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Abstract 19 

Fruit quality traits are directly linked to consumer acceptability, and thus key targets for banana breeding programs. 20 

We explored the genetic control of three major organoleptic and ripening-related traits, namely pulp acidity (pH), 21 

firmness (PF) and dry matter content (DMC), over a 7-day ripening period and three production cycles in a banana 22 

segregating population genotyped by sequencing. Significant broad-sense heritabilities were estimated with 0.77, 23 

0.46 and 0.81 values for pH, PF and DMC, respectively. QTL detection was first performed on the whole dataset to 24 

analyze their dynamics. In a second approach, per-cycle data were considered to evaluate the stability across 25 

production cycles. Finally, a meta-analysis was performed. Various QTLs were detected, as well as many QTL 26 

colocalizations, while 12 of these QTLs were more prominent as they were detected in several approaches and/or 27 

explained over 15.0% of the phenotypic variation. Candidate genes were proposed for 10 of these QTLs. The QTL 28 

with the largest contribution to pulp acidity (R2 = 19.3-50.6%) was located on LG1_7 on the genetic map of Pisang 29 
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Madu, i.e. a parent that is closely related to Cavendish, the world’s most cultivated dessert banana cultivar group. 30 

This QTL is located on a chromosome derived from a reciprocal translocation that does not recombine in Pisang 31 

Madu, which is a favorable context for molecular marker monitoring. These first results will provide a relevant basis 32 

for marker-assisted selection in banana improvement programs. 33 

34 

Keywords: dry matter content, organoleptic banana quality, Musa, pulp acidity, pulp firmness, dynamic QTL 35 
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1. Introduction 36 

Banana (Musa spp.) is a major economically important fruit that is grown throughout the world’s tropical 37 

and subtropical regions. It is a cash crop that is sold on local and international markets, while also being staple food 38 

for several million people worldwide. Most world production is based on a few groups of cultivars derived from 39 

somaclonal variation, which is why bananas are particularly vulnerable to pests and diseases (Bakry et al. 2009). 40 

Banana cultivars are generally triploid, and sometimes diploid or tetraploid, with a basic chromosome number of 41 

x=11. They are derived from hybridization between several Musa species and subspecies (Carreel, et al. 2002, 42 

Perrier et al. 2009), and their genome consists of complex inter(sub)specific mosaics (Baurens et al. 2019; Martin et 43 

al. 2020a; Cenci et al. 2021). The main target of banana breeding programs is to produce disease resistant cultivars 44 

while maintaining good fruit quality. 45 

However, banana breeding is particularly complex since cultivars need to be sterile or have very low 46 

fertility to produce seedless edible fruits, and since triploid is the most agronomically efficient ploidy level. 47 

Improving cultivars by successive crossing steps among the best cultivars is therefore not an option. Banana breeders 48 

thus use existing diploid cultivars to exploit their residual fertility and/or for artificial tetraploidization to recover 49 

fertility before crossing with wild or cultivated diploids to produce triploid cultivars. The genome complexity of 50 

banana cultivars and the lack of knowledge on the genetic determinism of the targeted traits are further banana 51 

breeding constraints. The rare QTL and GWAs studies performed so far in banana have focused on the seedless 52 

phenotype (i.e. parthenocarpy combined with female sterility, Sardos et al. 2016), bunch weight component traits 53 

(Nyine et al. 2019) and Fusarium wilt resistance (Ahmad et al. 2020).  54 

Several large reciprocal translocations have been reported in Musa species and subspecies (Martin et al. 55 

2017; Baurens et al. 2019, Dupouy et al. 2019, Martin et al. 2020b, Šimoníková et al. 2020). These translocations at 56 

an heterozygous state induce various extents of segregation distortion and recombination reduction that involve only 57 

the breakpoint region, a chromosome arm or an entire chromosome. They are frequently found at an heterozygous 58 

state in cultivars and breeding materials (Martin et al. 2020b), thereby at least partly explaining the major segregation 59 

distortions observed in the few genetic Musa maps developed so far (Fauré et al. 1993, Hippolyte et al. 2010; DHont 60 

et al. 2012; Mbanjo et al. 2012; Noumbissié et al. 2016).  61 

In recent decades, ecophysiological studies have generated insight into the morphological, physicochemical 62 

and sensory characteristics of edible Musa varieties, in order to understand banana consumers’ preferences and 63 
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facilitating breeding (Gibert et al. 2009; Bugaud et al. 2011, 2013). As for most fleshy fruit, sweetness, sourness, 64 

firmness, mealiness and aroma are the five most relevant attributes for consumer acceptance (Bugaud et al. 2011, 65 

2016).  Pulp acidity is an important aspect of banana organoleptic quality since it is related to the perception of 66 

sourness and sweetness based on the sugar-acid ratio, which has a high impact on consumer acceptability (Bugaud et 67 

al. 2016). pH is a practical measurement for high throughput phenotyping as this indicator is able to predict 68 

accurately the sensory characteristics sourness (Bugaud et al., 2013). During ripening, processes involved in the 69 

metabolism and accumulation of organic acids in pulp cells are under both genetic and environmental control 70 

(Etienne et al. 2013a, b, 2014, 2015). Pulp texture—mostly firmness and melting—is the second most important 71 

factor regarding the eating quality of bananas (Bugaud et al. 2016). Fruit texture and softening, associated with fruit 72 

cell wall disassembly during ripening, are also crucial fruit shelflife and postharvest quality factors (Brummell et al. 73 

1999; Wakabayashi 2000). In recent decades, there has been an increased focus on the pulp dry matter content, 74 

which has been found to be linked to various quality traits, namely textural traits (Vázquez-Ovando et al., 2012; 75 

Gibert et al. 2010), soluble solids (Bugaud et al. 2009) and sugars (Phillips et al., 2021); with sugars, organic acids 76 

and non-structural carbohydrates being the main components of pulp dry mass. The dry matter content (DMC) is also 77 

a useful trait to discriminate cooking and dessert bananas (Gibert et al. 2009). The sensory texture of boiled bananas 78 

noted by consumers can be predicted by this criterion (Kouassi et al., 2021). 79 

Phenotyping of organoleptic fruit quality characteristics is difficult and time-consuming in cultivated 80 

material and very hard to assess in fruits from wild material since they have very low pulp contents. The aim of our 81 

study was to analyze the genetic determinism of organoleptic quality traits in banana and to identify the genomic 82 

regions involved so as to be able to develop marker assisted selection for these traits and to improve breeding 83 

schemes. To this end, we performed QTL detection of three banana quality criteria: pH, firmness and DMC. This 84 

analysis was based on a segregating population obtained from a cross between two diploid parents that serve as elite 85 

genitors in several of the very few banana breeding programs existing around the world. The parent Pisang Madu is a 86 

cultivar closely related to Cavendish, the most commercially important dessert cultivar group, and the parent Galeo 87 

is a cooking banana cultivar. Phenotypic variation and heritability of the studied traits were exploited in a dynamic 88 

QTL analysis encompassing all days of the fruit ripening process and the various production cycles. The stability of 89 

QTLs across production cycles was also investigated. A meta-analysis was then performed to identify QTL 90 
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clustering and colocation, and to refine the confidence intervals. Several candidate genes related to the studied 91 

quality traits were identified and the implications of these findings for banana breeding programs are discussed. 92 

93 

2. Material and Methods94 

2.1. Plants materials95 

The progeny consisted of 156 individuals generated from crosses between the diploid Pisang Madu cultivar, 96 

used as female, and the diploid Galeo cultivar. This population was developed at the CIRAD Neufchateau station in 97 

Guadeloupe (French West Indies). Due to the reduced fertility observed in the parents, this population was obtained 98 

by mixing seeds produced from 5 bunches of Pisang Madu bananas (5 inflorescences corresponding to around 500 99 

female flowers, with 100,000 ovules potentially hybridized with Galeo pollen). Embryo rescue was performed, as 100 

described by Bakry (2008), to maximize the recovery of all viable progeny. After greenhouse acclimation, the plants 101 

were transferred to the field from October 2013 to December 2014. The banana trees used for these experiments 102 

were grown in duplicated randomized blocks under the same field conditions, using plant suckers as planting 103 

material for block 2. These individuals were grown at the CIRAD Neufchateau station in Guadeloupe (elevation 250 104 

m; andosol; rainfall 3,500 mm/year; latitude 16° 4’46.63” N, longitude 60° 35’29.35” O) using conventional field 105 

practices.  106 

107 

2.2. Fruit harvesting, ripening induction and sampling 108 

Fruits were harvested from the field when the ‘first yellow finger’ stage was visible on the banana bunch. 109 

Postharvest fruit treatment and ripening induction were performed as described in Hubert et al. (2014). Bananas were 110 

then placed in a climatic room at 20°C for 48 h minimum. Fruits were exposed to 1,000 ppm acetylene for 24 h at 111 

20°C to initiate ripening. After treatment, fruits were kept at 20°C and ambient humidity during the phenotyping 112 

phase. For each production cycle, at least 60 fruits were sampled per bunch. 113 

114 

2.3. Physicochemical measurements 115 

The progeny was studied during three successive production cycles for the three distinct criteria. 116 

Measurements were performed over a 7-day ripening period (day 0 = the day of ripening initiation), each day for 117 
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pulp pH and firmness, and at days 1, 3 and 7 for pulp dry matter content (DMC). For each biological replicate 118 

(corresponding to one harvested bunch), three analytical replicates (corresponding to three fruits) were performed for 119 

pulp firmness, while two analytical replicates were performed for pulp pH and DMC. Rheological characteristics for 120 

pulp firmness was assessed using a TA-XT2 penetrometer with a 20 mm cylindrical probe on fresh banana, as 121 

described by Chillet et al. (2008). The pulp pH and DMC were measured on two of the three fruits used in the 122 

rheological analysis. The pulp pH was measured by direct insertion of a pH sensor into transversely cut fruit pulp. 123 

DMC was determined by measuring the weight loss of 2 g of fresh pulp after oven drying at 70°C for 16 h. 124 

 125 

2.4. Phenotypic data analysis, BLUPs and heritability 126 

All statistical analyses were performed using R software v.2.9.2 (R development Core team, 2020, 127 

http://www.R-project.org), except for the mixed linear model, which was built using PROC MIXED in SAS 128 

software, Version 9.4 (SAS Institute Inc., Carey, NC, USA). The phenotypic data were checked visually for their 129 

normal distribution and descriptive statistics were generated, including mean, range and standard deviation (SD). 130 

Pearson correlation coefficients for the measured traits within and between cycles were also calculated using the 131 

cor.test() function. The effect of genotype, days, cycle and their interactions on the organoleptic variables was 132 

estimated using the following global mixed model, which was selected according to minimization of Akaike’s 133 

information criterion (AIC) (Akaike, 1974): 134 

Pijkf = μ+Gi+Dj+Bk+Cf+(G×D)ij+(G×C)if +εijkf (1) 135 

where Pijk is the phenotypic value of genotype i at the ripening day j, for the production cycle k and the 136 

block f. μ is the overall mean of the progeny, Gi is the random effect of genotype i, Dj is the fixed effect of the 137 

ripening day j, Bk is the random effect of the block k, Cf is the random effect of the production cycle k, (G×D)ij and 138 

(G×C)if are their random interactions and εijkf is the random residual error effect. 139 

The residual distribution normality was checked afterwards. Broad-sense heritability (H2) was then 140 

calculated using the equation proposed by Cullis et al. (2006) for unbalanced data:  141 

��
� = 1 −

ῡ�	
�

2
ᵍ
�

 (2) 142 

where σg
2 is the genotypic variance, ῡ�	
� is the mean variance of a difference of two best linear unbiased 143 

predictions (BLUPs; Henderson, 1950). 144 
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145 

2.5. Ploidy assessment 146 

The nuclear DNA content of the progenies (i.e, 156 offspring) and the two parents was assessed by flow 147 

cytometry. A leaf sample of each plant was chopped with leaf tissue of Oryza sativa L. ssp. japonica cv. Nipponbare 148 

as internal reference in modified LB01 buffer (Doležel et al. 1989) in which mercaptoethanol was substituted by 40 149 

mM sodium sulfite (Na2SO3). Analyses were performed with a PAS II flow cytometer (Partec GmbH, Münster, 150 

Germany), as described by Doležel and Bartoš (2005).  151 

152 

2.6. Parentage verification 153 

Young leaves of the 156 F1 individuals and parents were sampled, and DNAs were extracted from 3 g of 154 

leaf material ground in liquid nitrogen according to the modified CTAB/MATAB method (Risterucci et al. 2000). 155 

Parentage verification was performed using a total of 15 SSR loci spread over the 11 M. acuminata chromosomes 156 

based on the DH-Pahang reference genome sequence (Lagoda et al. 1998; Hippolyte et al. 2010; D’Hont et al. 2012). 157 

Genotyping was carried out using the protocol described by Christelová et al. (2011) and the Applied 158 

Biosystems_3500xL Genetic Analyzer and GeneMapper v4.1 software (Applied Biosystems; 159 

www.appliedbiosystems.com). Automated data scores were corrected by manual checks. 160 

161 

2.7. High-throughput genotyping and genetic mapping 162 

Genotyping by sequencing (GBS) libraries were constructed using the PstI and MseI restriction enzymes 163 

and sequencing was performed at the GeT-PlaGe platform (https://get.genotoul.fr/) using the Illumina Hiseq3000 164 

sequencer. Raw GBS sequencing data from the F1 progeny were demultiplexed using GBSX version 1.2 (Herten et 165 

al. 2015) and adaptors were removed with cutadapt (Martin 2011). Variant calling was performed using the 166 

vcfhunter toolbox (available at https://github.com/SouthGreenPlatform/VcfHunter/) (Garsmeur et al., 2018) as 167 

described in Dupouy et al. (2019). Mapping was performed on the M. acuminata reference sequence assembly, 168 

version 2 (Martin et al. 2016). For each accession, sites with read depths of <10 and >3,000 were excluded. The 169 

procedure performed to select SNPs useful for the construction of both parental maps is schematically presented in 170 
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Supplemental Fig. 1. SNP markers with >10.0% missing data and individuals with >30.0% missing data were 171 

removed from the mapping dataset to avoid loss of accuracy during the genetic mapping process. 172 

The remaining SNPs were separated into 3 sets of markers to create parental maps for cv Pisang Madu and 173 

cv Galeo using JoinMap 5.0 (Van Ooijen, 2006): lm × ll (markers from the female parent), nn × np (markers from the 174 

male parent), and hk × hk markers (markers heterozygous in both parents). Parental markers were phased and 175 

extracted for use as a cross pollinated population type. SNPs included in these three classes were then merged in one 176 

file and used to construct the two parental maps. All identical loci were removed and then linkage groups were 177 

determined with a LOD threshold of 15, a recombination fraction threshold of 0.35, a ripple value of 1.0 and a jump 178 

threshold of 1.0. Markers were ordered using the regression-based parameters; and Kosambi’s mapping function was 179 

used to calculate genetic distances among loci (Kosambi, 2016). 180 

181 

2.8. QTL detection and meta-analysis 182 

In the present study, two QTL mapping approaches were applied on the best linear unbiased predictors 183 

(BLUPs) extracted from the selected mixed linear model (Equation 1). When significant, BLUPs for the GxD and 184 

GxC interactions, according to the studied step, were computed for each day and cycle. Quantitative trait loci 185 

analysis was performed using the multi-QTL model (MQM) in R/qtl (Broman and Sen 2009; Arends et al. 2010) and 186 

interval mapping based on the marker distance. The stepwise QTL function was used to conduct a forward-backward 187 

search and account for epistasis with a maximum of 5 QTLs. For each trait, the LOD threshold at a significance level 188 

of p = 0.05 was calculated based on 1,000 permutations. QTLs with a LOD above the threshold of 3 were declared 189 

significant. The percentage of phenotypic variance explained (R²) of a single QTL was estimated based on a 190 

maximum likelihood estimation, and those with a R² ≥ 15.0% were considered as major QTLs.  191 

All QTL analyses were performed for each day of the ripening process. The two QTL mapping approaches 192 

were applied independently for each trait, while the meta-analysis was performed with the three traits pooled. In the 193 

first approach, QTL detection was performed on the whole dataset, including all of the production cycles, to study 194 

QTL stability during fruit ripening. In the second approach, QTL analysis was performed on the three cycle datasets 195 

(C1, C2 and C3) separately to assess the stability of QTLs across these production cycles. For a given trait, when a 196 

QTL was detected in the same region at different days of the ripening process, they were pooled into a single QTL 197 

(consensus QTL), and the consensus QTL was then refined using BioMercator software V4 198 
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(http://moulon.inra.fr/index.php/en) and then named ‘consensus QTL’, with the following nomenclature: 199 

Trait‘datasetID’QTL-‘MapName’‘LinkageGroup ID’. For example, DMCWQTL-PM5 corresponds to a QTL related to 200 

DMC detected from Pisang Madu polymorphism on linkage group 5 in the whole dataset. The meta-analysis 201 

performed using BioMercator software V4 was based on QTLs obtained from the two first approaches. Five different 202 

meta-analysis models (1-, 2-, 3-, 4-, or N-QTL) are proposed on BioMercator® and the best model choice was based 203 

on Akaike’s information criterion (AIC) values (the model with the lowest AIC-value was considered optimal). 204 

Finally, the consensus QTL presented by the optimum model was considered and named MQTL (Arcade et al. 205 

2004). 206 

207 

2.9. Identification of potential candidate genes 208 

Research on potential candidate genes was only performed on QTLs and MQTLs showing a confidence 209 

interval of 10 Mb or less. Genes coding for enzymes or transporters directly linked to acids, sugars, cell wall and 210 

hormone metabolism were assessed according to Gene Ontology terms related to these functions available at 211 

http://geneontology.org/. From the functional annotation of the Banana Genome Hub (BGH, https://banana-genome-212 

hub.southgreen.fr/) a systematic search of the location on the physical map of the list of identified GO terms was 213 

conducted. Colocation between a QTL and a candidate gene was identified when the latter was located in the 214 

confidence interval of the consensus QTL or MQTL using the BEDTools intersect function (Quinlan and Hall 2010). 215 

216 

2.10. Identification of chromosomal structures associated with pH variation 217 

Both Pisang Madu haplotypes for chromosome 1 were searched in the progenies using the methodology 218 

described in Martin et al. (2020b). Two classes of individuals were obtained for each of these structures: individuals 219 

with haplotype 1 of Pisang Madu (with the 1/7 translocation) and individuals with haplotype 2 of Pisang Madu (with 220 

the reference sequence structure). For each of these classes, the mean pH at day 7 (corresponding to ripe fruit) and 221 

standard deviation were calculated. These values were then plotted using a box plot representation. pH averages for 222 

the two haplotypes were compared using the Tukey test. 223 

224 

3. Results225 
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3.1. Genotyping and genetic map 226 

The progeny consisting of 156 individuals was genotyped by sequencing, resulting in 2.4 million 227 

polymorphic SNPs after variant calling (Supplemental Fig. 1). Seven individuals were removed from the dataset due 228 

to the extent of missing data (> 20.0%). After the filtering steps, 4,663 bi-allelic SNPs were kept, with 1,250 (6.4%) 229 

corresponding to SNPs heterozygous only in Galeo, 2,287 (11.6%) to SNPs heterozygous only in ‘Pisang Madu’, and 230 

1,126 (5.7%) to SNPs heterozygous in both parents. Loci were further separated into two sets of uniparental 231 

configurations to create parental maps. Linkage groups (LGs) were named according to the reference M. acuminata 232 

genome assembly (D’Hont et al. 2012).  233 

The Galeo genetic map (Supplemental Table 1), consisted of 1,148 SNPs assembled in 11 linkage groups, 234 

as expected. They were distributed among 937 independent loci due to cosegregation. The map had a total length of 235 

1,345 cM, corresponding to an average interval of 1.5 cM between markers. However, several gaps larger than 10.0 236 

cM or 20.0 cM were observed (Supplemental Table 1). Comparison of the genetic positions of the markers to the 237 

physical ones on the M. acuminata reference genome assembly v2.0 (data not shown), revealed no large genome 238 

rearrangements in Galeo compared to the reference genome assembly. This also showed that the genetic map 239 

covered 379 Mb overall, corresponding to 95.4% of the M. acuminata genome assembly v2.0. 240 

The Pisang Madu genetic map (Supplemental Fig. 1) consisted of 1,319 SNPs distributed among 990 241 

independent loci assembled in 10 linkage groups. The Pisang Madu map had a total length of 1,154 cM, 242 

corresponding to an average interval of 1.5 cM between markers. However, several gaps larger than 10.0 cM or 20.0 243 

cM were observed (Supplemental Table 1). Comparison of the genetic positions of the markers to the physical ones 244 

on the M. acuminata reference genome assembly v2.0 revealed that all markers corresponding to reference 245 

chromosome 1 were genetically mapped in the middle of a linkage group that corresponded to reference 246 

chromosome 7. This linkage group was named LG1_7 (Supplemental Table 1, Fig. 1a). In addition, no 247 

recombination was detected between markers from reference chromosome 1. The genetic map covered 359 Mb, 248 

corresponding to 97.4% of M. acuminata genome assembly v2.0 (Supplemental Table 1).  249 

250 

3.2. Analysis of phenotyping data 251 
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The 156 individuals of the studied progeny were phenotyped during fruit ripening for three quality traits 252 

measured in the pulp, i.e. pH, firmness and DMC, during three cropping cycles (Supplemental Table 2). 147, 125, 253 

and 46 progeny individuals were phenotyped at cycles 1, 2 and 3, respectively. Phenotypic data of progeny 254 

individuals showed a wide distribution for all traits during fruit ripening (Fig. 2). Marked variations in pH and DMC 255 

were measured at each fruit ripening day, while for PF there was very little variation within the progenies after day 3. 256 

For each trait at each ripening day, the phenotypic data tended towards a normal distribution, except for PF which 257 

showed a right-skewed distribution from the third ripening day (Fig. 2e-h). The range of values measured for these 258 

traits and the slopes observed during fruit ripening were similar between cycles, as confirmed by the non-significant 259 

cycle effect (Table 1 and Fig. 3).  260 

Variance analysis and decomposition (Table 1) revealed highly significant genotypic effects (p < 0.0001), 261 

as well as high interaction effects between genotype and the ripening day and genotype and the plant cycle (p < 262 

0.0001). The proportions of variance explained (PVE) by the different factors were, however, extremely variable 263 

between traits. Genotypic effects were the strongest ones for DMC and pH (61.3% and 39.0%, respectively), but 264 

explained the lowest part of variance for PF (12.2%). Similarly, the interaction between the genotype and ripening 265 

day ranged from 7.5% for DMC to 23.4% for PF. The PVE of the interaction between the genotype and crop cycle 266 

was more stable, varying from 13.7% for DMC to 18.5% for PF. DMC and pH finally displayed high heritability 267 

values, of 0.81 and 0.77, respectively, whereas PF had the lowest one, with a value of 0.46  (Table 1). 268 

The curve of pulp acidity determined from the pH measurements first decreased until the fourth ripening 269 

day, and then stabilized over a period corresponding to the beginning of the second part of fruit ripening process, 270 

followed by a rise until the end of ripening, i.e. generally considered as the ready-to-eat stage (Fig. 2a-d, 271 

Supplemental Fig. 2a). The pH increase was especially marked in Pisang Madu pulp, contrary to Galeo in which it 272 

remained low. PF showed a quick decrease until day 4 of ripening and then stayed almost unchanged at low values 273 

during the second part of fruit ripening until the end of this process (Fig. 2e-h, Supplemental Fig. 2b). The DMC 274 

tended to decrease during fruit ripening, with quite low variations compared to the other traits (Fig. 2i-l, 275 

Supplemental Fig. 2c). All quality traits were found to be positively correlated, regardless of the fruit ripening day, 276 

except for DMC and pH at day 7 (Table 2). Furthermore, pH had the highest correlation with PF at days 1 and 3 (r = 277 

0.48), while the correlation between PF and DMC was intermediate and relatively similar for the three measurement 278 

days (r = 0.3 to 0.39).  279 
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 280 

3.3. QTLs detected for each of the three quality traits over the ripening period 281 

The QTL detection results obtained with the whole dataset (first approach) are summarized in Supplemental 282 

Table 3 and Fig. 3a. A total of 36, 15 and 10 significant associations were detected for pH, PF and DMC, 283 

respectively, which corresponded to 5, 4 and 2 consensus QTLs (QTLs detected in the same region at different 284 

ripening days), respectively (Supplemental Table 3). They were located on all linkage groups (LG), except LG2. 285 

More QTLs were detected in Pisang Madu than in Galeo, except for PF. Variations in R² values were observed for 286 

several QTLs detected during fruit ripening (Supplemental Table 3). Most of the QTLs were not detected every day 287 

of the ripening period, many (43.0% for Pisang Madu polymorphism and 30.0% for Galeo polymorphism) were 288 

detected only for one or two days. The number of QTLs detected each day ranged from 1 to 10, with the highest 289 

number detected at the end of the ripening period (Pisang Madu map). The R² values determined for a single QTL, 290 

depending on the ripening day, ranged from 2.2 to 50.6% for pH, 7.9 to 30.0% for PF, and 6.8 to 26.1% for DMC 291 

(Supplemental Table 3). 292 

For pulp pH, QTLs were detected on LG1_7, 3, 4, 6, 9 and 10 (Fig. 1b and Fig. 4). On LG1_7 of Pisang 293 

Madu, QTLs were detected in two distinct regions (Fig. 1b-c). QTLs detected in the central region of LG1_7 were 294 

detected for all fruit ripening days (pHWQTL-PM1-7.1: R² = 19.3-50.6 %, CI = 27.4 Mb). This central region of 295 

LG1_7 corresponded to the part of the reference chromosome 7 and the entire reference chromosome 1 that does not 296 

recombine in Pisang Madu (Fig. 2a-c). The second region at the bottom of the LG1_7, corresponding to reference 297 

chromosome 7, was detected for all fruit ripening days, except for days 0 and 6 (pHWQTL-PM1T7.2: R² = 3.2-6.9 %, 298 

CI = 2.2 Mb). These QTLs combined with those detected for pH reached a total R² value of 67.8% for day 6 and 299 

58.5% for day 7. 300 

For pulp firmness, QTLs were detected on LG1, 3, 4, 5, 6, and 11 (Fig. 1b and Fig. 4). The total R² values 301 

of QTLs for PF ranged from 17.7% at day 3 (2 QTLs) to 53.8% at day 6 (4 QTLs). Similar values of QTLs for PF 302 

were found at days 5 (R² = 47.2%; 2 QTLs) and 7 (R² = 41.5%; 3 QTLs). QTLs with high R² values (Table 3 and 303 

Supplemental Table 3) were observed for PF close to the end of fruit ripening, i.e. on LG6 at day 5 (PFWQTL-G6: R² 304 

= 30.0%, CI = 9.4 Mb) and on LG11 at days 6 and 7 (PFWQTL-PM11: R² = 14.2-17.8%, CI = 1.0 Mb). 305 

For pulp dry matter content (DMC), QTLs were detected on LG5, 6, 8, 9, 10, and 11 (Fig. 1b and Fig. 4). 306 

Total R² values were 60.4%, 31.4% and 59.2% at days 1, 3 and 7, respectively, corresponding to 5, 2 and 5 distinct 307 
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QTLs, respectively (Supplemental Table 3). Two QTLs with major effects (Table 3) were detected at the top of LG9 308 

on the Pisang Madu map, i.e. the first one at days 1 and 3 (DMCWQTL-PM9.1: R² = 18.0-22.1%, CI = 0.9 Mb), and 309 

the second at day 7 (DMCWQTL-PM9.2: R² = 26.1%, CI = 1.2 Mb). 310 

Several QTLs for the different quality traits were found in the same regions. Two colocalizations were 311 

identified on the Pisang Madu map, i.e. at the top of LG3 with QTLs for pH and PF, and at the top of LG9 with 312 

QTLs for pH and DMC. One colocalization was identified from Galeo polymorphism at the bottom of LG6 with 313 

QTLs for pH and PF (Supplemental Table 3). 314 

315 

3.4. Consistency of QTLs throughout production cycles over the ripening period 316 

QTL stability over the successive production cycles was investigated by comparing consensus QTLs 317 

detected in the same region at different ripening days throughout all cycles to those detected at each cycle (second 318 

approach). 110 cycle-specific QTLs were detected overall, including 21, 35 and 54 for cycles 1, 2 and 3, respectively 319 

(Fig. 2b-c and Supplemental Table 4). The maximum number of QTLs (51) was detected for PF, followed by pH (39 320 

QTLs) and DMC (20 QTLs) (Fig. 2b-c and Supplemental Table 4). The detected QTLs were usually specific to one 321 

cycle (Supplemental Table 4). Six QTLs detected at one cycle were also detected at a second cycle, i.e. one for pulp 322 

pH and the others for the PF trait. Two consensus QTLs (PFWQTL-G1 and pHWQTL-PM1_7.1) were identified for 323 

all cycles (Fig. 1b, Fig. 4, and Table 3). Ten of the 23 QTLs found in the whole dataset (Supplemental Table 3) were 324 

detected using the cycle-specific approach (Table 3). In addition, QTL detection at each cycle allowed the 325 

identification of eight additional consensus QTLs that were not detected in the first approach, i.e. two for pH, five for 326 

PF and one for DMC. Unlike the first approach, QTLs on LG2 were detected for each trait via this cycle-specific 327 

analysis (Supplemental Table 4).  328 

329 

3.5. QTL meta-analysis 330 

Interestingly, many QTLs detected in this study colocalized within or between traits, and several were 331 

overlapped, thereby increasing the size of the confidence interval. Thus, to mine MQTLs and refine QTL intervals, 332 

all QTLs from the two approaches were pooled and projected on each map to run a meta-analysis. MQTLs were 333 

projected on a consensus map in Biomercator.V4 except for LG1_7. The meta-analysis results are shown in 334 
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Supplemental Table 5. The meta-analysis successfully reduced the number of QTLs to investigate in this study as 335 

well as their confidence intervals. A total of 33 MQTLs were distributed unevenly across the genome, 9 of which 336 

were related to QTLs detected using both the first approach on the whole dataset and the cycle-specific approach 337 

(Fig. 4 and Table 3). Among the MQTLs (Supplemental Table 5), three were related to pH only (MQTL-G5.2, 338 

MQTL_PM1_7.3, MQTL_PM3.2), and five were related to PF only (MQTL-G4.1, MQTL-G8.1, MQTL-G9.2, 339 

MQTL-PM10.1 and MQTL-PM11.2). Remarkably, the confidence intervals obtained for MQTL-PM8.1 and MQTL-340 

PM11.2—both related to DMC—were at least 85.0% lower than that detected for the whole dataset (DMCWQTL-341 

PM8_1: R² = 9.9%, CI = 28.8 Mb; and DMCWQTL-PM11: R² = 13.5%, CI = 19.2 Mb). 342 

The number of MQTLs per LG ranged from one MQTL on LG2 to six on LG10. MQTL-G1 as well as 343 

MQTL-PM8.2 covered eight QTLs, while MQTL-PM9.1 and MQTL-PM7.2 covered 15 and 18 QTLs, respectively. 344 

Many of the MQTLs identified in this study were associated with two or three traits. 13 of these MQTLs were related 345 

to pH and PF, 3 to pH and DMC, and 3 to PF and DMC. Moreover, 4 MQTLs were found to be related to all traits 346 

(Supplemental Table 5). 347 

348 

3.6. Colocalization between QTLs and candidate genes (with CI lower than 10 Mb) 349 

Colocalization between QTLs linked to pH and a selection of candidate genes culled from the literature 350 

allowed the identification of genes potentially involved in pulp organic acid metabolism (Table 3, Supplemental 351 

Tables 3 and 5). On the Pisang Madu map, genes related to PEPC and PEPCK were identified in the pHWQTL-PM9 352 

and pHWQTL-PM1_7.2 confidence intervals. In addition, the latter detected by MQTL analysis, i.e. 353 

MQTL_PM1_7.3, was associated with genes involved in Aco, GAD and Mal activities (Table 3 and Supplemental 354 

Table 5). The gene related to V-ATPase was identified in a QTL detected by the two approaches and in the MQTL-355 

PM3.2 confidence interval (Table 3). On the Galeo map, most of these genes were identified in pHWQTL-G10 and 356 

MQTL-G5.2 confidence intervals (Supplemental Tables 3 and 5). Surprisingly, no candidate gene linked to citrate 357 

synthase was found for all QTLs linked to pH. 358 

Candidate genes involved in cell wall metabolism (division and expansion) and hormones regulating fruit 359 

ripening were detected in seven QTLs linked to PF. Most of these genes were related to auxin regulation and 360 

peroxidase activity, as for PFWQTL-PM11 and PFWQTL-G6 and for MQTL-G4.1 (1 Mb) (Tables 3 and 361 

Supplemental Table 3). In addition, candidate genes involved in the ethylene response (ETR) were identified for 362 
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PFWQTL-G11 (1.5 Mb) (Table 3). Genes involved in cell wall metabolism were found in QTL intervals on both 363 

parental maps, PFWQTL-PM3 and PFWQTL-G6, and on several MQTLs related to several quality traits, including 364 

PF. 365 

Based on their functions, enzymes involved in glycolysis, sugar metabolism, transport, and specific 366 

hormonal activity constituted obvious candidate genes for DMC. Candidate genes involved in cell walls—367 

corresponding to structural dry matter—were detected on two QTLs from the Pisang Madu map, i.e. PFWQTL-368 

PM9.1 and -PM9.2 (Table 3). Five MQTLs linked to DMC colocated with genes coding for enzymes catalysing 369 

carbohydrate synthesis or degradation (Supplemental Table 5). The same MQTLs except for MQTL-M11.2 370 

colocated with aconitate hydratase activity (Aco). Sucrose synthase activity (SuSy) colocated with MQTL-PM4.1 371 

and MQTL-PM9.3, while UDP colocated with MQTL-PM4.1 and MQTL-PM11.2. In addition, genes linked to auxin 372 

metabolism colocated with the two MQTLs linked to DMC only (MQTL-G7 and MQTL-PM11.2).  373 

374 

3.7. Identification of chromosomal structures associated with pH variation 375 

The QTL detected for pH with the greatest effect (pHWQTL-PM1_7.1) was identified on LG1_7 of Pisang 376 

Madu (Fig. 2b-c). Pisang Madu is structurally heterozygous for translocation between reference chromosomes 1 and 377 

7. We analyzed the correlation between the presence of each of these chromosome haplotypes (chromosome 1 vs378 

chromosome 1T7) with the pH at day 7—corresponding to the ready-to-eat stage—in the population. In the progeny, 379 

the mean pH calculated on individuals with chromosome 1T7 was significantly higher than that for individuals with 380 

chromosome 1 (Fig. 2d). The higher pH of pHWQTL-PM1_7.1 was thus associated with chromosome 1T7. 381 

382 

4. Discussion383 

4.1. Dynamic QTL mapping approaches and meta-analysis for banana quality traits384 

The phenotypic data analysis revealed high heritability values for two of the measured traits (≈ 0.8 for pulp 385 

pH and DMC~), and a slightly less one for pulp firmness (0.46), which were suitable for further QTL detection. We 386 

detected significant genotypic effects, but also strong genotype–production cycle and genotype–ripening day 387 

interactions. This led us to implement two QTL mapping approaches. The first one exploited the whole dataset to 388 

analyse QTLs over the fruit ripening period, as reported in dynamic QTLs analyses for other fruits (peach (Desnoues 389 
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et al., 2016), apple (Costa et al., 2010) and tomato (Sun et al., 2012)). The second one exploited data by cycle to 390 

evaluate the stability of the detected consensus QTLs according to the production cycle.  These approaches resulted 391 

in detection of numerous QTLs, but the confidence intervals were broad, and lot of them were overlapping. So an 392 

additional meta-analysis of QTLs identified in these approaches was performed that enabled us to refine the QTL 393 

intervals and study potential QTLs colocalization. Meta-analysis approaches were initially developed to identify fine 394 

consensus QTLs across multiple studies for a single trait (Wu and Hu 2012), but they were also recently used to 395 

study colocalization between QTLs for distinct traits (Shen, Xiang et al. 2018) 396 

397 

The construction of the two parental genetic maps, used to perform QTL detection, led to 11 linkage groups 398 

for Galeo as expected, but to only 10 linkage groups for Pisang Madu, with LG1_7 associating markers from 399 

reference chromosome 1 as well as reference chromosome 7 (Fig. 2). This particularity was linked to the presence of 400 

a large reciprocal translocation involving reference chromosomes 1 and 7 that has been reported in heterozygous 401 

state in Pisang Madu and that prevents recombination on chromosome 1 (Martin et al. 2020b). The translocation 402 

breakpoint was localized in the pericentromeric region for chromosome 7, which explains the central position of 403 

chromosome 1 markers in LG1_7. 404 

Among the various detected QTLs, 12 seemed highly promising (Table 3), nine of which were confirmed in 405 

the meta-analysis, with a marked reduction in CI enabling us to research candidate genes. Among these nine QTLs, 406 

three corresponded to major consensus QTLs with R² values over 25.0% (pHWQTL-PM1_7.1, DMCWQTL-PM9.2, 407 

and PFWQTL-G6). Moreover, these three QTLs were involved in three MQTLs linked to several quality traits, thus 408 

highlighting colocalization between QTLs for these distinct traits. Relationship between such traits were previously 409 

reported in other fruits such as peach (Quilot et al. 2005; Desnoues et al. 2016), apple (Liebhard et al. 2003; Kenis et 410 

al. 2008) or tomato (Chaïb et al. 2006; Saliba-Colombani et al. 2001). Finally, two additional notable QTLs with R² 411 

values higher than 15.0%, were detected but only from the first approach, they concerned DMCWQTL-PM9.1 and 412 

PFWQTL-PM11. The latter was detected in particular at the end of fruit ripening. The tenth QTL with an R² close to 413 

15.0%, which was not identified in the meta-analysis, was detected throughout the fruit ripening period (pHWQTL-414 

G6). We presume that this difference in QTL detection between the two approaches was related to the number of 415 

phenotyping data, which was higher in the first approach, thereby facilitating QTL detection. The variation in QTLs 416 

identified between production cycles in the second approach could be related to the different environmental 417 
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conditions. The impacts of climatic conditions—which could vary between crop cycles—are well-documented for 418 

organoleptic fruit quality in banana (Peacock 1980; Daniells et al. 1992; Ambuko et al. 2006; Abd el Moniem et al. 419 

2008; Hailu et al. 2013), as well as for other fruit such as tomato (Guichard et al. 2001; Mulholland et al. 2003; 420 

Panthee et al. 2012) and melon (Bernillon et al. 2013). In addition to environmental effects, this difference could at 421 

least partly be explained by the fact that in each cycle not all the same progeny individuals were phenotyped and the 422 

number of progeny individuals phenotyped per cycle varied. Accordingly, QTLs detected in cycle 3, which involved 423 

the lowest number of individuals, should be regarded with caution since the number of QTLs detected was reported 424 

to increase as the population size decreased (Vales et al., 2005). 425 

 426 

4.2. Genetic control of banana quality traits 427 

Flavor, including taste and aroma, is the first quality perception criterion for consumer acceptance. Flavor 428 

mainly depends on sugar and acid contents, and particularly on the sugar/acid ratio, which plays a role in both 429 

sourness and sweetness perception (Bugaud et al. 2011, 2016). The majority of pH QTLs were detected on the 430 

Pisang Madu genetic map, using both the whole dataset and per-cycle data. The increase in pH at the end of fruit 431 

ripening, as observed in Pisang Madu, has been related to the decrease in acid contents, and described in banana 432 

cultivars with low citrate levels and sometimes with high malate levels (Etienne et al. 2013a, 2014). The pH profile 433 

observed for cv Galeo was typical of these acidic bananas and could be associated with high citrate contents (Etienne 434 

et al., 2014). pHWQTL-PM1_7.1 had the highest estimated effect for QTLs detected at the optimal maturity stage, 435 

with R² values of 50.6 and 44.0% at days 6 and 7, respectively. The effects of additional pH QTLs were relatively 436 

lower with, however, some pH QTLs having marked effects, especially during the first part of ripening on LG3 437 

(pHWQTL-PM3: 9.0%) and LG6 (pHWQTL-G6: 5.6 to 14.4%). 438 

Genes coding for enzymes involved in acid metabolism were found in the confidence interval of QTLs for 439 

pH. They corresponded especially to the tricarboxylic acid cycle, namely with Aco, GAD, Mal, POX, PEPC and 440 

PEPCK. A previous modelling study on banana acidity highlighted the potential role of NAD-malic enzyme and 441 

mitochondrial malate carriers in the genotypic variability of citrate concentration differences (Etienne et al. 2014, 442 

2015).These genes were linked to QTLs related to organic acid variations in other fruits like tomato (Causse et al. 443 

2004), apple (Ban and Xu, 2020) and grappeberries (Chen et al., 2015). For malic acid variations among cultivars, a 444 

similar approach highlighted the importance of proton pump activity and especially the free energy of ATP 445 
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hydrolysis (Etienne et al. 2014). This activity could be studied in relation to the pH MQTL-PM3.2, where gene 446 

coding to V-ATPase was detected. QTL regions with these genes were reported to influence malate accumulation in 447 

other fruits such as apple (Jia et al. 2018) and tomato (Causse et al. 2004). 448 

449 

After flavor, fruit texture—which can be assessed by pulp firmness—is the first consumer quality 450 

perception criterion for bananas (Bugaud et al. 2013). In addition, texture is essential for consumers with regard to 451 

shelflife and transportability (Bugaud et al. 2013; Jaiswal et al. 2014). The detected genetic effect of pulp firmness in 452 

the studied progeny was particularly low compared to other traits (PVE 12.2% and H² 0,46), while presenting the 453 

highest interaction effects and residuals (PVE ~ 40.0%), which could be attributed to high variability between 454 

analytical replicates and a greater environmental influence on this trait compared to others. According to several 455 

studies on banana, fruit firmness depends on several factors, such as genotype (Saliba-Colombani et al. 2001), 456 

growth conditions (Ambuko et al. 2006; Bugaud et al. 2009), maturity stage at harvest and postharvest conditions 457 

(Ambuko et al. 2006; Salvador et al. 2007; Bugaud et al. 2007). Some cycle-specific QTLs were detected from the 458 

first two cycles, during the second part of ripening, close to the optimum stage of consumption. PFC1QTL.G1 and 459 

PFC1QTL.PM10 were both found at days 6 and 7, and PFC2QTL.PM8 and PFC2QTL.PM1_7.2 were detected on 4 460 

different days from days 5 to 7. Several genes involved in cell wall metabolism were found in QTL intervals related 461 

to PF on the two maps, i.e. PFWQTL-PM3 and PFWQTL-G6. Genes involved in the auxin response and auxin 462 

signaling pathway that could regulate cell wall metabolism and influence fruit softening (Kumar et al. 2014) have 463 

been identified with PFWQTL-PM4 and PFWQTL-G4 within 0.9 Mb and 4.7 Mb, respectively. In tomato, through the 464 

SlARF4 gene, auxin has been found to control fruit firmness by regulating the pectin structure and tissue architecture 465 

(Jones et al. 2002; Sagar et al. 2013). Moreover, genes involved in the ethylene response (ETR) were found within 466 

the 1.5 Mb interval of PFWQTL-G11. Ethylene and its biosynthetic genes have been implicated in fruit softening and 467 

shelflife maintenance regulation in several fleshy fruits (Xiong et al. 2005; Nishiyama et al. 2007; López-Gómez et 468 

al. 2009), e.g. via the expression of cell wall-related genes in tomato (Bu et al. 2013) apple (Wei et al. 2010), and 469 

peach (Hayama et al. 2006). 470 

471 

DMC is an important determinant with regard to several aspects of fruit quality such as fruit texture, 472 

including fruit firmness, storage and taste (Ferris et al. 1999; Bugaud et al. 2007). Bananas with higher pulp DMC 473 
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have thus been related to firm bananas and consumers have shown a preference for fruit with higher DMC, including 474 

plantain and cooking bananas at the green stage (Ferris et al. 1999; Gibert et al. 2009; Bugaud et al. 2013). 475 

DMC presented high genetic determinism in the studied progeny (61.3% PVE), thus confirming the 476 

potential of this trait for dessert and cooking banana breeding schemes. In addition, DMC measured at harvest was 477 

correlated with DMC at the optimal stage (r = 0.72; data not shown). The high stability of DMC at the end of fruit 478 

growth and ripening had been pointed out in previous studies on banana (Ferris et al. 1999; Yomeni et al. 2004; 479 

Bugaud et al. 2007, 2012; Gibert et al. 2010) and mango (Lechaudel et al. 2005). This relationship prevails especially 480 

in climacteric fruit, like bananas, that accumulate starch during growth, which is converted into soluble sugars during 481 

ripening (Xiao et al. 2018). Consequently, although DMC was measured at three days of fruit ripening (days 1, 3 and 482 

7), a significant number of QTLs were detected in the whole dataset. Among the QTLs associated with very low 483 

confidence intervals, most were detected for DMC, including those on LG9 (DMCWQTL-PM9.1 and -PM9.2) and 484 

LG10 (DMCWQTL-PM10 and -G10). Other QTLs detected presented high confidence intervals of over 19.0 Mb, 485 

which would hamper molecular breeding tool development. About 30.0% of DMC is attributed to structural dry 486 

mass, and cell walls (Etienne et al., 2014), which could explain why genes involved in cell wall dynamics 487 

colocalized with four DMC QTLs, including two MQTL (MQTL-PM8.1 and -PM11.2). Interestingly, genes related 488 

to several hormone metabolisms, such as auxin transport, ethylene response and gibberellin, colocalized with 489 

MQTL-PM11.2 within a 2.9 Mb region. This clustering of genes involved in the fruit development and growth phase 490 

may have a similar effect on the structural and non-structural dry matter content.  491 

492 

Several QTL colocalizations were identified for different quality traits on the two parent maps, suggesting 493 

physiological relationships between them. The closest correlations between pH and firmness values were observed 494 

during the first part of fruit ripening when these traits showed a concomitant decrease. The high number of QTL 495 

colocalizations observed for pH and PF could hence be explained by the links between ripening-related changes in 496 

pH and fruit texture. Several studies have suggested that changes in pH and mineral composition during fruit 497 

ripening may regulate cell wall hydrolase activity (Almeida and Huber 1999; Prasanna et al., 2007). The pH 498 

acidification trend during ripening has been found to be involved in fruit softening of several species (Johnston et al., 499 

2002). 500 
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The colocalization between pH and DMC was expected as acids are major dry matter components. Frequent 501 

colocalizations have been previously observed between QTLs for pulp dry matter and acidity in tomato (Paterson et 502 

al. 1991; Saliba-Colombani et al. 2001) and peach (Dirlewanger et al. 1999). In such cases, it is difficult to 503 

distinguish the pleiotropic effect of a single gene from the effects of the nearest genes.  504 

The colocalization between PF and DMC could be explained by the hydrolysis of starch, i.e. the main DMC 505 

compound, into soluble sugars during banana ripening (Bhuiyan et al., 2020). This causes an increase in osmotic 506 

pressure and involves a decrease in turgor pressure associated with softening, as observed during berry (Thomas et 507 

al., 2008) and tomato ripening (Saladié et al., 2007). Moreover, the pulp dry mass can be assessed by the sum of the 508 

dry weights of the main non-structural compounds, such as soluble sugars, starch and acids, and the structural 509 

compounds (Etienne et al, 2014), i.e. the constitutive part of pulp cells. This relationship between the structural dry 510 

matter component and cell walls could explain the indirect links between DMC and PF.  511 

Finally, we also noted significant QTL clustering, including a large cluster containing QTLs for all 512 

measured traits localized on LG10. This clustering may be due to tight linkage between QTLs (clustering of different 513 

genes) and/or may indicate the presence of a single QTL with pleiotropic effects. Similar fruit quality QTL clusters 514 

have been reported in other fruit species, including peach (Quilot et al. 2005; Desnoues et al. 2016), apple (Liebhard 515 

et al. 2003; Kenis et al. 2008) and tomato (Chaïb et al. 2006). 516 

517 

5. Conclusion518 

High heritability was found in the progeny for the three studied traits, although pulp firmness seemed to be 519 

more affected by environmental factors. Breeding and prebreeding approaches should thus permit to improve these 520 

characters.  521 

Several promising QTLs (R² >15.0%) were detected for the three characters, including three major QTLs 522 

(R² > 25.0%) –one per trait- (pHWQTL-PM1_7.1, DMCWQTL-PM9.2, and PFWQTL-G6). They should now be 523 

validated in other genetic contexts and their confidence intervals would need to be refined before envisioning MAS 524 

selection. 525 

One particularly interesting QTL is QTL pHWQTL-PM1_7.1 that had the highest estimated effect at the 526 

optimal maturity stage, with an R² of 50.6 and 44.0% at days 6 and 7, respectively. We showed that the 527 

corresponding haplotype in chromosome 1T7 of Pisang Madu was associated with higher pH at fruit maturity, which 528 
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is a sweet dessert banana characteristic. This haplotype in Pisang Madu is located, in a region of Chr 1T7 that does 529 

not recombine in this heterozygous context and corresponds to reference chromosome 1. This could thus be an 530 

advantage for MAS, since selection for this QTL could be performed using any specific markers from chromosome 1 531 

in this progeny and potentially in other progeny of parents structurally heterozygous for the 1T7 chromosome 532 

structure. The effects of this QTL in other genomic contexts have yet to be tested, but could potentially explain the 533 

success of the 1T7 chromosomal structure to which it is associated and which has been found in many dessert 534 

cultivars including Cavendish, that accounts for 50.0% of world banana production (Martin et al., 2020b). 535 

 536 
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Figure captions: 

Fig. 1 Genetic map and QTL detected on LG 1_7. a: comparison of  the genetic linkage map 

of LG1_7 with the physical map of reference chromosomes 1 and 7, b: location of the QTL 

related to the quality traits studied detected in the two approaches (W: whole dataset, C: 

production cycle datasets, with C1, C2 and C3 for cycles 1, 2 and 3, respectively) and the 

meta-analysis (MQTL), c: detail of QTLs for each day of the fruit ripening process that 

contributed to the two consensus pH QTLs identified in the first two approaches and 

confirmed by the meta-analysis , d: box plot representation of mean pH values at day 7 

(corresponding to ripe fruit) of individuals with haplotype 1 (1/7 translocated chromosome 

structure) of Pisang Madu and individuals with haplotype 2 (reference chromosome structure) 

of Pisang Madu . Different letters indicate that haplotype averages are significantly different 

at P<0.05 (according to Tukey’s multiple comparison test) 

Fig. 2 Boxplots of pulp pH, firmness (PF, in N) and dry matter content (DMC, in %) 

measured at the various studied fruit ripening days for all progeny individuals, either at all 

production cycles (a, e, i), or at cycles 1 (b, f, j), 2 (c, g, k) and 3 (d, h, l) 

Fig. 3 Number of QTLs detected for the three quality traits, i.e. pulp pH, firmness (PF, in N) 

and dry matter content (DMC, in %) on Pisang Madu (black) and Galeo (white) maps in the 

first QTL mapping approach on the whole dataset (a) and in the second approach on the three 

production cycle datasets (b and c) from Pisang Madu polymorphism (b) and Galeo 

polymorphism (c) for each cycle 

Fig. 4 Physical map based on reference chromosomes (except 1 and 7) and QTLs detected in 

both QTL mapping approaches and the meta-analysis, and QTLs from the first approach 

(whole dataset) with an R² higher than 15%. QTLs are identified according to the quality trait, 

i.e. pulp pH (red), firmness (green) and dry matter content (blue, the dataset (W: whole

dataset, C: production cycle datasets, with C1, C2 and C3 for cycles 1, 2 and 3, respectively)

and the origin of linkage groups with Galeo (G) and Pisang Madu (PM). The location of SNP

markers, QTLs, and MQTLs (grey) are indicated
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Table 1: Variance decomposition for pH, pulp firmness (PF) and pulp dry matter content (DMC) in the 

studied progeny, and estimated generalized heritability (Cullis and al., 2006). The proportion of 

variance explained (PVE, in %) by each factor, i.e. progeny individuals, block, production cycle, 

interactions between two factors, and residuals were calculated as the percentage of the 

corresponding sum of squares of each variable to the total sum of squares. 

 

 pH PF DMC 

Individuals 39.0*** 12.2*** 61.3*** 

Block 6.3 0.4 1.5 

Cycle 3.2 3.9 0.0 

Hybrid*Day 14.5*** 23.4*** 7.5*** 

Hybrid*Cycle 15.4*** 18.5*** 13.7*** 

Residual 21.6*** 41.5*** 16.0*** 

    

Generalized 

Heritability 
0.77 0.46 0.81 

*P< 0.005; **P< 0.01; ***P< 0.001 



Table 2: Correlation between quality traits, i.e. pulp pH, firmness (PF) and dry matter content (DMC) at the various studied fruit ripening days 

 

  day 0 day 1 day 2 day 3 day 4 day 5 day 6 day 7 

  PF PF pH PF PF pH PF PF PF PF pH 

pH  0.32*** 0.48*** na 0.45*** 0.48*** na 0.35*** 0.3*** 0.31*** 0.23*** na 

DMC na 0.39*** 0.33*** na 0.3*** 0.24*** na na na 0.36*** 0.09  

***P < 0.001 

 

  



Table 3: Description of QTLs detected in both QTL mapping approaches and the meta-analysis, and QTLs from the first approach (whole dataset) with an R² 

higher than 15%. The day of fruit ripening, trait variability explained by the QTL (R²), position (Pos), identification (ID), including the quality trait, i.e. pulp pH, 

firmness (PF) and the dry matter content (DMC), dataset, origin of linkage groups with Galeo (G) and Pisang Madu (PM), and candidate genes colocated with 

the QTLs are indicated. 

Trait  

QTL Mapping Approach 1 QTL Mapping Approach 2 Meta-analysis Candidate genes 

QTL ID Day R² Pos QTL ID Day R² Pos MQTLs Pos Quality traits 

pH 

pHWQTL-PM1_7.1 01234567 [19.27-50.64] 54.94 

pHC1QTL-PM1_7 0567 [13.39-33.47] 56.85 

MQTL-PM1_7.2 55.05 pH, PF, DMC pHC2QTL-PM1_7.2 567 [16 - 27.5] 58.85 

pHC3QTL-PM1_7.1 7 15.4 54.2 

pHWQTL-PM1_7.2 0123457 [3.17-6.92] 93.85 pHC3QTL-PM1_7.2 0 22.74 80 MQTL-PM1_7.3 90.53 pH 
Aco; GAD; Mal; POX; PEPCK; 

PEPC 

pHWQTL-PM3 0 8.96 64.00 pHC1QTL-PM3 0 13.47 65 MQTL-PM3.2 64.66 pH Aco; POX; AG; V-ATPase 

pHWQTL-PM4 4567 [2.25-9.13] 68.24 pHC3QTL-PM4.1 5 18.21 78 MQTL-PM4.2 78.01 pH, PF Aco; PEPC; AuxREs 

pHWQTL-G6 01234567 [5.56-14.41] 111.9 pHC3QTL-G6 3 24.52 152 

PF 

PFWQTL-G1 36 [8.92-9.25] 82.68 

PFC1QTL-G1* 67 [5.48 - 11.79] 82.42 

MQTL-G1 78.06 pH, PF GAD; POX PFC2QTL-G1 6 [9.28-15.46] 74.38 

PFC3QTL-G1 3 9.97 72.06 

PFWQTL-G6 155 [8.24-30.00] 113.84 PFC1QTL-G6 7 9.62 136 MQTL-G6.1 149.20 
Aco; CW; CW organization; POX; 

Mal; PEPCK; PEPC 

PFWQTL-PM11 67 [14.19-17.8] 87.09 POX 

DMC 

DMCWQTL-PM8 1 9.85 65.49 DMCC3QTL-PM8 7 22.37 63.23 MQTL-PM8.1 63.94 DMC Aco; CW 

DMCWQTL-PM9.1 13 [17.95-22.10] 11.18 

DMCWQTL-PM9.2 7 26.12 16.00 DMCC2QTL-PM9 3 26.12 16 MQTL-PM9.1 14.92 pH, PF, DMC CW 

DMCWQTL-PM11 3 13.49 50.00 DMCC3QTL-PM11 1 27.38 73 MQTL-PM11.2 69.19 DMC 
CW; AT; ETR; Gibberellin; UDP; 

CW biogenesis 



Abbreviations for candidate genes: Aco, aconitate hydratase activity; AuxREs, response to auxin; CW, cell wall; ETR, response to ethylene; GAD, Glu decarboxylase; Mal, 

malate metabolic process; PEPC, phosphoenolpyruvate carboxylase activity; PEPCK, phosphoenolpyruvate carboxykinase (ATP) activity; POX, peroxidase activity; V-

ATPase, vacuolar proton-transporting V-type ATPase complex 




