetic distance and sequence

conservation among the species (Kakal, 2011).

5.8. EST SSR markers

Seven microsatellite markers developedPimigrumandP. colubrinumwere
used to analyze the cross transferability and gemnetriability among twenty one
Piper species. A total of 36 alleles were generated vadven EST derived
microsatellite markers. The maximum number of eflelas noticed with the marker,
EST-6 (8 of 36) and the least number of allelesevadyserved with the microsatellite

EST-4 and EST-22 with two alleles each. The maxinuatue of PIC was noticed
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with EST-4 (0.36) and minimum value by EST-22 (0.08uoet al (2006) studied

the cross species transferability Gbssypium arboreunderived EST-SSR in the
diploid species ofGossypiumand reported high level of transferability among th
species. But on the contrary, Pashlety al. (2006) reported that EST derived
microsatellites may be conserved over larger eimiaty distances and their transfer

beyond genus level often appears to be limited.

5.8.1. Cluster analysis of 2Piper species based on EST SSR data

Seven microsatellite markers derived from the E&fhloase could resolve 21
Piper species into nine clusters. The similarity coégint value ranged from 0.64 to
1.00. P. betle alone formed the first cluster. The togethernesS<?.0nigrum P.
sugandhi, P. trichostachyaandP. galeatunmin a major cluster is in accordance with
the findings of earlier workers (Ravindran, 2000; Bab al, 2003; Saji 2006 and
Sheejeet al, 2013). All the species in this cluster are uxise climbers with pendent
filiform spikes.P. sugandhshows close resemblance wih nigrum but differs for
the slightly stalked flowers (Ravindran, 2000). Hetlcese two species are placed in
one cluster with 98% similarityP. trichostachyornand P. galeatumplaced in sub
clusters sharing 98% similarity. These two thougimilar to P. nigrum other
characters like flower and leaf characters diffenf it (Ravindraret al, 2000). These
two species are very much similar in several moigdioal characters expect the
pubescent spike iR. trichostachyonThis is the main discriminatory character for
separating these two species. ThoRglhababudanis placed as a8cluster it shares
many morphological characters with these 4 spebisce linked to the"2cluster.P.
bababudaniis similar toP. sugandhiin general morphology but differs with the

presence of fleshy peduncle.
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P. barberi was alone placed as & Zluster in between sicluster which
includesP. nigrum, P. sugandhi, P. trichstachyon, P. galkeaandP. bababudanui
and 4" cluster which included P. argyrophyllum, P. attenuatum, P.
hymenophyllumnd P. barberi is a unique South Indian species with reticulate
venation (Ravindraret al, 2000). This species shares some of the chasaatiéh
species in both the clusterB. barberi P. attenuatumP. argyrophyllumand P.
hymenophyllunmave similar spike charactenz., spike orientation (pendulous), spike
texture (glabrous) and bract type (peltate) excémt P. argyrophyllumwhich has

adnate bract.

P. attenuatunandP. hymenophyllunwhich shared 95% similarity along with
P. argyrophyllum formed the fifth cluster. The three species sharesxmon
charactersP. argyrophyllumis morphologically similar té. attenuatum but differs
in leaf venation.P. argyrophyllumis 5 nerved andP. attenuatumis 7 nerved.P.
hymenophyllums also very much similar tB. attenuaturrexcept hirsute nature on

the stem and leaves (Ravindetral, 2000; Saji, 2006).

The Piper species from North- East regiote, P. peepuloides, P. ribesioides,

P. thomsonandP. hamiltoniiwere grouped together in the sixth cluster.

P. longumand P. hapniumwhich showed 100% similarity with each other
along withP. sarmentosunsomprised the seventh cluster. Both the speciesepss
erect and cylindrical spikes (Ravindran, 19%5)sarmentosumwas also placed in this
cluster which showed morphological similarities twi. longum (Mathew et al,
2004). In fruit characte®. sarmentosurehows resemblancesRohapniumMathew
et al, 2004). Sheejat al (2013) also reported th& longumandP. sarmentosum

shares many morphological and reproductive chaiaeted the molecular profiling
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data with ISSR markers plac®dsarmentosuralong withP. longumandP. hapnium
EST SSR markers could not differentiftelongumandP. hapnium.These two are
the only species having fused fruits. Both morpbwmial and molecular studies
clearly exhibited morphological and genetic siniilas of P. longumandP. hapnium
(Saji, 2006). The exotic species were assembleetheg in the eighth cluster bBt

colubrinumstood apart from rest of the exotic species.

The 7 EST SSR markers developed in the present semhrated all thBiper

species excef. longumandP. hapniumwhich exhibited 100% similarity.

5.9. Genomic SSR markers

Seven genomic microsatellite markers were develdpednalyze the cross
species amplification profiling of twenty oniper species including the exotic
species. A total of 43 alleles were generated s#hen genomic microsatellite
markers. Average number of allele per loci is 6. lHe maximum number of alleles
was noticed with the marker, BPM 52 (10 of 42). Témst number of alleles were
observed with the SSR marker BP SSR 12 and BPM CNTGHb5only 4 alleles. The
maximum value of PIC was noticed with BP SSR 12 (0a®) minimum value by

BPM CNTG 5 (0.09).

Sahaet al. (2006) developed genomic SSRs from tall fescue camfirmed
their transferability across multiple grass specasl he also noticed that the

polymorphism rate is higher in fescue than the rogpecies studied.

5.9.1. Cluster analysis based on genomic SSR marker

Nine clusters were attained with the UPGMA dendaogrcreated with

genomic SSR markerB. betlewas associated with. attenuatum, P. hymenophyllum
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andP. argyrophyllumwith 88% similarity that formed the first clust&. barberiand
P. bababudanwere distinct as noticed by Saji (2006). Two seeadf Piper were
grouped together into the second clusierthomsonandP. hamiltoniishared 97% of

similarity between them.

P. attenuatum, P. hymenophylluamd P. argyrophyllumformed the third
cluster. Of this,P. attenuatum and P. hymenophyllymere more similar with a
coefficient of 100% similarityP. argyrophyllumshowed 97% similarity and have
more affinity towardsP. hymenophyllunand P. attenuatumBut according to Saji
(2006),P. attenuatum and P. argyrophylltame more similar thaR. hymenophyllum.
The fourth cluster was occupied by fdRiper species and iB. nigrum P. galeatum,
P. trichostachyorandP. sugandhiAmong theseP. nigrumandP. galeaturrshowed
more similar with a 95% coefficient of similaritiBabuet al, (1993) indicated the
possible origin ofP. sugandhias a hybrid involvind?. nigrumas one of the parents

andP. trichostachyoror P. galeaturmas the other parent.

P. peepuloidesyas the sole member of the fifth cluster and sho®&%h of
similarity. Cluster VI consists d®. longum, P. sarmentosusndP. hapniumOf this,
P. longumand P. sarmentosunshowed 95% of similarity with each otherP.
hapniumshowed 85% similarity with the group members. Adaag to Ravindraret
al. (1996), P. hapniumwas closely related t®. longum but differ only in the
climbing habit of the former.P. bababudaniand P. ribesioideswere placed
individually in cluster VII and VIII respectivelylhis is in agreement with Saji (2006)
who placedP. bababudanseparately from the rest of the species. Both tleeisp
have a similarity coefficient below 75%. colubrinumand P. ornatumformed the
first sub group 95% of similarity?. arboretumandP. magnificumwere more similar

than the other group of the cluster and the caefftoof similarity is 97%.
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The 7 genomic SSR markers differentiated all théPer species exceR.
attenuatumand P. hymenophyllunwere more similar with a coefficient of 100%

similarity, which share similar morphological chetexs (Saji, 2006).

Nine clusters were attained with 124 alleles getedravith 20 microsatellite
markers in which the similarity coefficient rangeedm 0.61 to 1.00P. betlewas the
only species present in the first clustBr. attenuatum, P. hymenophylluand P.
argyrophyllumare with 98% similarity and formed the second tdusAmong the
second clusterP. attenuatumand P. hymenophyllunexhibited 100% similarity of
coefficient. But according to Saji (2006R. attenuatum and P. argyrophylluame
more similar tharP. hymenophyllumThe third cluster was occupied by foRiper
species and i®. nigrum P. galeatum, P. trichostachyamd P. sugandhiAmong
these,P. nigrumandP. galeatumshowed more similarity with a 95% coefficient of
similarity. Babuet al, (1993) indicated the possible originff sugandhias a hybrid
involving P. nigrumas one of the parents aRdtrichostachyoror P. galeaturmas the
other parent. Cluster IV consists Bf longumandP. hapniumand their similarity of
coefficient was 93%. According to Ravindrahal. (1996),P. hapniumwas closely

related taP. longumbut differ only in the climbing habit of the forme

P. barberiis placed alone in fifth clusteP. bababudanandP. peepuloides
are also placed individually in cluster VI and \fdspectively.P. sarmentosum, P.
ribesioides, P. thomsorand P. hamiltonii together formed the eighth cluster. Of
these,P. thomsoniand P. hamiltoniishowed 97% similarity. All the exotic species
viz., P. arboretum, P. ornatum, P. magnificiand P. colubrinumare occupied in the
cluster IX with two sub groups?. colubrinumand P. ornatumformed the first
subgroup with 92% of similarity.The pattern of distition of the 21Piper species

with principal coordinate 3-D plot matched with tthendrogram.
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5.9.2. Cluster analysis based on combined SSR mark€Genomic-SSR + EST-

SSR)

The 14 polymorphic microsatellite markers (7 ESTR$S genomic SSRS)
discriminated the entire 2Riper species with a similarity co efficient ranged from

0.70to 1.0.

5.10. Unique bands observed with microsatellite mé&ers

Unique bands were obtained for some ofRifger species with the aid of both
genome and EST derived microsatellite markers. Wmnigands were observed fér
betle, P. barberi, P. colubrinum, P. arboretum, &natum, P. magnificum, P.
ribesioidesandP. hamiltonii Senet al (2010) and Sheegt al (2013) also identified

species specific bands obtained with RAPD and ISSRet&

5.11. Genetic diversity analysis using previouslyeported microsatellite markers

5.11.1. Black pepper cultivars

From the previously reported 16 SSR primers developeblack pepper
(Menezeset al, 2009 and Joyet al, 2011) six microsatellite markers gave

polymorphism among 23 black pepper cultivars.

Kottanadan and Kalluvally showed 87% of similantyth each other and
occupied the first sub group in Cluster | Ravindré®9(l) and Ravindraet al. (1997
a, b) reported cluster analysis of 44 major cutivand grouped Kottanadan and
Kalluvally together in a group as in the presentgt Neelamundi and Kuthiravally
are 84% similar to each other. This grouping malckheth available report by
Mathew et al (2001). The coefficient of similarity between gakodi and

Poonjaranmunda was 78% and Thommankodi was linkedhem with 71%
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similarity. Perambramunda and Valiakaniakkadan €thw5% similarity to each
other. Ravindran (1997) has carried out a comparativdy on pepper cultivars based
on flavonoid profiles and clustered Narayakodi, fineankodi and Perambramunda

in the same cluster as reported in the preseny.stud

Thevanmundi, Malamundi and Nedumchola accommodatethe second
cluster and the first two cultivars were more samidnd exhibited a coefficient of
similarity of 85%. Karimkotta and Perumkodi togethi@ermed a subgroup with 75%
affinity to each other and are similar to the fimge of Ravindraret al. (1997).
Chumalakodi was the only distinct member of the teluslISR Sakthi could be
separated from its open pollinated progeny 04-P2vth primer PNE3 which was
the most significant achievement. The dendrograased on UPGMA supported
good variability in many of the cultivars studieddathese cultivars can be utilised in
the convergent crosses for maximum hybrid vigoubleck pepper (Ibrahinet al,

1985h).

The dendrogram generated with the data are in agmetewith the findings of

earlier workers to an extent (Ravindrtral, 2000; Saji, 2006).

5.11.2.Piper species

Six polymorphic microsatellite markers were usedtiady the cross species

amplification profiling of twenty on®iper species including the exotic genotypes.

A total of 45 alleles were observed at the locithé six polymorphic
microsatellite markers. The maximum number of afielere noticed with the

marker, PND10 (11 of 45). The least number of eflelvere observed with the
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microsatellites PnGT2 and PnG11 each with 4 allelsh. The maximum value of

PIC was noticed with PNG11 (0.48) and minimum vadydé°ND10 (0.18).

The similarity coefficient of the phylogram rangdm 0.34 to 100%. Most
of the Piper species were clearly separated with these marlexsept P.
argyrophyllumandP. hymenophyllumvhich showed 100% similarity to each other,

which is in agreement with the finding of Saji (300

5.12. Combined cluster analysis of genomic SSR ped| with EST SSRs and

other available markers.

The 124 alleles generated with 20 polymorphic nsatellite markers clearly
separated all the 2Riper species with a similarity coefficient ranged frdn#3 to

0.96.

Though the SSR markers could not separate aPiber species individually,
these markers coupled with other microsatellitekaia formed sufficient resources

together to understand the genetic architectuldaak pepper anBiper germplasm.
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SUMMARYAND CONCLUSION




Chapter 6

SUMMARY & CONCLUSION

Black pepper, the supreme among the spices is tis¢ \mdely used spice in
the world. The black pepper of commerce is theddreature fruits of the tropical
perennial climbing vinePiper nigrumL. In genusPiper, the role of phylogeny is
particularly significant, as major break througims viarietal evolution have been
achieved through the conventional breeding. Howewkre to reduced floral
structures, morphological characterization is qudytially effective in estimations of
diversity in Piper. Molecular markers being independent of environneamtditions
have come up as an effective tool for characteomabf genetic material. DNA
markers can augment phenotypic evaluation in etitmaf the genetic variability
between species more efficiently and they can b&cptarly useful in resolving
complex phylogenetic problems. Among the DNA maskanicrosatellites are the
most frequently used molecular markers in geneh@rdity analysis due to its

multiallelic, codominant and high genome coverage.

In this study three approaches were used for anglysiter relationships
among Piper species, varieties and cultivars. They include S®Reldped from
genomic libraries enriched for SSRs (genomic SSRey fthe EST sequences
deposited in the public domain (EST-SSRs) and SSRwtexl earlier. Thirty nine
black pepper genotypes including 23 cultivars aBdeleased varieties from diverse
geographical locations of Kerala andRiper species including Western Ghats, North

East and Exotic species maintained at ISR Expetiahefarm, Peruvannamuzhi
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were used for genetic diversity analysis and cepessies amplification studies,

respectively.

Use of computational approaches to mine sequescebl as expressed
sequence tags (ESTs) in public databases permits aad economical discovery of
SSRs.Out of the 206 sequences retrieved from genbarkGBI website, 87 EST
sequences were froRiper nigrum 50 fromP. colubrinum 63 fromP. longumand 6
from P. tuberculatum After redundancy elimination a total of 66 micutedlite
repeats were detected and the most abundant ntielidsaepeat motif detected .
nigrum was pentanucleotides (51.52%) followed by hexaratiles (37.88%) when
the parameters set as penta and hexanucleiotideateep 2. A total of 15
microsatellite SSRs were detected from the non mahindatabase d?. longum
Pentanucleotide repeats motif was the most abundd6t67%) among the
microsatellites followed by hexanucleotide motib@&7%). Only one microsatellite
repeat was detected from the datasd?.dtiberculaturrand the motif identified was a

pentanucleotide (AAGCG/CGCTT).

Out of the 23 primer pairs synthesized and teste@inplification 17 primers
yielded good amplification products (73%) and seywemers were found to be
polymorphic markers. All the EST SSR primers produocgonomorphic bands on
PAGE when tested on 39 black pepper genotypes.eSthe DNA sequence
conservation is greater in coding region can leadotver polymorphism in genic
SSRs (EST SSRs) making them less efficient for fimgeting closely related
genotypes and also the nucleotide substitutionisaeore in non coding region than

coding region, a small insert genomic DNA librargsaconstructed in black pepper.

207



Good quality genomic DNA was isolated from the lirdsaves of black
pepper genotypes amidper species. The selective hybridization protocol wsed for
the construction of microsatellite enriched genomNA libraries. Black pepper
variety Panniyur 1 was used for library constructidmong the four restriction
enzymes tested for digesting genomic DNRsal andAlu 1 were selected based on
the optimum size of the restricted DNA fragmentKk? and compatibility with the
linkers used in the protocol. Suitable linkers (S&u®BNX) were ligated to the
restricted fragments and the successful ligatioa @anfirmed in a PCR using linker
ligated DNA as template. The amplified fragmentsemesed for enrichment with the
aid of six types of 3’ biotinylated oligos- [(AG), (TG) 12, (ACT) 12, (AAAC) s,
(ACCT) 6 (ACTG) ] and strepavidin coated magnetic beads. ThesehmatiDNA
fragments were amplified, cloned into pCR® 2.1 TORter and transformed into
competent cells. One eighty five transformants vsergiected to colony PCR using
M 13 forward and reverse primers (vector specificnprs) and the insert size was
confirmed by restriction digestion witBco Rl. One hundred and six clones having
insert size of 300 bp to 1 Kb were identified artksted through colony PCR.

A total of 106 plasmid DNA were sequenced. ScantivegMicrosatellites in
the non-redundant dataset revealed a total of Ilgua SSRs in the case Bf
nigrum Among the microsatellite repeats detected, permiantides were the most
abundant followed by dinucleotide and hexanucleotiepeats when the parameters
were set as penta and hexanucleiotide repeatOut of the 37 primers designed, 28
primers generated amplicons of which 13 primersewidentified as polymorphic
markers. Seven SSR primers that have produced 1f0%ferability were used for
genetic diversity analysis iRiper species. Five markers generated polymorphism

among 39 black pepper genotypes.
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The five microsatellite markers (CNTG 15, BP SSRBRM CNTG 5, BPM
154 and BPM 156 B) developed from black pepper gendibrary produced a total
of 26 alleles. The average number of alleles pani@as found to be 5.2. The BP SSR
11 exhibited maximum number of alleles (10 of 2@)oived by BPM CNTG 15 (5 of
26) and the least number of alleles was noticed®M 156 B (3 of 26). The
maximum value of PIC was noticed with BPM CNTG 5 (0.88d minimum value

with BPM 154 (0.21).

The five SSR markers placed the 16 released \esiefi black pepper to five
clusters. The similarity coefficient of various stars ranged from 0.69 to 0.96.
Panniyur 1 and Panniyur 3 were clustered togetheugh they exhibit different
morphological characters shared 84% similarity.nidam 4 and Panniyur 5 exhibited
92% similarity. These four varieties formed thesfficluster. The second cluster
consisted of Panniyur 2 and Panniyur 7 sharing 9i#tarity along with Panniyur 6
which was linked to them at 86% similarity. Sreekand Subhakara which are clonal
selections from Karimunda could separated from edicr with BP SSR 11 marker.
ISR Sakthi and ISR Thevam which were 92% similarnfed third cluster.
Panchami, Pournami, PLD-2 and IISR Girimunda wectuted in the fourth cluster.
ISR Malabar Excel stood distinct forming the fiithuster with 69% similarity with

other clusters.

The four genomic microsatellite markers (BP SSRBAM 31, BPM 154 and
BPM 156 B) produced a total of 17 alleles with therage number of alleles per loci
4.25. The four polymorphic markers showed a comalule level of polymorphism
among the 23 black pepper cultivars.The maximum bermof alleles was noticed
with the markers, BP SSR 11 and BPM 154 (5 of 17p¥adid by BPM 31 and the

least number of alleles was noticed in BPM 156 Bf(27). The maximum PIC value
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was noticed with BPM 31 (0.39) and minimum valuerwBPM 156 (0.23). The
genomic microsatellite markers discriminated mahyhe cultivars. However, they
failed to differentiate ISR Sakthi from its openllpated progeny P24 O4 (04 P24-

1). Similarly Kuthiravally, Balancotta and Arakkulamnda could not be separated.

The EST SSR primers produced monomorphic bands daBPwhen tested
on 39 black pepper genotypes. But 5 genomic SSR msafétend to be polymorphic
among black pepper genotypes were subjected fatigediversity analysis. The five
polymorphic markers (CNTG 15, BP SSR 11, BPM CNTG 5, BPM and BPM
156 B) generated a total of 26 alleles and the geeramber of alleles per loci was
found to be 5.2. The maximum number of alleles mattced with the markers, BPM
11 (10 of 26) and the least number of alleles waged with primer BPM 156 B (3
of 26). The maximum value of PIC was noticed with BBM (0.30) and minimum
value by BPM 154 (0.21). The dendrogram based osetldata clearly separated all

the 16 released varieties with a similarity coédfit ranged from 0.69 to 0.96.

The four polymorphic genomic microsatellite marké8® SSR 11, BPM 31,
BPM 154 and BPM 156 B) generated 17 alleles and drkilthe average number of
alleles per loci 4.25. The maximum number of aleMas noticed with the markers,
BP SSR 11 and BPM 154 (5 of 17) and the least numbatleles was noticed in
BPM 156 B (3 of 17). The maximum value of PIC was ceatiwith BPM 31 (0.39)
and minimum value by BPM 156 (0.23). The dendrogdrawn with these markers
could not separate ISR Sakthi from its open poléda progeny. Similarly
Kuthiravally, Balancotta and Perumkodi, Karimundad aArakkulam munda,

Chumalakodi also could not be separated.
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In order to determine the microsatellite repeatati@n in terms of allelic
difference, the alleles generated by the primer BR $1 from 3 genotypes (Panniyur
2, Panniyur 3 and Pournami) were sequenced indiligluThe sequences obtained
from 3 genotypes (Panniyur 2, Panniyur 3 and Paubhamplified with BP SSR 11
when aligned using CLUSTAL W and Mega 6 multiplessace alignment program,
they showed microsatellite repeat variation for jGAPanniyur 2- (GA)e Panniyur

3- (GA) 19, Pournami- (GA)»») (Fig 45).

The presence of the repeat region (CGACAIN) the amplified product of
microsatellite marker PC ESTSSR ®22s also confirmed by aligning the sequence
(obtained by sequencing the PCR product of Sp2nigrum) with the original

sequence (SSR containing EST sequendé& oblubrinumretrieved from NCBI).

A set of 14 polymorphic microsatellite markers @gmic and 7 EST-SSR)
generated in the present study were tested forefitsctive transferability and
polymorphism in 21Piper species. All the 7 EST-SSR markers fr&iper nigrum
andP. colubrinumwere completely transferable to all the Riper species. Among
the 13 polymorphic SSR markers generated, 7 maxkers completely transferable
to all thePiper species tested. The grouping was done using E&®Im&8kers alone,
genomic SSR markers alone and also in combinatidhs. previously reported
microsatellite markers were also used for crosssteaability and are also added
along with EST derived and genomic microsatellitarkers to assess genetic

diversity.

The seven polymorphic EST SSR markers used to amatyoss species
amplification profiling of twenty on@iper species produced a total of 36 alleles. The

average number of allele per loci was 5.14. Theimam number of alleles was
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noticed with the marker, PN EST SSR-6 (8 of 36) #redleast number of alleles were
observed with the microsatellite PN EST SSR-4 a@dEBT SSR-22 with two alleles
each. The maximum value of PIC was noticed with P8I ESSR-4 (0.36) and
minimum value by PC EST SSR-22 (0.09). These sewdgmorphic markers
separated all the species excEptlongumand P. hapniumwhich exhibited 100%

similarity.

Seven genomic microsatellite markers generatedah o 43 alleles with a
maximum number of allele noticed for the marker BB®I (10 of 43). The least
number of alleles were observed with the SSR ma@8keESR 12 and BPM CNTG 5
with 4 alleles. Average number of allele per lo@sn6.14. The maximum value of
PIC was noticed with BP SSR 12 (0.40) and minimumesalyiBPM CNTG 5 (0.09).
The grouping generated with these markers are wlgarthe earlier understanding of
inter relationship irPiper species. But the marker could not sepaRatattenuatum

andP. hymenophyllum

The grouping was also done with 14 SSR markers (¥ &SR+ 7 genomic
SSR) for characterizing the genuddper. The markers in combination clearly
separated all the 2Piper species which could not separated with these marke

individually.

Previously reported 16 SSR primers developed inkbfepper (Menezest
al., 2009 and Joet al, 2011) were also used to study genetic divensitplack
pepper cultivars andiper species. A total of 25 alleles were produced vsith
microsatellite markers (PN H8a, PN E3, PN A5, PNODBN F1 and Pn GT2 ) on
genotyping 23 black pepper cultivars. The averageber of alleles per loci is 4.16.

The maximum number of alleles was found with thienprs PN D10 (7 of 25) and
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the least number of alleles were found with thempri Pn GT2 (2 of 25). The
maximum PIC value was observed with the primer PNE35) followed by PN F1
(0.43) and the least value noticed was 0.34 fomtaeker PnGT2.These six markers
discriminated all the black pepper cultivars witB24 similarity. The genomic SSR
markers when pooled with previously reported makbas given much better

grouping when analyzed individually.

In 21 Piper species, the six markers generated a total of llkles were
observed with 6 polymorphic SSR markers (PN B5, PN A8 G11, PN D10, Pn
AG30, Pn GT2). The maximum number of alleles wagated with the primer PN
D10 (11of 45) and least number of alleles (4 of wBje produced with PnGT2. The
maximum PIC was observed for the primer PN G11 {(jCa#@ minimum value by PN
D10 (0.18). These markers separated allRheer species exce®. argyrophyllum
andP. hymenophyllunt-However, The microsatellite markers developed epghesent
study (EST SSR+ genomic SSR) along with other prelyoeported marker
resources exhibited a clear separation betwed?ifdr species which could not been

done with the marker of choices individually.

Unique bands were also obtained with both genomét BST SSR markers
for P. betle, P. barberi, P. arboreum, P. ornatum, RgmficumandP. colubrinum,

P. ribesioidesandP. hamiltonii

In this study three approaches were followed foudgng the
interrelationships amonBiper species, varieties and cultivars of black peppbey
were SSRs developed from ESTs, genomic libraryaridsS®ported earlier. These
primers in combination have clearly separatedhal gpecies, varieties and cultivars

though some of them failed to separate when they usdividually. The genomic
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resources developed and tested can be effectivitiged for studying genetic
architecture and inter relationship in the gerRiper. They can also be utilized in
future for tagging important traits for varietalemtification and marker assisted
breeding.

The present study gave us 14 new (additional) meatedlite markers for
genusPiper and 5 markers for black pepper to dissectRiper genome and to have a
better understanding about the genetic diversitglatk pepper and related species.
This helps us in wide hybridizations between magérmdent cultivars for exploiting
hybrid vigour in black pepper which was proved iearby the development of
Panniyur -1. These additional molecular markers aldo help in supplementing the
efforts made earlier (Nirmal Balet al, 2003) in preparing molecular maps, tagging
genes of important agronomic characters. This é@urthelps in marker assisted

breeding in black pepper and reducing breeding.time
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APPENDIX- |
STOCK SOLUTIONS/ REAGENTS/ BUFFERS/ CULTURE MEDIA
la) DNA Isolation
1M Tris HCI (pH 8.0)

121.1 g of Trizma base (Sigma, USA) was dissolved®00 ml of double
distilled water. The pH of the solution was adjdste 8.0 by adding concentrated
HCI. The volume of the solution was made upto 1000with distilled waterand

sterilized by autoclaving.

0.5 M EDTA (pH 8.0)

186.1 g of ethylene diamine tetra acetic acid disodsalt dihydrate(Sigma,
USA) was added to 800 ml of distilled water andretl vigorously on a magnetic
stirrer. The pH of the solution was adjusted toBith 10N NaOH and made up the

final volume to 1000 ml. The solution was steritizgy autoclaving.

5M NacCl

292.2 g of NaCl (USB) was dissolved in 800 ml of idest water. The final

volume was made up to 1 L with distilled water atetilized by autoclaving.

Chloroform: Isoamylalcohol (24:1)

96 ml of chloroform (Sigma, USA) was mixed with faul of isoamyl alcohol

(Sigma, USA) and stored in ambour coloured rea@drtttles at room temperature.

Phenol: Chloroform: Isoamylalcohol (25: 24: 1)

Equal volumes of Tris saturated phenol (pH6.8) (Sigma, USA) and
chloroform: isoamylalcohol (24: 1) were mixed amoked in ambour coloured bottles

at 4°C.
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CTAB extraction Buffer
Components used

100 mM Tris-ClI (pH 8.0)

20 mM EDTA

2 M NaCl

4% CTAB

0.5 %p- mercaptoethanol (freshly added prior to prehgatin

1 % PVP (w/v) (freshly added while grinding leafstie)

TE buffer (pH 8.0)

10 mM Tris-Cl (pH 8.0)

1 M EDTA (pH 8.0)

Ib) Electrophoresis of Nucleic Acids

50X TAE buffer

Trizma Base 24209
Glacial acetic acid 57.1 ml
0.5 M EDTA (pH 8.0) 100.0 ml

The final volume was made upto 1 L with distilledter.

50X TBE buffer

Tris base 54.0¢9
Boric acid 275¢g
0.5 M EDTA (pH 8.0) 20.0 ml

The final volume was made upto 1 L with distilledter.
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Gel loading dye

Bromophenol blue 0.25 %
Xylene cyanol 0.25 %
Glycerol 30.0 %

Ethidium bromide (10 mg mi?)
1 g Ethidium bromide was dissolved in 100 ml oftidesd water, stirred for
several hours on a magnetic stirrer to dissolvedyee The solution was aliquotted,

transferred to dark bottles and stored at room &zatpre. Wear gloves while using

ethidium bromide solutions as it is carcinogenic.

PAGE gel loading buffer(Sambrooket al 1989)

98 % formamide
10 mM EDTA (pH 8.0)
0.1 % xylene cyanol

0.1% bromophenol blue

Urea-Acrylamide 15 % mix — 60 ml

40 % acrylamide solution (29: 1) 22.5 ml
10 X TBE 6ml
Urea (7M) 25.2. ¢

All the above components were mixed, dissolved rmade upto 60 ml using

distilled water.

10 % APS

To 1 g of ammonium per sulphate, 10 ml of distiNeater was added, mixed

and stored at 2C.
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Ic) Enrichment of Microsatellites
20X SSC

175.3 gof Sodium chloride (NaCl) and 88.2 g Sodiutraie (Himedia, USA)
was dissolved in 800 ml of distilled water. The pHhe solution was adjusted to 7.0
with few drops of 10 N NaOH. The volume was adjdste 1 L with water and

sterilized by autoclaving.

2X Hybridization Solution

12X SSC, 0.2 % SDS (pH 7.0)
1X Hybridization Solution

6X SSC, 0.1 % SDS (warmed for proper dissolving)
Washing Solution - |

2X SSC, 0.1 % SDS (warmed for proper dissolving)
Washing Solution - 1l

1X SSC, 0.1 % SDS (warmed for proper dissolving)
Id) TRANSFORMATION/ RECOMBINANT SELECTION
Luria-Bertani (LB) broth

25 g LB broth powder (Himedia, India) was dissohed950 ml sterile
distilled water. The volume was adjusted to 100Queihg double distilled water and

sterilized by autoclaving.

Luria-Bertani (LB) agar

40 g LB agar readymade powder (Himedia, India) vaked to 950 ml double
distilled water, melted by heating in a microwawe. The volume was made upto

1000 ml and sterilized by autoclaving.
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IPTG — 200 mg/ml

2 g of IPTG (Isopropyl thiogalactoside)(Fermentagrmany) was dissolved
in 8 ml of distilled water. The volume of the sadut was adjusted to 10 ml with
distilled water and filters sterilized. The solutizvas dispensed into 1 ml aliquots and

stored at -20C.

X - Gal
20 mg of X-gal (5-bromo -4-chloro-3- indolpHD- galactoside) (Fermentas,
Germany) was dissolved in one ml of N, N- dimetloyimamide (Himedia, India) and

aliquoted into 2ml microcentrifuge tubes wrappedliuminium foil and stored at -20

°C.

Kanamycin

250 mg of Kanamycin (Himedia, India) was dissolue8 ml of sterile double
distilled water. The solution was filter sterilizeding a 0.22 micronmembrane filter

(Himedia, India) and stored at -20.

le) Silver Staining
Fixing solution (18-25°C)
Glacial acetic acid (C¥COOH) (Himedia, India) was dissolved to 7.5% (v/v)

with deionized water.

Formaldehyde solution (18-2%C)

15 ml of formaldehyde (Sigma, USA) was dissolve@%ml| deionized water

Impregnating solution (18-25°C)

0.1 g silver nitrate (AgNe) (Sigma, USA) dissolved in 100 ml deionized

water
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Sodium thiosulphate stock solution (18-25C)

0.2 g sodium thiosulphate was dissolved in 50 enized water.
Developer solution (8°C)

3 g of Sodium carbonate (M20Os) dissolved in 100 ml deionized water.
Developer stop solution (£C)

Glacial acetic acid was diluted to 7.5% with derad water.
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APPENDIX- Il

lla) Protocol followed for Agarose gel electrophorsis

Cleaned gel casting tray and combs were wiped vdthhal

The gel casting tray was placed horizontally arelrtbpen ends were sealed
with tapes.

The combs were placed in the gel tray and aligmedeply.

For preparing a 0.8% (w/v) agarose gel, 2.4 g agans weighed and
transferred to a 300ml TAE buffer (1X) in a 500¢unhical flask.

The agarose was dissolved completely in the buffadating to 80-85C in a
microwave oven.

The solution was allowed to cool to approximateBr6® °C and 6 pl of
ethidium bromide (10 mg/ml)was added to the mokeyarose, mixed and
poured to the gel tray. The tray was left undistdrbor 30 min.

The combs and the sealed tapes were removed darafa the gel tray was
placed in the electrophoresis chamber immersed wmbugh TAE buffer
(1X).

The DNA sample was mixed with gel loading dye (@&ppendix 1b) and
loaded onto the wells of agarose gel along withdadad DNA marker.

The lid of the electrophoresis chamber was canefallosed and was
connected to the power supply (50-60 V).

After enough separation of the gel loading dye, WA bands were
documented with Kodak Gel Logic 200 image analysistem (Eastman

Kodak Company, Rochester, NY).
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lIb) Protocol followed for setting up and casting he denaturing PAGE gel
* Wash both the glass plates thoroughly with water laquid detergent. Rinse

the glass plates thoroughly with deionized wateretoove detergent residues
and wipe with tissue paper soaked in 70 % alcohdlar dry the glass plates.

* 15% PAGE gels (15% polyacrylamide; 7M urea) werppred by mixing 60
ml urea; acrylamide mix (Appendix 1b) with 200 phmonium persulfate
(10%) and 30 pl of TEMED (Sigma Aldrich, USA).

* The polyacrylamide mix was then poured onto thembded gel plates of the
sequencing electrophoresis apparatus (BioRad, USAJ allowed to
polymerize for 20-30 min.

* The combs were carefully removed and all the wedise washed with buffer.

* The tank was filled with 1 X TBE and the gel wasjsated to pre run at 200
V for 30-60 min. The wells were again washed wixhTBE.

e The 5.0 ul PCR product were mixed with an equal velush denaturing
buffer (98% formamide, 10mM EDTA (pH 8.0) 0.05% emk cyanol, 0.05%
bromophenol blue), denatured at 94 °C for 5 min iamediately placed the
samples on ice.

* The samples were resolved at a constant power®W2r 4-6 h (Run time

depends as per the expected size of PCR products).

lic) Protocol followed for silver staining PAGE gels

* The plates were carefully removed from the apparatd kept on blotting
paper. The spacers were also removed and sepératpthtes.
= The gel was then placed in a gel tray containin@ ®0 fixing solution for 10

min.
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Followed by fixation, the fixer solution was decashtand washed twice with
deionized water for 2-3 min.

Washed gels were then soaked for 10 min at roonpeesture (22-24C) in
600 ml formaldehyde solution.

The formaldehyde solution was decanted and 600f milver nitrate solution
was added and covered the tray and incubated f@018in.

Following silver impregnation, the solution was de®d and the gel was
rinsed twice with 200 ml of deionized water for G-gec.

600 ml of developer solution was added to the gel lat it until the bands
appear with sufficient intensity (3-5 min).

When the desired intensity was achieved, the dpeelsolution was decanted
and further development was stopped by impregndtiaggels in 600 ml stop
solution for 5-10 min.

The stop solution was then poured off and the g washed two times with

deionized water and scanned the image.
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