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Abstract

Theobroma grandiflorum (Willd. ex Spreng.) Schum. is a tree originating in the Amazon forest. In Brazil, it is known as cupuassu
and, like Theobroma cacao, belongs to the family of the Malvaceae. The pulp is used by the food industry and the seeds, which
are rich in fatty acids, are used in cosmetics. As for cacao, cupuassu cultivation is affected by the witches’ broom disease (WBD),
caused by Moniliophthora perniciosa (M. perniciosa). Despite its economical value, cupuassu culture lacks genetic information,
compromising its plant breeding program development. The aim of this research was to increase molecular knowledge about
WBD resistance. The progeny of 168 individuals obtained by crossing two contrasting cupuassu clones (174 and 1074, resistant and
susceptible to WBD, respectively) were evaluated. The first consensus genetic map consisting of 1438 markers was produced using
genotyping by sequencing (GBS) and genome sequencing of the neighboring species 7. cacao (Criollo B97) as reference. The
analysis of synteny between 7. cacao and T. grandiflorum showed that the average homology between the linkage groups of the two
species was 97.2%. A resistance quantitative trait locus (QTL) was identified on chromosome 6 of resistant parent 174 at marker
6M1252980. The phenotypic data associated with that QTL corresponded to observations after natural and artificial infection with
M. perniciosa. The biological process associated with this QTL may play a role in resistance and susceptibility to M. perniciosa.
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Introduction Malvaceae family. It is a diploid with 2n =20, like

Theobroma cacao (Kuhn et al. 2010; da Silva et al. 2017).
Theobroma grandiflorum (Willd. ex Spreng.) Schum. isa fruit ~ Like other fruit trees of interest, T. grandiflorum, known as
tree originating from the Amazon forest, belonging to the  cupuassu in Brazil, has been dispersed and domesticated by
the native populations of Amazonia (Clement 1999). Since the
1970s, it has been grown on a larger scale on small farms
mostly located in the states of Pard, Amazonas, and
Rondobnia (Alves et al. 2010, 2013). The commercial value
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improvement program was launched, and a selection scheme
was introduced, enabling the dissemination of hybrid seeds
and clones to farmers (Maia et al. 2011; Alves et al. 2017).
Cupuassu cultivation is affected by the witches’ broom
disease—WBD (Alves and Resende 2008) caused by
Moniliophthora perniciosa, a hemibiotrophic basidiomycete
(Aime and Phillips-Mora 2005). Meristems located on the
branches or floral cushions are infected by the pathogen,
which causes swelling of the rod known as brooms. The path-
ogen also attacks the cells of the fruit cortex, subsequently
making the seeds unusable. WBD is the main limiting factor
for cupuassu production, as it is also for cacao cultivation in
Brazil, where the main objective of selection is to obtain plants
resistant to this disease (Lopes et al. 2011).

In relation to cacao WBD, studies have been undertaken on
the diversity of resistance sources (Albuquerque et al. 2009;
Pires et al. 2012; Gramacho et al. 2016; Neto et al. 2018),
genetic mapping, and detection of resistant quantitative trait
locus (QTL) to WBD (Brown et al. 2005; Santos et al. 2014;
Royaert et al. 2016). Some functional genomics studies based
on understanding of the cocoa transcriptome of the interaction
between T cacao and M. perniciosa have also been carried out
(Gesteira et al. 2007; Argout et al. 2008; Leal et al. 2010;
Teixeira et al. 2014). Cacao genome sequencing studies
(Argout et al. 2011; Motamayor et al. 2013; Argout et al.
2017) have made a major contribution to genetic and
genomic studies, and have been extensively supporting cacao
breeding program. A new version v2 of the Criollo B97
genome published by Argout et al. (2017) provides virtually
total coverage of the cacao genome. In addition, and concerning
to the pathogen, a M. perniciosa-sequencing study has also
been undertaken (Montego et al. 2008; Barbosa et al. 2018).

Genetic analyzes on cupuassu using molecular markers
began with microsatellites primarily derived from cacao ge-
nomic libraries and transferred to cupuassu (Alves et al. 2006;
Alves et al. 2007; Alves et al. 2017). Subsequently,
microsatellites from cupuassu genomic libraries were used
(unpublished data), followed by microsatellites derived from
expressed sequences (Ferraz dos Santos et al. 2016a, 2016b;
Nascimento et al. 2019). A cytogenetic approach was also
carried out for different species of Theobroma, including
T. grandiflorum (Da Silva et al. 2017). More recently, differ-
ential expression data were provided by RNAseq analyses of
cupuassu apical shoots of resistant and susceptible clones (174
and 1074, respectively), inoculated with M. perniciosa
(Falcdo et al. 2018). The differential gene expression previ-
ously detected by RNAseq was analyzed by RT-qPCR from
cupuassu apical meristems of the genotypes 174 and 1074
inoculated with M. perniciosa (Silva et al. 2020). This analysis
showed a higher level of expression in 3 genes encoding for
PR proteins with chitinase and osmotin biological activity:
TgPR3, TgPRS, and TgPRS, and revealed the involvement
in the process of resistance to the pathogen (Silva et al.
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2020). These data suggest that this gene could be involved
in recognizing mechanism of the pathogen. These two clones
were also the parents of the cross used in our study, which
sought to generate the first high-density genetic mapping of
T. grandiflorum using GBS. The other results presented in this
study cover an analysis of synteny between 7. cacao and
T. grandiflorum, the detection of a QTL of resistance to
WBD, and an analysis of the genome region linked to the
latter.

Material and methods
Population and plant material

Clones 174 and 1074 were the female and male parent, re-
spectively, of the progeny (174 x 1074). The two parents
came from the Embrapa Amazonia Oriental collection, locat-
ed in Belém (Par4, Brazil). Parent 174, called Coari, is known
to be resistant to WBD, while clone 1074 is susceptible. The
progeny of 168 individuals was planted with a first part (102
individuals) in April 2011 and 66 in 2012 at the experimental
station of CEPLAC (Comissdao Executiva do Plano Lavoura
Cacaueira), located in Marituba (Para, Brazil). In addition, the
two parental clones, 174 and 1074, were planted in a plot
located alongside the progeny plot, where they were
reproduced by cloning to provide 45 replicates.

DNA extraction, GBS libraries, and sequencing process

Leaves were collected from the 168 individuals of the 174 x
1074 progeny, and DNA was extracted according to a proto-
col using mixed alkyl trimethylammonium bromide
(MATAB) buffer already described for the isolation of geno-
mic DNA (Risterucci et al. 2000). DNA samples were quan-
tified with a Fluoroskan Ascent FL fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). Genomic DNA qual-
ity was checked by agarose gel electrophoresis. Genomic
DNA concentration was adjusted to 20 ng/uL, and Pstl/Msel
GBS libraries were prepared following the protocol described
by Cormier et al. (2019). Single-end sequencing of 150 base-
pair reads was performed in a single lane on an [llumina HiSeq
3000 system at the GeT-PlaGe platform in Toulouse, France.

SSR genotyping

Eight SSR (Tgl1, Tgl3, Tg20, Tg39, Tg54, Tg62, TgbSs,
Tg72) from the cupuassu genomic library (unpublished data)
and 2 EST-SSR (c180 and c4949) from EST-sequences
(Ferraz dos Santos et al. 2016a) were used. The sequences
of the primers are given in Table 1 (additional file). PCR
reactions were performed as simplex experiments in a volume
of 10 uL containing 1 X reaction buffer (100 mM Tris-HCI,
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pH 9.0; 100 mM KCI; 80 mM (NH4),SOy; 1% Triton X-100),
200 uM dNTP (Jena Bioscience GmbH, Jena, Germany),
0.5 mM MgCl,, 0.08 uM forward primer with a M13 tail at
the 5-end, 0.1 uM reverse primer, 0.1 uM of fluorescent-
labeled M13-tail (6-FAM, NED, VIC, or PET from Applied
Biosystems, Foster City, CA, USA), and 0.6 U Taq DNA
Polymerase (Taq’Ozyme OZYAO00! from Ozyme,
Montigny-le-Bretonneux, France), 5 ng of template DNA. A
touchdown cycling program was used as follows: an initial
denaturation at 94 °C for 5 min, followed by 10 cycles at
94 °C for 30 s, 55 °C for 60 s (0.5 °C decrease at each cycle),
72 °C for 1 min, followed by 25 cycles at 94 °C for45 s, 50 °C
for 1 min, 72 °C for 1 min, and a final extension at 72 °C for
30 min. Fluorescently labeled PCR products were then orga-
nized in five pools for electrophoresis, using respectively 2 uL
of products labeled with 6 FAM, 2 uL of those with VIC,
2.5 uL of those with NED, and 3.5 pL of those with PET,
and completed to 20 pL with high purity water. Two micro-
liters of this solution was taken and added to 10 uL of Hi-Di
formamide and 0.12 pL of GeneScan 600 LIZ size standard
(Applied Biosystems). Migration of PCR products was per-
formed on an ABI 3500xL Genetic Analyzer (Life
Technologies, Carlsbad, CA, USA). Alleles were scored using
the GeneMapper v.4.1 software (Applied Biosystems).

SNP calling and filtering

The GBS analysis pipeline implemented in the Tassel GBS
version 5.2.29 (Glaubitz et al. 2014) was used to call SNP
according to the parameters listed in the Script 1 (additional
file). SNP and progenies were filtered using the following
filters: (1) indel variant sites were removed; (2) genotype calls
based on <tenfold coverage, < threefold coverage for the

Table 1

minor allele, and maximum depth 500 were converted to miss-
ing data; (3) variant sites with >20% missing genotype calls
were filtered out; (4) minor allele frequencies per site > 10%;
and (5) only biallelic sites were kept. The progenies were
selected based on their Mendelian segregation ratio with 1:1
if segregating only in one parent and 1:2:1 if segregating in
both parents. Markers with a significant segregation deviation
based on a x> test with a maximum P value of le-16 were
eliminated using the VcfPreFilter.1.0.py (python2) program
with the default parameters. Both programs are part of the
Vcf-Hunter package (Garsmeur et al. 2018) available at
https://github.com/South Green Platform/VcfHunter.

Consensus and parental genetic map construction

Linkage analysis and map constructions were performed sep-
arately for each parent according to the cross-pollinated (CP)
model using the JoinMap version 5 (Plant Research
International BV, Wageningen, Netherlands). The “lm x 11”
and “nn x np” SNP segregation patterns were used for the
female (174) and male parental (1074) maps, respectively.
The segregation pattern from 8 SSR (cupuassu genomic li-
brary) and 2 EST-SSR was integrated into the genotyping
matrix. The marker loci were attributed to linkage groups
using the JoinMap grouping module with a logarithm of odds
(LOD) score of 7.0. Marker order and genetic distance (in cm)
were calculated using a regression mapping algorithm with
the following parameters: Kosambi’s mapping function, re-
combination frequency 0.45, LOD threshold of 1.0,
and regression algorithm with 3 ordering rounds.
Linkage group (LG) numbering and orientation were
attributed to best fit the 7. cacao chromosomes. Maps
were plotted using SpiderMap software (JF Rami,

Distribution of 1438 SNP over 10 linkage groups of Theobroma grandiflorum consensus map

Linkage group Number of SNP  Genetic length (cm) Marker interval (cm) *

Max gap (cm) Number of gaps >5 cm  Physical length cacao
genome (Mb) **

LG 1 179 1242 0.859
LG2 173 171.282 0.996
LG3 147 164.612 1.127
LG4 148 132.777 0.903
LG5 187 152.036 0.817
LG 6 130 143.649 1.114
LG7 119 108.061 0.916
LG8 75 101.623 1.373
LG9 147 169.03 1.158
LG 10 133 113.246 0.858

1438 1380.516 0.987

14.022 1 37.3
13.249 2 41.2
10.735 5 36.4
5.828 3 31.9
6.951 4 39.4
12.06 2 26.3
5.587 1 21.6
3.928 0 19.6
6.828 2 38.6
6.209 1 21.8
14.022 21 314.1

“Mean distance between SNPs
- Length of 7. cacao chromosome (Argout et al. 2017)
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unpublished). The T. grandiflorum consensus map was
constructed using the same parameters as the parental
maps, including the “hk x hk” segregation patterns that
were used for both parents.

The consensus map was compared to the 7. cacao ref-
erence genome (Argout et al. 2017). The T. cacao genome
was divided into fragments cutting halfway between SNP
included in our 7. grandiflorum reference genetic map.
The resulting genomic fragments were then reordered ac-
cording to the SNP positions in the 7. grandiflorum refer-
ence map developed in this study. Synteny was visualized
using a Circos approach via the circlize R package 0.4.3
(Gu 2014).

Witches’ broom disease observations

The phenotypic data on witches’ broom disease were obtained
from 11 evaluations carried out under natural infection condi-
tions over a period stretching from 2014 to 2019. Brooms
from infected meristems on branches belonging to the crown
of the tree were called “Terminal Brooms” (TB). Some artifi-
cial meristem inoculations were carried out in the field using a
strain of M. perniciosa from dry brooms, sampled at the
CEPLAC station in Belém, and placed under artificial condi-
tions to obtain basidiospores (Frias et al. 1995). For each in-
dividual in the progeny planted in the field, four meristems
were inoculated with 30 uL of a spore suspension at a con-
centration of 1 x 10° spores/mL. The inoculated parts were
protected for 24 h under humid conditions, and the presence
or absence of brooms was observed 60 days after infec-
tion. Both types of observations are illustrated in Fig. 1
(additional file). The trunk circumference was measured
around 1 m from the ground to obtain an estimation of
the vigor of the progeny individuals at the beginning
and end of disease observations.

Statistical analyses and QTL detection

Descriptive statistical analyses and phenotypic data modeling
were done with XLSTAT software (Addinsoft). QTL detec-
tion analyses were carried out with MapQTL 6 (Van Ooijen
2006). QTL significance, LOD, was obtained from the per-
mutation test proposed by MapQTL and based on the
empirical method established by Churchill and Doerge
(1994) to determine the significance of the LOD threshold.
The significance LOD thresholds, with an alpha risk of 0.05,
were calculated from 10,000 permutations to check the stabil-
ity of the threshold. The method used for QTL detection was
Simple Interval Mapping (SIM) by the multiple-QTL model,
MQM, making it possible to refine the analysis and the posi-
tioning of the significant QTL detected in IM and using co-
factors, which are the markers located at the peak level of the
LOD or close to it.
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Results and discussion
GBS analysis and SNP filtering on the F1 population

A progeny of 168 individuals and the 174 % 1074 contrasting
parents were genotyped by the GBS approach. We obtained
954,054,141 Illumina raw reads available in the NCBI SRA
(Sequence Read Archive), under the study accession number
PRINAG609621. In all, 1,736,489 tags were detected with the
Tassel GBS pipeline and aligned to 901,020 (51.89%) for a
unique position, 344,172 (19.82%) for multiple positions, and
491,297 (28.29%) could not be aligned to the cacao genome v2.
Tag mapping and polymorphism calling identified 742,999
polymorphic sites. From the 5370 high-quality SNP filtered,
1937 (36.1%) SNP were classified as female parent segregation
(“174”; <lm x 1I>), 1773 (33.0%) as male parent segregation
(“1074”; <nn x np>), 1087 (20.0%) SNPs as heterozygous
segregation in both parents (<hk x hk>), and 573 (10.7%)
SNP as unknown. The final dataset for genetic mapping includ-
ed 141 individuals of the progeny; 27 individuals were removed
from the matrix due to the presence of a lot of missing data.

Parental genetic maps

Parental genetic maps of 174 and 1074 were established only
and respectively from the marker codes, 11 Im, and nn np and
from 141 individuals. After the elimination of SNP during the
different phases of construction, we obtained the parental
maps of both 174 and 1074 clones, which are presented in
the Table 2 (additional file). Because of the strong linkages
revealed by the pairwise recombination frequencies and LOD
scores (Fig. 2) (additional file), linkage groups were confi-
dently defined for each parent. The number of linkage groups
per parental map was 11 for 174 and 10 for 1074. It was found
that LG 4 of parent 174 was split into two parts (4a and 4b).
The parental genetic maps of both 174 and 1074 were equiv-
alent with a total length of 1207 and 1222 cm, respectively
(Table 2 additional file).

Consensus genetic map

The consensus genetic map constructed from 141 individuals
was obtained from 606 markers (ll, Im) for parent 174, 673
markers (nn, np) for parent 1074, and 159 markers (hk x hk) as
bridge markers. Ten SSR were also mapped. The results obtain-
ed for each linkage group and the drawing of the map are pre-
sented in Table 1 and Fig. 1, respectively. The consensus genetic
map had a total length of 1380 cm and the linkage analysis was
carried out using 1438 SNP. The linkage analysis showed 10
linkages groups, which corresponded to the reported haploid
chromosome number in 7. grandiflorum. Map integration was
accurate, as revealed by the good collinearity between homolog
linkage groups from the different parental maps (Fig. 2).
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Fig. 1 Theobroma grandiflorum
consensus genetic map from 141
individuals and 1438 SNP over
10 linkage groups. Bars on each
linkage group represent SNP 20
markers. Y-axis, genetic distance
in cm (Kosambi mapping 30
function)
40
50
60
70
80
)
100
110
120
130
140
150

160

170

|IIII|IIII|lIII|lIIl|Il||[IIIl|I|Il[Il[IIIllIIlIII|IIlI|lIIl|l]IlIlIII|IIIIIIlIIIIIIIIllllI

180

The length of each group ranged from 101.623 (LGS) to
171.282 cm (LG2). Linkage group 5 showed the highest av-
erage density and the highest number of markers mapped
(187), whereas linkage group 8 showed the lowest density
(75). The SNP identified by GBS were uniformly distributed
across the genetic map with an average distance between
markers of 0.987 cm/SNP. We observed 21 regions with a
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low marker density and gaps greater than 5 cm. The marker
saturation of the map is shown in the Figure 3 (additional file).

Synteny between T. grandiflorum and T. cacao

Most of the SNP identified using the cacao genome were
localized in the correct linkage group after linkage analysis.

Table 2 Divergence between 7. grandiflorum (cupuassu) linkage groups and the 7. cacao chromosomes

Linkage group Number of SNPs Number of SNP presentina % of mismatch Comment on the position on the cacao chr *

different cacao chromosome

LG 1 179 5 6.3
LG2 173 2 2.7
LG3 147 3 2.0
LG4 148 0 0
LG5 187 2 1.0
LG 6 130 1 0.8
LG7 119 5 42
LG8 75 2 2.7
LG9 147 2 1.4
LG 10 133 12 9.0
1438 34 24

chr2,3,&8
chr3 &5
3 markers in cluster of chr 5

chr2 &9

chr4

3 markers in cluster of chr 6, another of chr 6 & chr 8
3 markers in cluster of chr 7

2 markers in cluster of chr 8

2 markers in cluster of chr 4, 2 markers in cluster of chr
5, 2 markers in cluster of chr 6 & 2 markers in cluster of chr 7

* Description on the arrangement of the conflicting markers between each cupuassu linkage group and the cocoa physical map
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Fig. 2 Theobroma grandiflorum map integration with the homolog linkage groups from the different parental map. The scale and orientation of the
linkage groups are the same as used to represent for the consensus map (Fig. 1)

However, some SNP did not follow the same physical order
relative to the chromosomes of cacao v2. The mean homology
between the 7. grandiflorum and T. cacao linkage groups was
97.2% when computed as the percentage of SNP located in a
T. grandiflorum linkage group and in its 7. cacao homolog.
All linkage groups of 7. grandiflorum showed hits mainly
with one chromosome of 7. cacao and shared the same base
chromosomes number of 10.

In comparison, the reference consensus genetic map of
T. cacao was established with 1262 codominant markers
(mainly from SNP) with a total length of 733 cm (Allegre
etal. 2012). From the ratio between the length of each linkage
group and the total length of each map, it can be seen in the
Figure 4 (additional file) that the linkage groups of the two
species of Theobroma were similar.

In an additional analysis of transposon fingerprinting using
low coverage, whole-genome shotgun sequencing in cacao
(T. cacao) and related species (Sveinsson et al. 2013), the
author concluded that T. grandiflorum has a similar transpos-
able elements (TE) composition to 7. cacao. Lastly, it has
been demonstrated by cytogenetic and flow cytometry
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approaches that there is stability in genome size with a karyo-
type 2n =20 for species of the genus Theobroma (Da Silva
etal. 2017).

However, some SNP did not follow the same physical or-
der or relative position as the chromosomes of cacao v2.
Based on the SNP positions in our 7. grandiflorum consensus
genetic map compared to SNP positions in the 7. cacao ge-
nome, the 7. cacao genome was reordered: (i) to highlight
possible chromosome rearrangements between the two spe-
cies and (ii) to estimate the relationship between physical
and linkage map distances in 7. grandiflorum (Fig. 3).

A detailed analysis of macrosynteny between homologous
chromosomes showed evidence of internal rearrangements.
LG 10 displayed the biggest rearrangement, presenting 12
markers originating from other chromosomal regions in the
cocoa tree genome. Conversely, LG 4 seemed to be the most
conserved. It should also be noted that some of these markers
present on another linkage group were most often inserted in a
cluster and were a few kb apart, as illustrated in Table 2. This
suggests that some translocation and inversion events oc-
curred between these two genomes. However, the fine
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mapping of such regions will require a larger set of molecular
markers, or a more specific molecular analysis (mate pair li-
brary sequencing or long read sequencing). For this reason,
these local inversions cannot be described with certainty, since
artifactual origins were also quite probable. Several studies
also concluded that collinearity at the intergeneric level was
highly conserved between genetic maps and physical maps on
related species, with the presence of reshuffles in the genome
regions (Ollitrault et al. 2012; Cormier et al. 2019; Salgon
et al. 2017; Chaintreuil et al. 2016). Comparative mapping
between genomes can reveal the genetic basis of conservation
and differences between related species. Anchoring of the
linkage map of field cross to the 7. cacao genome revealed
more regions of conserved synteny, which will play a substan-
tial role in the discovery of novel genes or alleles that can be
utilized in the domestication and molecular breeding of
T. grandiflorum. To our knowledge, our results are the first
direct syntenic analysis of both species.

Statistical analyses from phenotypic observations
related to WBD

Terminal brooms (TB) were counted in the plot containing 45
replicates of each of the two parents, 174 and 1074, in
November 2018, and the result is illustrated in Figure 5 (ad-
ditional file), which shows a very clear difference between the
resistant parent 174 (average TB=0.11) and the susceptible
parent 1074 (average TB =36.22).

The average broom numbers per individual were
established from 11 sets of observations carried out between
2014 and 2019. The histogram of these data is presented in
Figure 6 (additional file) and the progression of the TB eval-
uation over that period is presented in Fig. 4. It can be seen
that the number of type TB brooms increased substantially
from September 2017, when the disease began. The vigor of
the individuals was estimated from the trunk circumference
measured a year before observations began, in 2013, then at
the end of observations in 2019. The two vigor distributions
for these two periods are shown in Figure 7 (additional file). It
can be seen that there was less scatter from the average vigor
value in 2019 compared to 2013, when there was substantial

heterogeneity for this criterion due to the offset in the field
installation (2011 to 2012). Pearson’s correlation established
from the vigor of the trees in 2019 and the mean of broom
numbers obtained for the 2014 to 2019 period (TB14—19) was
0.082 with P=0.363. If the correlation was calculated from
the average TB number between 2017 and 2019 (TB17-19),
i.e., over the period corresponding to the spread of the disease,
Pearson’s correlation was then 0.004 with P=0.975. Based
on these results, it can be considered that there was no vigor
effect on the number of brooms.

Artificial inoculations were carried out on 99 individ-
uals of the progeny and the broom percentages obtained
60 days after inoculation showed that 2/3 of the individuals
did not display any brooms, as shown in Figure 8 (addi-
tional file). Pearson’s correlation, established from obser-
vations of the number of brooms (TB14-19) arising from
natural infections and the percentage of brooms (TB) ob-
tained after artificial infection, was 0.456 with P <0.0001.
This result showed that there was a similar response of the
individuals in terms of resistance, independently of the
type of infection. This suggests (i) a similarity of strains
for the two infection methods and (ii) the same biological
process in play to counter the pathogen.

QTL detection of WBD resistance

The QTL detection analyses based on observations under nat-
ural infection conditions (TB14-19) were carried out on 127
individuals out of the 141 used to produce the genetic maps,
with simple interval mapping (SIM) and composite interval
mapping, using the MQM procedure. A QTL was identified
on chromosome 6 of parent 174; the LOD peak was posi-
tioned on marker 6M 1252980, for a LOD value of 3.75. The
significance threshold value, established by the mutation test,
was 2.5 for 0.95, and the percentage of phenotypic variance
explained by the QTL was 12.8. A second QTL detection
analysis was carried out with the 99 individuals used for the
artificial inoculations and for the broom percentage variable
(%TB). The same QTL was identified; the LOD values at the
QTL peak for %TB and the percentage of phenotypic variance
explained were 6.12 (with a significance threshold of 3.2 for

Table3  QTL ofresistance to M. perniciosa detected on linkage group 6 in the 174 genetic map and involving two SNP: 6M 1252980 and 4M27334640
Trait* Group RPcm Peakem LPcem  Locus marker LOD value  Mapping method ~ Variance explained — Additive effect
TB14-19 6 17.55 21.06 28.48 6M1252980 3.75 MQM 12.8 1.544
TB14-19 6 17.55 19.22 28.48 4M27334640  3.41 MQM 16.48 1.487

%TB 6 17.55 21.06 28.48 6M1252980 6.12 MQM 28.4 15.709

%TB 6 17.55 19.22 28.48 4M27334640  5.37 MQM 225 14.139

“TB14-19 is the average of terminal brooms, observed between 2014 and 2019, due to natural inoculation; %TB refers to terminal brooms obtained after
artificial inoculation. RP is the right position of the QTL interval, peak is a position of the QTL with the maximum LOD value, and LP is left position of

the QTL interval

@ Springer



Tree Genetics & Genomes (2020) 16: 89 Page9of13 89

0.95) and 28.4, respectively. These results are shown in % {% N én
Table 3. Marker 4M27334640, corresponding to a marker =3 e *® s
located in the distal section of cacao tree chromosome 4, © %
was found to be mapped in the QTL region of chromosome = g
6 at 1.7 cm from marker 6M1252980. The chromosomal re- % §
gion associated with marker 4M27334640 was part of the . i
QTL confidence interval. For this marker, the LOD values at @ gﬁ
the QTL peak and the percentage of phenotypic variance ex- ;% o -g
plained by the QTL were 3.41 and 5.35, respectively g H ®© 0o = &
(Table 3). g . S
This suggested that it was probably the same strain of § 8 f
M. perniciosa causing the symptoms obtained from the two = § = S
types of infections (TB14-19 and %TB). In addition, when g s 3 S S 885 £
considering the genome region concerned by the QTL, the o &
reference and substitution alleles found for SNP 6M 1252980 g Q éﬂ
and 4M27334640 were C/A and T/C, respectively. After = [é §
classing the individuals according to the type of allele and in § § 8 Lo <
relation to the two variables analyzed, the AC individuals for § © Ao o LU %
6M1252980 and TC for 4M27334640 could be considered 2 =
resistant and the homozygous CC individuals as susceptible. § % <§
Based on the confidence interval of the MQM method, the § § T §
QTL of resistance to M. perniciosa revealed on parent 174 § g g S 5 88 T‘%
occurred in the distal position of chromosome 6, between 7 3
markers 6M488189 and 6M4175947 on 9 marker and a dis- é 5 E
tance of 13.92 cm. The configuration of the haplotypes for the = % %
9 markers of this region of the genome, linked with the be- % T ¥y o 2
havior of the resistant/susceptible individuals, is presented in s & &< < j 5 g
Table 4. ; %
| 2 £
Analysis of the WBD QTL region on the cacao physical i g o %
map £l 232|229 :
I 5}
The strategy of detecting SNP polymorphisms using the ref- % = §
erence cacao genome enabled us to directly link the detected % § g
QTL zones in relation to the cacao physical map. Several ; E o &
sources of resistance to WBD have been identified in cacao 22 2 S 55888 é
trees (Pires et al. 2012; Gramacho et al. 2016; Neto et al. g £
2018); among them, the Scavina-6 resistance source has been gl g . ;
one of the most widely used as a parent in various cacao % % - 5 gj
hybrid progenies distributed to farmers. Various QTL of re- 3 % E % 2 98 % ;
sistance to WBD have been found (Brown et al. 2005; Santos é 5 _‘%
etal. 2014; Royaert et al. 2016). These studies showed that the _%‘ 3 ‘g s
resistance to WBD is often linked to few QTL at the outset of §* EE % Z §
infection (Brown et al. 2005) and that more QTL can be de- 205 3 % O ﬁ ﬁ 3 _% z
tected after several years of plant-pathogen interaction (Santos ‘QE)L e~ < § @ S
et al. 2014; unpublished data). However, among the signifi- % - jz 2 g g
cant WBD-resistant QTL published in cocoa, none was ob- 2 g a g é b=
served on chromosome 6. In addition, based on observations ; % E £ % %
carried out by CEPLAC (Marituba, Para, Brazil), no evidence 212 o s 5 88 o) E —Qé 8
of cross-infection has yet been found between M. perniciosa é g g g I%
isolates from cupuassu and cocoa (CEPLAC, Departamento < | & g é z Z“j
Especial Da Amazonia, report 1986). It seems that for these 2 % ﬁ % k= § ,‘é
two species of Theobroma, there are specificities in the host- s §32|lx «u « Ff 8
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pathogen interactions; the defense and recognition mecha-
nisms used against M. perniciosa are different.

An investigation of the zone of the WBD QTL detected
from the cupuassu genetic map revealed the existence of 398
genes (search for chr6:450000..4180000 on Cocoao Genome
Hub: https://cocoa-genome-hub.southgreen.fr/) in a region of
around 3.7 Mb. In this interval, 21 putative disease resistance
genes are listed on the cocoa genome without giving any
indication of a real role in the mechanism of resistance to
M. perniciosa.

However, it is interesting to note that the TgPR3 gene of
cupuassu described by Silva et al. (2020) was found in this
region. The cocoa orthologous gene was in the distal position
of chromosome 6, around 30 kb from the marker 6M154484.
This same marker is found in a more central position in
cupuassu LG 6 due to chromosomal rearrangement at
14.55 cm which places it in the middle of the QTL region.
By this set of correspondence, the TgPR3 gene can be posi-
tioned in the middle region of the WBD QTL (Fig. 5).

TgPR3 gene codes for a putative chitinase and is potential-
ly related to the response to WBD in cupuassu (Silva et al.
2020). In addition, it is orthologous to the cacao gene
Tc06v2_p000370 that is responsive to the attack of pathogens,
being upregulated during cacao-Phytophthora palmivora in-
teraction (Fister et al. 2016).

Given this configuration, the TgPR3 is a likely candidate
gene for cupuassu resistance to M. perniciosa. The particular-
ity of this analysis was that it was based on the same type of
host-pathogen interactions, since the two clones used during

Fig. 5 QTL location in the
cupuassu linkage group 6 over 9
markers and the position of the
TgPR3 homolog in 7. cacao
genome. The homolog of the
TgPR3 gene in cocoa is
positioned 30 kb from the
6M488189 marker. This marker
is located in the middle of the
QTL zone detected on the WBD
character at 14.55 cm

1.84

TgPR3

x 14.55

19.22
21.03

WBD QTL

28.48
29.44
29.83

34.81

@ Springer

differential expressions (Silva et al. 2020) were precisely the
same two parents, 174 and 1074, of the progeny in our study.
The strong degree of expression of those genes and the secre-
tion of chitinase in resistant individuals affords a greater de-
fense capacity and the possibility of being able to recognize
pathogens, probably through the recognition of molecules de-
rived from degradation of the pathogen’s walls. The role of
TgPR3, and its slightly lower resistant/susceptible differential
expression, compared to TgPRS, can be placed upstream at
the time of early pathogen detection. The constitutive expres-
sion of TgPR3 would make it possible, right from initial con-
tact with the pathogen, to detect its presence and trigger the
signaling pathway to induce a defense response through the
secretion of new PR proteins (TgPRS5 and TgPR&8) that would
block the pathogen. Such a mechanism would thus explain
why we did not find the regions underlying the others PR
genes.

Conclusions

With the combined use of high-throughput genotyping by
sequencing (GBS) and a reference genome of a related spe-
cies, T. cacao, we were able to develop a large SNP dataset for
T. grandiflorum from a biparental population (174 resistant %
1074 susceptible clone to M. perniciosa). With this strategy, it
was possible to construct the first high-density genetic map
comprising 1438 SNP markers and 10 SSR, one of the pre-
requisites for producing a cupuassu reference genome,

Chr 04 - 27 334 kb

488 Cocoa orthologus gene TgPR3
---- Tc06v2_p000370
1253
4176
Chr 06
Cocoa
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enabling the anchorage of a physical map. This tool also
allowed to visualize the relations of synteny existing between
the two species, T. cacao and T. grandiflorum. The genetic
map also enables the detection and characterization of QTL
associated with traits of interest for the genetic improvement
of cupuassu. Here, a QTL of resistance to WBD was detected
from observations on the crossing 174 x 1074. The analysis of
this QTL, located in the distal region of chromosome 6 of
parent 174, showed that the TgPR3 gene, potentially involved
in the response to WBD in cupuassu (Silva et al. 2020), was co-
localized with the QTL region. With these main results, it was
thus possible to (i) provide the first 7. grandiflorum high-
density genetic map, (ii) specify a potential candidate gene
involved in resistance to WBD in the interaction between
M. perniciosa and T. grandiflorum, and (iii) contribute to de-
veloping marker-assisted selection strategies, enabling a pre-
breeding at the young age of potentially resistant individuals.
It would be interesting to check the possibility of cross-
infection between M. perniciosa, from cocoa and cupuassu
strains, and see if there is a parallel to this resistance in the cocoa
tree. Finally, it is necessary to remain attentive to the evolution
of this resistance and the interaction between M. perniciosa and
T. grandiflorum. Indeed, it has been shown that after several
years of interactions between M. perniciosa and T. cacao, re-
sistance evolves from a monogenic to a polygenic expression.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11295-020-01479-3.
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