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Abstract

Main conclusion Microsatellite and single nucleotide

polymorphism markers that could be used in marker

assisted breeding of cacao were identified for number of

filled seeds, black pod resistance and witches’ broom

disease resistance.

An association mapping approach was employed to identify

markers for seed number and resistance to black pod and

witches’ broom disease (WBD) in cacao (Theobroma cacao

L.). Ninety-five microsatellites (SSRs) and 775 single

nucleotide polymorphisms (SNPs) were assessed on 483

unique trees in the International Cocoa Genebank Trinidad

(ICGT). Linkage disequilibrium (LD) and association

mapping studies were conducted to identify markers to tag

the phenotypic traits. Decay of LD occurred over an average

9.3 cM for chromosomes 1–9 and 2.5 cM for chromosome

10. Marker/trait associations were generally identified based

on general linear models (GLMs) that incorporated principal

components from molecular information on relatedness

factor. Seven markers (mTcCIR 8, 66, 126, 212; TcSNP368,

697, 1370) on chromosomes 1 and 9 were identified for

number of filled seeds (NSEED). A single marker was found

for black pod resistance (mTcCIR280) on chromosome 3,

whereas six markers on chromosomes 4, 5, 6, 8, and 10 were

detected for WBD (mTcCIR91, 183; TcSNP375, 720, 1230

and 1374). It is expected that this association mapping study

in cacao would contribute to the knowledge of the genetic

determinism of cocoa traits and that the markers identified

herein would prove useful in marker assisted breeding of

cacao.

Keywords Black pod disease � Cocoa seeds � Linkage

disequilibrium � Microsatellite markers � Single nucleotide

polymorphism � Witches’ broom disease

Abbreviations

DIPP Fruit resistance to P. palmivora from laboratory

spray inoculation tests

GLM General linear model

ICGT International Cocoa Genebank Trinidad

LD Linkage disequilibrium

MLM Mixed linear model

NSEED Number of filled seeds

QTL Quantitative trait loci

RWG Reproductive witches’ broom per tree girth

RWY Reproductive witches’ broom per year

SNP Single nucleotide polymorphism

SSR Microsatellite

TWG Total witches’ broom per tree girth

WBD Witches’ broom disease

Introduction

Cacao (Theobroma cacao L.) is a diploid (2n = 20) tree in

the family Malvaceae (Alverson et al. 1999; Bayer et al.

1999). It is an economically important plantation crop for
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many tropical countries with the fermented and dried

cotyledons (beans) contributing to a multi-billion dollar

confectionery industry. The centre of origin and diversity

of Theobroma is in the Western Upper Amazon (Thomas

et al. 2012). Molecular evidence has been used to define ten

genetic clusters in cacao (Motamayor et al. 2008). The

Refractario group, selected in Ecuador for witches’ broom

disease (WBD) resistance, was distinct from the estab-

lished ten clusters except for Nacional members, and rep-

resent hybrids between Nacional and Trinitario genotypes

(Zhang et al. 2008).

Genetic resources of cacao, maintained in field gene

banks as national or universal collections, have been

described (Bartley 2005; Zhang et al. 2011; Turnbull and

Hadley 2015). Cacao has a characteristic incompatibility

system that allows for cross-compatibility among and

within populations, cross-compatibility among varieties;

and selfing in some varieties (Cope 1962). Hence, wild

germplasm can be easily used in breeding programmes

(Eskes and Efron 2006), but only a very small fraction of

the existing variation has been exploited in breeding pro-

grammes (CacaoNet 2012). A long breeding cycle has been

a major deterrent in breeding of most tree crops. In cacao,

the breeding cycle to develop hybrid varieties with testing

for yield was estimated to take at least 12 years (Toxopeus

1985; Kennedy et al. 1987). Successful breeding pro-

grammes in Brazil (Lopes et al. 2011) and Trinidad (Ma-

haraj et al. 2011) have released varieties after at least 16

and 60 years, respectively.

Two diseases are presently of economic importance in

the Caribbean—black pod disease caused by Phytophthora

palmivora (Braiser and Griffin 1979) and WBD caused by

Moniliophthora perniciosa (Aime and Phillips-Mora

2005). The progress in breeding for resistance to these two

diseases has been hampered by the use of phenotypic

evaluations to identify promising selections rather than the

use of molecular screening tools. Crouzillat et al. (2000)

showed that, in cacao, the use of molecular markers alone

or in combination with phenotypic selection was more

effective than only phenotypic evaluation. This molecular

breeding approach (marker-assisted selection, marker-

aided selection or marker-assisted breeding), uses

marker(s) associated with quantitative trait loci (QTL) to

tag traits, thereby identifying improved individuals (Col-

lard et al. 2005). Although, marker assisted selection from

QTLs has been successful in other crops, inconsistent

results and limited transferability over crosses have also

been noted (Hospital 2003). Furthermore, classical QTL

analyses make little or no use of ancestry information

unlike admixture and association mapping methodologies.

Admixture mapping, premised on population differen-

tiation between ancestral populations from two known

progenitors, uses the local phenotype–ancestry correlation

in recent (\20 generations) admixtures (Shriner 2013).

Marcano et al. (2007, 2009) employed admixture mapping

to identify several regions and microsatellites (SSRs)

linked to various traits including productivity and yield in

cacao. Association mapping [association analysis or link-

age disequilibrium (LD) mapping], unlike admixture

mapping, tests the genotype-phenotype correlation, and is

premised on similar allele frequencies across multiple

ancestries allowing for fine-scale localization (Buckler and

Thornsberry 2002; Shriner 2013). Linkage disequilibrium

is the non-random combination of alleles at two or more

loci. Spurious or false associations may arise and can be

reduced by accounting for population stratification and

relatedness (Pritchard 2001; Yu et al. 2006). Markers

identified under association mapping are not restricted to a

population or populations and the identification is reliant

on LD to examine the correlation between phenotypic

variation and genetic polymorphisms (Abdurakhmonov

and Abdukarimov 2008).

Association mapping started with Bar-Hen et al. (1995)

and numerous studies on a wide range of plants have since

been reviewed (Abdurakhmonov and Abdukarimov 2008;

Zhu et al. 2008; Ingvarsson and Street 2011; Gupta et al.

2014). However, association mapping in cacao is a rela-

tively young field. Pugh (2005) first reported on disequi-

librium in a Trinitario population. Stack et al. (2015) used

96 SSR loci and estimated LD in cacao to either rapidly

decay (1–2 megabases) or to persist for extended distances

(30 megabases) in wild and cultivated diversity groups,

respectively. Schnell et al. (2005) employed a trend test to

identify SSRs associated with productivity. Motamayor

et al. (2013), using association mapping among other

techniques, identified a single nucleotide polymorphism

(SNP), among the 168 that were studied, that affected gene

expression for fruit colour. Recently, da Silva et al. (2016)

using 5301 SNPs and 295 individuals identified eight sig-

nificantly associated SNPs that tagged a major gene on

chromosome 4 for self-compatibility. This study was,

therefore, undertaken as a model association mapping

study, to search for SSR or SNP markers that may be linked

to seed number and disease resistance in T. cacao.

Materials and methods

Phenotyping

Data was accumulated over 2007–2012 on cacao trees of

483 unique accessions in the International Cocoa Gene-

bank Trinidad (ICGT). Details on the ICGT can be found in

Motilal et al. (2012) and references therein. Data was

collected from 1 to 6 trees per accession on number of

filled seeds (NSEED), resistance of fruit to P. palmivora,
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and field reactions to M. perniciosa. Data points were

averaged over trees that were verified as genetically iden-

tical from SSR data (Motilal et al. 2012, 2013).

To determine NSEED, 3–34 fruits per tree were harvested

from the main trunks and primary or secondary branches.

The fruits were cracked open and the number of filled seeds

was counted in each fruit. Fruit resistance to P. palmivora

was obtained from in-house data of laboratory spray inoc-

ulations tests (DIPP) carried out on intact detached fruits and

scored on an eight-point scale (Iwaro et al. 2000). Field

WBD observations at the ICGT were made continually for

each tree, without removal of infected organs, at least three

times over the entire 6-year period and many accessions

were visited twice yearly. Tree girths were measured with a

tailor tape at 135 cm from soil level. Vegetative brooms,

reproductive brooms (floral, cushion) and diseased fruits

were counted over the entire tree above soil level. Trees

which had zero counts of diseased organs were retained if

zero counts were observed over a four-year period. Trees

with more than one survey point per year were allowed the

maximum observation value for the year. Data on WBD was

manipulated to give six phenotypic expressions:

1. Vegetative witches’ broom per year.

2. Vegetative witches’ broom per tree girth.

3. Reproductive witches’ broom per year (RWY).

4. Reproductive witches’ broom per tree girth (RWG).

5. Total witches’ broom per year.

6. Total witches’ broom per tree girth (TWG).

Correlation of phenotypic traits

Correlation analyses on ungrouped data were performed in

the program MedCalc v.12.7.7.0 (MedCalc Statistical

Software 2013) using Spearman’s rank correlation coeffi-

cient. Effect sizes were in accordance with Hopkins (2002).

Population structure

SSR polymorphisms were obtained as described in Motilal

et al. (2009) and SNP polymorphisms were obtained from

Illumina GoldenGate Assays as described by Allegre et al.

(2012). Population structure was determined independently

on unique sets of either SSRs (27 or 52) or SNPs (125 or 281)

with STRUCTURE v.2.3.4 (Pritchard et al. 2000) using a

burn-in of 500,000 and 1 9 106 Markov chain-Monte Carlo

runs with 20 iterations. Population structure was used as the

ancestry covariate in the association mapping analysis.

Subsets of markers were, therefore, used to enable comple-

mentary analyses without having similar markers in the same

ancestry and genotype files within the same run.

Linkage disequilibrium

The consensus SSR/SNP map (Allegre et al. 2012) was

obtained from CocoaGenDB (http://cocoagendb.cirad.fr/

about.htm). The SSR and SNP data were treated as

unphased data and LD was calculated using PowerMarker

v3.25 (Liu and Muse 2005) from (1) entire but unordered

data sets and (2) ordered markers for each of the ten

linkage groups. The multiallelic r2 parameter for LD of

locus pairs was utilised (Hill and Weir 1994). Exact

P values were calculated from a maximal iteration of

1 9 106 Markov chain-Monte Carlo runs with the exact

test for multilocus association (Zaykin et al. 1995). A

scatter plot of LD as multiallelic r2 vs the map distance of

all possible marker pairs was created for each chromosome.

A local regression (loess) curve (Cleveland 1979; Cleve-

land and Devlin 1988) was fitted using the PTS LOESS

calculator, a LOESS utility add-in for Excel (Peltier 2009).

The map distance coincident with r2 = 0.1 was identified

as the decay distance (Abdurakhmonov and Abdukarimov

2008).

Association mapping analysis

Association analysis was configured in TASSEL v4.2.1

(Bradbury et al. 2007). Incorporation of a kinship matrix turned

a general linear model (GLM) into a mixed linear model

(MLM). Three GLM and four MLM models were employed:

Under this YEAST model, the system information (Sa-

t) can be taken from the ancestry information (SQt), the

multivariate analysis based on molecular data (SMt), or the

kinship relationship based on molecular data (SKt). The terms

E and A refer to the error and allele information, respectively.

The genotype file was filtered to remove alleles with fre-

quency \0.01 and retained for further manipulation. The

number of markers used is presented in Table 1. The filtered

GLM1 : Y ¼ E þ A þ SQt MLM1 : Y ¼ E þ A þ SKt

GLM2 : Y ¼ E þ A þ SMt MLM2 : Y ¼ E þ A þ SQt þ SEt

GLM3 : Y ¼ E þ A þ SQt þ SMt MLM3 : Y ¼ E þ A þ SMt þ SKt

MLM4 : Y ¼ E þ A þ SQt þ SMt þ SKt
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genotype file was used to create the kinship matrix in TASSEL

v4.2.1 (Bradbury et al. 2007). The filtered genotype file was

collapsed and markers with[10 % (SSR) or[0.3 % (SNP)

missing data were excluded from the un-collapsed filtered

genotype file. After removal of these markers, the pruned file

was collapsed and missing values were then imputed from

unweighted averages of three nearest neighbours using a

Manhattan distance. The principal components matrix was

created from the repopulated collapsed file using a covariance

method, and eigenvectors were retained for three axes.

Ancestries based on SNP and SSR datasets were submitted as

independent datasets using the best population substructure.

Markers used for determination of ancestry were excluded from

the corresponding allele file for association mapping analysis,

as the ancestry file was used as a covariate. One of the popu-

lations was removed prior to analysis. Datasets were joined

using the intersect function to minimise the incidence of

missing phenotypic values across genotypes or allelic infor-

mation for phenotypes.

The association mapping strategies (Table 1) included

both general linear models (GLMs) and mixed linear models

(MLMs). GLMs using a least squares solution (Searle 1987)

on trait data were run independently on both SSR and SNP

data, using the default settings of 1000 permutations and the

permutation test of Anderson and Ter Braak (2003). MLMs

were run independently on both SSR and SNP data, using

optimum level compression (Yu et al. 2006; Zhang et al.

2010) with estimation of the variance component by Zhang

et al. (2010). Sample sizes within the SSR datasets/model

combinations ranged from 263 to 369 for NSEED, 179 to 267

for DIPP, and 275 to 374 for WBD reactions. Sample sizes

within the SNP datasets/model combinations were 324 for

NSEED, 229 for DIPP and 265 for WBD reactions.

Selecting associated markers

Probability values were compared to Bonferroni-corrected

P values (Bonferroni 1936; Dunn 1961) at the 5 % level of

significance. Final selection of significantly associated

markers employed the following criteria:

1. Present in more than one dataset.

2. Present in at least two models.

3. Most constraining model or dataset chosen from (1)

and (2) above.

4. If LD as r2 is C0.1, then only one marker was chosen

when two markers were significant; when more than two

markers were significant, the smallest set of markers to

represent the total set was constructed by selecting

markers with lowest P values, selecting markers signif-

icantly associated with more than one trait and selecting

markers with at least five observations in the effect size.

Results

Phenotyping

Descriptive statistics of the studied traits are provided in

Table 2. Fifteen accessions in the ICGT (CL 10/5, CRU

100, CRUZ 7/8, EET 272, EET 48, ICS 70, IMC 20, IMC

47, MOQ 6/82, NA 168, NA 399, NA 719, PA 46, SCA 6,

and SLC 4) were top ranked for DIPP resistance. The top

three accessions with the highest average seed numbers

were CRU 72 (58.0 ± 1.7), IMC 54 (57.3 ± 2.1), IMC 77

(62.3 ± 0.9) and these accessions had high Iquitos

Table 1 Synopsis of association mapping strategy in this study

Dataset # Ancestry markers Ancestry filter # Markers for PCA and kinship # Tassel markers Models

B_all SSR None None 43 (3 PCA axes) 95 GLM2, MLM3

B1 SSR 52 Q10 to Q9 21 (3 PCA axes) 43 GLM1, 2, 3; MLM1, 2, 3, 4

B2 SSR 27 Q10 to Q9 32 (3 PCA axes) 68 GLM1, 2, 3; MLM1, 2, 3, 4

C_all SNP None None 432 (3 PCA axes) 775 GLM2, MLM3

E SNP 121 Q11 to Q10 254 (3 PCA axes) 654 GLM2, 3; MLM3, 4

F SNP 281 Q9 to Q8 254 (3 PCA axes) 368 GLM2, 3; MLM3, 4

Table 2 Summary statistics of seed and disease resistance traits over

accessions

Trait N Mean SD RSD Range

NSEED 493 37.9 6.9 0.182 13–62

DIPP 350 5.7 1.97 0.348 1–8

VWY 424 6.15 7.15 1.164 0–56.7

VWG 423 0.62 0.83 1.337 0–5.8

RWY 424 2.07 4.02 1.944 0–33.3

RWG 423 0.18 0.36 1.953 0–2.8

TWY 424 8.20 9.81 1.195 0–72.7

TWG 423 0.80 1.08 1.343 0–7.6

Trait: NSEED number of filled seeds, DIPP Phytophthora pod rot

reaction based on Iwaro et al. (2000), VWY vegetative witches’ broom

per year, VWG vegetative witches’ broom per tree girth, RWY

reproductive witches’ broom per year, RWG reproductive witches’

broom per tree girth, TWY total witches’ broom per year, TWG total

witches’ broom per tree girth, N number of samples, SD standard

deviation, RSD relative standard deviation
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ancestry. The top three accessions for WBD as TWG or

total witches’ broom per year were CRU 128, LZ 2 and PA

67 from various ancestral backgrounds. The trait total

witches’ broom per year, had four other accessions [IMC

50 (Iquitos); MOQ 6/6 (Refractario2); PA 279 and PA 289

(Marañón)] that was coincident with PA 67.

Spearman’s rank correlation effects were non-significant

between NSEED and disease reactions (Table 3). DIPP

was significantly correlated (P \ 0.001) with low effect

(0.2) for vegetative and total WBD reactions. The various

forms of derived WBD measurement were, as expected,

significantly (P\ 0.001) correlated and usually of large

effect with each other. However, the discrete forms of

WBD, vegetative (vegetative witches’ broom per year,

vegetative witches’ broom per tree girth) and reproductive

(RWY, RWG) exhibited only a moderate effect for the

vegetative vs. reproductive pairwise comparisons.

Linkage disequilibrium

A maximum of 92 SSRs and 762 SNPs (854 loci) were

retained for analysis with a maximum of 364,231 pairwise

combinations, of which 44,507 (12.2 %) marker pairs were

in LD (r2[ 0.104).

There were 85 SSRs and 640 SNPs (725 loci) on the

consensus map giving a maximum of 262,450 pairwise

combinations, of which 31,605 (12 %) marker pairs were

in LD (r2[ 0.104). Linkage disequilibrium was parti-

tioned as intra-chromosomal LD (7192 marker pairs;

22.8 %) and as inter-chromosomal LD (24,413 marker

pairs; 77.2 %). Decay of LD occurred over 2.50–

12.00 cM at an average of 8.63 cM (Fig. 1; Table 4).

Chromosome 10 was strikingly different from the others

with the shortest decay length of 2.5 cM. The average

decay distance, omitting chromosome 10, was 9.3 cM.

The decay of LD for chromosomes 1–9 inclusive was

taken as 9.3 cM or 2706, 821 bp and for chromosome 10

as 2.5 cM or 727,640 bp.

Table 3 Spearman’s rank correlation analyses of fruit, seed and

disease incidence traits of Theobroma cacao L

A B C D E F G H

A – 343 399 399 399 399 399 399

B 0.01 – 292 292 292 292 292 292

C 0.01 0.22 – 424 424 424 424 424

D -0.08 0.24 0.88 – 424 424 424 424

E 0.02 0.05 0.44 0.36 – 424 424 424

F -0.03 0.10 0.49 0.51 0.95 – 424 424

G 0.01 0.19 0.94 0.81 0.68 0.69 – 424

H -0.08 0.23 0.86 0.97 0.55 0.68 0.87 –

Traits assessed were: A, NSEED number of filled seeds; B, DIPP

detached fruit response to spray inoculations with Phytophthora

palmivora; C, log vegetative witches’ broom per year; D, log vege-

tative witches’ broom per tree girth; E, log reproductive witches’

broom per year; F, log reproductive witches’ broom per tree girth; G,

log total witches’ broom per year; H, log total witches’ broom per tree

girth. Values above the diagonal represent sample sizes. Values below

the diagonal represent Spearman’s rank correlation as calculated in

MedCalc v.12.7.7.0 (MedCalc Statistical Software 2013). Cells which

are italicized are significant at the 0.1 % level

Fig. 1 Decay of linkage

disequilibrium with map

distance in chromosome 1 of the

SSR/SNP consensus map of

CocoaGenDb (http://

cocoagendb.cirad.fr/). Linkage

disequilibrium estimates were

obtained in PowerMarker v3.25

(Liu and Muse 2005). Loess

curve fitted using the PTS

LOESS Calculator (Peltier

2009). Chromosomal map dis-

tance at which r2 = 0.1 is

indicated
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Association mapping

The majority of the indicated markers were obtained under

GLM rather than MLM models. Examples of the Manhattan

and quantile–quantile plots are given in Fig. 2. A minimal set

of 7 SSRs and 7 SNPs (Table 5) were selected as associated

markers. Associations were usually on a one-to-one basis

except for mTcCIR91 which was associated with logRWG,

logRWY and logTWG and for TcSNP1230 which was

associated with both logRWY and log total witches’ broom

per year. The adjusted Bonferroni threshold for a = 0.05

was 5.26 9 10-4 and 6.45 9 10-5 for all of the SSR and

SNP loci, respectively. Applying a threshold of 5 9 10-5

and 5 9 10-6 for SSR and SNP loci identified one locus

(mTcCIR126) that was strongly associated under a GLM2

model that tagged NSEED (Table 5). The SSR and SNP

markers explained between 4.24–7.53 and 4.95–11.01 % of

the variation, respectively (Table 5). Similar marker and

genotypic effect were returned for related traits. This was

observed for the microsatellite loci mTcCIR91 (logRWG,

logRWY, logTWG; 188/188 low disease incidence, 188/190

high disease incidence) and the SNP loci TcSNP1230 (log-

RWY, log total witches broom per year; –C low disease

incidence, AA high disease incidence).

Discussion

This study described three main traits (NSEEDF, DIPP and

WBD) over 483 cacao accessions and identified 7 SSRs and 7

SNPs that could be used to tag these traits (Table 5). The

markers that were identified represented the best minimum

number of associated markers since correlated markers (LD as

multiallelic r2[ 0.1, markers within decay distance) and

imprecise markers (less than five observations in effect size)

were discarded. Furthermore, complementary datasets were

used to generate ancestry files to allow for the testing of every

locus under a 1 % filter. A 5 % filter (Ingvarsson and Street

2011; Gupta et al. 2014) or 10 % filter (Li et al. 2011) can be

employed but this may increase the incidence of missing data.

Hence the chance of discarding a marker due to low counts in

effect sizes may be increased. The possibility of missing a true

low frequency marker linked to a trait is also increased (Gupta

et al. 2014). In this study, a 1 % filter presumably was valid as

common significant markers for a given trait were found.

The number of associated markers depended on the data-

set, trait and model employed; with GLM having more

associated markers than MLM models. The latter has been

shown to be more effective in controlling spurious association

with false positives that are due to population structure and

relatedness (Yu et al. 2006). Using MLM models detected

only three markers (NSEED/TcSNP697, TcSNP1370; and

logRWG/TcSNP720). Marcano et al. (2009) found nearly

twice the number of associated SSRs from a similar number

of loci and traits. The higher discovery rate in the afore-

mentioned studies may be explained by their use of a GLM

model with q-value (Storey 2002) as opposed to Bonferroni

testing that was employed in this study. Multiple testing is

prone to false negatives due to increased stringency by

Bonferroni correction and false positives from lowered

stringency of q-value application (Gupta et al. 2014). The

Bonferroni testing used in this study would have led to the

discovery of more conservative markers.

The markers presented in Table 5 were likely true

positive trait tags because they were common across

datasets; were common across models; population structure

was variably accounted for by ancestry, kinship and/or

principal coordinate analyses; and one marker was highly

Table 4 Marker coverage and decay of linkage disequilibrium (LD) for the ten chromosomes of cocoa (Theobroma cacao L.)

Chroma Consensus

length (cM)

Length

covered (cM)

# markers in study;

(# per cM)

# Marker pairs

(Mprs)

# Mprs with

r2[ 0.104

Length (cM) at

LD of r2 = 0.1

1 94.1 94.1 122 (1.30) 7381 1745 12.00

2 101.1 98.5 88 (0.89) 3828 750 6.50

3 76.9 75.4 98 (1.30) 4753 1168 10.00

4 64.2 62.6 77 (1.23) 2926 648 8.50

5 78.1 77.6 83 (1.07) 3403 699 9.50

6 64.0 59.0 39 (0.66) 741 189 9.50

7 52.6 51.4 30 (0.58) 436 95 9.25

8 59.2 52.3 46 (0.88) 1035 243 7.50

9 100.9 94.7 112 (1.18) 6216 1595 11.00

10 59.5 57.6 30 (0.52) 435 60 2.50

Total over all chromosomes 750.6 723.2 725 (1.00) 31,154 7192 86.25

Average per chromosome 75.1 72.3 73 (1.01) 3115 719 8.63

a Chromosome from the SSR/SNP consensus map of CocoaGenDb (http://cocoagendb.cirad.fr/). LD estimates were obtained in PowerMarker

v3.25 (Liu and Muse 2005). Only markers in the consensus map were used
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significant being tenfold lower than that indicated by

Bonferroni adjustment. The reliability of the present results

was also supported by the parallel of non-significant cor-

relations of NSEED with disease reactions and lack of

common markers for these traits.

In cacao, LD was found to decay within 9.3 cM for

chromosomes one to nine. This result was twofold to

threefold lower than that of Marcano et al. (2007) but

closer to the 15 cM reported by Lanaud (2004). Recently,

Stack et al. (2015) estimated LD in cacao at 1–2 megabases

in wild groups and at 30 megabases in ‘cultivated’ groups.

This transforms to 0.29–0.58 and 8.7 cM, respectively.

However, Stack et al. (2015) did not estimate LD by

linkage group and this study did not separate accessions

into wild and cultivated. Notwithstanding this, the study

employed a substantial number of Refractario and Amel-

onado accessions which would position the LD towards the

higher value of, and in congruency with Stack et al. (2015).

Plants that are autogamous often exhibit LD over a

1000-fold greater length than allogamous species, and the

number of markers needed is substantially more in allog-

amous plants (Abdurakhmonov and Abdukarimov 2008;

Ingvarsson and Street 2011). Association mapping in cacao

could be successful in the ICGT with moderate numbers of

markers, as the LD was, at most, moderate in size.

The combined phenotypic variance for the various traits,

explained by the markers in this study across multiple

QTLs for NSEED, was higher than that for blotch resis-

tance in barley (Zhou and Steffenson 2013) but similar to

the ranges reported for melon fruit traits (Tomason et al.,

2013) and seed size and shape in soybean (Niu et al. 2013).

The missing phenotypic variance has been partially

attributed to unidentified minor alleles, as well as, to epi-

static effects (Zhou and Steffenson 2013).

Corroboration of these marker-trait associations was

also obtained from previous admixture, association

Fig. 2 Manhattan (a) and QQ

(b) plots for SNP markers

analysed for number of filled

seeds using an MLM2

association mapping approach.

MLM2:

Y = E ? A ? SQt ? SKt where

Y trait value, E error, A allele

information, SQt population

ancestry matrix, SKt kinship

matrix. One marker

(TcSNP697; highest in each

plot) is significantly associated

with the number of seeds.

Probability estimated at

6.99 9 10-6. Bonferroni

correction for a = 0.05 for 654

markers in this

dataset = 7.65 9 10-5

Planta (2016) 244:1265–1276 1271

123



mapping QTL studies in cacao that identified similar genic

regions. The SSR locus mTcCIR212, which was associated

with NSEED, was also found to be associated with pro-

ductivity (Schnell et al. 2005). The number of seeds was

significantly associated with mTcCIR8, which was located

near to acid phosphatase and mTcCIR124. The former has

been linked to compatibility (Warren et al. 1995) and the

latter was associated with self-compatibility (Royaert et al.

2011) in cacao. Three genes have been implicated in the

compatibility system of cacao (Cope 1962). A major gene

for self-compatibility was located on the proximal end of

chromosome 4 in an association mapping approach (da

Silva et al. 2016) and QTL analyses (Yamada et al. 2010;

Royaert et al. 2011). However, although several markers

within this area were available, markers associated with

NSEED were absent from chromosome 4 in this study.

Nevertheless, four unlinked markers for NSEED on chro-

mosomes 1 and 9 were found in this study (Table 5;

r2\ 0.1; mTcCIR66/TcSNP1370, mTcCIR126/TcSNP697

and mTcCIR212/TcSNP368 were linked). Three of these

were approximately 20 cM away from two additional SNPs

that were associated with self-compatibility by da Silva

et al. (2016) at 2369,472 bp (chromosome 1; TcSNP1370,

mTcCIR66) and 26,855,878 bp (chromosome 9;

TcSNP368). On chromosome 1, the marker mTcCIR66

was within 5 and 10 cM of flanking markers, for number of

ovules (Clément et al. 2003a, b). Flanking pairs of markers

that were not in LD for NSEED (mTcCIR126/mTcCIR8,

mTcCIR8/mTcCIR212, TcSNP697/TcSNP368, and

mTcCIR212/TcSNP697; all on chromosome 9) were also

obtained. The pair mTcCIR212/TcSNP697 had the shortest

(*4 cM) flanked distance. These markers, especially those

within 20 cM distance of each other, represent good

choices of being able to reliably identify superior individ-

uals with large NSEED when used in conjunction with

each other.

Table 5 Selected loci

significantly associated with

cacao (Theobroma cacao L.)

phenotypic traits in the

International Cocoa Genebank,

Trinidad

Trait Locusa Chromb Position (cM) Dataset/modelc %Var(P)d Effects

Low High

NSEED TcSNP1370 1 23.4 F/MLM3 6.45 TT TG

mTcCIR66 1 24.8 B_all/GLM2 4.97 284/302

mTcCIR126 9 9.7 B_all/GLM2 6.44 208/208

mTcCIR8 9 48.5 B_all/GLM2 4.76 295/295

mTcCIR212 9 61.3 B_all/GLM2 4.86 188/192

TcSNP697 9 65.1 E/MLM4 8.68 CT

TcSNP368 9 77.1 E/GLM3 4.95 CG

DIPP mTcCIR280 3 42.30 B1/GLM3 7.53 99/99 91/91

LRWG TcSNP720 5 77.2 C_all/MLM3 11.01 -T AA

mTcCIR91 10 38.9 B2/GLM3 4.88 188/188 188/190

LRWY TcSNP1230 8 37.9 C_all/GLM2 8.01 AA AC

mTcCIR91 10 38.9 B2/GLM3 4.92 188/188 188/190

LVWG TcSNP375 8 33.2 C_all/GLM2 8.44 A- GG

LVWY TcSNP1374 6 39.4 F/GLM3 7.23 AA GG

LTWG mTcCIR183 4 24.1 D1/GLM3 4.24 357/357 357/359

mTcCIR91 10 38.9 D2/GLM3 4.50 188/188 188/190

LTWY TcSNP1230 8 37.9 E/GLM2 8.24 AA CC

NSEED number of filled seeds, DIPP detached fruit response to spray inoculations with Phytophthora

palmivora, LRWG log reproductive witches’ broom per tree girth, LRWY log reproductive witches’ broom

per year, LVWG log vegetative witches’ broom per tree girth, LVWY log vegetative witches’ broom per

year, LTWG log total witches’ broom per tree girth, LTWY log total witches’ broom per year
a Entries with P B 5 9 10-5 bolded (SSR)
b Chromosome and map position from SSR/SNP consensus map of CocoaGenDb (http://cocoagendb.cirad.

fr/)
c Datasets as in Table, significant markers identified using Bonferroni correction (Bonferroni 1936; Dunn

1961); Models are general linear models (GLM) or mixed linear models (MLM); GLM1:

Y = E ? A ? SQt; GLM2: Y = E ? A ? SMt; GLM3: Y = E ? A ? SQt ? SMt; MLM1:

Y = E ? A ? SKt; MLM2: Y = E ? A ? SQt ? SKt; MLM3: Y = E ? A ? SMt ? SKt; MLM4:

Y = E ? A ? SQt ? SMt ? SKt
d Percentage of phenotypic variation explained
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The absence of common markers that were associated

between DIPP and that for WBD suggested that these two

diseases may utilise different resistance mechanisms.

However, the marker mTcCIR280 for DIPP did not coin-

cide with any of the QTLs for Phytophthora resistance

reported earlier [Schnell et al. 2007a, b; Lanaud et al. 2009

(and references therein); Kuhn et al. 2012] or with the

genes identified by Legavre et al. (2015). Such non-

agreement may be the result of the imprecise scoring for

DIPP in the screening method (Iwaro et al. 2000) or the

differential mechanisms (pre- and post-penetration) of

resistance that have been suggested. Inconsistent WBD

trait data was similarly obtained, with none of the seven

accessions having the highest levels of WBD resistance

(CRU 128, IMC 50, LZ 2, MOQ 6/6, PA 67, PA 279, PA

289) being represented in a core collection of the ICGT

(Sounigo et al. 2006). Similarly, only 10 of the 25 acces-

sions in common with the study of Thevenin et al. (2005)

had similar WBD disease reactions in the ICGT. In contrast

to the previous authors, this study utilised WBD data that

was collected over a longer time (6 years), which may

explain the incongruous results. Furthermore, observations

of Thevenin et al. (2005) were made on only three bran-

ches, whereas in this study, the entire canopy and trunk of

the tree was observed. Recording symptoms over the whole

tree for a longer period of time would have reduced the

probability of escapes. Trees that had branches with only

one or a few brooms, many brooms on one branch, or

brooms on spatially distant branches were prone to escape

in Thevenin et al. (2005).

In contrast, the markers for resistance to M. perniciosa

were supported by QTLs reported in the literature and by

gene function. The SSR marker mTcCIR91 (chromosome

10) was significantly associated with logRWG, logRWY and

logTWG and was adjacent to the NBS-like sequences N172/

F12 (1 cM distant) and NSCA6/A1 (2.5 cM distant) of

Lanaud et al. (2004). The SSR marker mTcCIR183, signif-

icantly associated with LTWG, was 0.3 cM distant from the

Pto-like sequence PT172/B9 (Lanaud et al. 2004) on chro-

mosome 4. The SNP marker TcSNP1230, significantly

associated with logRWY and log total witches’ broom per

year, had a strong blast hit to the protein disulphide iso-

merase. Protein disulphide isomerase belongs to the thiore-

doxin superfamily and is involved in regulatory and stress

responses (Lepistö et al. 2009). An in silico study by Lima

et al. (2009) also found putative SNPs for WBD linked to

thioredoxin among other proteins. None of the SSR tags of

Brown et al. (2005) and Santos et al. (2007), and common to

this study were retained as associated markers.

In this study, WBD resistance in the ICGT was assessed

as two components: vegetative and reproductive. Common

markers for these traits were absent, suggesting that dif-

ferent genes may be involved in the resistance mechanisms

for witches’ broom disease on reproductive and vegetative

organs. This has not been previously established in the

literature, although Suarez-Capello et al. (2006) noted that

some cultivars tended to produce either more vegetative or

more cushion brooms. Resistance to WBD was found to be

oligogenic in this study and was influenced at six possible

areas. This was congruent with the results of Brown et al.

(2005); Faleiro et al. (2006) and Leal et al. (2007); Santos

et al. (2007); Gesteira et al. (2007); Lima et al.

(2008, 2009) and Silva et al. (2014) who found 2, 5, 6, 9,

11 and 4 genic regions, respectively, that were involved in

the resistance pathway. Dantas Neto et al. (2005) also

postulated an oligogenic mode of resistance to WBD.

Although, several authors have suggested a polygenic

mode of inheritance (Simmonds 1994; Pires et al. 1999;

Faleiro et al. 2002), they may have based their definition of

polygenic on the additive effects of several genes rather

than the small and equal effects of hundreds of genes. In

addition, da Hora Junior et al. (2012) identified 103

upregulated genes, but did not specify whether all 103 were

upregulated only in the cultivar resistant to WBD. Overall,

it would appear that the current results favour the

involvement of an oligogenic system with additive effects

in the resistance towards M. perniciosa.

Conclusion

Under an association mapping approach, DNA tags that

could be utilised in marker assisted breeding of cacao were

identified for number of filled seeds (four SSRs and three

SNPs), black pod resistance (one SSR) and witches’ broom

disease resistance (two SSRs and four SNPs) in cacao were

identified. The absence of common DNA tags for number of

seeds and disease resistance indicate that multiple loci are

required to identify cacao plants that pyramid these traits.
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