
ORIGINAL ARTICLE

SNP markers associated with resistance to frosty pod and black
pod rot diseases in an F1 population of Theobroma cacao L.

Osman A. Gutiérrez1 & Alina S. Puig1
& Wilbert Phillips-Mora2 & Bryan A. Bailey3 & Shahin S. Ali4 &

Keithanne Mockaitis5 & Raymond J. Schnell6 & Donald Livingstone6
& Guiliana Mustiga6 & Stefan

Royaert6 & Juan Carlos Motamayor6

Received: 1 May 2019 /Revised: 22 March 2021 /Accepted: 29 March 2021
# This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2021

Abstract
Economically, cacao (Theobroma cacao L.) is a major tropical commodity for the Americas; however, severe losses due to
Moniliophthora roreri (Cif. and Par.), which causes frosty pod rot (FPR), and Phytophthora spp., which causes black pod rot
(BPR), have reduced cacao production in the Americas. The objectives of this study are to (i) re-confirm the QTL using different
marker set; (ii) discover new QTL associated with FPR and BPR resistance using SNP markers; and (iii) find genes in the
candidate QTL regions. At CATIE in Turrialba, Costa Rica, an F1 mapping population of cacao was obtained by crossing
“POUND 7,” a clone moderately susceptible to FPR and resistant to BPR, with “UF 273,” resistant to FPR and highly susceptible
to BPR. A total of 179 F1 progeny were fingerprinted with 5149 SNP markers and a dense linkage map composed of 10 linkage
groups was developed using 2910 polymorphic SNP markers. Also segregating F1 trees were screened for resistance to FPR and
BPR diseases. Seven QTL previously reported on chromosomes 2, 7, and 8 for FPR resistance and on chromosomes 4, 8, and 10
for BPR resistance were confirmed. Additionally, eight QTL were identified for FPR resistance (chromosomes 4, 9, and 10) and
BPR resistance (chromosome 2). The expression of genes commonly associated with plant defense and disease resistance that are
located within the identified QTL was confirmed.
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Introduction

Cacao (Theobroma cacao L.) is an evergreen tree indigenous
to the Amazon basin. It can be found growing in many coun-
tries between latitudes 20° S and 20° N (Cope 1984).
Fermented and dried cacao seeds (beans) are used by the con-
fectionary industry, as the main ingredient in chocolate, as
well as in the food and beverage, cosmetic, and pharmaceuti-
cal industries.

It was thought that cacao was domesticated in Mesoamerica
by the Olmec, who transferred their knowledge to the Toltec,
Mayan, and Aztec civilizations (Bartley 2005; Coe and Coe
2013). However, recent findings by Zarrillo et al. (2018) indi-
cated that the cacao center of diversity was located on the upper
Amazon region of northwest South America, which was also
the center of domestication. Theobroma cacao is a diploid
species (2n = 2x = 20) within the family Malvaceae
(Whitlock and Baum 1999), initially divided into three major
morphological/geographic groups: Criollo, Forastero, and
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Trinitario (Cheesman 1944). After analyzing 1241 diverse ac-
cessions with 106 simple sequence repeat (SSR) markers,
Motamayor et al. (2008) later proposed classifying cacao germ-
plasm into 10 major groups: Amelonado, Contamana, Criollo,
Curaray, Guiana, Iquitos, Marañon, Nacional, Nanay, and
Purús.

Currently, cacao production is concentrated in West Africa
(72.3%); however, the Americas (18.3%) and Asia (9.4%)
also contribute to the world supply of cocoa (ICCO 2017).
Disease and insect pests contribute to losses of about 30%
worldwide (Ploetz 2016). Two of the diseases responsible
for the greatest losses in cacao are frosty pod rot (FPR), caused
byMoniliophthora roreri, and black pod rot (BPR), caused by
several different Phytophthora species (P. capsici,
P. tropicalis, P. citrophthora , P. megakarya , and
P. palmivora). BPR pathogens are present in all cacao pro-
ducing countries and cause annual yield losses of 20 to 30%
(Surujdeo-Maharaj et al. 2016). In contrast, FPR causes less
overall reduction in world cacao production due to its limited
geographic distribution. However, in some regions, average
pod losses from 30% to above 90% have been reported
(Phillips-Mora and Wilkinson 2007; Bailey et al. 2018).
FPR is present in most cacao growing areas of the Americas,
excluding Brazil and all Caribbean countries except Jamaica
where it was reported in 2016 (Johnson et al. 2017). In places
where both BPR and FPR diseases co-occur, FPR causes the
highest yield losses (Evans 2007; Phillips-Mora and
Wilkinson 2007). It is expected that FPR will continue to
disperse across the cacao producing regions of the Western
Hemisphere (Bailey et al. 2018).

BPR resistance is estimated by measuring the diameter of
lesions developing on pods (Phillips-Mora and Castillo 1999),
by estimating lesion area (Campbell et al. 2015), or by deter-
mining the area under the disease-progress curve (Ling et al.
2017). Importantly, screening methodology impacts the out-
come of disease resistance studies. Greater susceptibility to
BPR was found, for example, when inoculations were applied
to detached pods versus attached pods (Iwaro et al. 1998). The
inoculation of wounded pods vs. non-wounded pods has
yielded different results, as these methods screen for pre-
and post-penetration resistance, respectively (Surujdeo-
Maharaj et al. 2016).

In addition to pods, since the early 1950s, leaf inoculations
have been used to screen for BPR resistance, and leaf disk
inoculation methodology has been standardized (Holliday
1954; Nyassé et al. 1995; Akaza et al. 2009).

QTL analyses have been conducted to determine which
regions of the genome can be linked to resistance to
Phytophthora spp. (Crouzillat et al. 2000; Brown et al.
2007; Motilal et al. 2016). Since different screening method-
ologies were employed in these discoveries, it is possible that
the QTL identified are associated to distinct mechanisms of
resistance.

For example, QTL detected using leaf disk inoculation may
not correspond to QTL identified using artificial pod inocula-
tion methodology or field resistance (Lanaud et al. 1999;
Flament et al. 2001). In addition, mapped QTL for BPR resis-
tance based on field incidence and leaf disk inoculation
experiments has also provided different outcomes. Akaza
et al. (2016) using the following crosses, (“SCA 6” × “H”) x
“C1,” (“POUND 7” × “ICS 100”) × “C1,” and (“POUND 7”
× “ICS 95”) × “C1,” reported that the leaf disk inoculation
methodology led to the identification of QTL on linkage
groups (LGs) 1, 3, and 10 from the parent “POUND 7” ×
“ICS 100,” while incidence of BPR in the field led to the
identification of disease-resistance associated QTL in all three
of the parents (“POUND 7” × “ICS 95,” LGs 2 and 4; “SCA
6” × “H,” LGs 1, 6, and 8; “POUND 7” × “ICS 100,” LGs 4
and 6). Only chromosome 1 carried QTL for resistance to
P. palmivora based on both screening techniques (Akaza
et al. 2016). Contradictory results may also arise due to the
variation in the virulence among isolates used in each region
or due to parental off-types (Cervantes-Martinez et al. 2006;
Olasupo et al. 2018).

While resistance to BPR has been identified in several
germplasm accessions, resistance to FPR is relatively uncom-
mon. Using seventy new cacao clones, Phillips-Mora and
Castillo (1999) conducted a screening experiment at the
Centro Agronómico Tropical de Investigación y Enseñanza
(CATIE) in Turrialba, Costa Rica. They found that only 2
clones (3%) were characterized as moderately resistant
(MR). Furthermore, they stated that based on their screening
results, only 10 clones (2.3%) out of 441 clones that represent
56% of the CATIE collection were identified as resistant or
moderately resistant to FPR. In the latest report, Phillips-Mora
et al. (2017) stated that out of 1260 clones from the CATIE
collection, 76 (6%) showed tolerance to FPR. This recent
result confirms the low number of accessions with FPR toler-
ance/resistance. The levels of internal severity (IS), external
severity (ES), and disease incidence were assessed following
artificial inoculation (Phillips-Mora 1996; Suárez-Capello
1999), as well as measuring disease incidence under natural
infection conditions (Galindo and Enriquez 1984). Bejarano
(1961) successfully obtained M. roreri infection by spraying
pods with a spore suspension and containing them within a
polyethylene bag. He demonstrated that wounds were not
necessary for infection to develop. Since then, this screening
methodology has been modified numerous times and opti-
mized to differentiate levels of resistance among genotypes
(Sotomayor 1965; Sánchez 1982; Phillips-Mora and Galindo
1989; Sánchez and Gonzalez 1989).

An important goal in cacao improvement programs around
the world is breeding for disease resistance; however, only
30% of material currently being cultivated is made up of im-
proved varieties (Gutiérrez et al. 2016). Breeding disease-
resistant plants involves crossing and selecting genotypes in
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order to accumulate desirable genes for resistance and agro-
nomic traits (Keane 2012). Since 1999, the USDA-ARS has
been collaborating with CATIE and MARS, Inc., on a
genomic-assisted breeding program with an emphasis on dis-
ease resistance (Schnell et al. 2005; Schnell et al. 2007). This
program uses genomic-assisted breeding methodologies to
accelerate the breeding process. Developing disease-resistant
germplasm with high yields would provide a stable supply of
raw material to the worldwide chocolate confectionary
industry.

Brown et al. (2007) in an F1 population of the cross
“POUND 7” × “UF 273” determined that there were five
QTL for FPR resistance. They used 180 markers (single se-
quence repeat, resistance gene homolog sequences, and one
“WRKY” stress-related marker) to build a linkage map con-
taining 169 loci and identified putative QTL for resistance to
both FPR and BPR. The five QTL associated with resistance
to FPR were located on linkage groups 2, 7, and 8, and three
QTL associated with BPR resistance on chromosomes 4, 8,
and 10.

The current study examines the same mapping population
used by Brown et al. (2007), genotyped with far more markers
(5149 SNPs versus the original 180 SSRs) using an 6K
Illumina SNP chip developed by Livingstone et al. (2015),
resulting in a more dense genetic linkage map as well as more
precise QTL identification. The purpose of this study is to (i)
re-confirm the QTL using a different marker set; (ii) discover
new QTL associated with FPR and BPR resistance using SNP
markers; and (iii) find genes in the candidate QTL regions.

Materials and methods

Plant materials

A heterozygous F1 mapping population was developed at
CATIE by crossing “POUND 7,” a clone moderately suscep-
tible to FPR and resistant to BPR, with “UF 273,” which is
resistant to FPR and highly susceptible to BPR (Phillips-Mora
et al. 2013). This population segregates for disease resistance
traits, making it ideal for use in mapping and QTL identifica-
tion. One of the 5 “UF 273” accessions used as pollen donors
was found to be an off-type and is referred to as “UF273”
Type II. It differed at 22 of the 180 SSR alleles tested by
Brown et al. (2007), and individuals of the F1 population were
designated Type I (n = 185) or Type II (n = 71) to indicate
fromwhich father they arose (Cervantes-Martinez et al. 2006).
In addition, after screening Type I and Type II progenies with
5149 SNP markers, Livingstone et al. (2015) obtained 0.162
as the proportion of SNP loci that were different between the
two parental accessions, “UF 273” Type I and “UF 273” Type
II. Further disease resistance screening of these trees conclud-
ed that the “UF 273”Type I tree was resistant to FPRwhile the

“UF 273” Type II was classified as moderately resistant
(Phillips-Mora et al. 2013). The original F1 population was
comprised of 256 individuals; however, only the subset of
179 Type I F1 individuals was included in this study because
they were descendants of the “UF 273” Type I parent.

Trees were planted in 1998 at the CATIE farm, La
Montaña. Planting sites and plot arrangements are described
in detail in Brown et al. (2007). Artificial inoculations of
pods were carried out on the complete population [Type I
(n = 185) and Type II (n = 71)] from 2000 to 2004 to assess
resistance to FPR and BPR by Brown et al. (2007).
However, only data from Type I individuals were consid-
ered in this research.

Genomic DNA isolation and SNP genotyping

DNA extraction was conducted using the methodology
employed by Livingstone et al. (2015).

For each sample, 300 mg of leaf material was homogenized
in liquid nitrogen, suspended in 1 mL wash buffer (100 mM
Hepes, 0.1% PVP 40 (w/v), and 4% 2-mercapto-ethanol),
vortexed briefly, and centrifuged (8400 ×g for 5 min). Wash
buffer was removed from the pelleted material, and 1 mL of
fresh wash buffer applied followed by vortexing and centrifu-
gation (8400 ×g for 5 min); this process was repeated 4–6
times until the supernatant was no longer viscous. Nuclei ex-
traction buffer (15% sucrose, 50 mM Tris–HCl, 50 mM
EDTA pH 8.0, and 500 mM NaCl) was added to the pellet
and it was vortexed until the pellet had been resuspended back
into solution. Once resuspended, the sample was incubated
(50 °C) for 15 min with gentle vortexing every 2 min. After
incubation, the sample was centrifuged (8400 ×g for 5 min.),
the supernatant removed, and the pellet resuspended in 450
μL of buffer (20 mM Tris–HCl with 10 mM EDTA) and 80
μL of 10% SDS. The sample was subjected to another 15-min
incubation period, but this time at 70 °C. After incubation, the
sample was cooled to room temperature and subsequently,
300 μL of ice-cold, −20 °C, 7.5 M NH4OAc was added.
The sample was placed on ice for 30 min and then the tube
was centrifuged at top speed for 15 min at 4 °C. The aqueous
top layer was reserved in a new tube, and an equal part of
isopropanol was added, followed by a centrifugation step
(max speed, 15 min) at 4°C. Ice-cold 70% ETOH was used
to wash the DNA pellet twice after which it was resuspended
in 100 μL Tris–HCl (10 mM). Leaf material was obtained
from the parents “POUND 7” and “UF 273” Type I and
“UF 273” Type II, as well as from the F1 progenies and the
extracted DNA was submitted to Illumina for genotyping
using the 6K Illumina SNP chip developed by Livingstone
et al. (2015). SNP ID, mapping population, position, linkage
group location, gene model, and sequences are provided in
supplemental file 3 of Livingstone et al. (2015).
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Disease resistance screening

Frosty pod rot

In order to measure resistance to FPR, fruits from 25–35 se-
lected trees were inoculated withM. roreri during an inocula-
tion event, which refers to inoculations performed within the
same day, using the method designed by Phillips-Mora
(1996). Young attached pods, 2–3-month-old, were artificially
inoculated by spraying a spore suspension of M. roreri, cov-
ering them with a bag for 2 days to maintain humidity, then
evaluating disease severity 9 weeks after inoculation. For each
inoculation date, during the 4-year period, between 1 and 10
available pods were sampled per selected tree. Each genotype
was inoculated between 3 and 17 times, depending on fruit
availability. Nearly all available pods were inoculated in each
event.

FPR disease ratings are based on ES and IS which are
measured 9 weeks after inoculation. ES quantifies symptom
development on the pod surface using a five-point scale
(Sánchez et al. 1987; Sánchez and Gonzalez 1989), where: 0
= healthy pod; 1 = water soaking; 2 = swellings and/or pre-
mature ripening; 3 = necrosis; 4 = mycelium covering less
than 25% of the necrotic area; and 5 = mycelium covering
more than 25% of the necrotic area. IS, based on the percent-
age of internal necrosis, was rated on a scale of 0 to 5, where: 0
= 0%; 1 = 1–20%; 2 = 21–40%; 3 = 41–60%; 4 = 61–80%;
and 5 = >80% (Sánchez et al. 1987). For each genotype, an
average rating was calculated for all pods within a single in-
oculation event (Gutiérrez et al. 2016). Because the produc-
tion of pods was not uniform among all Type I F1 individuals
during the different inoculation events, phenotypic data was
retained only for 169 Type I F1 progenies. A minimum of
three separate inoculation events, including at least five pods
per tree, was required for progenies to be included in the
analysis.

Black pod rot

Phytophthora palmivora inoculations were done by spraying
pods with zoospore suspensions and covering them with a
plastic bag to maintain the high humidity conditions required
for infection. Between 1 and 13 pods from each tree were
sampled at each inoculation date, depending on availability.
Genotypes with fewer than three inoculations were excluded.
The number of inoculations per genotype ranged from 4 to 19.

Disease severity was quantified as average diameter (cm)
of the largest lesion on each pod 10 days after inoculation
(DL10) (Crouzillat et al. 2000). All pods from a single inoc-
ulation event were averaged to give a mean rating per tree.
Only 175 Type I F1 trees were retained after using the same
criteria previously described for the FPR resistance evaluation

analysis regarding a minimum number of pods as well as
inoculation events.

Data analysis

Analyses for resistance to FPR included genotypes with at
least five total inoculated fruits and three inoculation events.
Distribution of ES and IS for each genotype was assessed
using Proc Univariate in SAS (SAS Institute 2016) and found
to be normal. However, variances were found to be unequal
based on Levene’s test for homogeneity. Internal and external
disease severity values were analyzed using a Welch
ANOVA, which adjusts for unequal variance, with SAS V
9.4 (SAS Institute 2016), and least square means were calcu-
lated for each tree. Very small quantities (0.001–0.003) were
added to observations within a given genotype when they
shared identical values for the model to converge.

Analyses for resistance to BPR included genotypes with a
minimum of four inoculation events. Three genotypes were
excluded, as they had two or fewer inoculation events. Normal
distribution of DL10 was confirmed as described above; how-
ever, variances were again found to be unequal based on
Levene’s test for homogeneity. A generalized mixed linear
model was run on DL10 to calculate least square means and
adjust for unequal variance.

JoinMap® 5 (Van Ooijen 2018) was utilized to assemble
genetic linkage maps using SNP data from 185 F1 progenies
and cross-pollinating (CP) population data classification
scheme. Linkage map computations were performed using
SNP genotyping data that was converted to JoinMap format
segregation patterns <lm × ll> (maternal parent), <nn × np>
(paternal parent), and <hk × hk> (both parents) using an R
script program. Distorted loci that did not follow the expected
segregation ratios of 1:1 for the lm × ll and nn × np segregation
patterns as well as 1:2:1 hk × hk segregation pattern were
discarded based on a chi-square test (P < 0.01). Later, the
segregation patterns <lm × ll> and <hk × hk> were used to
construct the maternal parent (“POUND 7”) linkage map. In
contrast, <nn × np> and <hk × hk> were utilized for the pa-
ternal progenitor (“UF 273” Type I). Linkage grouping was
performed using the independence LOD option and 4.0 was
the minimum LOD value used to select the linkage groups.
The multipoint frequency recombination estimation in the
maximum likelihood mapping procedure was estimated by a
quicker deterministic EM algorithm (Van Ooijen 2018) and
was also utilized to construct the linkage maps. The Haldane
mapping function (Haldane 1919) was used to calculate map-
ping distances. To select the best locus order in each individ-
ual linkage group, map calculations were performed ten times
and the best maps were selected based on the log-likelihood
criterion (LogE-likelihood) that consists of choosing the
maps with the least negative log-likelihood value (Van
Ooijen and Jansen 2013). In addition, nearest–neighbor
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stress test (N.N. Stress) was used to observe the quality of
the simulated annealing using a threshold value of 2.
Identical loci were identified by JoinMap® 5 based on iden-
tical segregation patterns and linkage map computations
were only performed using representative loci from each
linkage bin having the minimum missing genotype rate.
Linkage map and location of the QTL on the genetic map
were created using LinkageMapView software version
2.1.2 (Ouellette et al. 2018).

QTL analyses were performed using a mixed model ap-
proach to the genome-wide scan with GenStat® 19.0 software
(VSN International 2017) in the following order. First, a cal-
culation of the genetic predictors was conducted followed by
an initial genome-wide scan using marker regression and sim-
ple interval mapping (SIM) methodology (Lander and
Botstein 1989) to find candidate QTL posit ions.
Subsequently, the selected SNP markers associated with
QTL for FPR and BPR resistance were used as co-factors in
several rounds of composite interval mapping (CIM) (Jansen
and Stam 1994; Zeng 1994). Lastly, a final multi-QTL model
developed by Boer et al. (2017) and described below was fit
using back-selection and the CIM’s set of candidates QTL to
obtain the final set of estimated QTL effects.

yi ¼ μþ αa1xa1i þ αa2xa2i þ αdxdi þ ei

where:

yi is the trait mean for genotype i
μ is the overall mean
αa1 is the QTL additive effect of the first parent (POUND

7) at the position being examined
xa1i is the additive genetic predictor for parent 1 allele

inherited by progeny i at the position being examined
αa2 is the QTL additive effect of the second parent (UF

273) at the position being examined
xa2i is the additive genetic predictor for parent 2 allele

inherited by progeny i at the position being examined
αd is the dominance QTL effect at the position being

examined
xdi is the dominance genetic predictor for genotype i at the

position being examined
ei is the residual effect

QTL were treated as fixed effects and their significance in
the model was determined by the Wald test. Calculation of
genetic predictors, SIM, CIM, and final QTL model were
p e r f o rmed u s i n g t h e Q IBDPROBABIL IT IES ,
QSQTLSCAN, QCANDIDATES, and QSBACKSEL rou-
tines and the CP population option available in GenStat®.

At each QTL, four genotypic classes are inferred based on
inheritance of haplotype “a” or “b” from POUND 7 and hap-
lotype “c” or “d” from UF 273. The haplotypes represent
identity-by-descent at the locus inferred from the linkage

map and surrounding markers, rather than identity-in-state at
a single marker. The means for the ac, ad, bc, and bd geno-
types were then used to estimate the additive and dominance
effects at the QTL. The population structure permits compar-
ison of the average difference between the two alleles
inherited from Pound 7 (a1 = gp_additive), the two alleles
inherited from UF 273 (a2 = gp_additive2), and a within-
locus allelic interaction effect (d = gp_dominance). This inter-
action effect is referred to as a dominance effect, but it is not a
classical dominance effect representing the difference be-
tween the heterozygote and mid-parent values at a biallelic
locus, because none of the progenies are homozygous for a
parental haplotype defined by identity-by-descent. Instead,
this dominance effect represents the deviation of specific com-
binations of alleles from the two parents compared to their
expected genotypic values based on the average allelic effects.
Additive and dominance effects are related to the genotypic
class means as follows:

ac : mu−a1−a2 þ d

ad : mu−a1 þ a2−d

bc : muþ a1−−a2−d

bd : muþ a1 þ a2 þ d

Also the percentages of the variance explained by an SNP
marker were calculated using the QIBDPROBABILITIES
procedure’s estimate effects option on the final QTL mod-
e l and the mixed model REML procedure and
VCOMPONENTS directive (Payne et al. 2015; Boer
et al. 2017). The threshold value [−Log10(P) (P < 0.05),
(P < 0.01), and (P < 0.001)], used to determine the sig-
nificance of a QTL, was estimated by GenStat® using a
modified Bonferroni correction base, a methodology de-
veloped by Li and Ji (2005). SNP markers associated with
top LOD values were designated as QTL linked to SNPs.
After the QTL analysis was completed, parental and prog-
eny haplotypes of the SNP markers and flanking markers
associated with QTL for each one of the evaluated traits were
obtained and phased with iXora (Utro et al. 2013) and
JoinMap® 5 (Van Ooijen 2018). Since the QTL model is
based on inferring inheritance of parent 1 alleles (a or b) and
parent 2 alleles (c or d) using linkage information and local
multi-locus genotypes, optimal genotypic classes are identi-
fied in terms of these inferred identity-by-descent allelic rep-
resentations. To identify specific combinations of SNP alleles
very closely linked to the QTL peak positions that represent
these genotypic classes, pairs of SNPs surrounding each QTL
with alternate segregation patterns were used to define the
genotypic classes of the QTL model. The specific pairs of
alleles at these markers were identified and represent the op-
timal haplotypes at each QTL, and these can be converted to
marker assays for marker-assisted selection of QTL alleles.

Page 5 of 19     28Tree Genetics & Genomes (2021) 17: 28



Expression analysis using RNA-Seq

The RNA-Seq analyses of two FPR tolerant clones “CATIE-
R4” and “CATIE-R6” (“UF 273” Type I × “PA 169”)
(Phillips-Mora et al. 2013) and two susceptible FPR but tol-
erant BPR clones “CATIE-1000” and “POUND 7” of un-
known pedigrees were part of a previously published study
by Ali et al. (2014) using the Belizean Criollo genotype (B97-
61/B2) cacao genome assembly (Argout et al. 2011). Data for
three independent biological replicates for each of the four
clones were included in the analysis. Information related to
the M. roreri infection assay, RNA isolation, and RNA-Seq
analysis can be obtained from the previous study (Ali et al.
2014). RNA reads from RNA-Seq libraries in fastq format
were trimmed up using BBDuk version 37.58 (Bushnell
2014), using adapters.fa with parameters ktrrim = r, k = 23,
mink = 11, hist = 1, tpe, tbo. Trimmed reads were aligned
using HISAT2 2.1.0 (Pertea et al. 2016) to the coding se-
quences (CDS) of the cacao Matina1-6 genome v1.1
(Motamayor et al. 2013). Tabulated raw counts from each
CDS were obtained from the HISAT2 alignment. Raw counts
were normalized using the DESeq2 (Anders and Huber 2010)
(Galaxy Version 2.11.40.1) available in Galaxy pipeline
(https://usegalaxy.org/). Estimation and statistical analysis of
the expression level using normalized count data of each gene
with three replicates for each library were performed using the
DEseq2 package (Supplemental File 2). Genes associated
with the QTL were defined as those on either side of the
primary marker out to one-half of the distance to the next
marker, distinguished by physical position (bp), as determined
by the QTL analysis. Gene ontology (GO) analysis was car-
ried out on QTL-associated genes using the program
Blast2GO (Conesa et al. 2005). KEGG (Kyoto Encyclopedia
of Genes and Genomes) Automatic Annotation Server
(KAAS) was used to obtain KEGG Orthology and KEGG
pathways involving the genes present in the QTL by
BLASTx comparisons against the manually curated KEGG
GENES database (Moriya et al. 2007). Identification of path-
ogen receptor gene orthologs was carried out by BLASTx
search against the PRGdb (version 3.0) (Osuna-Cruz et al.
2018).

Results

Phenotypic evaluation of F1 progenies

Mean phenotypic values of frosty pod rot external severity
(ES), internal severity (IS), and BPR disease severity
(DL10) are presented in Fig. 1. For ES and IS, inoculation
data from 169 Type I F1 individuals was used to calculate
the mean phenotypic values. In contrast, 175 Type I F1 prog-
enies were employed to estimate BPRDL10mean phenotypic

values. This difference was due to the low production of pods
in these plants as well as the lack of available pods at the time
of M. roreri inoculations. ES, IS, and DL10 values ranged
from 1 (±0.00) to 3.38 (±0.29), 1.05 (±0.05) to 4.83 (±0.13),
and 1.02 (±0.01) to 12.84 (±0.79), respectively. The means for
ES and IS were 2.06 (±0.48) and 2.81 (±0.86). Also, the num-
ber of progenies classified as resistant to highly resistant to
FPR (i.e., severity values below 2.0), based on ES and IS
severity scores, was 97 and 41, respectively (Fig. 1a, b).
Mean DL10 was 3.98 (±2.75) and 110 trees had values that
classified them as highly resistant to resistant (Fig. 1c). Most
trees were classified as highly resistant to resistant based on
ES (97 trees) and DL10 (110 trees).

Polymorphism evaluation and linkage maps

From a final set of 5149 SNPs, 2910 loci were polymorphic
between the parental genotypes. One hundred seventy-nine
Type I F1 progenies were used to construct the ten-linkage
group map. None of the nearest–neighbor stress test (N.N.
Stress) values were higher than the threshold value of 2; there-
fore, no additional SNP loci were eliminated from the map.
The number and proportion of segregation types used for the
map were the following: 875 (30%) <lm × ll>, 664 (23%) <hk
× hk>, and 1371 (47%) <nn × np>. In addition, all linkage
groups were composed of SNP markers whose location
corresponded to their physical location based on the Matina
1-6 v1.1 genome sequence assembly. Chromosome 5 showed
the maximum number of loci (151) segregating in “POUND
7” (<lm × ll>maternal segregation type), while chromosome 2
was highest in segregating loci (253) in “UF 273” Type I (<nn
× np> paternal segregation type). The maximum number of
segregation types <hk × hk>, indicating that both parents are
heterozygous for a locus, was detected on chromosome 8 with
147 loci (Table 1). JoinMap® 5 identified 1883 loci as unique
and 1027 loci as identical; however, all loci were included in
the final map. The final number of unique loci by chromo-
some is presented on Table 1. The highest number of unique
loci (273) was observed in chromosomes 1 and 2. In contrast,
the lowest number (177) was detected in chromosome 3. The
total length of the map was 1036.72 cMwith a density of 0.55
cM/SNP. Among individual linkage groups, chromosome 1
was the largest with 136.19 cM. Conversely, chromosome 7
was the shortest, with 64.51 cM and 120 non-identical loci.
The average chromosome length was 103.67 cM. The average
inter-marker distance was 0.93 cM and the largest inter-
marker distance of 19.58 cM was observed on chromosome
5 (Table 1, Fig. 2).

Even though all SNP markers mapped to their previously
assigned chromosomes based on their physical location on the
Matina 1.6 v1.1 assembly scaffolds, a series of changes in
marker order were observed across all chromosomes. When
comparing the SNPs physical position in the respective
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Fig. 1 Distribution of a) plant
means for FPR external severity,
b) plant means for FPR internal
severity, and c) plant means for
BPR disease severity among
Type 1 F1 progenies of the cross
“POUND 7” × “UF 273”
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Matina 1-6 assembly scaffolds with their corresponding posi-
tions in the genetic linkage maps, chromosomes 5 and 6 pres-
ent the most discrepancies. The marker order for the rest of the
chromosomes showed a high degree of collinearity with the
Matina 1-6 v1.1 physical map (Supplemental Fig 1,
Supplementary Material S1).

SNP markers associated with FPR and BPR resistance

Genome-wide LOD [−Log10(P)] significance thresholds used
in the SIM and CIM were calculated by GenStat using a mod-
ified Bonferroni correction developed by Li and Ji (2005).
Their values at significance levels of P < 0.05, P < 0.01, and
P < 00.01 were 3.64, 4.34, and 5.34, respectively for all three
traits (ES, IS, and LD10) were studied. SNP markers associ-
ated with FPR resistance were first detected in this study with
marker regression and SIM using the recommended step size
along the genome of 106 and 10 cM, respectively (Boer et al.
2017). SNP loci Tcm004s01757744 (chromosome 4, 9.34
cM), Tcm007s10151858 (chromosome 7, 45.98 cM), and
Tcm009s41904987 (chromosome 9, 132.73 cM) presented
significant associations (P < 0.01, P < 0.01, and P < 0.05)
with ES. In addition, SNP markers Tcm002s00690270,
T cm0 0 7 s 1 0 3 6 7 5 0 6 , T cm0 0 8 s 0 5 1 0 3 9 8 2 , a n d
Tcm009s41521554 located on chromosomes 2 (2.82 cM),
7, (46.92 cM), 8 (29.67 cM) and 9 (130.20 cM) exhibited
significant association with IS (P < 0.01, P < 0.05, P < 0.01,
and P < 0.05).

In contrast, Tcm004s28852879 on chromosome 4 (85.44
cM) and Tcm010s23394888 on chromosome 10 (65.07 cM)
were the only SNP markers identified by marker regression
and SIM to be highly significantly associated with BPR DL10
severity (P < 0.01 and P < 0.001, respectively).

The SNP markers previously identified as associated with
FPR and BPR resistance were used as cofactors by GenStat in
the CIM analyses. To prevent co-linearity between a cofactor
and a potential QTL, a default value of 50 cM was used by
GenStat for the minimum cofactor proximity. Results based
on the evaluated variables (ES and IS) indicated that eleven
QTL associated with resistance to FPR were identified by
CIM in this study and are located on chromosomes 2, 4, 7,
8, 9, and 10 (Table 2 and Fig. 3a, b, c, d, e, f). For ES, five
QTL were mapped to chromosomes 4, (9.34 cM), 7 (29.10
cM), 8 (31.22 cM), 9 (132.73 cM), and 10 (17.40 cM) with
LOD values of at least 3.87 (P < 0.05) accounted for 11.19,
10.19, 6.70, 10.23, and 4.96% of the variation, respectively.
However, only two SNP markers previously associated with
E S b y S IM a n d l o c a t e d o n c h r omo s om e s 4
(Tcm004s01757744) and 9 (Tcm009s41904987) were detect-
ed by CIM as linked with ES (Table 2, Fig. 3b, e).

Six QTL associated with FPR resistance and detected by IS
were discovered on chromosomes 2 (17.98 cM), 4 (9.34 cM),
7 (29.10 cM), 8 (31.22 cM), 9 (123.48 cM), and 10 (8.21 cM).
These QTL explained 11.08, 8.62, 7.71, 10.54, 9.12, and
5.54% of the variation with significant LOD values of at least
4.50 (P < 0.01), respectively. Moreover, SNP markers
T cm0 0 4 s 0 1 7 5 7 7 4 4 , T cm0 0 7 s 0 5 8 2 5 3 6 5 , a n d

Table 1 Parental and consensus linkage maps of the F1 population of “POUND 7” × “UF 273” Type I constructed with 179 individuals and 2910 SNP
loci

Chromosome “POUND 7”
(P1)

“UF 273” Type
I (P2)

Segregation pattern Consensus map

No. of
loci

Length
(cM)

No.
of
loci

Length
(cM)

<lm
× ll>

<hk ×
hk>

<nn ×
np>

Total No.
of loci

No. of
unique
loci

Length
(cM)

Average marker
interval (cM)

Gaps ≤
2 cM

Maximum
gap (cM)

1 189* 133.31 332 136.19 105 84 249 438 273 136.19 0.74 176 2.89

2 205 122.72 351 122.72 107 98 253 458 273 122.72 0.75 154 4.02

3 110 114.03 44 72.13 98 15 29 142 110 114.03 1.39 64 7.85

4 169 106.80 225 103.20 89 80 145 314 201 106.80 0.91 107 3.81

5 184 108.63 114 129.50 151 33 81 265 164 129.50 1.26 88 19.58

6 95 82.42 159 88.28 60 35 124 219 144 88.23 0.93 88 5.62

7 92 63.51 124 64.51 36 56 68 160 120 64.51 0.93 64 4.01

8 217 69.02 246 65.704 70 147 103 320 215 69.02 0.55 125 2.00

9 215 132.73 279 126.46 127 88 191 406 266 132.73 0.83 150 4.69

10 59 72.99 156 71.30 32 28 128 188 117 72.99 0.96 69 3.78

Average 153.50 100.62 203 98.00 87.50 66.40 137.10 291 188.30 103.67 0.93 108.50 5.83

Total 1535 1006.16 2030 980.00 875 664 1371 2910 1883 1036.72 1085

*hk × hk segregation pattern markers are included in both parental maps
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Tcm008s05380821, associated with ES, were also linked to IS
and used as cofactors in the CIM analysis for both traits. On
chromosomes 9 and 10, SNPmarkers associated with both ES
and IS traits were found at different locations. Only chromo-
some 2, presented SNP markers associated with IS resistance
(Table 2 and Fig. 3a, b, c, d, e, f).

Four QTL for BPR resistance, based on the DL10 variable,
were identified on chromosomes 2, 4, 8, and 10 using CIM
(Table 2 and Fig. 3a, b, d, f). SNP locus Tcm002s08313597
located at 43.60 cM on chromosome 2 is linked to this first
QTL (P < 0.05 and 8.31%). SNP locus Tcm004s28538741
(P < 0.01 and 11.01%) is located on the second QTL, at
78.67 cM on chromosome 4. The third QTL (P < 0.001 and

8.23%) is located on Tcm008s04656460 at 27.12 cM. The
last QTL (Tcm010s22418501) was detected on chromo-
some 10 at 61.02 cM with an LOD value of 10.88 (P <
0.01) and accounted for 23.07% of the variation. All these
SNP markers associated with the previously described QTL
were used as cofactors on the CIM analyses.

In general, significant additive effects due to the average
difference between the two alleles (a, b) inherited from
“POUND 7” (a1 = gp_additive) and the other two alleles (c,
d) from “UF 273” Type I (a2 = gp_additive2) were detected
for each of the QTL associated with ES, IS, and DL10. The
largest additive effect was observed on chromosome 10 (1.18)
and was associated with BPRDL10 (“POUND7”). Four QTL
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Fig. 2 Genetic linkage map constructed using 179 Type 1 F1 progenies derived from the cross: “POUND 7” × “UF 273”
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associated with ES presented minor dominance effects. In
contrast, 3 IS QTL as well as 2 DL10 QTL showed bigger
dominance effects (d = gp_dominance) which is due to the
within-locus allelic interaction effect. The largest dominance
effects were observed on chromosomes 2 (−0.65) and 4
(−0.35) and associated with two QTL for DL10 (Table 2).

A segregation ratio of 1:1 was observed onmajority the SNP
markers associated with QTL for ES and IS except for FPR IS-
6. On the other hand, a 1:2:1 segregation ratio was presented in
three of the four SNPs associated with QTL for DL10.

Each QTL peak is defined by a single SNP marker with
two alleles, with the pair of four parental haplotypes inferred
at this position through the linkage analysis, leveraging the
information from flanking markers. Therefore, we identified
a pair of SNPs in the region of each QTL peak that jointly can
discriminate the four parental haplotype combinations, and the
specific two-locus genotype that uniquely identifies the most
resistant genotype at each QTL (Table 3). Moving from single
SNPs to SNP pairs at the QTL peaks allows us to design SNP
assays that permit marker-assisted selection of the favored
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Fig. 3 Locations of QTL associated with FPR external severity (ES), FPR internal severity (IS), and BPR disease severity (DL10) in a Type 1 F1
progenies of the cross “POUND 7” × “UF 273.” The SNPs marked with colors are the peak marker and flanking marker of each QTL

Page 11 of 19     28Tree Genetics & Genomes (2021) 17: 28



genotypes at each QTL. Six of the selected SNP marker pairs
are completely linked, whereas the remaining nine SNP pairs
are separated by 0.39 to 3.84 cM (Table 3).

QTL gene composition and expression

A summary of the QTL compositions is presented in
Supplementary Tables 1 and 2 including gene identifica-
tions based on GO and KEGG analysis and gene expres-
sion profiles (Supplemental Material S3). The gene num-
bers of the various QTL varied widely ranging from 11 to
185. There were four chromosomal rearrangements in-
volving markers associated with specific QTL which
complicated identification of associated genes: QTL
DL10-1, DL10-3, ES-5, and ES-2/IS-3. The chromosomal
rearrangements were all relatively close to the primary
QTL marker based on the cacao Matina1-6 genome
v1.1. Most of the genes within the QTL were expressed
with at least one read. There were a limited number of
genes in each QTL showing consistent differential expres-
sion between resistant (“CATIE-R4” and “CATIE-R7”)
and susceptible (“POUND 7” and “CATIE-1000”) clones
(Supplemental Material S2 and S3).

Among the various gene groupings, associated with the
GO analysis of biological function frequently identified
(Supplemental Tables 1 and 2), oxidation/reduction processes
and proteolysis stand out as relevant to disease resistance.
Many integral membrane proteins were identified based on
the GO cellular component. Genes with putative kinase activ-
ity stand out among the classes identified by the GOmolecular
function analysis. Every QTL had at least 1 gene identified (e-
value ≤ −0.50, identity ≥ 40%) as a potential disease-resistant
associated gene in the pathogen receptor database PRGdb,
with 40 genes being identified in ES-2/IS-3 and 28 being
identified in DL10-4. KEGG IDs were identified for 143 of
the QTL-associated genes.

Many of the genes located within the QTL can easily be
associated with plant defense functions, forming gene clusters
on specific QTL (Supplemental Tables 1 and 2): chitinases
(IS-5), cysteine/histidine-rich c1 domain (ES-5), cytochrome
P450 enzymes (DL10-3), indole-3-acetic acid-amido synthe-
tase (ES-2/IS-3), malectin/receptor protein kinase (IS-6),
AAA-ATPase (IS-1), serine carboxypeptidase 44 (ES-2/IS-
3), and especially disease resistance/LRR containing proteins
(ES-5, ES-2/IS-3, DL10-2, DL10-4). In addition, there were
many genes potentially associated with disease resistance
which occurred in related sets of two or three on individual
QTL (Supplemental Tables 1 and 2). Of interest are the
NRT1/PTR family 5.4 (DL10-4), plant self-incompatibility
S1 (IS-1), and TPD1 protein homolog 1 genes (DL10-2) with
members showing downregulation in resistant clones and
non-specific lipid-transfer proteins (ES-4) with members
showing upregulation in resistant clones.

Discussion

A consensus linkage map was built from an F1 population of
179 individuals from a cross between “UF 273” Type I and
“POUND 7” containing 1883 unique loci and spanning
1036.72 cM, with an average marker interval of 0.93 cM.
Using the same set of SNPs utilized in the present study,
Royaert et al. (2016) constructed a linkage map with 459
individuals of an F1 segregating population of “TSH 1188”
× “CCN 51” and obtained a smaller map of 852.8 cM with
3526 loci. Since the number of polymorphic markers (68%)
between the population’s parents in Royaert et al. (2016)
study was higher, the final map’s size could have been influ-
enced by this condition. In contrast, a linkage map (1268 cM)
with progeny from the “POUND 7” × “UF 273” Type II cross
was constructed by Livingstone et al. (2015). However, the
map presented here and obtained with the Type I progeny is
smaller in size (1037 cM). The difference in size between
these two maps could be due to the number of individuals
(179 of Type I versus 68 of Type II) used to construct them.
Also differences observed between progeny linkage maps
from “UF 273” Type I and Type II parents could be due to
the number of SNP loci (346) that segregate uniquely in Type
I progeny versus those that segregate only in Type II progeny
(260). Except for LG5, all the linkage groups on the “POUND
7” × “UF 273” Type II map were larger than the one assem-
bled in this study with the “UF 273” Type I parent progeny. In
the majority of linkage groups of the Type I population, the
maximum gap length was also smaller, except for LG5 and
LG6 (Livingstone et al. 2015). In addition, Livingstone et al.
(2015) and Royaert et al. (2016) removed SNP (7 and 17) loci
from their linkage maps due to nearest–neighbor stress test
(N.N. Stress) values being higher than the threshold value of
2. In the map presented here, no nearest–neighbor stress test
value higher than 2 was observed, indicating a map of good
quality. Lastly, due to the fact that “UF 273” Type II parent
was classified as moderately resistant (Phillips-Mora et al.
2013), the Type II progeny utilized by Livingstone et al.
(2015) could not be used to find QTL associated with FPR
and BPR resistance.

Recently, Livingstone et al. (2017) using a 15K SNP
Illumina chip screened two F1 populations, “EET 95” ×
“Silecia 1” and “SCA 12” × “Unknown,” composed of 576
and 238 individuals, respectively. The first one generated a
3636 SNP loci map of 834 cM length; the second one pro-
duced a 1269-cM map with 1862 SNP loci. The maximum
gap length for all linkage groups presented in the current study
is smaller than the ones in the “SCA 12” × “Unknown” F1
population with the exception of LG3 and LG5 (Livingstone
et al. 2017). However, the maximum gap lengths of the “EET
95” × “Silecia 1” population linkage groups are smaller for all
of the linkage groups when compared to the linkage group
maps presented here, except for LG8 (Livingstone et al.
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2017). Finally, the results presented here confirmed the find-
ings of Royaert et al. (2016) in regards to chromosomes size,
where the smallest ones were 6, 7, 8, and 10. Because the
linkage map reported here was constructed with the recent
release of JoinMap® 5, it provides a more accurate and effi-
cient linkage map construction since a very fast deterministic
EM algorithm for the multipoint recombination frequency es-
timation in the MLmapping procedure has been implemented
in this new version (Van Ooijen 2018).

Earlier studies examining the inheritance of genes confer-
ring frosty pod rot resistance suggested that it could be reces-
sive and/or polygenic in nature, since most of the progenies
were classified as susceptible. However, these studies were
conducted using a small number of segregating populations
and accessions (Phillips-Mora and Castillo 1999). In contrast,
Phillips-Mora et al. (2017) using larger and more diverse
germplasm collection stated that the resistance to FPR was
polygenic and mainly additive. In the current study, with a
near-normal distribution of the FPR IS values and a low skew-
ness value (0.26), forty-one (24%) individuals were classified
as highly resistant or resistant (based on internal symptom
development, Fig. 1b), indicating that this trait could be con-
trolled by a few genes or by environmental effects which may
have affected the artificial inoculation process. In the current
study, the size of the additive effects from “UF 273” Type I
indicates that it contributed significantly to most of the QTLs
associated with FPR resistance.

In contrast, the distribution of BPR resistance (Fig. 1c),
based on lesion diameter 10 days after inoculation, is bi-
ased toward the resistant parent (skewness value 1.17) be-
cause 110 (57%) of the F1 progenies were categorized as
highly resistant or resistant. Resistance to BPR has been
reported in many cacao accessions worldwide (Pound
1936; Spence 1961). Qualitative and quantitative inheri-
tance both play a part in the disease resistance for BPR
(Enríquez and Soria 1984). Tan and Tan (1990) indicated
that the resistance to BPR was inherited in a quantitative
manner. Iwaro and Butler (2000), in a subsequent study,
concluded that BPR resistance was inherited as a quantita-
tive trait, with narrow sense and broad sense heritability
estimated to be 0.33 and 0.51, respectively. In addition,
there is evidence that both additive and non-additive gene
action are involved in the inheritance of BPR resistance.
Transgressive segregation has been observed in several
crosses (“SCA 6” × “CATONGO,” “POUND 7” × “UF
676,” “POUND 7” × “CATONGO,” and “UF 613” ×
“UF 676”), with progeny showing greater resistance than
either parent (Enríquez and Soria 1999). In the present
study, additive effects from “POUND 7” contributed sig-
nificantly only to three QTLs for FPR resistance located in
chromosomes 4 and 8. Dominance effects were larger in
three QTLs for resistance to FPR (FPR-IS-3, 4, and 5) and
two for resistance to BPR (BPR DL10-1 and 2).

Transgressive segregation evidence for BPR has also been
observed here since 53 of the F1 progenies were catego-
rized as highly resistant.

Information regarding the pedigree of “POUND 7” does
not exist since it was collected in the Peruvian Amazon
(Pound 1943). In contrast, UF 273 was developed by the
United Fruit cacao breeding program in Costa Rica; however,
no pedigree information is available (Johnson et al. 2007).
Recent reports indicate the clear genetic differences between
the two parents in the current study. According to Mata-
Quirós et al. (2018), the genetic background of “UF 273”
Type I consists of 63% of alleles from the Nacional and
32% from the Amelonado genetic groups, respectively. In
contrast, “POUND 7” alleles are approximately 2/3 from the
Nanay and 1/3 from Iquitos genetic groups (Cornejo et al.
2018). Cacao clones belonging to other genetic groups has
been screened for FPR resistance. Phillips-Mora et al. (2017)
reported that fifty clones categorized as resistant and
moderately resistant to FPR were classified as Amelonado,
Criollo, Curaray, Guiana, Iquitos, Marañon, Nacional, and
Purús or as an admixture of these genetic groups. However,
Romero Navarro et al. (2017) conducted a genome-wide as-
sociation study (GWAS) using 148 cacao clones with mainly
Amelonado and National genetic backgrounds and stated that
only the Nacional background was significantly correlated
with field resistance to FPR but also associated with BPR
susceptibility. According to Phillips-Mora et al. (2017), the
steady appearance of cacao clones resistant and moderately
resistant to FPR in areas where the disease is not present could
indicate that non-specific R genes are mainly responsible for
FPR. A proposed M. roreri center of diversity area (Phillips-
Mora 2003) has been already considered an important region
for germplasm collection expedition in the search of FPR
resistant accessions. However, none of the fifty cacao acces-
sions resistant and moderately resistant to FPR came from the
M. roreri center of origin, located in Eastern Colombia
(Phillips-Mora et al. 2017). Currently, “CATIE-R6” is the
only available clone that is resistant to both FPR and BPR.
In contrast, “CATIE-R4” is resistant to FPR but susceptible
to BPR. Their pedigree is “UF 273” Type I × “PA 169”
(Phillips-Mora et al. 2013). Romero Navarro et al. (2017)
also observed that “UF 273” Type I was in the pedigree of
60% of the cacao highest-yielding clones of the CATIE
breeding program. “CATIE-R73” (“PA 169” × “ARF
22”), a highly resistant clone to BPR, was also evaluated
in this study. One of its progenitors, “ARF 22,” is a BPR
resistant accession and the product of a cross of “UF 613” ×
“POUND 7.”

Phillips-Mora et al. (2017) reported the clone “ARF 33”
(“POUND 7” × “SCA 6”) as one of the fifty clones character-
ized as resistant and moderately resistant to FPR. Since
“POUND 7” is one of the parents, it could indicate that
“POUND 7” is also contributing to the resistance to FPR.
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Based on the previously cited results, there is enough evi-
dence to confirm the contribution of “UF 273” Type I and
“POUND 7” accessions as one of the primary sources of
FPR and BPR resistance genes used in current cacao breeding
programs in the Americas.

Brown et al. (2007) genotyped 256 F1 progenies in the
population “POUND 7” × “UF 273” (Types I and II) with
180 SSR markers. They detected a total of eight QTL for
FPR and BPR resistance. In the current study, 15 QTL for
resistance to FPR and BPR were identified on multiple chro-
mosomes. However, only the QTL for FPR ES mapped to
chromosome 2, as reported by Brown et al. (2007), and it
was not validated. The remaining three QTLs located on chro-
mosomes 7 and 8 for FPR ES, as well as on chromosomes 2
and 8 for FPR IS, were validated. Additionally, seven previ-
ously unreported QTL for FPR resistance were observed here:
two on chromosome 4 (FPR ES-1 and IS-2), one on chromo-
some 7 (FPR IS-3), two on chromosome 9 (FPR ES-4 and
FPR IS-5), and two on chromosome 10 (FPR ES-5 and FPR
IS-6). Since the paternal parent (“UF 273” Type I) linkage
map (<nn × np>) contains more loci (1371 vs. 875) than the
maternal parent (“POUND 7”) linkage map (<lm × ll>), it is
possible this may have contributed to the finding of more QTL
associated with “UF 273” Type I. Interestingly, only one
SNP associated with QTL for ES and IS had a <hk × hk>
segregating ratio. In contrast, most of the SNP associated
with QTL for DL10 were of <hk × hk> segregating ratio. A
scale of 1 to 5 was used to evaluate ES and IS; however,
DL10 was measured quantitatively (cm), this difference in
trait measurement methodology could be responsible for
the high number of BPR linked loci with <hk × hk> segre-
gating ratio since traits measured quantitatively could help
to differentiate more easily the segregating genotypes pres-
ent in the evaluated population.

Romero Navarro et al. (2017) using GWASmethodologies
reported that six SNP loci were significantly linked with FPR
under natural field disease incidence and they were located on
chromosomes 4, 5, 6, and 10. Later, McElroy et al. (2018) in a
genome-wide association and genomic selection study, com-
posed of three related populations, reported that SNP markers
associated with FPR were located on chromosomes 1, 3, 5, 9,
and 10. In the current study, only two QTL associated with
FPR were located on chromosomes 4 and 10 but they were
located in different regions of the chromosomes as the one
reported by Romero Navarro et al. (2017). When comparing
with the results of McElroy et al. (2018), only two QTL for
FPR in this study mapped to chromosomes 9 and 10. In both
studies, this is possibly due to the different loci segregating in
the experiments. In addition, Romero Navarro et al. (2017)
and McElroy et al. (2018) used different germplasms, with
different genes of resistance than those compared here.
Another source of study variation may derive from the use
of artificial inoculations versus the natural field disease

incidence as used in the study of Romero Navarro et al.
(2017) as well as in McElroy et al. (2018). For example,
Romero Navarro et al. (2017) noted that the incidence of
FPR in “UF 273” Type I progeny under natural infection is
very low, limiting the ability to recognize differences
(McElroy et al. 2018).

FPR resistance QTL on chromosomes 4, 7, and 8 (FPR ES-
1, FPR IS-2, FPR IS-3, FPR ES-3, and FPR IS-4, Fig. 3b,
c, and d) were identified using both measures of disease sever-
ity (internal vs. external) and shared the same SNP loci
( T cm004 s 0 1 757744 , T cm007 s 05 825365 , a n d
Tcm008s05380821), indicating a large degree of overlap, if
not identity, between the genes contained in each. In contrast,
the SNPs associated with ES and IS in chromosomes 9 and 10
were different. A strong correlation between internal and exter-
nal severity lesions was reported by Phillips-Mora (1986), with
internal symptom development being slightly more responsive
to artificial inoculation. It may be better to select resistant germ-
plasm based on the FPR IS QTL, since this presented a higher
LOD score as well as larger additive effects. The internal nature
of FPR IS allows the bean to be reached easily.

Results presented here further support the importance of
using quantitative measurements during the evaluation of FPR.
Comparisons of the qualitative (external severity) versus quanti-
tative (internal severity) measurements clearly indicated that the
latter aremore accurate for the evaluation of resistance to FPR.A
total of one hundred and sixty-three trees used in determining
FPR external severity ranked as moderately resistant or higher
whereas one hundred and four of these trees ranked as moder-
ately resistant or greater based on FPR internal severity.

Great efforts have been placed on identifying QTL for re-
sistance to black pod rot (Risterucci et al. 2000; Brown et al.
2007; Lanaud et al. 2009; Akaza et al. 2016; Motilal et al.
2016). Brown et al. (2007) previously reported QTL for
BPR on chromosomes 4, 8, and 10. In the present study, four
QTL associated with BPR DL10 were identified on chromo-
somes 2, 4, 8, and 10. A QTL (BPR DL10-1) on chromosome
2 was the only one not previously reported by Brown et al.
(2007). Significant additive effects due to “POUND 7” were
observed in all QTL for BPR resistance. BPR DL10-4 (chro-
mosome 10) was associated with the largest additive effects
(1.18) associated with “POUND 7” and accounted for 23.07%
of the variation. Also, on BPR DL10-2 and BPR DL10-3
additive effects from “UF 273” Type I contributed to the
BPR resistance and dominance effects were present on QTL
BPR DL10-1 and BPR DL10-2. Additionally, Akaza et al.
(2016), using “POUND 7” as one of the parents (“POUND
7” × “ICS 95”), found a QTL on chromosome 10 for BPR
resistance based on results from leaf disk inoculations. They
also found QTL in chromosome 4 based on field incidence for
the two crosses involving “POUND 7” (“POUND 7” × “ICS
100” and “POUND 7” × “ICS 95”). Recently, Barreto et al.
(2018) also using a leaf disk inoculation methodology in an F1
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population of “TSH 1188” × “CCN 51,” screened with
Phytophthora palmivora, Phytophthora citrophthora, and
Phytophthora capsici, and detected six QTL for BPR resis-
tance; however, only two of these were located on chromo-
somes 2 and 4 and they were both associated with resistance to
P. capsici.

In the current study, five QTL for FPR ES, the six QTL for
FPR IS, and the four QTL for BPR DL10 accounted for
43.27%, 52.61%, and 50.62% of the phenotypic variation, re-
spectively. The SNP marker pairs associated with these traits
could be used in a genomic-assisted breeding program to select
for ES, IS, and DL10. They also could be validated on clones
recently developed by CATIE that used “POUND 7” and “UF
273” Type I as parents and have presented good level of FPR
and BPR resistance. In addition, the percentage of the variance
accounted for by these markers in the current study is greater
than the that reported by Brown et al. (2007) who used fewer
molecular markers (180 vs. 2910 loci) but a larger population
size (256 vs. 179). Even though the population size used was
smaller when compared with previously described maps, the
linkage map presented here was adequate for the conduction of
this QTL study based on the comparison with previously pub-
lished maps. However, one of the consequences of a smaller
population size is the reduction of the power of detection. Due
to this situation, probably fewer QTL were detected in this
study even though the number of loci was sixteen times higher.
Furthermore, the effect of the observed QTL is likely to be
overestimated. This situation is also known as the Beavis effect
(Beavis 1994). An example of this Beavis effect may be the
cause of the QTL for FPR ES reported by Brown et al. (2007)
and located on chromosome 2. This QTL was the only one not
validated in the current study. A smaller population size (179
vs. 256) may be responsible for this outcome.

Although it is hard to rule out any gene for potential impact
on plant defense, several well-established disease resistance-
associated genes, often forming gene clusters or islands, were
identified as candidates in this study. The read alignments are
associated with the Matina 1-6 v1.1 genome (Motamayor
et al. 2013) and unique genes associated with specific clones
would naturally be missing from the alignments. This seems
to be a likely possibility considering the gene clusters identi-
fied, the presence of retroelements, and the observed rear-
rangements. Although the genes observed to be differentially
expressed should be considered, it is likely that the most im-
portant aspect of the RNA-Seq analysis was the verification of
expressed genes and their potential roles in disease resistance.

In conclusion, the QTL and SNP associated marker pairs
reported here represent an important resource for use in
genomic-assisted breeding, facilitating selection of cacao re-
sistant to frosty pod rot and black pod rot.
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