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Abstract: Black Leaf Streak Disease (BLSD), caused by the fungus Pseudocercospora fijiensis, is a recent
pandemic and the most economically and environmentally important leaf disease of banana. To
assist breeding of varieties with durable resistance to the rapidly evolving P. fijiensis, we used a
diploid genitor ‘IDN 110’ with partial resistance to BLSD to search for QTLs. We assessed diploid
progeny of 73 hybrids between ‘IDN 110’ and the diploid cultivar ‘Khai Nai On’, which is susceptible
to BLSD. Hybrids were phenotyped with artificial inoculation under controlled conditions. This
method allowed us to focus on resistance in the early stages of the interaction already identified as
strongly influencing BLSD epidemiology. Progeny were genotyped by sequencing. As both parents
are heterozygous for large reciprocal translocations, the distribution of recombination was assessed
and revealed regions with low recombination rates. Fourteen non-overlapping QTLs of resistance to
BLSD were identified of which four main QTLs from the ‘IDN110‘ parent, located on chromosomes
06, 07, 08, and 09, were shown to be of interest for marker-assisted selection. Genes that underline
those four QTLs are discussed in the light of previous literature.

Keywords: banana; Black Leaf Streak Disease; black sigatoka; Musa; Pseudocercospora fijiensis; QTL

1. Introduction

Bananas are a major starchy staple food, which is consumed worldwide, and a major
cash crop. Banana cultivars were domesticated for their edible fruits from wild species native
of South and South East Asia, the main one being M. acuminata (A genome, AAw, 2 n = 22).
Cultivars that have parthenocarpic unseeded fruit are mainly diploid or triploid [1,2]. Banana
is a giant perennial herbaceous plant that easily reproduces asexually via suckers. More
than half (57%) of the world banana production, including local and export banana, are
dessert varieties that are somaclonal and belong to the AAA group Cavendish subgroup [3].
This mono-varietal culture has facilitated the expansion of emerging diseases such as
the Black Leaf Streak Disease (BLSD), also named black Sigatoka disease. This foliar
disease is caused by Pseudocercospora fijiensis (formerly named Mycosphaerella fijiensis), a
hemibiotrophic ascomycete fungus with high evolutionary potential [4–7].

BLSD is considered to be the most economically important leaf disease of banana [8]. P.
fijiensis gradually displaced P. musicola, another of the three members of the Sigatoka disease
complex. BLSD was first recognized in 1963 in Fiji (South Pacific Ocean) and first appeared
on the American continent in Honduras in 1972 and on the African continent in Zambia in
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1973. It continued its expansion in the 21st century, which can now be considered as almost
complete [6]. BLSD affects a wide range of banana genotypes including the Cavendish
subgroup (AAA). On the one hand, BLSD is very detrimental to the banana trade because
it reduces the photosynthetic surface resulting in serious yield losses. On the other hand, it
accelerates fruit ripening and has a negative impact on the quality and transportability of
the fruits, thereby rendering them unsuitable for sale [9–11]. BLSD is controlled chemically
through the application of fungicides and by preventive leaf removal. When grown for
export, banana requires weekly fungicide applications involving up to 50 treatments a
year in some environmental contexts. Chemical control is not only costly, but causes
major environmental problems [12]. Populations of P. fijiensis are large and, depending
on the environmental conditions, can reproduce almost all year round [13,14]. P. fijiensis
can disperse over long distance via ascospores resulting from sexual reproduction and
over shorter distances via conidia resulting from asexual reproduction [15], giving it rapid
adaptation potential, as already observed in the form of fungicide-resistant strains [14].

To alleviate the human, environmental, and financial impact of BLSD, there is a need
for further advances in genetic control as well as preventive biocontrol. The development of
resistant cultivars is the focus of several banana breeding programmes worldwide through
pedigree or reconstructive breeding strategies to obtain triploid cultivars from diploid
accessions [16,17].

Field reactions of Musa accessions to BLSD have been evaluated to identify resistant
cultivars or genitors (for a review, see Guzman et al. [6]). Studies have shown a graduated
response ranging from susceptibility to marked resistance. Three major types of reaction to
the disease were first reported by Fouré et al. [18]. The first type is characterised by blocked
symptom development at an early stage, and no asexual or sexual sporulation. This reaction,
called highly resistant or resistant, has been described in particular in the accession ‘Calcutta
4’ (AAw, M. acuminata ssp. burmannica) and in the cultivar ‘Yangambi KM5’ (AAA, Ibota
subgroup), but their resistance was overcome by some strains [19,20]. The second type of
reaction is partial resistance (PR), also called moderately resistant reaction, characterised by
normal but slow development of symptoms and a low sporulation rate. PR is recommended
for breeding programmes aimed at producing varieties with durable disease resistance in
particular against pathogens with rapid adaptive potential like P. fijiensis [21,22]. The third
type of reaction is susceptibility (S) characterised by rapid development of symptoms from
streaks to mature leaf spot and necrosis with a high sporulation rate.

Few resistant hybrids have been released to date. The Honduras Foundation for
Agricultural Research breeding programme was the first breeding programme to deliver
resistant hybrids [23,24]. Unfortunately, some that were intensively cultivated in Cuba
have shown a drop in resistance and locally aggressive strains of P. fijiensis have been
identified [25].

Breeding banana varieties is subject to major constraints, namely the reduced fertility
of cultivars and the need to manage polyploidy, since the optimum ploidy level for cul-
tivars is triploid. One major aim of breeding is to obtain hybrids with durable resistance
to BLSD [17,26–31]. Long-lasting resistance is important as varietal change is slow in
banana, e.g., Cavendish somaclones are the world main varieties since 1950s. To this end,
better knowledge is needed of host resistance, including its genetic inheritance [7]. Ortiz
and Vuylsteke [32] and Craenen and Ortiz [33] concluded from genetic analyses that the
resistance of the accession ‘Calcutta 4’ was due to a recessive allele in a major locus and
at least two minor independent loci with additive effects. However, to the best of our
knowledge, no QTL that confers total or partial resistance to BLSD has been published
to date. However, today, QTL identification in banana can benefit from banana genome
sequencing and from the identification of the location of chromosome translocations that
influence segregation and genetic mapping [34–37].

The aim of the present study is to identify QTLs for resistance to BLSD using the
progeny of two diploid parents. Both parents are cultivars (AAcv) to ensure their direct
application in breeding with no undesirable characters from wild accessions. The nearest
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diploid cultivars to the ancestors of the main world dessert cultivars have been identified
as belonging to the AAcv Mchare and Khai subgroups [2,38,39]. The Khai subgroups
include both parents used in this study, accession ‘Khai Nai On’ (KNO) and accession ‘IDN
110’ (IDN110). KNO, which is used as the female parent, is susceptible to BLSD, whereas
IDN110, which is used as male parent, shows partial resistance [16,40,41]. IDN110, also
known as ‘AAcv Rose’ or its somaclone ‘Gu Nin Chiao’, is a frequent genitor in world
breeding programmes thanks to both its resistance and fruit quality [31]. The progeny
of 73 hybrids between the two heterozygous parents were genotyped by sequencing and
phenotyped in controlled conditions. The recombinations along chromosomes, the QTLs
identified, and the genes in the QTLs from the PR parent are discussed later on.

2. Materials and Methods
2.1. Plant Material

Resistance to BLSD was evaluated on a population derived from crosses between
two diploid banana cultivars: the susceptible cultivar KNO (PT-BA-00148) as female, and
IDN110 (PT-BA-00131), a cultivar with partial resistance, as male. Both accessions are
field grown and belong to the CIRAD collection managed by the CIRAD-INRAe Biological
Resource Center for Tropical Plants in Guadeloupe (French West Indies) [42].

To get around the problem of the parents’ low fertility, the population was obtained
from seeds belonging to five bunches. The five crosses were performed in the CIRAD
breeding station at Neufchâteau in Guadeloupe. To maximise germination of all viable
seeds, embryo rescue was performed as described in Bakry [43] and 107 hybrids were
obtained. The in vitro plants were sent to CIRAD Montpellier (France) for phenotyping
and genotyping. Hybrids were kept in a climate chamber from weaning up to two months
old in 0.5 L, and then 1 L pots containing peat and potting soil [respectively, 4 vol.: 1 vol.,
and 2 vol.:1 vol.]. They were then transplanted in 5 L pots containing a mixture of peat,
potting soil, and pozzolan [1 vol.: 2 vol.: 1 vol.] into a greenhouse. Climate chamber and
greenhouse were at 70–80% humidity, 26 to 28 ◦C, and a 12 h light photoperiod. A total
of 73 hybrids developed normally up to adulthood, and were then phenotyped. All the
plants retained had a similar size and a minimum of 6 green leaves. When the plants were
6.5 months old, the youngest fully mature leaf was harvested, as described in [40].

2.2. Artificial Inoculation and Disease Evaluation

Disease evaluation was carried out in controlled conditions through artificial inocu-
lation of fragments of detached leaves kept on a survival medium in Petri dishes. Plant
material, survival medium (0.4% bacto agar and 0.0005% gibberellic acid), and fungal
inoculum preparations and inoculation were performed using the methods described in
Pérez-Vicente, Carreel et al. [40]. Inoculum was obtained from isolate GLP701 (CIRAD col-
lection), which is considered to be aggressive. Conidial suspension was adjusted to a final
concentration of 40,000 conidia/mL in a 0.02% Tween solution [40]. Four leaf fragments
were cut out of the youngest fully mature leaf of each parent and each hybrid. Three of
them, sprayed with the inoculum, formed our three replicates. The fourth fragment was in-
oculated with a solution with no isolate as control. The plates were randomly distributed in
the incubation chamber and scanned using ‘Epson perfection V10’ with a 300 dpi resolution
at 2, 3, 4, 5, 7, and 9 weeks post-inoculation (wpi). Disease incidence was quantified from
scans using the machine learning image analysis software IPSDK Explorer v. 3.0.2.2. [44]
supplemented by the LeAFtool program (https://gitlab.cirad.fr/phim/LeAFtool, accessed
on 23 January 2023). The number of lesions and the percentage of diseased leaf surface
were obtained for each inoculated leaf fragment and each wpi time point.

2.3. Analysis of Phenotypic Data

Eleven phenotypic variables were obtained directly from image analysis: the percent-
age of diseased leaf surface (PD) at wpi 2, 3, 4, 5, 7, and 9 and the number of lesions (NL) at
wpi 2, 3, 4, 5, and 7, named, respectively, PD_wpiX and NL_wpiX with X = 2, 3, 4, 5, 7, or 9.

https://gitlab.cirad.fr/phim/LeAFtool
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As lesions may merge at late stages, the number of lesions at wpi 9 was replaced by the max-
imum number of lesions observed the 9 weeks (NL_max). Four disease parameters were
calculated from these phenotypic variables. The area under the disease progression curve
(AUDPC) produced by PD_wpiX values, is a synthetic value that is representative of the
level of disease over the entire 9 week monitoring period. AUDPC was obtained with the R
‘epifitter’ package [45], hereafter termed PD_Audpc. The incubation period was estimated
as the week with at least 4 lesions and termed NL_Tmin4L. The two last calculated disease
parameters were obtained from the growth curve of the percentage of diseased surface
that was identified closest to the nonlinear “Weibull” function using Akaike’s information
criterion (AIC) [46,47]. These two parameters were obtained using the R ‘nlme’ package,
and represent the value of the horizontal asymptote (‘Asym’) and the value of y at the
inflection point (‘Drop’), termed, respectively, PD_Wei-A and PD_Wei-D [48].

The best linear unbiased prediction (BLUP) values of these phenotypic data were
extracted from analysis of generalised linear mixed models (glmm) using R software v.
4.2.2 [49]. Normality and variance homogeneity of the residuals were tested using, respec-
tively, the Shapiro–Wilk test and Levene’s test. Like many disease data, the 16 phenotypic
variables did not fit the assumed Gaussian distributions, and consequently, the glmm
models were applied using the glmmTMB package [50]. Models were selected according to
the data distribution to minimise the AIC [46] and to confirm the application conditions
that had been checked using the DHARMA package [51]. Glmm models with a negative
binomial distribution were fitted to the data for NL_wpiX (X = 2, 3, 4, 5, and 7) and NL_max.
PD_wpiX (X = 2, 3, 4, 5, 7, and 9) and PD_Audpc were fitted with a zero inflated beta
distribution. NL_Tmin4L was fitted with a generalised Poisson distribution. Figure of
phenotypic results was performed with the ggplot package of R software v. 4.2.2 [49].

2.4. Genotyping and Linkage Mapping

DNA extraction and genotyping by sequencing (GBS) were performed as described
in [52], except that total genomic DNA was extracted from 33 mg of fresh leaf.

Raw GBS sequencing data from the F1 progeny were demultiplexed using GBSX
version 1.3 [53], and adaptors were removed with cutadapt [54]. Mapping was performed
on the M. acuminata reference sequence assembly, version 4 [37]. Variant calling was
performed using the VcfHunter toolbox [55]. The obtained vcf was filtered according to
data point coverage, allele frequency, missing data, and biallelic sites, as detailed in Martin,
Baurens et al. [36] using the ‘vcfFilter.1.0.py’ script of the VcfHunter toolbox. Segregating
markers were selected according to their ratio in the progeny (1:1 for parental markers or
1:2:1 for bridge markers) using the ‘vcf2popNew.1.0.py’ script of the VcfHunter toolbox [36].

The population resulted from a cross between two heterozygous diploid parents so the
97 015 SNPs markers were coded in the same way as in a cross pollinated (CP) population
type. Markers were grouped and phased with JoinMap 5.0 [56]. As the hybrid genotypes
originated from two independent segregating meiosis events, SNPs were distributed in
three sets of markers, markers that segregate in the female KNO parent (coded lm × ll),
markers that segregate in the male IDN110 parent (coded nn × np), and bridge markers
that segregate in both parents (coded hk × hk). The suitability of the markers’ genetic and
physical orders was confirmed before punctual GBS corrections using the ‘GBS_corrector.py’
tool in the ScaffHunter toolbox [57].

In this way, all redundant markers were removed from each set of markers and a total
of 2084 informative markers were finally retained (786 for the female parent, 798 for the male
parent, and 500 bridge markers). To construct the two parental and the consensus maps, the
markers were ordered with the default parameters of Kosambi’s mapping function of the
regression-based algorithm of JoinMap 5.0. The maps were illustrated with the Spidemap
v1.7.1 free software [58].
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2.5. QTL Analysis

The linkage maps and disease data were used for QTL analysis using MapQTL® 6
software [59]. As recommended for a CP population, a two-way pseudo-test cross approach
was used. The first analysis was conducted for each parental meiosis. This analysis was
performed by combining the two parental datasets (lm × ll and nn × np). Consequently
it was possible to use markers of both parents as cofactors in one or the other parent.
The second analysis was then conducted using all the markers—including the bridge
markers—to identify interaction QTLs, also called genotypic QTLs. Candidate QTLs were
first identified through interval mapping (IM) analysis. The neighbouring markers with
the highest LOD value were used as cofactors in the final multiple QTL model (MQM)
analysis to identify the final location of the QTLs. The LOD thresholds for each QTL were
calculated using a permutation test with 1000 iterations at p < 0.05 (5%) and at p < 0.10
(10%). The confidence interval for each QTL was determined by a decrease of 1 LOD unit
from the QTL LOD peak. The resulting Figure was obtained using Spidermap v1.7.1 free
software [58]. Manhattan plots were performed with the ggplot package of R software v.
4.2.2 [49].

The genes in the four main IDN110 QTLs were identified using the annotated file
of the M. acuminata ‘DH-Pahang’ reference sequence assembly version 4 [37] (https://
banana-genome-hub.southgreen.fr/ accessed on 17 August 2023). The search for resistance
gene analogues (RGA) in these QTLs was made using the Disease Resistance Analysis and
Gene Orthology, version 3, tool (DRAGO3, http://www.prgdb.org/prgdb4/) accessed
on 17 August 2023) [60]. RGA identified with DRAGO3 were further validated with their
Interpro domains. If differences were found, an NCBI BlastP was performed against the
NCBI database to conclude. Information on RLK types available in Dievart et al. [61] was
also used to refine the DRAGO3 classification.

3. Results and Discussion
3.1. Analysis of Parental Meiosis

The genotyping by sequencing of the 73 hybrids obtained from the cross between
KNO and IDN110 resulted in 97,015 polymorphic SNP markers after variant calling and
filtering steps. Markers were associated with chromosomes (chr) 01 to 11, on the basis of
their location on the Musa acuminata reference sequence.

SNPs were distributed all along the genome except in centromeric or peri-centromeric
regions as expected, and in KNO chr 09 between 2.4 and 3.5 Mb, due to total homozygosity
of the sequence in this region (Figure 1 and Figure S1). This is the only homozygous zone
greater than one Mb in length in both parents, which is in line with the high heterozygosity
of most parthenocarpic banana accessions [62]. In centromeric regions, gaps of SNPs
greater than 1 Mb each cover less than 8.2 Mb in all, except for the chromosome 06 of
IDN110 where the gap covers 31.6 Mb between 9.6 and 41.3 Mb. The total absence of one
homozygous genotype between 36.8 and 38.5 Mb implies a strong segregation distortion
up to the centromere.

Previous works have shown that both parents are heterozygous for a large reciprocal
translocation between reference chr 01 and chr 07, and that IDN110 is also heterozygous
for a reciprocal translocation between reference chr 01 and chr 04 [36,63]. A strong impact
of the chr 01–chr 07 translocation on the recombination of chr 01 of accession ‘Pisang Madu’
has already been described [64]. Also in our study, these translocations had a strong impact
on both parents, with absence of crossing over (CO) in chr 01 of IDN110 and very few CO
in chr 01 of KNO (Figures 1 and S1). On translocated chr 04 and chr 07, the absence of CO
only affected the surrounding translocated zones, not the entire chromosome.

https://banana-genome-hub.southgreen.fr/
https://banana-genome-hub.southgreen.fr/
http://www.prgdb.org/prgdb4/
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Figure 1. Genetic maps using non-redundant SNP markers of the two parents ‘Khai Nai On’ (KNO,
noted as k) and ‘IDN 110’ (noted as i) linked to the reference genome sequence assembly (DH Pahang
v4); translocations between chr01 and chr07 for both parents induce their association in the same
linkage group.

Across the entire genome, the mean number of recombinations per hybrid and per
chromosome were 0.95 for KNO and 1.04 for IDN110 (1.01 and 1.13, respectively, without
chr 01, chr 04, and chr 07 implicated in translocations). They correspond to the low range
of one to four crossovers per chromosome on average in most of the plants species studied
by Brazier and Glémin [65]. The number of single COs per chromosome arm between
KNO and IDN110 was almost the same (0.81 and 0.83, respectively). But more double
or triple COs per chromosome arm were observed in IDN110 (0.30) than in KNO (0.19)
due to the absence of double or triple COs on one arm of KNO chromosomes 07, 08, 09,
and 11 (Figure S1). The absence of double or triple COs on some chromosome arms was
investigated in correlation with the ancestral origins of the parents (i.e., the contributions of
Musa wild gene pools along the cultivar’s chromosomes, Figure S1), but no correlation was
found based on current knowledge of the parents’ ancestral origins, as reported by Martin
et al. [66]. Also, the partially resistant IDN110 parent recombined easily, except around
translocation break points and on chr 01. This information is important for breeding.

3.2. Linkage Maps

A total of 2084 non-redundant markers were kept for the linkage maps, 1584 markers
for the parental maps and 500 bridge markers for the consensus map. The genotypes of
all the hybrids are listed in Table S1. Linkage groups (LGs) were named according to the
reference M. acuminata sequence assembly version 4 [37]. The two parental genetic maps
obtained are illustrated in parallel to the physical map in Figure 1.

The linkage map of the KNO parent includes 786 SNP markers in 10 LGs for a total
length of 1076.9 cM with an average distance between adjacent markers of 1.40 cM. As
expected, the large chromosomal rearrangement between chr 01 and chr 07 led to their
grouping in one LG named 01-07 [36]. Thus, 10 LGs were found for 11 chromosomes, as
shown in Figure 1. The size of LGs ranged from 70.3 cM (LG02k) to 158.4 cM (LG04k).

The IDN110 parent linkage map included 798 SNP markers in 11 LGs for a total length
of 1092.5 cM with an average distance between adjacent markers of 1.39 cM. Eleven LGs
were found, but, like the KNO parent, chr 01 and chr 07 were linked in LG01-07. For
chromosome 6 of IDN110, two LGs, LG06-1 and LG06-2, were found because of the gap in
SNPs between 9.1 and 41.5 Mb that includes the centromeric region, as described above. If
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LG06-1 and LG06-2 are linked, the size of the IDN110 LGs ranges from 75.5 cM (LG02) to
138.3 cM (LG04), which is in the same range as for KNO.

3.3. Reaction of the Progeny to P. fijiensis Inoculation

Interaction between Musa and P. fijiensis is not easy to phenotype because of the size
of the plant and the relatively slow growth of both the fungus and the plant. Field evalua-
tion protocols under natural infection are reviewed in Pérez-Vincente, Carreel et al. [40].
Although field evaluations remain the benchmark in the selection of new varieties, field
notations are commonly affected by environmental fluctuations such as foliar emission rates
and spore dispersal homogeneity. The interaction between banana and this hemibiotrophic
fungus comprises several phases that are difficult to separate and assess in the field. A
method of evaluation using artificial inoculation under controlled conditions has been de-
veloped to focus on early stages of the interaction which are more difficult to test in vivo [40].
These stages correspond to the biotrophic-like phases of the hemibiotrophic life cycle of the
fungus. The most influential epidemiological parameters were found to be linked to these
early stages of interaction, and in particular, the authors underlined the impact of both
the lesion growth rate and the incubation period [67]. Both these parameters are notable
with this test. We used this test in the present study, which also allowed us to study the
interaction with an aggressive strain [40].

Using this test, disease incidence in the progeny of the susceptible cultivar KNO
and the partially resistant IDN110 was quantified using machine learning image analysis
software, as illustrated in Figure 2a,b. Results revealed clear differences between hybrids
(Figure 2c).
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Figure 2. Reaction of the progeny and parents to P. fijiensis inoculation; (a,b) an example of the
detection of symptoms, respectively, before and after analysis using the machine learning software
IPSDK Explorer v. 3.0.2.2. (c) Percentage of diseased leaf surface for each of the three replicates
(black dots) of the 73 progenies and the two parents KNO and IDN110 at wpi 7. Individuals were
ordered according to their median value (white circle). The percentage of diseased leaf surface shows
a continuous distribution, from the lower percentage corresponding to partial resistance up to the
higher percentage corresponding to susceptibility.

The symptoms on the leaves of IDN110 were fewer and smaller than on KNO. There
was a continuous segregation in their 73 hybrids for all the 16 phenotypic variables obtained
from wpi 2 to 9: NL_wpiX with X = 2, 3, 4, 5 and 7, NL_max, NL_Tmin4L, PD_wpiX with
X = 2, 3, 4, 5, 7 and 9, PD_Audpc, PD_Wei-A and PD_Wei-D. BLUP values of the phenotypic
variables of all hybrids are listed in Table S1. For example, in Figure 2c, the PD_wpi7 ranged
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from 0.04 to 17.87 among the progeny. Some hybrids were seen to be more susceptible
and others more resistant than their parents. The distribution of disease scores across
the segregating population was continuous. Such a profile corresponds to quantitative
resistance that may be due to different resistant genes and, according to French et al. [68],
could be a source of more durable resistance.

3.4. Identified QTLs

We searched for interaction QTLs for the 16 phenotypic variables obtained from the
test in controlled conditions. QTL analysis was performed using a two-way pseudo-test
cross approach to identify QTLs specific to each parent and QTLs in interaction, also
called genotypic QTLs [59]. As illustrated in Figure 3 and detailed on Manhattan plots in
Figure S2, fourteen non-overlapping QTLs were detected on chr 02, 03, 04 (with 2 QTLs),
06 (with 2 QTLs), 07, 08 (with 3 QTLs), 09 (with 2 QTLs), 10, and 11. Three of them overlap
centromeric regions for some of their phenotypic variables (chr 04, chr 09, chr 11), and one
overlaps the centromeric and translocation between chr 01 and chr 07. But none overlap
the IDN110 gap of SNPs near the chr 06 centromere.

In total, 4 of the 14 QTLs are only interaction QTLs. They are located on chr 06, 08,
10 and 11. They are due to the association of favorable alleles from both parents and are
consequently of interest in this specific cross.

The ten remaining QTLs show a parental effect for at least one phenotypic variable. At
least 15–36% of the variance of one phenotypic variable is explained by each of the 10 QTLs
(Figure 3).

Of the ten QTLs, seven are linked to IDN110, the parent with partial resistance. These
QTLs are located on chr 02, 03, 04, 06, 07, 08, and 09. Among the seven, the three main QTLs
(LOD > 5) each explained more than 20% of the variance of one phenotypic variable. These
QTLs are located on chr 06, 07, and 08, and cover early and late stages of the interaction,
especially the percentage of diseased leaf at wpi 2, 4, and 9 and the asymptote of the Weibull-
estimated growth curve. One QTL was identified on chr 06 where a strong segregation
distortion zone, caused by the total absence of one genotype was observed, as discussed above.
However, this QTL is located at the end of the chromosome where only limited distortion
remains (segregation ratio of 1:2). The QTL on chr 09 is also of interest because it is shared by
five phenotypic variables, even if it has less effect (11% < explained variance < 17%).

Six QTLs are linked to KNO, the susceptible parent. One QTL on each of chr 03, 04, 07,
and 08, and two QTLs on chr 09. The main QTL (LOD > 5) is on chr 07 and corresponds
to effects on the early stages of the plant–fungus interaction: estimated incubation period
and percentage of lesions at wpi 3 and 5. It colocalized with the IDN110 QTL on chr 07.
Two others of the four main QTLs of IDN110 also partially colocalized with KNO QTLs.
One is located on chr 08, and the other is one of the two KNO QTLs located on chr 09.

Thus, four main resistance QTLs to BLSD were identified among this KNO x IDN110
progeny. Each one was detected for several phenotypic variables with an explained variance
> 20%. Three are shared by IDN110 and KNO and/or their interaction (chr 06, 07, and 09)
and one is specific to IDN110 (chr 08). IDN110, also named ‘AAcv rose’, or its clonal variant
‘Gu Nin Chiao’, are genitors of interest for breeding sweet bananas, and in particular for
their partial resistance to BLSD. The four main BLSD QTLs identified here on chr 06, 07, 08,
and 09, are thus keys for breeding. The phenotypic differences between plants showing
zero to four of the resistance alleles at those four main QTLs are illustrated in Figure 4
at the QTL peak for the phenotypic variable with the best LOD/R2. This suggests that
combining the IDN110 favourable alleles at these four QTLs, in breeding schemes, should
be of interest for durable resistance to BLSD.
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Figure 3. QTLs of resistance to BLSD identified in the KNO x IDN110 progeny projected on the
physical map of DH-Pahang reference genome version 4. QTLs linked to IDN110 (names ending
in _IDN110) are in green, to KNO (names ending in _KNO) in red, and to their interaction (names
ending in _interact) in blue. Phenotypic variables at the origin of the QTL are indicated at the top and
the QTL LOD, and the explained variance (R2) at the bottom.
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3.5. Putative Candidate Genes in the Four Main QTLs Detected on IDN110

We selected the four regions corresponding to the largest QTL intervals detected for
IDN110 on chromosomes 06 to 09 to search for potential candidate genes present on the
reference genome sequence. The four main QTLs (chr 06 to 09) of the partially resistant
IDN110 contain, respectively, 208, 275, 363, and 867 predicted genes according to version
4 of the M. acuminata ‘DH-Pahang’ reference sequence assembly [37]. They have diverse
predicted functions and cellular locations and several of them may be involved in plant
defence, as shown by Interpro domain and gene ontology information (Table S2).

The few cloned genes underlying QTLs for disease resistance in other plants are
diverse, but several belong to major families of plant disease resistance genes [68]. Sekhwal
et al. [69] divide resistance gene analogues (RGA) into four main types: the nucleotide
binding site (NBS) encoding genes that code for intracellular proteins; receptor-like kinases
(RLK) with an extracellular domain, a transmembrane domain (TM), and an intracellular
kinase domain; receptor-like proteins (RLP) that differ from RLK in their lack of the
intracellular kinase domain; and other resistance genes (Oth-R) with TM receptors, but that
lack complete previous domains.

A total of 98 RGA were identified by the DRAGO3 tool and validated using InterPro
domains. In total, 8, 17, 15, and 58 RGA were found in the QTLs on chr 06, 07, 08, and
09, respectively (Table 1 and details in Table S2). Among them, nine are NBS-encoding
genes that were also identified by Anuradha et al. [70]. Seven out the nine NBS-encoding
genes were predicted as complete NBS-LRR by Belser et al. [37]. Thirteen of these RGA
are RLPs, a class of R proteins to which the tomato Cladosporium fulvum (Cf, syn. Passalora
fulva) resistance proteins belong [71]. Cladosporium and Pseudocercospora species are related
pathogenic fungi of the Mycosphaerellaceae family [5,72]. Stergiopoulos et al. [73] showed
that P. fijiensis homologues of the C. fulvum effectors Avr4 and Ecp2 are recognised and
display a hypersensitive response in tomato plants carrying resistance genes Cf-4 and
Cf-Ecp2, respectively.

The QTL region on chr 06 contains one NBS encoding gene annotated as non-regular
NBS-LRR by Anuradha et al. [70], one RLK, one RLP, and five Oth-R proteins.

The QTL region on chr 07 contains three NBS-encoding genes, including neighbouring
genes named chr07_nlr_14 and chr07_nlr_1 by Belser et al. [37]. It also contains three
RLKs, one RLP, and ten Oth-R. The RLP gene was identified by Pinheiro et al. [74] as
down-regulated in resistant wild accession M. a. ‘Calcutta 4’ during its transcriptomic
interaction with P. musae, a fungus related to P. fijiensis.
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Table 1. Number of resistance gene analogues (RGA) identified in the four main QTLs located
on chromosomes 6 to 9 (chr06 to chr09). Four main types of RGA are considered: the nucleotide
binding site (NBS); receptor-like kinases (RLK); receptor-like proteins (RLP); and other resistance
genes (Oth-R). Each of those four types of RGA include the different protein classes identified by the
DRAGO3 tool.

RGA/QTL on chr06 chr07 chr08 chr09 Total Include Protein Classes of DRAGO3 Tool 1

NBS encoding 1 3 1 4 9 CNL + NL + CN + N
RLK 1 3 10 25 39 RLK + LecRK
RLP 1 1 1 10 13 RLP + CL + Lec

Other-R 5 10 3 19 37 CK + K + L
Total 8 17 15 58 98

1 Grouping by DRAGO3 [60] validated with the InterPro domain. Genes are grouped in distinct classes based
on the presence of specific domains: C (coiled-coil), N (nucleotide binding site), L (leucine-rich repeat), RLK
(receptor-like kinase), Lec (lectin-like), RLP (receptor-like protein), and K (kinase).

The QTL region on chr 08 contains one NBS-encoding gene and ten RLKs, four of
which are present in a cluster. The region also bears one RLP and three Oth-R. The NBS-
encoding gene named RGC1 by Peraza-Echeverria et al. [75] and named chr08_nlr_2 by
Belser et al. [37] was found by Zhang et al. [76] to be threefold higher expressed in accession
M. a. ‘Pahang’ which is resistant, than in susceptible Cavendish, in unchallenged conditions.
This led the authors to state that it may ‘indicate its role in constitutive defence mechanism’.

The QTL region on chr 09 contains 4 NBS-encoding genes, 25 RLKs, 10 RLPs and 19
Oth-R. The NBS-encoding genes were identified and named chr09_nlr_7, chr09_nlr_10,
chr09_nlr_9, and chr09_nlr_8 by Belser et al. [37]. The first two are annotated as putative
disease resistance protein RGA3 and RGA4, respectively. The last two that colocalize
are both annotated as putative RPP8-like protein 3, and were both identified by Pinheiro
et al. [74] as modulated in resistant accession M. a. ‘Calcutta 4’ during the transcriptomic P.
musae interaction. It led the authors to conclude that modulation of these genes provide
evidence for an effector-triggered immunity (ETI) response in this interaction. Some of the
RLKs are present in three clusters of wall-associated receptor-like kinases, L-type lectin
domain containing receptor kinases, and putative cysteine-rich receptor-like kinases. These
types of genes have been shown to confer resistance to wheat against the hemibiotrophic
fungus Zymoseptoria triticii, which is related to Pseudocercopora. For example, wheat Stb6
and Stb16q genes encode, respectively, a wall-associated kinase-like protein and a cysteine-
rich receptor-like kinase [77,78]. Another RLK in this QTL region is a receptor protein
kinase-like protein ZAR1 proposed by Breit-McNally et al. [79] to be involved in effector
recognition. Six out of the ten RLPs are present as a cluster of genes and are annotated
as homologues of genes that have been shown in tomato to interact with fungal protein
ethylene-inducing xylanase, as reviewed by Monaghan and Zipfel [80].

Other types of defence-related mechanisms involve different types of genes such as
pentatricopeptide repeats (PPRs) and peroxidases [69]. A total of 25 PPRs or putative PPRs
were identified in QTLs located on chr 06 to 09, with, respectively, 4, 3, 6, and 12 genes. Six
peroxidases were identified in QTLs on chr 07 and 09, containing, respectively, five genes
and one gene. During the biotrophic phase of P. fijiensis, which corresponds to our in vitro
test, Rodriguez et al. [81], in agreement with previous results of Torres et al. [82], identified
higher expression of genes encoding peroxidases in the resistant M. a. ‘Calcutta 4’ accession.
Other genes annotated as being implicated in defence responses are underlined in Table S2.

Two reviews highlight genes cited as plant defence-related during Musa gene expres-
sion analysis in interaction with P. fijiensis [7,16]. The genes or types of genes cited as
being present in the four QTLs are indicated in Table S2, along with genes implicated
in resistance cited in studies on Musa [34,37,70,74–76,81–92]. Among them are several
GDSL esterase-encoding genes with a cluster in the QTL on chr 08 and several caffeoyl
methyltransferase-encoding genes [34,83].
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Finally, as this analysis was performed on the DH-Pahang reference genome from the
wild M. acuminata subspecies malaccensis, it is not excluded that IDN110 and KNO bear
genes that are not included in this reference.

4. Conclusions

QTL identification in banana benefited both from the availability of the reference
banana genome sequence assembly and from the identification of the location of chromo-
some translocations that affect segregation and genetic mapping [34–37]. Before the first
genome sequence assembly in 2012 [34], the only QTL and markers developed to assist
Musa selection were obtained against banana streak disease caused by the banana streak
virus [93–96]. Since then, Musa QTLs have been identified either through dedicated popu-
lations or GWAS analyses for fruit seedlessness [97], bunch weight [98], fruit organoleptic
quality during ripening [64], resistance to the weevils Cosmopolites sordidus [89], resistance
to banana Xanthomonas wilt [92], and resistance to Fusarium wilt [99–101].

In the present study, we identified QTLs for partial resistance to BLSD using two
diploid banana cultivars. One of them, IDN110, is a genitor of interest for breeding dessert
bananas. IDN110 (or ‘AAcv Rose’) and its somaclone ‘Gu Nin Chiao’ are appreciated
for their fruit quality and are also reported to be resistant to Panama disease either race
1 or tropical race 4 (TR4) and tolerant to nematodes Radopholus similis and Pratylenchus
coffeae [102–105].

We did not detect a major QTL against BLSD, unlike what was found against panama
disease [100]. The QTLs identified here conferred partial resistance that does not lead to
an absence, but a reduction in disease that must, of course, be compatible with production.
With partial resistance, the selection pressure on the pathogen is expected to be reduced. It is
particularly important for pathogens with a high evolutionary potential, such as P. fijiensis.
Less selection pressure on the pathogen should lead to more durable resistance [21,22,68,106].
Seven QTLs were identified in the partially resistant parent IDN110. Most of these QTLs
are not in regions that are influenced by translocations or reduced recombination, which
are frequent in banana genomes. Selection of those QTLs in hybrids is thus possible,
in particular the four QTLs with the main effects. The gain in resistance that can be
cumulated with the four main QTLs identified here should convince breeders of the interest
in cumulating favourable partially resistant alleles using molecular-assisted selection (MAS).
MAS should also enable evaluation of the best dose of alleles of these QTLs in triploid
hybrids. These QTLs could be associated with other resistances, as recommended by
Cowger and Brown [106], in particular, those with resistance affecting different stages of
the banana–P. fijiensis interaction (i.e., later stages, such as the sporulation stage).
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