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ARTICLE INFO ABSTRACT

Edited by Claudia Montefusco In the perspective of investigating genomic selection (GS) among Musa genotypes in West and Central Africa,
banana accessions were phenotyped under natural drought stress in Benin and genotyped using genotyping by

Keywords: sequencing. Sixty-one (61) accessions grouped into three major genomic groups AAA, AAB and ABB and those

Ba“an; accessions without genomic affiliation information were used. Variation within the population was determined by

Drought

phenotypic variables while population structure and clustering analysis were carried out to understand the ge-
netic diversity at the molecular level. Among the genomic groups evaluated, the group AAB showed the best
performance for fruit weight at maturity, (3.41 + 1.99 kg) and for plant height (198.46 + 12.66 cm). At the
accession level, HD 117 S1 and NIA 27 showed the best plant height (263.16 + 20.98 cm) and the best fruit
weight at maturity (9.43 + 0.0 kg) respectively. Phenotypic data did not reveal clear genetic diversity among
accessions; however, the genetic diversity was conspicuous at the molecular level using 5000 markers. The af-
filiations of local accessions in genomic groups were determined for the first time based on the phenotypic and
molecular data obtained in this study. The knowledge generated allows the possibility to apply GS in banana.

Single nucleotide polymorphism
Genetic diversity
Genomic selection

1. Introduction genus, which is widespread throughout the inter-tropical zones (Char-
rier et al., 1997; Péréfarres et al., 2007). In Benin, banana and plantain
Bananas are giant herbs belonging to the Musaceae family and Musa are among the most produced, consumed and traded commodities

Abbreviations: AA, A genomic group for banana diploid individuals with 2 copies of Musa aciminata genome; AAA, A genomic group for banana triploid individuals
with 3 copies of Musa aciminata genome; AB, A genomic group for banana diploid individuals with 1 copy of Musa aciminata genome and 1 copy of Musa balbisiana
genome; AAB, A genomic group for banana triploid individuals with 2 copies of Musa aciminata genome and 1 copy of Musa balbisiana genome; ABB, A genomic group
for banana triploid individuals with 1 copy of Musa aciminata genome and 2 copies of Musa balbisiana genome; bp, base pair(s); Mbp, Million base pairs; Msel,
Isoschizomer of RspRS II; Pstl, Type II restriction endonuclease; SNP, Single Nucleotide Polymorphism.

* Corresponding authors at: Unit of Genetics, Biotechnology, and Seed Science (GBioS), Laboratory of Phytotechnics, Physiology, Genetics and Plant Breeding
(PAGEV), University of Abomey-Calavi, Abomey-Calavi, School of Plant Sciences, Cotonou, Republic of Benin (E.G. Achigan-Dako); Institute of Agricultural Research
for Development (IRAD), Mbalmayo Agricultural Research Centre (CRAM), Mbalmayo, Cameroon (L.F. Mbo Nkoulou)

E-mail addresses: joachimnkoulou7.jn@gmail.com (L.F. Mbo Nkoulou), e.adako@gmail.com (E.G. Achigan-Dako).

https://doi.org/10.1016/j.gene.2023.147210

Received 3 October 2022; Received in revised form 12 January 2023; Accepted 13 January 2023
Available online 18 January 2023

0378-1119/© 2023 Elsevier B.V. All rights reserved.


mailto:joachimnkoulou7.jn@gmail.com
mailto:e.adako@gmail.com
www.sciencedirect.com/science/journal/03781119
https://www.elsevier.com/locate/gene
https://doi.org/10.1016/j.gene.2023.147210
https://doi.org/10.1016/j.gene.2023.147210
https://doi.org/10.1016/j.gene.2023.147210
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2023.147210&domain=pdf

L.F. Mbo Nkoulou et al.

(Chabi et al., 2018). Also used as a staple food, bananas are grown in
more than 135 countries (Drenth and Kema, 2021). In addition, bananas
are rich in nutrients such as vitamins, trace elements and carotenes
which make its consumption popular throughout the world (Amorim
et al., 2009). Water deficit (WD) in the soil is the abiotic threat that most
limits the growth and yield of the plant (Ekanayake et al., 1994; Kissel
et al., 2015; van Asten et al., 2011). The need to control threats such as
drought that drastically reduce agricultural production has led research
to investigate new approaches in plant breeding. The majority of small
farms depends on rain-fed agriculture and therefore are strongly
impacted by water shortage (Kissel et al., 2015). Drought is a major
constraint to banana production, and its adverse effect is increasing with
climate change. Drought susceptibility was reported as the primary
constraint to dessert banana and plantain production in Benin (Fanou
et al., 2018).

To face the drought constraint in banana production, the solution
adopted in plant breeding is the creation of tolerant varieties through
breeding cycles that can exceed 15 years. The selection can be done
directly by screening drought tolerance among accessions or created
varieties (Kissel et al., 2015; Mboula, 2014). Two main species, Musa
acuminata (A genome) and Musa balbisiana (B genome), are involved in
cultivated banana. The hybridization within and between these two
species resulted in a variable composition of the A and B genomes in
cultivars and a conventional classification based on this global propor-
tion (e.g. AA, AAA, AB, AAB and ABB) was proposed (Baurens et al.,
2019; Cenci et al., 2021; Simmonds and Shepherd, 1955). In facts, the
majority of banana cultivars containing M. balbisiana (B genome) are
more drought tolerant than those solely based on M. acuminata (A
genome) (Ravi et al., 2013). In conventional banana breeding programs,
this genetic advantage is exploited to incorporate better characteristics
into elite germplasm. The study of genetic diversity within the Musa
genus initially considered phenotypic traits and subsequently molecular
markers with the advent of modern tools in breeding programs. Both at
the morphological and molecular level, these studies have always re-
ported that there is a great genetic diversity among the species of the
genus Musa (Jarret and Litz, 1986; Nsabimana and Van Staden, 2007;
Ude et al., 2002). This diversity represents an asset in the creation of
varieties resistant to abiotic and biotic stresses. Originally, domestica-
tion of the Musa species was carried out by farmers who selected plant
for parthenocarpic, vigour and high-yielding potential. These traits are
mostly found in the triploid cultivars which are the most cultivated. The
genomic affiliation that explains the number of copies of the parental
genomes Musa balbisiana and Musa acuminata in the genome of the in-
dividuals contributes to the diversity observed. The AAA, AAB and ABB
groups are the widely cultivated triploids. Thus, genetic diversity be-
tween genomic groups is greater than within a genomic group (Kar-
amura and Mgenzi, 2004). Agronomic traits commonly measured to
assess drought performance of banana cultivars are pseudo-stem size
and fruit yield. If the conventional research has made it possible to
obtain cultivated varieties, it nevertheless remains confronted with
challenges such as the cost of phenotyping, the complexity of the
polyploid banana genome, the parthenocarpy, male and / or female
sterility, limited genetic variability. Overcoming these challenges has
motivated the exploration of new approaches in banana breeding
against drought. Nansamba et al. (2020) reported that conventional
breeding should combine more molecular and biotechnological tools to
facilitate the creation of drought-tolerant banana varieties through the
conventional route. Since its evocation by Meuwissen et al. (2001),
genomic selection (GS) represents in breeding a promising molecular
tool to circumvent the limits of conventional selection. In practice, the
accuracy with which the phenotypes of candidates are predicted is
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influenced by factors such as the genotypic and phenotypic diversity
within the training population (TP), the size of the TP and the quality
and quantity of markers used (Heslot et al., 2013; Ozimati et al., 2019).
Taking these factors into account gives a better estimate of the potential
of GS (Beil et al., 2017). In the framework of a germplasm population,
the knowledge of the genetic diversity is a preliminary step in the for-
mation of the TP.

This study gathers agronomic and genetic information that will allow
of using GS as a tool for the improvement of triploid bananas for drought
in West and Central Africa. Some of these bananas are found in Benin in
collections or in the fields where they are cultivated by farmers. The
understanding of the variation for drought-related traits among acces-
sions, the genetic diversity within the population, and genomic affilia-
tion of accessions are information that will contribute to the
construction of a GS sub-population from the Benin population. To this
end, the following questions will guide breeders in this perspective:
what is the genetic organization of the banana population used in Benin
that can contribute to the construction of a GS training population? Can
drought-related traits and Single Nucleotide Polymorphism (SNP)
markers help to understand this genetic organization? What are the
genomic affiliations of local accessions and their influence on genetic
diversity within the population?

The objective of this study is to quantify the genetic and phenotypic
diversity in banana germplasm, in order to evaluate the feasibility of
constructing a part of phenotypic database for drought-related traits that
can be used for GS. The variability among growth and yield-related traits
in banana GS sub-population as well as the genetic diversity is assessed.
Based on the structure of the population and the use groups allocated at
harvest, the affiliation of the accessions in the three main genomic
groups is proposed.

2. Materials and methods
2.1. Plant materials

The banana population consisted of 61 banana accessions, of which
36 accessions were collected in the collection of the Unit of Genetics,
Biotechnology, and Seed Science (GBioS) and 25 accessions were ob-
tained from the International Transit Center (ITC) in Belgium. The local
accessions were propagated following the method of planting from stem
fragments (PIF) (Tomekpe et al., 2011), while the ITC accessions were
obtained by in vitro culture in Belgium and acclimated at GBioS. The
ploidy level and genomic groups of the local accessions were unknown,
whereas the ITC accessions were mostly triploids with genomic groups
AAA, AAB and ABB. The list of accessions and their characteristics are
presented in Table 1.

2.2. Field trial and experimentation

2.2.1. Field location and management

The trial was carried out in the experimental site of the GBioS unit.
This site is located in the locality of Zinvié, Department of Atlantic and
Commune of Abomey Calavi in Rep. of Benin. Geographic coordinates
are 6° 37" 0" North, 2° 21’ 0” East. Over the year, the average temper-
ature is 28 °C and the rainfall ranges from 1,000 to 1,300 mm (Table 2).
Banana plants were planted on March 2020 for local accessions and on
April 2020 for genotypes obtained from ITC, using an alpha lattice
design with two replications. Each genotype was represented by 6
plants, 3 per replication with spacing of 3 m between rows and 3 m
between columns. The trial was conducted using the technical itinerary
described by GBioS. In order to maintain the plants under drought
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Table 1
List of banana accession used for the study. Use groups were allocated based on
the fruit type observed after the phenotyping.

Accession Origin  Use group Genomic group Inferred

name status Genomic group

HD1 Local Dessert unknown AAA
banana

HD 117 Local Cooking unknown ABB
banana

HD 117 S1 Local Cooking unknown ABB
banana

HD 126 S1 Local Dessert unknown AAA
banana

HD 128 BS1 Local Cooking unknown ABB
banana

HD 13 Local Dessert unknown AAA
banana

HD 143 S3 Local Cooking unknown ABB
banana

HD 149 Local Cooking unknown ABB
banana

HD 162 Local Dessert unknown AAA
banana

HD 181 Local Dessert unknown AAA
banana

HD 190 Local Cooking unknown ABB
banana

HD 193 Local Cooking unknown ABB
banana

HD 194 Local Dessert unknown AAA
banana

HD 31 A Local Dessert unknown AAA
banana

HD 39 Local Plantain unknown AAB

HD 44 S1 Local Cooking unknown ABB
banana

HD 45 A Local Dessert unknown AAA
banana

HD 45 AS2 Local Dessert unknown AAA
banana

HD 45B Local Cooking unknown ABB
banana

HD 55 Local Dessert unknown AAA
banana

HD 60 Local Dessert unknown AAA
banana

HD 66 Local Cooking unknown ABB
banana

HD 72 Local Plantain unknown AAB

HD 72 S1 Local Plantain unknown AAB

ITC 0020 ITC Cooking ABB ABB
banana

ITC 0026 ITC Cooking ABB ABB
banana

ITC 0042 ITC Cooking ABB ABB
banana

ITC 0078 ITC Dessert AAA AAA
banana

ITC 0173 ITC Cooking ABB ABB
banana

ITC 0338 ITC Cooking ABB ABB
banana

ITC 0396 ITC Cooking ABB ABB
banana

ITC 0448 ITC Plantain AAB AAB

ITC 0449 ITC Plantain AAB AAB

ITC 0643 ITC Cooking ABB ABB
banana

ITC 0742 ITC Dessert ABB ABB
banana

ITC 0743 ITC Plantain AAB AAB

ITC 0767 ITC Cooking ABB ABB
banana

ITC 0769 ITC Plantain AAB AAB

ITC 0795 ITC Cooking ABB ABB
banana

ITC 0803 ITC Plantain ABB ABB
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Table 1 (continued)

Accession Origin  Use group Genomic group Inferred

name status Genomic group

ITC 0940 ITC Plantain AAB AAB

ITC 0945 ITC Cooking AAB AAB
banana

ITC 0991 ITC Cooking ABB ABB
banana

ITC 1061 ITC Dessert AAA AAA
banana

ITC 1137 ITC Cooking ABB ABB
banana

ITC 1259 ITC Cooking ABB ABB
banana

ITC 1304 ITC Cooking ABB ABB
banana

ITC 1360 ITC Plantain AAB AAB

ITC 1418 ITC Cooking unknown ABB
banana

NIA 1 INRAB Plantain AAB AAB

NIA 12 INRAB Dessert unknown AAA
banana

NIA 14 INRAB Cooking unknown ABB
banana

NIA 19 INRAB  Cooking unknown ABB
banana

NIA 22 INRAB Dessert unknown AAA
banana

NIA 23 INRAB Plantain AAB AAB

NIA 24 INRAB Plantain AAB AAB

NIA 27 INRAB Plantain AAAB AAAB

NIA 4 INRAB  Plantain AAB AAB

NIA 40 INRAB Cooking ABB ABB
banana

NIA 47 INRAB  Cooking unknown ABB
banana

NIA 9 INRAB Dessert AAA AAA
banana

conditions, one third of the water requirements as reported by Doto et al.
(2013) were supplied to each plant during the dry seasons. To prevent
other abiotic and biotic stresses from reducing the performance of the
accessions for the measured traits, the field was rigorously monitored
and maintained throughout the trial based on the technical itinerary for
banana production in Benin developed by the GbioS unit.

Growth-related data were collected during two seasons at the flow-
ering time and yield-related data were collected at the fruit maturity.
The mobile application Fieldbook was used to record data in the field
(Rife and Poland, 2014). Several growth and yield-related traits sug-
gested by Nansamba et al. (2021) and Ravi et al. (2013) as indicators
that could be used to assess bananas for drought stress were measured
during the trial. In total, five yield parameters and six growth-related
traits were measured during the experiment. The description of the
measured parameters and the collection procedure are reported in
Table 3.

2.2.2. Soil moisture content

The average moisture content of the soil was determined using the
oven dry method (Mkhabela and Bullock, 2012) at the Integrated Soil
and Crop Management Research Unit, Faculty of Agronomic Sciences,
University of Abomey-Calavi. The average soil moisture content esti-
mated over the three sample was 10.75. Three soil samples were taken at
depths of 0-20 cm, 20-40 cm and 40-60 cm respectively. The moisture
content in each different depth is reported in Table 4. The weight of
moist soil in the pot was measured using an electronic balance. The pots
with containing samples were oven dried at 105 °C for 24 h. Each of the
3 samples was replicated 4 times. The weight of the dried samples was
measured for each replicate, which allowed the soil moisture content to
be determined on the average of the three samples according to the
following formula:
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Table 2
Average climate conditions in Abomey-Calavi. 6° 37’ 0” North, 2° 21’ 0” (https://fr.climatedata.org/afrique/benin/atlantique).
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Average temperature (°C) 27.1 27.7 28.1 27.8 27.1 25.7 25 24.6 25.2 26 27 27.3
Average minimum temperature (°C) 24.7 25.6 26.2 26 25.2 24.1 23.5 23.1 23.5 24.2 25.1 25
Maximum temperature (°C) 30.9 31.3 31.3 30.7 29.7 28 27.3 27 27.8 28.9 29.9 30.7
Precipitation (mm) 31 45 74 101 179 226 137 110 152 159 86 42
Humidity (%) 76% 79% 81% 82% 84% 87% 85% 85% 86% 86% 83% 80%
Rainy days 7 8 13 14 19 19 17 15 18 19 16 9
Sunlight Hours (h) 8.4 8.1 8.1 8.1 7.5 6.5 6 4.7 5.7 6.6 7.5 8.3

Table 3
Description of traits collected during the experimentation at Zinvié. Data were collected from November 2020 to May 2022.
Traits Codes Description Measurement
Growth-related traits
Plant Height (cm) (PH) size of the pseudostem From the substrate to the last formed leaf, using a measuring tap
Pseudostem Circumference (PO Circumference of the pseudostem at the time of the At 10 cm above substrate, using a measuring tap
(cm) measurement
Number of functional leaves (NFL) Number of leaves with 50% of the leaf surface still Observe and count the number of leaves with 50% of their green area
green
Leaf surface (cm?) (LS) Surface of functional leaves Leaf length * Leaf width * 0.83 (Brisson et al., 1998)
Rate of leaf senescence (RLS) Number of dead leaves on the total number per month  Divide the number of dead leaves over the number of living leaves (respecting
the NFL criterion)
Number of suckers at (NSF) Number of shoots per plant at the time of flowering Count the number of suckers at flowering
Flowering
Yield-related traits
number of hands per fruit (NHF) Number of consumable hands per fruit diet count the number of hands
number of fingers per fruit (NFF) Number of consumable fingers per fruit count the number of fingers
Fruit length (cm) (FL), Length of the mature banana bunch Use measuring tap
Fruit circumference (cm) (FC) Circumference of the mature banana diet Use a measuring tap
Fruit weight at maturity (kg)  (FWM)  Weight of the mature diet Weight the fruit on a scale

Table 4

Soil moisture parameters of the trial location at Zinvié (2-1 and 2-2: sample at 0-20 cm depth; 3-1 and 3-2: soil sample at 20-40 cm depth; 1-1 and 1-2: Sample at

40-60 cm depth).

Sample code Pot (g) Pot + Sample (g) Pot + Sample 105 °C (g) Moisture
1-1 17.9 48.3 44.5 12.50
1-2 18.8 42.3 39.5 11.91
2-1 17.9 58.8 54.3 11.00
2-2 17.6 55.7 51.5 11.02
3-1 18.0 43.3 41.1 8.69
3-2 17.7 44.7 42.4 8.51
1-1 18.2 45.3 41.8 12.91
1-2 16.2 51.5 47.0 12.74
2-1 18.9 59.4 54.8 11.35
2-2 17.9 51.0 47.2 11.48
3-1 17.7 52.4 49.4 8.64
3-2 17.6 43.1 41.0 8.23

Soil moisture (%) =

weight of moist soil in pot — weight dry soil in pot

*100

weight of moist soil in pot — weight of pot
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2.3. Phenotypic diversity analysis

2.3.1. The analysis of variance

The data collected were analyzed using the R software (Version
4.1.2). The means on each individual were estimated by taking the
average values obtained in the two replications. The analysis of variance
(ANOVA) as well as the comparison of the adjusted means were calcu-
lated with the function PBIB.test of agricolae package (De Mendiburu,
2014). The estimation method was the restricted maximum likelihood
(REML) while the least significant difference (Isd) test was used to
compare treatments at probability level of 5%. The normality of the
variables was checked by the shapiro.test function and graphically by the
qqplot and ggdensity functions. If the ANOVA of the transformed and the
original data gave similar conclusions, the original data was maintained.
Only the NFF was transformed by the square root. For the ANOVA, two
independent variables namely genomic group and accessions were used.

2.3.2. Correlation and path analyses

If the correlations allow to quantify the magnitude and direction of
the components that influence the expression of a main trait, the direct
and indirect contribution of these components on this trait can be
determined through path analysis (Baye et al., 2020). Thus, the in-
teractions between traits were determined by correlation tests and path
analysis using the library variability (Popat et al., 2020). The path
analysis was done considering fruit weight at maturity as the dependent
variable, because the yield is the major trait of interest regarding the
drought effect in banana (Ravi et al., 2013). In addition, the package
psych (Revelle, 2017) was used to visualize the correlation matrix from
correlation analysis in order to identify traits (phenotypic information)
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that can be used to study the diversity within the population.

2.3.3. Principal components analysis

The principal components analysis (PCA) was performed on the
phenotypic data and the projection of the graphs were done using
packages FactoMineR (Le et al., 2008) and factoextra (Kassambara et al.,
2017). The projection of the dependent variables as well as the acces-
sions was applied on the first two components, based on the fact that
they represent the greatest observed variability.

2.4. Genetic diversity analysis

2.4.1. Genotyping and variant calling

Banana leaf samples after sterilization with 70% alcohol were
collected from the nursery and stored in genotyping kits. Genotyping
took place at Bioscience for eastern and central Africa-International
Livestock Research Institute (BecA-ILRI), SEQART AFRICA service in
Nairobi, Kenya. Genotyping by sequencing using DartSeq™ technology
was applied as reported by Elshire et al. (2011), the main steps being the
DNA extraction, DNA quality check, enzyme restriction with Pstl and
Msel, Polymerase Chain Reaction (PCR), pooling, purification, quanti-
fication and Illumina sequencing. The quality, concentration and purity
of the samples were checked by running 1 ul of each sample in 0.8%
agarose gel, after incubation for 1 h in a digestion buffer.

In order to perform variant calling that respects the polyploid nature
of the genotyped accessions, the fastq data obtained from the genotyping
was analyzed with the VcfHunter toolbox (Garsmeur et al., 2018). The
variant calling was performed on the M. acuminata reference genome V4
(Belser et al., 2021). VefHunter tools processed the data in three steps
which are variant calling to generate the VCF (process_reseq tool),
prefiltering of the VCF (VcfPrefilter tool) and final filtering (vcfFilter
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Fig. 1. Variation of growth and yield-related traits among triploid genomic groups. The white squares indicate the average values and the blue asterisks represent the
outliers. AAA = Dessert banana cultivars, AAB = Plantain cultivars, ABB = Cooking banana cultivars, Unknown = Cultivars with unknown genomic group but
including all possible cultivar types. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tool). The prefiltering was done to identify and remove SNPs position
resulting from sequencing error. Further filtering was done with vcfR
package (Knaus and Griinwald, 2017) to select SNPs on 11 chromosomes
and remove SNPs on chloroplast and mitochondrial genome, and to
select those with a sequencing depth greater than 13. Only bi-allelic sites
with at most 20 % missing data were retained. The missing data in the
final SNPs file were imputed with the missForest function of R, using the
Random Forest method (Stekhoven, 2015). The expected heterozygosity
and the frequency of the minor allele (MAF) in the SNPs obtained were
determined using the Hs and minorAllele functions of the adegenet li-
brary respectively (Jombart, 2008). The coverage of the markers on the
chromosomes was explored and the visualization of this coverage was
done by making a physical map using the function Imv.linkage.plot of the
package LinkageMapView (Ouellette et al., 2018).

2.4.2. Structure and clustering analyses

The genetic diversity of banana GS sub-population was assessed by
the structure and hierarchical clustering analysis. To study the structure
of the genotyped banana population, a random subset of 5000 SNPs
markers was generated from the obtained SNPs after variant calling.
This subset was used in the STRUCTURE software version 2.3.4 (Porras-
Hurtado et al., 2013). The initial number of populations was fixed at K =
10, each genotype was burned 10,000 times using Monte Chain repli-
cates (MCMC) sampling procedure for the inference of accessions in sub-
populations (van Ravenzwaaij et al., 2018). Moreover, for each value of
K, the analysis was done on 10 iterations. The results of the population
structure were harvested online in the Structure Harvester platform and
the optimal number of populations was defined based on the best value
of Delta K (AK) following the Evanno method (Evanno et al., 2005). The
Genetic distances by Nei distance method (Nei, 1972) and genetic
variation in the original population were calculated respectively using
the Gdist and Fst functions of the NAM package (Xavier et al., 2015). A
clustering analysis was performed with the hclust function following the
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Fig. 2. Phenotypic correlation among traits evaluated under drought stress
conditions. The blue color indicates positive correlation while the red color
indicates negative correlation. The darker the blue the stronger the positive
correlation. The darker the red, the stronger the negative correlation. PH =
Plant Height, PC = Pseudostem Circumference, NFL. = Number of functional
leaves, LS = Leaf surface, RLS = Rate of leaf senescence, NHF = number of
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circumference, FWM = Fruit weight at maturity, NSF = Number of suckers at
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the reader is referred to the web version of this article.)
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ward.D method using stats library. The number of optimal clusters was
determined with the find.clusters function of the adegenet library
(Jombart, 2008). The number of axes to be retained in the PCA was 200
and the maximum number of clusters was 20.

3. Results
3.1. Phenotypic diversity

3.1.1. Trait variation

Overall, a significant difference was observed between accessions for
all measured variables (S1 Table). At the level of genomic groups, a
significant difference was noted only for fruit circumference (FC), leaf
senescence ratio (RLS) and the number of functional leaves (NFL) (S1
Table). Observations of the fruits at harvest allowed us to classify the
accessions into three main cultivar types, namely dessert bananas,
cooking bananas and plantains. All accessions of genomic group AAA
produced dessert banana fruits, AAB produced plantain fruits while ABB
produced cooking banana fruits. Under water stress conditions, pseudo-
stem size or plant height (PH) and yield are the most evaluated agro-
nomic traits in general. Then, accessions HD 117 S1 had the best plant
size (263.16 + 20.98 cm) and NIA 27 the best fruit weight at maturity
(FWM) (9.43 + 0 kg). Likewise, the genomic group AAB (Plantain cul-
tivars) showed the highest performance for fruit weight at maturity
(3.41 + 1.99 kg) and for plant height (198.46 + 12.66 cm). The varia-
tions of parameters among genomic group are visualized in Fig. 1, while
the summary table of the average performance of the accessions is
shown in the supplement material (S2 Table). Because of the presence of
multicollinearity, only the analysis of variance with one factor was
performed on the variables with genomic group and accessions. A low
coefficient of variation (CV) was observed among accessions for all
variables measured, but a greatest CV was noted for FWM (34.47),
number of suckers at flowering (NSF) (25.41) and leaf surface (LS)
(25.36). Likewise, all variables showed a CV greater than 20% among
genomic groups except the number of functional leaves. FWM (68.15%)
showed the greatest CV and NFL (19.74%) recorded the lowest one.

3.1.2. Correlation and path analyses

The study of interactions between variables showed strong pheno-
typic correlations within and between growth and yield-related traits
(Fig. 2). Within growth-related traits, RLS, which expresses the number
of dead leaves over the number of living leaves, was negatively corre-
lated with all other traits. The highest positive correlation was observed
between the plant circumference (PC) and PH (0.79) while the lowest
one was observed between NSF and LS (0.33). No negative correlation
was observed within yield-related traits, the highest positive correlation
was observed between the number of hands per fruit (NHF) and the
number of fingers per fruit (NFF) (0.77) while the lowest one was
observed between NHF and fruit circumference (0.13). Regarding both
groups of traits (yield and growth) together, PC and NFF (0.35) showed
the highest correlation, and NSF and the fruit length (FL) (0.02) yielded
the lowest correlation. NSF was also negatively correlated with all yield-
related traits.

The understanding of the influence of variable on fruit weight
through a path analysis showed direct positive effects of PC, RLS, NHF,
FC and FL on FWM at the genotypic level, and the direct positive effects
of PH, LS, RLS, NHF, FL and FC on FWM at the phenotypic level (S3
Table). Direct negative effects of PH, NFL, LS, NSF and NFF were
observed on FWM at the genotypic level, and PC, NFL, RLS and NFF on
FWM at the phenotypic level. PC (1.57) and NFF (-0.83) showed the
largest direct positive and negative effects at the genotypic level
respectively, while FL (0.55) and PC (0.19) showed the largest direct
positive and negative effects at the phenotypic level respectively. The
phenotypic and genotypic residual effects were 0.58 and 0.61
respectively.
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Fig. 3. Principal components analysis projection on the first two axes for accessions (dots) and traits (arrows). Dim1 = Dimension 1, Dim2 = Dimension 2, PH =
Plant Height, PC = Pseudostem Circumference, NFL = Number of functional leaves LS = Leaf surface, RLS = Rate of leaf senescence, NHF = number of hands per
fruit, NFF = number of fingers per fruit, FL = Fruit length, FC = Fruit circumference, FWM = Fruit weight at maturity, NSF = Number of suckers at Flowering.

Table 5

Statistics on 36,812 SNPs obtained on 11 chromosomes of banana after filtering.
Chromosome Number of Start End Length
names SNPs position position (Mb)
chr01 2668 136,938 41,618,066 41.481128
chr02 2461 272,735 34,775,788 34.503053
chr03 3695 46,174 43,885,966 43.839792
chr04 4671 164,938 44,955,327 44.790389
chr05 3173 111,883 46,372,321 46.260438
chr06 3898 62,903 43,032,859 42.969956
chr07 2525 78,282 39,340,982 39.262700
chr08 3931 125,715 51,165,327 51.039612
chr09 3533 109,735 47,649,375 47.539640
chrl0 2825 290,604 40,434,605 40.144001
chrll 2666 102,772 34,581,619 34.478847

3.1.3. Principal components analysis

The principal components analysis performed on the entire dataset
showed that the first two dimensions explained 56.5% of the variation,
the first dimension explaining 36.2% and the second dimension 20.3%
(Fig. 3). Considering the two main axes together, the most discriminated
variables were the plant circumference and the fruit length while NIA 27
and HD 72 were the most discriminated accessions. At the individual
level, the NIA 27 accession contributed significantly to the first dimen-
sion and the local accessions HD 45B and HD 72 contributed most to the
second dimension. At the level of variables, agronomic traits including
the plant circumference and the plant height contributed mostly to
dimension 1 while yield-related traits including the number of hands per
fruit, the number of hands per fruit and Fruit weight at maturity
contributed mostly to dimension 2. The PCA also showed a random
distribution of accessions on both axes, independent of their genomic
groups and origin. Overall, the projection of individuals on the two axes
did not reveal any structuring of the population.

3.2. Genetic diversity

3.2.1. Variant calling

Genotyping by sequencing performed on the population produced
after the first phase of VcfHunter 81,672 bi-allelic SNPs with a per-
centage of missing data of 40.27%. Filtering to exclude off-chromosome
variants produced 73,187 SNPs with 22.13% missing data, while
filtering to reduce redundant SNPs produced 36,812 bi-allelic SNPs with
22.38 % missing data. The highest number of markers was observed on
chromosome 4 (4671 SNPs) while chromosome 2 had the lowest
coverage (2461 SNPs). The statistics on the distribution of SNPs on the
chromosomes are reported in Table 5. The physical map of the SNPs on
banana chromosomes is visualized in Fig. 4. In this proportion of 5000
used to conduct the genetic diversity analysis of the population, the
estimated expected heterozygosity was 0.129 while the average
observed heterozygosity was 0.115. The minor allele frequency ranged
from 0.0095 to 0.33, for an average of 0.24.

3.2.2. Population structure

In the analysis of genetic diversity using SNPs markers, only the 35
genotyped accessions were used first. In this analysis, the influence of
genomic groups and cultivar types on genetic diversity was observed in
order to infer later the non-genotyped accessions into genomic groups
and genetic sub-populations. The analysis of the population structure
revealed two sub-populations based on the best value of K determined
by the Evanno method (Fig. 5). The inference of individuals in the
different sub-populations was influenced by their genomic affiliation.
The sub-population 1 was constituted mainly by individuals belonging
to the ABB group with two individuals belonging to the AAB and AAA
groups. Sub-population 2 was represented by individuals belonging to
genomic groups AAB and AAA with the presence of one individual from
group ABB. In addition, the few local accessions were found in both sub-
populations. The inference ancestry of genotypes and the result of
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Fig. 5. Population structure using 5000 SNPs in STRUCTURE software. A: delta
K for different number of sub-population or genetic group. B: Plot for different
sub-populations at K = 2, each color representing one sub-population. The red
color represents the sub-population 1 and the green color represents the sub-
population 2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Evanno test to determine the optimal number of populations are re-
ported in Table 6 and S4 Table respectively. In these sub-populations,
62.3% (20 individuals) of the population was inferred to population 1
and 37.7% (15 individuals) to population 2. The allele-frequency
divergence among populations was 0.056 while the expected hetero-
zygosity between individuals of the same sub-population was 0.10 in
population 1 and 0.11 in population 2. The mean genetic variation (Fst)
was 0.10 between sub-population 1 and sub-population 2.

3.2.3. Hierarchical clustering in the population

The discriminant analysis of principal components (DAPC) revealed
4 clusters. Cluster 1 had the highest number of genotypes (20) while the
other three clusters had 5 genotypes each (Fig. 6). The hierarchical
clustering was greatly influenced by the genomic constitution of the
genotypes. Cluster 1 consisted of individuals from the ABB genomic
group, cluster 2 had individuals from the AAA genomic group, and
clusters 3 and 4 consisted mostly of accessions from the genomic group

Table 6
Accession inference ancestry in different populations after hierarchical clus-
tering and structure analysis.

Accession Inferred in Inferred in Population  Cluster  Group
name Population Population
1 2

ITC0649 0.177 0.823 2 4 AAB
ITC0078 0.000 1.000 2 2 AAA
ITC1360 0.272 0.728 2 4 AAB
1TC0448 0.312 0.688 2 4 AAB
1TC0484 0.000 1.000 2 2 AAA
ITCO0816 0.000 1.000 2 2 AAA
ITC0940 0.253 0.747 2 3 AAB
ITC0945 0.200 0.800 2 3 AAB
1TC0677 0.195 0.805 2 3 ABB
ITC1061 0.000 1.000 2 2 AAA
ITC0743 0.273 0.727 2 4 AAB
ITCO0769 0.242 0.758 2 4 AAB
1TC0449 0.000 1.000 2 2 AAB
NIA 24 0.219 0.781 2 3 AAB
NIA 23 0.047 0.953 2 3 AAB
ITC0643 1.000 0.000 1 1 ABB
ITC0042 1.000 0.000 1 1 ABB
ITC0051 0.974 0.026 1 1 ABB
ITC0698 1.000 0.000 1 1 ABB
ITC1259 1.000 0.000 1 1 ABB
ITC0396 1.000 0.000 1 1 ABB
ITC0795 1.000 0.000 1 1 ABB
ITC0803 1.000 0.000 1 1 ABB
ITC0804 0.998 0.002 1 1 ABB
ITC0020 1.000 0.000 1 1 ABB
ITC0026 1.000 0.000 1 1 ABB
ITC0991 0.926 0.074 1 1 ABB
ITCO0742 1.000 0.000 1 1 ABB
ITC1137 1.000 0.000 1 1 ABB
ITC0173 1.000 0.000 1 1 ABB
ITC0263 1.000 0.000 1 1 AAA
ITC0767 1.000 0.000 1 1 ABB
ITC1304 0.878 0.122 1 1 AAB
NIA 40 1.000 0.000 1 1 ABB
ITCO0338 0.842 0.158 1 1 ABB

AAB. Within the main population, the genetic distance among in-
dividuals calculated by the Nei distance method varied between 0.0061
and 0.179 with an average of 0.074 and the expected heterozygosity was
0.129. Estimation of genetic differentiation between pairs of clusters via
pairwise Fst analysis showed values ranged between 0.26 and 0.48.
Cluster 3 and 4 had the lowest Fst value (0.26) while cluster 1 and 2 had
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Fig. 6. Hierarchical phylogenic dendrogram of banana accessions visualized
with factoextra library using SNPs markers. A = Cluster 1; B = Cluster 2; C =
Cluster 3; D = Cluster 4.

the highest Fst value (0.48).

4. Discussion
4.1. Phenotypic diversity in banana GS sub-population

4.1.1. Traits variation and accessions behavior

In Banana, size and yield are the most important agronomic traits
evaluated to identify genotypes performances under drought conditions
(Nansamba et al., 2021; Ravi et al., 2013). Ravi et al. (2013) established
the behavior of banana genotypes to drought based on many studies.
Cavendish (AAA) accessions are reported to be susceptible; this can lead
to the complete crop failure in “Grande Naine” (highly susceptible). In
AAB, susceptible cultivars such as “Pome” may form fruits but are un-
able to fill them completely, while moderate tolerant and tolerant va-
rieties normally produce fruits. The majority of ABB are reported to be
drought tolerant (Ravi et al., 2013). In some moderate tolerant (“Pisang
Awak” ABB), there is a reduction in the number of hands and fruit length
while others maintain yield stability. Of the accessions evaluated, only
three individuals from group AAA produced the fruit. Group ABB had
the best fruit weight at maturity (3.41 kg) while AAA (1.9 kg) yielded
the lowest one. These results are different from those obtained by
Uwimana et al. (2020) studying the effect of seasonal drought. They
obtained a fruit weight at maturity of 10.87 kg with the ABB group
(“Cachaco” accession) and 20.84 kg with the AAA group (“Nakitengwa”
accession). This difference may result from genetic variation within
groups in terms of drought tolerance, and from the fact that the two
studies used different and limited numbers of accessions per group.
Consideration of physiological and biochemical indicators may help to
provide a comprehensive understanding of the biological changes that
differentiate susceptible and resistant accessions to water stress.

The effect of genomic group remains however important as seems to
confirm the analysis of variance, which showed significant differences in
fruit weight at maturity between genomic groups. To quantify the
variability within a plant population, the coefficient of variation is the
most commonly used parameter. The larger CV is, the more dispersed
the individuals are within the population (Kotzamanides et al., 2009). In
the present study the majority of the variables had a low CV, however
the leaf surface, the number of suckers at flowering and the fruit weight
at maturity had a CV > 25% explaining a possible variation of the
population for these parameters. These coefficients of variation are
mostly higher than those obtained by Sirisena and Senanayake (2000)
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and Ortiz and Vuylsteke (1998), who obtained a CV of 20% for the fruit
weight at maturity and 10% for PH for the first authors, 27.7% for the
fruit weight at maturity and 6% for the plant height for the second au-
thors. According to Ortiz and Vuylsteke (1998), low CVs may result from
measurements taken with minimum error. Moreover, in the case of Ortiz
and Vuylsteke (1998), the space between the plants of the same plot was
relatively smaller (2 m) than the one we used. Many works have re-
ported that when the density increases, the CV also increases and vice
versa (Daynard and Muldoon, 1983; Hamblin et al., 1978; Kotzamanides
et al., 2009).

4.1.2. Phenotypic interaction among traits

A positive correlation was observed between all traits evaluated
except the senescence rate which was negatively correlated with almost
all others traits. This result is similar to the result of Pinar et al. (2021)
who observed positive correlation for the stem height, number of hands,
number of fruits, bunch weight, fruit weight and fruit length. However,
the negative correlation observed for senescence rate with the rest of the
trait explains the behavior of the plant under water stress conditions.
According to Bananuka et al. (1999), sensitivity in banana is manifested
by changes in growth through the reduction of leaf size and increase in
leaf senescence resulting in limited photosynthetic activity. Path anal-
ysis is an important factor in improving desirable traits in plants. It in-
forms about the direct and indirect role of traits on the expression of the
dependent variable, making it possible to link the causes and effects
between the traits (Baye et al., 2020). The highest positive indirect ef-
fects were observed for the plant height through the plant circumference
and for the leaf surface through the plant height at the phenotypic level,
next for the plant height through the plant circumference and for the leaf
surface through the plant circumference at the genotypic level. This
suggests that these traits could be used with other traits that had a direct
positive effect in improving banana for bunch weight. Residual effects in
path analysis are an indicator of the role of the traits involved in the
analysis on the variability of the dependent trait (Baye et al., 2020). The
phenotypic and genotypic residual effects were 0.58 and 0.61 respec-
tively, indicating that the traits involved in the path analysis explained
42% and 39% of the variability in bunch weight at the phenotypic and
genotypic levels respectively. The plant height, the number of functional
leaves, the leaf surface, the number of suckers at flowering and the
number of fingers per fruit had a negative direct effect at the genotypic
level while the plant circumference, the number of functional leaves, the
ratio of leaf senescence and the number of fingers per fruit had negative
direct effect at the phenotypic level on fruit weight at maturity. How-
ever, all of these traits except the ratio of leaf senescence are positively
correlated with bunch weight, suggesting that indirect effects are
responsible for the positive correlation observed. Among trait with
negative direct effect, some had a positive indirect effect. The negative
direct effects were compensated by the positive indirect effects.

4.1.3. Principal components analysis

The principal components analysis is used to explain the differences
observed in a dataset and thus to understand the possible relationships
between the variables associated with that dataset (Ramli et al., 2010).
In the present study, the principal components analysis was not able to
clearly discern the individuals in the population into groups. The pro-
jection of accessions in the two main axes did not group the accessions
according to their genomic affiliations or origin, but revealed a wide
dispersion of accessions, indicating that the traits contributing to these
axes are not strongly influenced by genomic affiliations. This result was
also obtained by Ekanayake et al. (1995) and by Nyine et al. (2017). In
contrast, Osuji et al. (1997) obtained better grouping of triploid bananas
based on inflorescence and growth-related traits. According to Nyine
etal. (2017), the phenomenon explaining this difference could be due to
differences in the ability to access the carbon source. The random dis-
tribution of accessions in the PCA can also be explained by the propor-
tion of the parental genomes M. acuminata (A) and M balbisiana (B)
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carried by the genomes of the accessions. Indeed, recent studies have
pointed out that within the accessions of the groups, the proportion of B
genome can vary among individuals belonging to the group (Baurens
et al., 2019; Cenci et al., 2021). Likewise, accessions of group AAB can
have a high proportion of B genome compared to individuals of the ABB
group. This makes it difficult to group accessions according to their
genomic affiliation as we expected in the PCA.

4.2. Genotypic variation in the banana GS sub-population

4.2.1. Genotyping and SNP distribution

Knowledge of the genetic diversity in a species of food importance is
crucial to identify the different loci that are implicated in resistance to
abiotic and biotic threats and in yield (Alemu et al., 2020). Several
works using molecular tools have reported the high genetic diversity in
Musa spp. (Jarret and Litz, 1986; Karamura and Mgenzi, 2004; Nsabi-
mana and Van Staden, 2007; Ude et al., 2002). In the context of genomic
selection, knowledge of genetic diversity via population structure allows
for better construction of the training population and thus increases
prediction accuracy. In the present study, the 5000 markers used to
establish the genetic diversity of the population appeared to be suffi-
ciently informative. Variant calling with the VcfHunter platform yielded
81, 672 pre-filtered and 36, 812 bi-allelic SNPs after multiple filtering.
This marker size constitutes an important molecular dataset for per-
forming genomic study in the population. The MAF was greater than
0.05, indicating that the markers used were credible to perform a genetic
diversity study. Indeed, the marker set with a MAF less than 0.05 is
generally disqualifying for a genetic diversity study (Luo et al., 2019).
Heterozygosity is one of the quantitative measures of the degree of
polymorphism of a marker (Shete et al., 2000). The expected hetero-
zygosity obtained in the original population was 0.129 and the average
observed heterozygosity was 0.115. The low observed heterozygosity
compared to the expected one explains the probable mixture of 2 pop-
ulations. In some cases, the occurrence of error when sampling a pop-
ulation may also influence the ratio between both heterozygosities. This
result indicates that the population used in the study is not in Hardy-
Weinberg equilibrium.

4.2.2. Population genetic background

The hierarchical clustering analysis revealed 4 clusters within the
population, explaining a significant diversity. The distribution of clus-
ters was strongly influenced by the genomic affiliation of individuals,
which shows that these accessions have followed a different genetic
evolution, manifested by the copy number of M. accuminata and
M. balbisiana present in their genome. Indeed, accessions with the same
genomic group share the same parental genomic information that is read
by the markers, and thus these accessions are found in the same clusters.
Understanding population structure is an important step in considering
potential association analyses as this structure impacts the prediction
accuracies (Luo et al., 2019; Varshney et al., 2017). Varshney et al.
(2017) reported a reduction in selection accuracy in the structured
population. Luo et al. (2019) reported that a training population based
on simple stratified sampling was better in a structured rice population,
showing that the optimization of the training population depends on the
type of population used. In this study, two populations were identified
using Evanno method to identify the best K value. The distribution of
individuals within the population was strongly influenced by their
genomic group, confirming the result obtained in the hierarchical
clustering analysis. However, the appearance of certain genomic groups
in the two populations can be explained by the exchange of genes that
occurred during the evolution of the genus Musa. Nyine et al. (2018)
found that some half-sib families were close to individuals with whom
they shared parents. The population structure studied here is consistent
with the expectations, as the germplasm is made up of genotypes from
different origins that are therefore genetically distant. When working
with germplasm, structuring is to be expected as a consequence of the
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great genetic diversity of Musa spp. which has been proven in several
studies (Karamura and Mgenzi, 2004; Li et al., 2013; Nsabimana and
Van Staden, 2007; Simmonds and Weatherup, 1990). Genetic variation
within a population can be revealed by estimating Fst between sub-
populations. According to Luo et al. (2019), an Fst greater than 0.15 is
considered significant for discriminating individuals within a popula-
tion indicating the presence of sub-populations. In the genetic diversity
analysis, the average genetic variation (Fst) was 0.10 between sub-
population 1 and sub-population 2, showing a little genetic differenti-
ation in populations. According to Eltaher et al. (2018), large gene pool
exchanges can lead to low genetic differentiation between populations.
However, the SNPs used here allowed to understand the population
structure through cluster and structure analyses, which led to the con-
struction of a good genomic selection population based on these ana-
lyses. The results of the population differentiation revealed two sub-
populations in the structure analysis and 4 clusters in the DAPC. How-
ever, all the individuals belonging to the same cluster in DAPC were also
grouped within the same sub-population. In STRUCTURE, k = 10 was
the number of possibilities of choosing the best k value but the k = 2 was
the optimum value revealed in the analysis instead of 4 like showed
DAPC. This difference explains that, either there was not define popu-
lation or STRUCTURE misrepresented the true number of k as reported
by Tehseen et al. (2021).

4.2.3. Inference of genomic groups to local accession

Based on the results obtained in the clustering and structure analysis,
it is possible that some accessions that we could not genotype could be
inferred in one of the populations and consequently in the three main
genomic groups. Studies based on structure analyses or clustering ana-
lyses allowed inferring accessions of plants for which there was insuf-
ficient information in their origin, population and other different
classification groups (Sakiroglu et al., 2010; Uba et al., 2021). In addi-
tion, it is reported that in Benin the majority of cultivars grown in the
south of the country are either dessert bananas or plantains (Chabi et al.,
2018). In the world food and trade, cultivars generally called plantains
are triploids and belong to the AAB genomic group, those considered as
bananas (or dessert bananas) almost all belong to the AAA genomic
group, while other cultivars called cooking bananas belong to the ABB
group (Florent et al., 2015; Happi Emaga et al., 2007; Strosse et al.,
2006). The observations of the fruit type (S5 Table) made at harvest and
the results of structure analysis allowed the classification of local ac-
cessions into different genomic groups and sub-populations (Table 1; S6
Table).

4.2.4. Drought tolerance improvement in banana

This study was conducted to lay the foundation for genetic
improvement of banana plants through the use of GS. As population type
can greatly influence the efficacy of GS (Varshney et al. 2017; Luo et al.
2019), the results on the genetic diversity of the population assessed in
this study will allow for better organization of TP during GS application.
Knowledge of the genetic diversity of the East African banana popula-
tion has allowed the application of GS in this population (Nyine et al.,
2018, 2017). Moreover, the phenotypic performance of accessions
evaluated under natural water stress conditions provides a good
phenotypic database that can be used for genetic improvement of ba-
nana plants for drought. Mbo Nkoulou et al. (2022) reported that the
effectiveness of GS in the improvement of banana plants for drought
requires a good evaluation of the TP under water stress. The present
study produced growth and yield indicators for 61 banana accessions
that will then be used to predict the genetic values of each accession and
select the best ones using GS. The phenotypic and molecular information
allowed to find the genomic affiliations of local accessions. This repre-
sents an important advance to involve these accessions in GS. Indeed, it
was reported that triploid genomic groups (AAB, AAA and ABB) could
influence the GS efficiency of triploid banana plants for drought and
black sigatoka disease (Mbo Nkoulou et al.,, 2022). Therefore,
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considering the improvement of banana plants for these two stresses via
GS implies the knowledge of the genomic affiliations of the accessions
we wish to select.

5. Conclusion

The present study allowed understanding the phenotypic and genetic
variations among banana accessions in a water deficit environment.
ANOVA revealed significant differences among accessions for the traits
evaluated, and the genomic group AAB and ABB showed the best plant
height and fruit weight performance. The positive correlation observed
between growth and yield variables allows to understand that it is
possible to select banana accessions with good growth and high yield.
The path analysis showed the important role of indirect effects of traits
measured on fruit weight at maturity. However, the 5000 SNP markers
selected after genotyping proved to be informative enough to highlight
the genetic diversity of the genotyped accessions in the population. The
information from this genetic diversity analysis and phenotyping
allowed the allocation of genomic groups for the accessions where they
were unknown. Therefore, the phenotypic and molecular information
obtained in this study opens a pathway towards the genetic improve-
ment of polyploid bananas for drought using genomic selection tool.
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