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ember s of 

Theobroma cacao L. (chocolate tree; 2n = 2x =20), is an outbreeding understory 
? planifotia 

tr ee, com monly referred to as cac ao or cocoa, altho ugh th e latter has b eenMolecular 
tradi tiona lly referr ed to the processed products of the cacao tree. Cacao was use d by 
the early indigenous peopl es of South and Cen tral Am erica mo re than 3,000 years 

W. (2005). ago, including the Olrnecs, Mayan and later Az tec civilizations in Centra l Am er ica 
in China . (Young, 1994; Coe an d Coe, 1996; Henderson et al., 2007; Powis et al., 2011). The 

objects of these early exploits , referred to in the literature as "Criollo" cacao, were 
Lger, F.C, once taxonomically regarded as a separate species, T. cacaossp . cacao (Cuatreca sas, 
is of pod 1964). Alth ou gh stu dies have confirmed the Am azon basin as the centre of d iversity 
, 15(1): l. of cacao and home to the 'Fo ras tero' cacao (Cheesman, 1944; Motam ayor et al., 2008; 

Thomas e t al., 2012), there has been little und erstanding of d iversity or phylogenet ic 
. Isolation 

relationships between geographical variants or populations. Further, the origin of 
imsianum 

"Trinitario' cacao, a hybr id population between Forastero and Criollo an d the basis 
for the fine / flavour cacao industry, has been mired in mystery. The cont ribu tion of 
molecular profiling of cacao has been tremendo us , over the past four decad es, on 
reinforcing or refining an thro po logical studies, resolving taxonomic issues, defin ing 
populati ons, understanding the origin of "Trinitario' cacao an d contributing to the 
ove rall understanding of the evolu tion of cacao . 

Cacao h as a little understo od breed ing system enforced by a com plex multi­
allelic inco mpatibility system encompassing features of both the sporophytic and 
game tophy tic systems resulting in poten tial cross-compatible, incompatible and 
self-compatible reac tions depen ding on the ma ternal tree and surro unding pollen 
dono rs (Knigh t an d Rogers, 1953, 1955; Cope, 1958, 1962; Baker et al., 1997; Ford and 
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Wilkinson, 2012). Highly inbred landraces also exist in Central and South America, Effort 
referred to as 'Criollo' or 'Arnelon ado' or 'Na cion al' (Bartley, 2005; Motamayor et livelihood 
al., 2008; Loor Solorzano et al., 2012). With the onset of European colonisation of poorunde
the Americas, cacao was transported out of the South American mainland into among ge' 
the Caribbean Islands, West Africa, Asia and the Pacific islands (Wood, 1991; structure ,
Lockwood and End, 1993; Bartley, 2005). Many of these introductions originated within the
from the same geographic area or were descended from seedlings or seeds of few improve tJ
fruits that were transported in oceanic voyages. Plant material conveyed to and 

core and n
established at one site , often served as the secondary focal point for distribution 

gardens is , to other distant areas. This , and the fact that a limited number of parents have 
to the po o been used in breeding programmes, has resulted in cultivated cacao possessing a 
play an in narrow genetic base.The exploitation of genetic diversity in plant breeding has been 
and d istril hindered by poor understanding of the breeding system of cacao, the absence of 
for identit reliable genetic information on the inheritance of traits and limited genetic markers 
phylogeneto support breeding. 

Cacao encompasses wild, semi-cultiva ted and cultivated varieties and the The cl 

current form of the species is relatively unchanged from the T. cacao in the centre of cocoa , the ( 
diversity. Due to its recalcitrance and its predominantly outcrossing nature arising improving 
from its complex incompatibility system, cacao genetic resources are maintained as phylogenel 
living collections in field genebanks (Figure 16.1).Cacao germplasm has been named explo itatio i 
according to the country, farm, collecting expedition, river system and research planting m 
station (Lockwood and Gyamfi, 1979; Turnbull and Hadley, 2012). Cacao genetic 
resources are maintained in over 50 collections worldwide (Motilal and Butler,2003) 2. Hlstoi 
with two Universal Collections - the Centro Agronomico Tropical de Investigaci6n Fruit a 
y Ensefianza in Costa Rica and the International Cocoa Genebank Trinidad (ICGT) classify coc 
in Trinidad and Tobago. Information on cocoa varieties, or accessions as the y are 1944;Cuatr
called in the germplasm collections, held in the worldwide collections with accessible and T. sph« 
records are contained in the International Cocoa Germplasm Database (ICGD) further pari 
maintained by the University of Reading (Turnbull and Hadley, 2012). Details on 

Cundeamo
accession nomenclature can be found in Lockwood and Gyamfi (1979), Iwaro et al. 

the limitati 
(2003), Bekele et al. (2006) and Turnbull and Hadley (2012). In the ICGD, ther e are 

syst ematic about 29,500 accession names of which there are 13,000 synonyms (Turnbull and 
Engels et al., Hadley, 2012) giving approximately 16,500 putatively unique accessions. Accession 
heritable pi nomenclature takes the form of an alphanumeric system where the lettered prefix 
and colour; indicates the accession group and the numeric suffix indicates the fruit, budwood 
been develr or seed source. Related cacao accessions may therefore be id entical to another 
et al., 1994; iaccession, be within the same family structure as full- sibs or half-sibs, belong to 
the collectic the same accession group or belong to the same population. Cacao accessions may 

carry the same name but may be genetically distinct from each other, because the for reprodu 
same name w as unknowingly applied more than once to different germplasm prirnarily di 
collected in different expeditions; seed-derived descendants from a- mother plant of modifyin 
were given the same n ame as the mother plant; or from errors in recording during therefore SI 

collection exped itions and reporting the accession name in the scientific literature relationshij 
and germplasm documentation. susceptible 

repeatable c 
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nerica, Efforts to conserve cacao genetic resources, as repositories for safegu ard ing the 
ayor et livelihoods of smallholder farmers and cacao businesses, have been hindered by a 
tion of po or understanding of the d iversi ty, genetic structure and phylogenetic relationships 
id into among geographical populations. A more comprehensive understanding of the 
I, 1991; s tru cture and diversity of cocoa is not on ly critical to understanding the gaps
;inated within the two Universal Collections of cacao germpiasm, but is also important to 
.of few improve the effectiveness and efficiency of collections through establishment of 
to and 

core and minicore collections . Poor fidelity in collections, seed gardens and clonal
ibution 

gardens is a hindrance to the efficiency of breeding programmes and also contributes ts have 
to the poor quality of planting material supplied to farmers . Molecular markers -ssing a 
play an imp or tan t role in curation, characterisation, augmentation, utilisation .as been 
and distribution of cacao germplasm. Multilocus molecular profiles can be used.ence of 
for identity analysis, genetic relatedness, genetic diversity, pedigree analysis,narkers 
phylogenetic assessment and genetic ancestry . 

The chapter traces the major historical advances in molecular profiling ofand the 
entre of cocoa , the current state of the art that has led to refining taxonomical relationships, 

arising improving the understanding of the evolution of diversity, it s structure and 
lined as phylogenetic relationships among populations, advancing the conservation and 
named exploitation of genetic resources in breeding, enhancing the deployment of quality 
esearch planting material in farmer fields , and future possibilities. 
genetic 
~r, 2003) 2. History of Mol ecul ar Profiling in Cocoa 
.igacion Fruit and seed traits, in conjunction with geographic distribution, were used to 
(ICGT) classify cocoa into two groups of Criollo and Forastero (van Halt 1914; Cheesman, 
hey are 1944; Cuatrecasas, 1964) which were thought to be two separate subspecies T. cacao 
cessible and T. sphaerocarpum respectively (Cuatrecasas, 1964). The Forastero group was 
(ICGD) further partitioned, based on fruit dimension and basal constriction, into Angoleta, 
tails on Cund eam or, Amelonado and Calabacill o forms (Toxopeus, 1985) . However,
iro et aI. 

the lim ita tions and ambiguity of this system have been recognised and a more
iere are 

systematic description of the phenotypic states (Enriquez and Soria, 1966, 1967; 
'ull and 

Engels ei al., 1980;Engels, 1983a,b), as used in most other crops, was instituted usingcession 
heritable phenotypic features of leaf pubescence and colour; pod shap e, features 1 prefix 
and colour; seed morphology and floral morphology. Phenetic dendrograms havedwood 
been developed for cacao (Bekele and Bekele, 1996; Aikpckpodion, 2010; Bekele mother 
et al. , 1994; Bekele et al., 2008a; Bekele et al., 2008b; Maharaj et al., 2011). However,long to 
the collection of phenotypic da ta is time-consuming and burdensome, particularlynsmay 

use the for reproductive traits in tree crops, phenotypic plasticity, and inconsis tent scoring 

nplasin primarily due to improper or insufficient training of data collectors and the influence 
~r plant of modifying factors on trait expression .The use of biochemical and DNA markers, 
during therefore supplan ted phenotype characterisation in understanding taxonomic 
era ture relationships. These molecular markers were heritable, more numerous, less 

susceptible to environmental vagaries and allowed for a more consistent, reliable, 
repeatable and reproducible study of genetic variation within any sp ecies . 
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Figure 16.1: Cacao Germplasm , in the International Cocoa GenebankTrinidad, these stud i 
Maintained as Living Trees. Amazon B 

A: Propagated accession with multiple trunks . The genotyped accesslon (note blue for cacao. ': 
label on central trunk) was sampled. If the trunks are identical to each other, fruits can 
be used from all trunks for this accession; B: An accession with green fruits which 2 .3 . Rani 
become yellow upon ripening; C: An accession with reddish fruits that will become 
orange-yellOW upon ripening. 

Note that the fruit forms in A, Band C are different from each other indicating that 
these are different accessions. DNA fingerprinting allows for the unique identification 
of these accessions and provides an estimate of the relatedness of the accessions 

The f 
p olymeras 
were usee 
polymorpl 

(Photographs courtesy of Lambert A. Motilal). 
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2 .1. Protein, Allozyme and Isozyme Polymorphism 

Protein banding patterns (Kaosiri and Zentmyer, 1980; Erselius and De 
Vallav ieille, 1984; Chowdappa and Chandrarnohanan, 1995) and isoenzymes 
(Lanaud and Berthaud, 1985; Atkinson et al., 1986; Lan aud, 1986; Yidana et al., 1987; 
Oudemans and Coffey, 1991 a.b,c: Oudemans et al., 1994) were the first to be used in 
mol ecular profiling in cacao .Allozymes are different form s of the same enz yme that 
ma y differ in electrophoretic mobility and can be separated in starch gels, stained and 
visualised .Following the ear ly work on isozymes studies by Lanaud and Berthaud 
(1985), Atkinson et al. (1986), Lanaud (1986) and Yidana et at. (1987), att empted to 
characterise the genetic diversity held at the ICGT started at the Cocoa Research 
Centre, then Cocoa Research Unit, in 1984, using the isoperoxidase system although 
other enz ymes including acid phosphatase were also investigated (Yidana and 
Kennedy, 1984-86). Later, other enzyme sys tems were incorporated to charac terise 
cacao populations at the Cocoa Research Centre (Warren, 1994). Sounigo et al. (2005) 
repor ted the classification of 459 cacao accessions from 26 accession groups with 
isoenzymes and provided evidence for the separation of wild and culti vated typ es. 
Warren et al. (1995) found that the acid phosphatase and isocitrate dehydrogen ase 
loci were linked to one of the loci in th e incompatibility complex of cacao.Altho ugh 
isozymes pr ovided for robust markers capable of being assayed early in the life 
tim e of cacao, there we re concerns about the number of available markers and their 
repeatability, particularly acros s different laboratories . 

2.2. Restriction Fragment Length Polymorphi sm 

The use of DNA finge rp rinting assays to analyse a plant geno me was first 
rep orted by Ryskov ei al. (1988) using res triction fragment length polym orphism 
(RFLP). The pr ocedure involved dig esting the DNA with a res triction enzyme 
to gene rate fra gm ents of different sizes, separa tin g the fragments using gel 
electro phoresis and transferring to a nitrocellulose or n ylon membrane. The 
membrane is then probed with a radioactively labelled DNA fragment and th e 
pattern visualised through autoradiography. Kurt et al. (1989) later used synthe tic 
oligo nucleotides th at target ed simple, repetitive DNA seque nces to gene ra te 
hypervariable DNA fingerprinting profiles in barl ey and chickpea tCicerarietinumi. 
The techn ique, however, needed large amounts of DNA. In cacao, RFLPs were 
used to study the genetic diversity (Lau rent et al., 1993, 1994; Figueira et al., 1994; 
N'Goran et al., 1994; Lerceteau et al., 1997), and later used to create the first genetic 
maps (Lanaud et al., 1995; Crouz illat et al., 1996). There is considerable suppo rt in 

inidad, these studies for the pr esence of gr eater div ersit y in Sou th America and the Upper 
Amazon Basin , in particular , and the notion of this region as the centre of div ersity 

:note blue for cacao. The markers could also be used to separa te Criollo from Forastero types. 
fruits can 
ri ts which 2 .3. Random Amplified Polymorphic DNA 
" become The field of DNA fingerp rinting was transformed by th e emergence of 

polymerase chain reaction (PCR)-based technology . Arbitrary primer sequences 
ating that w ere used to amplify an onymous segm en ts of gen omic DNA to produce
ntification 

polymorp hic banding pattern s (Williams et al., 1990; Caetano-Ano lles and Brant,ccesslons 
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1991; Welsh and McClelland, 1990). The assay pub lished by Williams ei al. (1990). 
based on the amplification of random segmen ts in the geno me with sing le primers of 
arbitrary nucl eotide seque nce called random am plifie d p olymorphic DNA (RAPD), 
ha s since been reported in numerous studies.Unlike RFLP, the technique was qu ick 
and sim ple as it did not include blotting or hybridising steps and required on ly 
small amounts of DNA. Add itiona lly, the re was no requirem ent for DN A p robes 
or se quence information for primer design as the p rime rs detected p olymorphisms 
in the abse nce of spec ific nucleotide seque nce inform ation . 

The RAPD sys tem was quickly ado pted by cacao scientists for fingerprintin g 
purposes with Wilde et al. (1992) being the first to rep ort RAPD polym orphism 
in cacao. These autho rs assessed 14 primers on 13 geno types, inclus ive of tw o 
Herrania and one T. microcarpum L ind ividuals. One primer was id entified th at 
sepa ra ted all th e individuals. The marker sys tem was ad opted by CRC in 1993 an d 
th e rep roducibility of the system w as investigated by Chris topher (1993) who used 
11 access ions in commo n to that of Russell et al. (1993). Christophe r and Sounigo 
(1995) screene d 150 decam eric RAPD primers and identified 18 promising primers 
from which five we re selecte d for identi ty and cluster analysis. These five primers 
yielded 17 polymorphic loci, with 1-7loci per primer and were used to sepa rate 27 of 
47 accessions. These au tho rs therefore recommended additional primers (and hence 
m ore loci) for id entity an alysis. Subse quently, w ith refinement of th e technique, 
RAPDs were used for linkage maps, iden ti ty analys is and genetic di versity studies 
in cacao (Figue ira et al., 1994; N 'Goran et al ., 1994; Lerceteau et al., 1997; Wh itkus 
et al., 1998; Kasran and Subali, 2002; Lan aud et al., 2004; Sounigo et al., 2005; Leal 
et al., 2008). Ana lysis of RAPD profiles provid ed support for unique diver sity in 
southern Mexico ('Whitkus et al., 1998), separation of dw arf and vigorous clones 
(Kasran and Subali, 2002), the distinction of Criollo from Forastero (Figue ira et al., 
1994; N'Goran et al., 1994; Lerceteau et al., 1997), and the sepa ra tion of 22 accessio n 
groups from each othe r inclusive of w ild and improved cultivar s (Sounigo et al., 
2005). However, th e repeatability and rep roducibility of the technique was greatly 
affected by reaction conditions an d comparis on of DNA finge rprinting profiles 
within and among lab oratories was severely affected . 

2.4. Amplified Fragment Length Polymorphism 

Anothe r app roac h to usin g PCR in DNA fingerprinting was the development 
of the amplified fragment length polymorphism (AFLP) assa y (Vos et al., 1995). 
The procedure involved di gestin g the DNA w ith a restriction enzyme mixture, 
ligating oligonucleotide ada p ters, am plifying the restricti on fragments and pre­
selective am plification followed by selective-PCR. With this meth od, a hi gh number 
of polymorphic bands could be produced and highly reproducible unique DNA 
fingerprinting patterns gene rat ed . Nevertheless, the assay is technically challenging 
and a larger quanti ty of DNA th an RAPDs is required . The first reported AFLP 
study in cacao (Perry et al., 1998) rep orted int er- an d intra- varietal differences even 
am ong phenotypically similar cacao va rieties . AFLPs we re mainly used in cocoa 
to satu ra te linkage map s (Risterucci et al., 2000; Clement et al., 2003a, b; Quieroz et 
al., 2003; Lanaud et al., 2004). H ow ever, AFLPs have not been adop ted for cultivar 
iden tification or stud y of genetic diversity at any of the cocoa genebanks wo rldwide . 
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2.5. Inter-simple Sequence Repeat Polymorphism 

Inter-simple sequence repeat (ISSR) - PCR, developed by Zietkiewicz et al . 
(1994), is ano the r PCR-based DNA profiling assay. The techn iqu e is used to detect 
the varia tion in length between two simple sequence repeats (SSRs, microsatellites) 
in the genome. SSRs are polymorphic loci consis ting of multiple tand em repeating 
sequen ces usu ally two to six base pairs in length. The target of an ISSR assay is any 
DNA segment located w ithin an ampli fiable dist ance bet ween two identical SSR 
region s orien ted in opposite dir ection . The ISSR markers are mostly inherited as 
dominant alleles altho ugh co-d ominance has been reported in maize (Gupta et al., 
1994) and citrus (Sankar and Moore, 2001). Alth ough ISSRs we re recommended by 
Ch art ers an d Wilkinson (2000)for fingerprinting cacao, its us e as a tool for cacao 
profiling was limited because of the speed of success in th e cloning an d isolation 
of mic rosatellite sequ en ces. A common di sadvantage of the RAPD, AFLP and ISSR 
techniques is the d ifficulty to det ermine whethe r an amplified DNA seg me nt is 
heter ozygous or homozygou s at a pa rticu lar locus. As a result, the marker alleles 
gene ra ted by these assays are dominant which reduces their information content. 
Thi s limi tat ion was overcome w hen cloni ng and sequencing of microsatellite 
sequences led to SSR marker s th at were co-dominant in th eir inheritance. 

2.6. Simple Sequence Repeat Polymorphism 

Simple Sequence Repeat (SSR) assa ys, in contrast to the previous markers, 
provide a combination of locus-specific, co-dominantly inherited bands wi th high 
levels of po lymorphism. The amplified regions have been termed sequence tagged 
microsatelli te sites (a variant of a sequence tagged site) becau se the microsatellite 
is effectively tagged in the genome th rough the design of a forward and a rever se 
primer from th e unique regions flanking the microsatellite, Microsatellite mutation 
rate in the genome has been rep orted to be as h igh as 10-2 per gene ration (Webe r 
and Wong, 1993; Li etal./2002), often th rough alteration of repeat nu mber (Li et al., 
2002). Repeat number chan ges have been theorised to occur through DNA slippage 
during replicati on or asymmetric recombination between DN A strands (Tachida 
and Iizuka, 1992). These polymorphisms have been shown to be co-domina n tly 
inherited / and are therefore va luable for DN A typing an d othe r gene tic pro filing 
applications. Another typ e of marker, SSR-RFLP, combined the power ofRFLP w ith 
the simplicity of peR using primers design ed around microsatellit e-containing 
regions in the geno me. Attempts had been made to eva luate the potenti al of SSR­
RFLP for use in developing country lab oratories (P. Um aharan , pers comm). The 
concept involved the amplification of a fragment, surround ing an SSR locus, long 
enough to allow subsequent di gestion using rest riction enzymes, to reveal alleles 
based on variations in restriction fragment length th rough gel electrophoresis . 
However, this meth od has not been suc cessfully ado pted . 

The SSR-PC R p rodu ct size can be predicted based u pon th e se quence 
information and used to confirm successful am plification. Sizing of the amplifie d 
fragme nts / alleles can be d one man ually wi th size sta nda rds or usi ng a h igh 
th roughput sequencing sys tem for au tomated sizing. PCR amplification of SSR 
length polym orphisms in plants was first rep orted by Akkaya et aI. (1992) using 
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soybean (Glycine max) DNA. Primer s that targeted the DNA sequences flanking th e ri< 
hypervar iable SSR regions in the genome were used in the assay. A limitation of Work 
this technique is th at species -specific primer pairs a re required to produce SSR Initial 
m arker s . The development of suc h primer assays can be time consuming an d exis t 
costly, although assays dev eloped for a species m ay be transferable across different in ter­
taxonomic levels dep ending on th e SSR loci and organ ism in volved (Rosetto, 2001; Besid 
Scott, 2001; Motilal, 2004a) . need 

probhCacao -based SSRs were first developed by Lanaud et al, (1999) . A rgou t ef al. 
et al., (2008) later ide n tifie d 2252 SSRs from 149,650 ESTs deri ved from a transcriptom e 
Furth se t of 56 cDNA over different caca o organs and enviro nmental conditions . Dime ric 
ratherto hexameric pure SSRs and compound SSRs were identifi ed wi th the dimeric and 
Hodgtrimeric SSRs accounting for 88 per cent of all SSRs identified and wi th the poly(AG)n 
et al., and poly(A AG \ motifs bein g m ost abundan t in th e unigenes (Argout ef al., 2008). 
repor 

Variable numbers of SSR loci h ave been emp loyed in id entity an d ge ne tic al., 20 
di versity s tu d ies. A se t o f 15 SSR primer p airs (Sa u nders ei al ., 2004) were Three 
recommended for resolution of identity issues. Cryer eial. (2006) later reported on th e th ere! 
use of refer en ce genotyp es and alle lic size standards to unify all ele ca lls . H owever, and A 
ascerta inmen t bias in sa m p le selection affects SSR informativen ess (Johnson et al., detect 
2009; Motil al ei al., 2009) w h ich may limit th e utili ty of these 15 loci. Err ors in SSR (Glau 
typing arise fro m allele d rop ou t and false alle les and th ese erro r rates were locu s resolv 
dependent (Zhang ei al., 2006b). Repeat typing was recommended to ob ta in reliable h ave 
consens us gen otyp es (Zha ng et al., 2006b). identi 

To date, SSR-PCR has been used for off-types and cacao clon e ide n tifica tion S 
(Figue ira, 1998; Riste rucci et al., 2000, 2001; Motilal, 2004b; Schnell ei al., 2004; evi de 
Cryer ei aI., 2006; Motilal et al ., 2009, 2011; Zha ng et al., 2006a,b , 2007, 2009a,b ). The­ 2009); 
combined p robability of id entity among sib lings (PIDSIB) is th e probability that tw o 2015); 
sibling in d iv id uals draw n at random fr om a p opulation have iden tica l gen otypes (Buc k 
(Eve tt an d We ir, 1998; Waits et al., 2001). The PID was recommended to be used

s1B in rna 
in assigning iden ti ty match decla ra tions (Zhang et al., 2009a). et al.,: 

Microsate llite polymorphisms have also been used in linkage map ge nera tion wide, 

(Lanau d et al., 2004; Pugh et al., 2004) an d for tagging genes for quantitative trait 1 
loci tow ards marker assisted selec tio n (Cle men t et al., 2003a ,b; Brown et al., 2005, (2005: 
2007; Schnell et al., 2005, 2007a; Lan aud ei al., 2009; Ma rcano ei al., 2009). The u tility polyn 
of SSRs in p arentage analys is (Schnell et aI., 2005) describing ge netic d iver sity and (Lima 
in assessing p opulation an cestry is well known (Lanaud et al., 1999,2001; Op oku seque 
et al., 2007; M otamayor et al., 2008; M arcano et al., 2009; Zhang et al., 2006a,b, 2007, walki 
2009a,b, 2011; Iri sh ei al., 2010; Motilal et al., 2010,2011, 2012,2013; Sus ilo et al., 2011; et al. ( 
Trognitz et al., 2011,2013; Th omas et al., 2012; Dinarti et al., 2015;Santos et al., 2015). 54.2 F 

d atab 2 .7 . Si ng le Nucleotide Polymorphism 
cul tiv 

Single nucleotidepolym orphisms (SNPs) are va riations at individual nucleotides 1/ 6 (l 
at specific p ositi ons in th e geno me .SNPs are reportedly th e m ost abundant class of (Alle! 
polymorphisms in gen omes including th e plant genome (Buckler and Thornsb erry, et al., 
2002; Brumfield et al., 2003). De ns i ty estimates have yielde d one SNP p er 170 bp in Mo ta 
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-s flan king the rice geno me (Yu et al., 2002), 1900 bp in h umans (The Int ern ational SNP Map 
nitation of Working Group, 2001), 3300 bp in Arabidopsis ihaliana (The Arabidops is Genome 
xluce SSR Initiative 2000), 20,500-24,600 bp in chickpea (Kujur et al., 2015).SNPs can potenti ally 
ming an d exist at any position throughout the genome, including coding , non-coding and 
;sdifferen t inter-genic regions an d hence offers the grea tes t promise for molecular profilin g. 
.etto. 2001; Besid es its abundance, SNPs present the advan tage of being identified witho u t the 

need for electropho resis and hence size homoplasy, platform issues and binning 
problems are avo ided, Geno typing erro r rates are low (less than 1 in 2000; Ranad e rgout et al. 
et al., 2001) and SNP geno types can be scored with minimal human intervention . iscriptom e 
Furthe rmore, similar to SSRs, SNPs are co-dominan t bu t, unlike SSRs, are bialleli c is.Dimeric 
rath er than multi allelic. However, triallelic states in humans (Hue bne r et al., 2007; imeric and 
Hod gkin son and Eyre-Walker, 2010;Jenkins et al.,2014) or multiallelic SNPs (Ienkinspoly(AG)n 
et al., 2014) due to copy number va riation (MacConaill ei al., 2007) have been tal., 2008). 
reported .Mu ltiallelic SNPs have been attributed to sequencing errors (Beissinger et 

I1d gene tic al., 2014). The cod ominant biallelic state for SNPs will be discussed in thi s chapter. 
004) were Three states - h omozygous 1, homozygou s 2 and the heterozygou s condition can 
rted on the therefore be de tected by a sing le bia llelic SNP, For exam ple the geno types AA, GG 
However, and AG will be detected using a SNP with biallelic states A/G. Due to this level of 
nson et al., detection, SNPs have limit ed resolving pow er per locus compared to microsatellites 
'ars in SSR (Glaubitz et al., 2003), How ever, whe n the number of sites is factored in, the ove rall 
were locus resolving power of SNPs m ay be comparable to that of othe r DN A markers. SNPs 
lin reliable have therefore eme rge d as the next generation of m olecular markers for species 

identification and genetic diversity measurem ent s, 
nti fication SNPs have been used for d iverse app lications in crops including providing 
i al., 2004; evidence for sele ction (Beissinger et al., 2014); va rietal identification (Gana l et al., 
J9a,b). The 2009); describing pop ulation gene tic structure (Schmid et al., 2003; Kujur et al., 
y that two 2015); taggin g genes or qu antitati ve trait loci in rice (Konishi et al., 2006), ma ize 
genotypes (Buckler et al., 2009) and oil pa lm (Pootakha m et al., 2015);gene ra ting linkage m aps 
to be used in many crops including Arabidopsis (Cho et al., 1999), rice (Nas u et al., 2002; Feltus 

et al., 2004; Shen et ai.,2004) and oil palm (Pootakham et al., 2015); and for geno me 
;eneration w ide assoc iation studies (GWAS) (Belo et al., 2008; Pajerowska-Mukhtar et al., 2009). 
tative trait The earliest SNP studies in cacao are those of Borrone et al.(2004) and Kuhn et al. 
i al., 2005, (2005). These mar kers in cacao have been derived from sing le strand conforma tion 
The utility polym orphism (Kuhn et al., 2005; Livings tone et al., 2011); expressed sequenced tags 
ersity and (Lima et al.,2009; Alleg re et at. , 2012) which could come from conserved ortho log set 
)1 ; Opoku sequences (Kuhn et al., 2012); from microsatellites (Dadz ie et al., 2013) using geno me 
Sa,b, 2007, wa lking (Parkere t al., 1991) and from RNAseq data (Livings tone et al., 2015). Argo ut 
~ t al., 2011; et al. (2008) id enti fied 5246 SNPs which were distributed as transitions (A/I - G/C;
tal., 2015). 54.2 per cent), transversions (32.1 p er cen t) and ind els (13.7 per cent) in th eir EST 

database. Subse quen tly, tw o cacao geno mes we re m apped: one a Belizean Crio llo 
cultivar B97-61/B2 (Argout et al.,2011) and ano ther from the Amazonian MATINA 

uc1eotid es 1/ 6 (Motamayor et al., 2013).These genomes were used to id enti fy numerou s SNPs 
.nt class of (Allegre et al., 2012). SNPs in cocoa, have been used to generate linkage maps (Allegre 
om sberry, et al., 2012; Livingstone ei al., 2015), tag genes (Borrone et al., 2004; Lima et al., 2009; 
"170 bpin Motamayor et al., 2013), determine paren tage 0 i et al., 2013; Takrama et al., 2014), 
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evalua te genetic diversity (Ji et al., 2013) and identify hybrid s an d va rieties (Kuhn Tab 
et al., 2010; Livingstone et al., 2011; Takrama et al., 2012, 2014; Fang et al., 2014). 

SNP Select 3.	 Development of a Global Reference SNP Panel for Resolving 
Identities in Cacao 
Notwiths tanding the ongoing cacao SNP studies, neither a logical methodology 

for selecting SNPs for resolution of identi ties has been developed no r has the re Random 15 

been an attempt to use such an approach to identify a global referen ce SNP panel 
for resolution of identities. SNPs were reportedly selected based on their level of 

Rand om 30p olymorphism and to rep resent all ten chromosomes . Polymorphism es tima tes, 
however , have an ascertainment bias as it is affected by the number of samples and 

Random 45
the composition of the samples. For ins tance, even monomorph ic SNPs (Kuhn et 
al., 2010; Livingstone et al., 2011; Allegre et al., 2012; [i et al., 2013) can be deemed 

Rand om 60 
p olymorphic dep ending on the set of cacao plants screene d (Livingstone et al., 
2011). In this chapter, we present a global reference SNP panel selected based on Random 75 
screening a subset of germp lasm from th e ICGT for their ability to discriminate the 
genetic va riability for cacao. Random 100 

The ICGD contains SNP data on 603 accessions from 160 loci (Turnbull and 
Chromoso me Hadley, 2012) of which 54 bears the "Tc" prefix similar to that of [i et al. (2013) an d 

Takrama et al. (2014). These TcSNPs we re derived from a set of ove r 2000 SNPs 
Chromosome by CIRAD from Illu mina GoldenGa te Assays as described by Allegre et al. (2012) 

an d p rioritised by Michel Boccara at CRe, Trin ida d (Miche l Boccar a. persona l 
Chromosome comm unication) . Fang et al. (2014) employe d 44 loci which had the capacity to 

discriminate amongst the 160 individuals studied but could no t resolve the SCAI 
Chromoso me 

Ucayali accessions from the MO accessions into their respective population grou ps of 
Contama na and Nadona!' [ i ei al. (2013)and Livingstone et al. (2015) have sugges ted Chromosome 
that 26 and 30 SNP loci respectively would be sufficient for SNP profiling . 

The multilocus profiles of 546 SNPs from 81 cocoa DNA samples we re obtained Chromosorru 

from Illumina GoldenGate Assa ys as described by Alleg re et al. (2012). The data 
Ten SNPs d i ~was used to obtain estima tes of He and PIC using PowerMarker (Liu and Muse , 
chromosome 2005), as well as, estima tes of simulated p ower (simPWR) and informativeness for 
SNPs at eve relatedness (I,) using the program KinInfor vl (Wang, 2006). Using these ou tpu ts an d 
each chrome the location of SNPs on the linkage groups (http :/ Icocoagendb.cirad ,frI ), different 
'Top 100 by I da tasets (Table 16.1) we re compiled to assess th e choice of SNPs on resolu tion of 

tree identities. 
'Top 100 by 

As was dem onstr ated for SSR loci, the composition of the p anel of p olym orphic 
loci is important and all the members do not need to be th e most informative 2Top 100 by 
(Motilal et al., 2009). The SNP loci should be selected as a set based on the capac ity 
to discriminate amo ng all in div iduals. Although, at least 30 loci could give at 2Top 100 by 

least 95 pe r cent resolution , the number of near matches across the-differen t SNP 
combina tions indicate th at these combinations would inflate th e relatedn ess of Se lect set 01 

distinct accessions. Relatedness becomes overestima ted as th e inciden ce of missing 
data is increased .If by chance, missing data occurs at the few sites that differentiate Cho ice b 

the near mis ses, then eve n w ith a reasonably large number (100) of SNPs, distinct (PIC) est 

but close ly relate d access ions would be deem ed equivalent. 2 Choice b 
estlrnatsr 
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'ties (Kuhn Table 16.1: Ascertainment of SNP Selection on Identity Resolution of
 
,2014). 81 Cacao Accessions
 

SNP Selection Number of Resolution(%) Numbe r of Number PIDesolving slB 
SNPs Sample Pairs of 

Matching at all Synonymous 
but n loci Groups -thodologv 

r has th ere Random 15 15 90.1 n = 1: 9 3 sets : 2.6 x 1 0~' 

n =2: 33 2 doublets and SNP panel 
1 quadruplet eir level of 

Random 30 30 96.3 n = 1: 6 1 triplet 1.5 x 10--5estimates, 
n = 2: 4 

irnples and 
Random 45 45 95.1	 n = 1: 0 1 quadruplet 1.0 x 10-6 

's (Kuhn et 
n = 2: 4 

?e d eemed 
Random 60 60 96.3	 n = 1: 3 1 triplet 7.6 x 10-10 

tone et al., n =2: a 
] based on 

Random 75 75 100	 n = 1: 4 none 1.0 x 10-0 

mina te th e n =2: 4 

Random 100 100 96.3	 n =1: 0 1 triplet 9.1 x 10- 13 

n = 2: 3 rnbull and 
(2013) and Chromosome 1 92 100 n = 1: 4 none 9.9 x 10- 12 

n =2: 2 2000 SNPs 
Chromosomes 2 and 3 112 97.5 n =1: a 1 doublet 1.6 x 10-'5 ~t al. (2012) 

n = 2: 3 
I, personal 

Chromo somes 2 and 8 92 96.3	 n = 1: 3 1 triplet 2.0 x 10-13 

.apacity to 
n =2: a 

.the SeAl 
Chromosomes 4 and 5 112 100	 n =1: 2 none 7.0 x 10-10 

1 gro ups of n =2: 1 
suggested 

Chromosomes 6 and 9 100 97.5 n =1: 4 1 doublet 6.6 x 10-13 

-s n =2: 5 

eobtained Chromosomes 6, 7, 8, & 10 99 97.5 n = 1: 3 1 doublet 1.7 x1 0-14 

. The da ta n =2: 2 

and Muse,	 Ten SNPs distributed per 100 95.1 n = 1: 4 1 quadruplet 2.3 x 10-13 

chromosomen =2: aveness for 
SNPs at every 7.5 cM for 100 97.5 n =1: a 1 doublet 1.6 x 10-" utputs and 
each chromosome	 n =2: 5 ), di fferent 
'Top 100 by H. 100 97.5	 n =1: 3 1 doublet 1.1 x 10-22

.olution of 
n =2: 3 

'Top 100 by PIC 100 96.3 n =1: 0 1 triplet 2.8 x 10-23 

lym orphic n = 2: 3 
formative	 1.4 x 10-17 ' Top 100 by simPW~ 100 100 n = 1: a None 
e capacity n =2: 1 

ld give at ' Top 100 by I, 100 96.3 n =1: a 1 triplet 2.8 x 10-2' 

eren t SNP n =2: 3 

.ed ness of Select set of 60 60 100 n = 1: a None 2.1 X 10-13 

of missing n = 2: alfferen tia te	 1 Choice based on SNPs ranked by expected heterozygosity (He), polymorphism information content 
's, dist inct	 (PIC) estimated in PowerMarker (Liu and Muse, 2005) from 546 SNPs!81 DNA samples. I 

2	 Choice based on SNPs ranked by simuleted power (simPWR) or informativeness for relatedness (I) 
estimated in Kinlnfor v1 (Wang, 2006) from 546 SNPs!81 DNA samples. 
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