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Abstract This study focuses on improving the effi-
ciency of breeding diploid bananas for important
traits such as yield, fruit size and weight. Partitioning
genetic variance into additive and non-additive com-
ponents is crucial. This is challenging in most com-
monly available family structures in banana breeding
due to reduced fertility and ploidy complications.
However, the availability of replicated clones of full-
sib progeny allows greater insight into the genetics
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of perennial diploid bananas. Clones of nine full-sib
families, generated through a factorial mating design
consisting of six diploid parthenocarpic female and
two wild diploid male banana (Musa spp.) parents,
were evaluated at the International Institute of Tropi-
cal Agriculture in Arusha. Data were collected over
two harvests (plant crop and first ratoon) to provide
a better understanding of the genetic architecture of
key traits and their seasonal influence. Pedigree-
based models were fitted to the data to estimate addi-
tive, dominance, epistatic variance components, and
seasonal effects. Additive variance was the major
source of genetic variance for most traits. Dominance
and epistatic variances were non-significant for most
traits, with a few exceptions. Broad-sense and nar-
row-sense heritability estimates were high for most
traits. A significant positive correlation was found
between yield traits and between the plant and first
ratoon crops for yield traits, which will help acceler-
ate selection and improve genetic gains. These results
enhance our understanding of the genetic architecture
of quantitative traits in bananas and lay a foundation
for further study in this almost recalcitrant to cross-
breeding but important crop.

Keywords Additive - BLUP - Clonal model -
Heritability - Musa - Non-additive
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Introduction

Production of bananas (including cooking and dessert
types) in Africa remains low at about 31 t ha™! year™!
compared to 70 t ha™! year™! in Asia (FAO 2022).
Tanzania, second leading producer after Uganda,
accounts for 23.4% of production (Lescot 2020), yet
its average yield remains low at about 8.8 million t
ha™! year™' (FAO 2020) due to abiotic and biotic
stresses. Around 70-95% of Tanzanian households
grow bananas for food and income (Kilimo Trust
2012; Nkuba et al. 2003). Predominant cultivars are
East African Highland Bananas (EAHB), mainly
triploid Matooke (AAA) and diploid Mchare (AA),
followed by brewing, dessert, and plantain cultivars
(Evers 1992; De Langhe et al. 2001; Kalyebara et al.
2007; Madalla et al. 2023; Maruo 2007). Mchare are
edible parthenocarpic diploids (AA) grown in the
north-central region and southern highlands of Tan-
zania, valued for their unique texture (Brown et al.
2017; De Langhe et al. 2001; Onyango et al. 2009;
Perrier et al. 2019).

Mchare is phenotypically diverse yet has a nar-
row genetic base (Kitavi et al. 2016; Nyine et al.
2017; Ortiz 1997; Perrier et al. 2011), with all geno-
types considered the same clone set (Onyango et al.
2009). As a diploid, Mchare better aids understand-
ing genetic architecture than triploid bananas. Mchare
breeding focuses on improving yield, disease resist-
ance, especially Fusarium, and desirable consumer
traits (Brown et al. 2017; Madalla et al. 2023). Cur-
rent schemes cross diploid (2x) female cultivars with
diploid (2Xx) male accessions as resistance donors
(Bayo et al. 2024). Progeny are evaluated over at least
two crop cycles (mother plant referred to as plant
crop or cycle 1 and first ratoon referred to as cycle 2).
Efficient breeding requires comprehensive knowledge
of trait genetics and identifying parent genotypes that,
when combined, produce superior offspring. Under-
standing genetic variances, covariances, and param-
eters like trait heritability is essential for effective
selection strategies (Milligan et al. 1990).

Combining ability and heritability are key statistics
to studying crop trait genetics (Sprague and Tatum
1942). General combining ability (GCA) helps to
identify parents with superior genetic merit based on
offspring performance, while specific combining abil-
ity (SCA) identifies the best cross combinations based
on cross performance (Fasahat et al. 2016; Viana and
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Matta 2003). The relative importance of GCA and
SCA, which respectively represent the additive and
non-additive genetic components is critical for parti-
tioning genetic variance and choosing best breeding
strategy in diploid bananas. Knowing the heritability
of key traits helps Mchare breeders estimate improve-
ment potential, as higher-heritable traits generally are
easier to improve by crossbreeding (Bernado 2014;
Falconer and Mackay 1996; Holland et al. 2003;
Schmidt et al. 2019a).

Breeding and evaluating banana hybrids is chal-
lenging due to low fertility in cultivated germplasm,
causing failed pollinations and poor seed germina-
tion (Batte et al. 2019; Brown et al. 2017; Ortiz 2013;
Swennen and Vuylsteke 1993). This limits offspring
production, causes staggered planting, and compli-
cates establishing balanced, well-replicated field
trials.

Banana is a perennial ratoon crop requiring up to
three years to complete two fruiting cycles (Brown
et al. 2017; Karamura et al. 2011; Swennen and
Ortiz 1997). Flowering and harvest are unsynchro-
nized, resulting in plants at various developmen-
tal stages simultaneously (Tixier et al. 2004; Nayar
2010; Lescot 2020). This asynchrony introduces
environmental heterogeneity across seasons, making
it essential to estimate seasonal effects and genotype-
by-season interactions for accurate breeding value
predictions. Overlapping generations of individuals,
known as production cycles (hereafter cycles), ben-
efit farmers but complicate hybrid evaluations. These
cycles vary by season among genotypes and plants
of the same genotype, necessitating consideration of
environmental factors like planting season and flow-
ering time on trait variation.

Lack of synchronization in growth and data col-
lection leads to unbalanced datasets with heteroge-
neous variances and covariances of adjusted means
(Schmidt et al. 2019b). The best linear unbiased
prediction (BLUP) method improves estimation of
genetic effects in such cases. The method is widely
used for evaluating and selecting crops, including
clonally propagated species such as potatoes (Ortiz
et al. 2021; Slater et al. 2014; Ticona-Benavente and
Silva Filho 2015), acai berry (Teixeira et al. 2012),
sugarcane (Mbuma et al. 2020; Shanthi et al. 2008;
Zeni Neto et al. 2013), trees (Chen et al. 2020; Isik
et al. 2003; Weng et al. 2008) and passion fruit
(Santos et al. 2015). Pedigree-based BLUP further
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improves estimates and selection accuracy by borrow-
ing information from related individuals (Bernardo
2020; Piepho et al. 2008). From these BLUPs, greater
accuracy is attained in selecting superior individu-
als, estimating heritability, and determining parental
GCA and SCA of the crosses. In sugarcane, family
selection for sugar yield has improved selection effi-
ciency, increased heritability estimates, yielded more
accurate breeding values and better resource use than
individual selection (Mbuma et al. 2020; Shanthi
et al. 2008; Stringer et al. 2011).

The full clonal model (Chen et al. 2020; Muifioz
et al. 2014; Pisaroglo de Carvalho et al. 2014), a mod-
ification of the animal model, is commonly used for
clonally replicated individuals with pedigree informa-
tion. It applies here due to the diploid nature of the
Mchare breeding population, enabling estimation of
parental and clonal GCA, clonal values of offspring,
and SCA of crosses. This is vital in parental improve-
ment, allowing selection of high-GCA parents and
high-genetic-value clones to design superior crosses
for backward and forward selection and hybrid eval-
uations for advancement and release. When both
parents are known, pedigree information in the full
clonal model partitions genetic variance into additive
and non-additive components, allowing estimation of
broad- and narrow-sense heritability and dominance
and epistatic ratios.

This study aimed to optimize the Mchare breed-
ing pipeline by improving selection accuracy and
genetic gains. Objectives were to (1) quantify genetic
variation for key traits and partition additive and non-
additive effects using the full clonal model, (2) assess
seasonal environmental effects, and (3) determine
genetic correlations among key traits and cycles. To
our knowledge, this is the first use of the clonal model
for estimating genetic parameters and their partition-
ing in banana breeding.

Materials and methods
Hybrid production

Six diploid female Mchare cultivars were hand-
pollinated with pollen from two wild diploid
males according to an incomplete factorial design
(Bayo et al. 2024), resulting in nine full-sib fami-
lies (Table 1). Seeds were then collected from ripe

Table 1 Factorial-crossing scheme used to obtain the progeny

Female Borneo Calcutta 4 Sub-total
(wild) (wild)

Akondro mainty - 2 2

Huti-White 4 19 23

Ijihu Inkundu 1 2 3

Kahuti 2 -

Mchare laini 2 11 13

Nshonowa - 2 2

Sub-total: 9 36 45

fruits and subjected to embryo rescue as described
by Luyiga et al. (2024). The progeny’s ploidy was
checked by flow cytometry (Dolezel 1997; Loureiro
et al. 2021) following a standard protocol adopted
by the International Institute of Tropical Agricul-
ture (IITA) (Akech et al. 2024a). The tissue culture-
derived plantlets were hardened off for 2—3 months
in a screen-house and then transplanted into the field
from 2018 to 2021 following a protocol described by
Akech et al. (2024b). Planting was staggered accord-
ing to the availability of the plantlets. The population
consisted of 45 progenies from nine families. (Sup-
plementary Table S1).

Trial site and design

This research was conducted at IITA banana farms
in Arusha, Tengeru, situated at the Nelson Man-
dela African Institution of Science and Technology,
in Tanzania. The geographical coordinates of the
experimental site were approximately 3°24'03”’S lati-
tude and 36°47'34”’E longitude, with an altitude of
1200 m above sea level.

The location experiences a tropical highland cli-
mate with a moderately cool thermal zone (Nichol-
son 2017). The climatic conditions are influenced by
a bimodal rainfall pattern, consisting of a long rainy
season from late March to early June (locally referred
to as ‘Masika’) and a short rainy season from Octo-
ber to December (locally referred to as ‘Vuli’). How-
ever, it is important to note that annual rainfall can
vary with averages between 900 and 1400 mm year™!
(Grieser et al. 2006; Kabanda 2018; Meya et al.
2020; Stevens et al. 2020). Throughout the experi-
ment, the total precipitation received was approxi-
mately 903 mm per year. It is noteworthy that this
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falls below the optimal range for banana production
(1100-2650 mm per year). The distribution of rainfall
exhibited uneven patterns, including dry spells lasting
more than two months. The season, locally referred
to as ‘Kiangazi’, lasting from January to late Febru-
ary, has high temperatures (average of 28 °C) and
low relative humidity, ‘Kipupwe’ lasting from July to
August, has low temperatures (average of 13 °C) and
no rainfall; and ‘Demani’ lasting from late August to
September, has high temperatures and high relative
humidity. Consequently, the suboptimal precipitation

YLD =

(NH), fruit length in cm (FL), fruit circumference in
cm (FC), and fruit finger weight in grams (FW). Ten
random fingers were measured for FL, FC and FW.
The vegetative (growth) traits included: number of
standing functional leaves at flowering (NFL) (count
of leaves that have 50% or more of their surface as
green, healthy and photosynthetic active tissue at
flowering), plant height at flowering in cm (PH), plant
girth at 100 cm from the soil surface (PG), plant stat-
ure (PS) which was calculated as PG/PH, and the total
number of suckers at flowering (NS). Yield per year
(YLD) was calculated using the following formulae:

Total bunch weight harvested across the two cycles X 365

Number of days between planting and harvest of first ratoon crop

levels necessitated supplementary irrigation (van
Asten et al. 2011; Varma and Bebber 2019).

The experimental layout followed a randomized
complete block design with three blocks and three
plants (clones) per plot. Parental lines were repre-
sented by multiple plants (6—20) per block. Two lines
of Matooke were planted around the experimental
trial as a border effect (field layout in Supplementary
Table S2). Supplemental water was provided through
drip irrigation (rate of 4 L hr™") for two hours per day,
three days a week to ensure each mat received at least
60 L per week. Manure and inorganic fertilizers were
applied twice a year, with each mat (group of banana
plants that grow from a corm) receiving nitrogen,
phosphorus, and potassium (NPK): 92 g urea, 100 g
triple super phosphate (TSP) and 300 g muriate of
potash (MOP), respectively. After the flowering of the
plant crop, only three plants per mat were maintained:
plant crop (mother) to represent cycle 1, first ratoon
(daughter) to represent cycle 2 and second ratoon
(granddaughter) to represent cycle 3 of production.

Data collection

The yield-related traits scored included: bunch weight
at full maturity in kg (BW), number of hands (cluster)

@ Springer

The cycling traits included: days to flowering
(DPF, days between planting to flowering of the plant
crop), days to fruit maturity (DFH, days between
flowering and harvesting) and cycling time defined
as the number of days between the flowering of the
plant crop (cycle 1) to the flowering of the first ratoon
crop (cycle 2). Total number of suckers (NS) and
DPF were recorded for cycle 1 only. All other traits
were recorded for both the plant crop (cycle 1) and
the first ratoon crop (cycle 2). A detailed description
of the traits analysed in this study is given in Supple-
mentary Table S3. The dates of planting and flower-
ing for each plant were recorded and later provided
information of year and season of planting (YP and
SP, respectively), and year and season of flowering
(YF and SF, respectively).

Data analysis

All genetic analyses were carried out using the soft-
ware ASReml-R v. 4.2 (Butler et al. 2023) obtained
by a copyright license, which fits linear mixed models
(LMM) with complex data sets using sparse matrix
models. ASReml-R is equipped with the residual
maximum likelihood (REML) for variance compo-
nent estimation using the average information algo-
rithm (Butler et al. 2023). Other analyses were per-
formed using R v4.0 (R Development Core Team
2019).
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Table 2 Overview of fixed and random effects as part of the linear mixed model fitted to each trait group

Cycle:YF:SFP Cycle:Plot? ResidualP

YF:SF?

YP:SP?

Clonal®? Plot?

Add:Cycle®? Fam®P

Block* Cycle* AddsP

Trait group

SSSS

SS

Trait group 1 =days to flowering (DPF), total number of suckers at flowering (NS),

bunch weight at full maturity (kg) (BW), number of hands (NH), number of standing functional leaves at flowering (NSFL), plant height at flowering (cm) (PH),

Trait group 2

plant girth at 100 cm from soil surface (cm) (PG), plant stature (PS), days to fruit maturity (DFM)

fruit length (mm) (FL), fruit circumference (mm) (FC), fruit finger weight (grams) (FW)

Trait group 3

yield/year/plant (kg) (YLD), cycling time (days) (CT)

*indicates fixed effects

Trait group 4

indicates the corresponding variance component contributing to the genotypic variance of the heritability calculation

Pindicates the corresponding variance component contributing to the total phenotypic variance of the heritability calculation

Estimation of variance components and genetic
parameters

After inspecting the data for inconsistencies, outliers
and normality, specific linear mixed models (LMMs)
were fitted to each trait group, and variance compo-
nents, BLUPs, and predicted means were calculated.
Specific LMMs were used according to the terms
applicable to a trait group as indicated in Table 2.
An example for trait group 2 is illustrated by Eq. 1.
Phenotypic observations obtained for two cycles (trait
groups 2 and 3 (Table 2)), were analysed as repeated
measurements. The pedigree information was used
to compute the additive pedigree-based relationship
matrix using standard methods (Mrode 2005; Walsh
and Lynch 2018). This matrix was constructed using
the ‘ainverse’ function in ASReml-R.

Trait group 2: traits with data collected over two
cycles

Trait = Block, + Cycle, + Add

Cycle,. + Fam  + Clonal,
+ Plot; + YF : SF; + YP @ SP, S
+ YF : SF : Cycle,. + ¢

abcdefjpq

abcdefjpq

where the trait has been measured on the gth plant
in plot j at cycle ¢, planted in season s of the year p
and flowering in season s of the year f. Block and
Cycle are the only fixed terms in the model account-
ing for the variation between the three blocks and the
two cycles, respectively. All other terms are random:
Add, Fam and Clonal accounts for the additive, fam-
ily and clonal variance, respectively; Plot accounts for
the plot-to-plot variation; YP:SP and YF:SF account
for the variation due to seasonal fluctuations across
year during planting and flowering, respectively;
YF:SF:Cycle accounts for the cycle specific sea-
sonal fluctuations across year in flowering; finally,
€ accounts for the random noise. The LMM fitted
to trait group 3 data has the additional random term
Cycle:Plot, accounting for the 10 measurements on
the same plant (modelling pseudo-replications).

The additive (V,), dominance (Vp) and epistatic
(V) variances were calculated according to Walsh
and Lynch (2018) using their variance component
estimators (62), as follows:

_ 2
VA = 0 udd
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V) = 4o}

Fam

_ 2  _ a2

VI = O Clonal 30-Fam

where the sum V,, V and V; is the total genetic
; : 2 2 2

.Varlance,Vg. .Wlth cr? 1 O-Fam’an.do-clonal. repre.sent—

ing the additive, dominance and interaction variance

components.
Heritability

In addition to the calculation of the broad-sense herit-
ability, the decomposition of the genetic component
into additive and non-additive variances allowed for
the calculation of the narrow-sense heritability ().
Broad-sense heritability (H?), calculated by divid-
ing the total genetic variance component by the total
phenotypic variance; the narrow-sense heritability
(h?), was calculated by dividing the additive genetic
variance component by the total phenotypic variance.
The total phenotypic variance is the sum of all vari-
ance components contributed by all terms indicated
‘p’, in Table 2. The residual variance was divided by
3 because of the three blocks (replicates) in the exper-
imental design, and therefore, their definition is about
the mean clonal response.

Correlations

The genetic correlation analysis between a pair of
traits in each cycle was based on a bivariate model
which estimated the covariance between the two
traits. Correlations between cycles for each trait was
estimated as a variance component between cycle
1 and cycle 2 for each trait, considering cycles as
repeated measurements. The correlations were mod-
elled using the uniform heterogeneous (corh) vari-
ance structure in ASReml-R 4.2. The correlations
were then tested for significance by fitting a reduced
model having the diagonal variance structure, using
likelihood ratio tests (LRT).

BLUPs
Breeding values (BVs), a type of BLUPs, were gen-
erated for parental lines, progeny and crosses. Breed-

ing values for the parental lines could be interpreted
as twice the GCA and used to select the best parental
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lines; other BLUP values are used to select the best
crosses using the sum of the SCA of the cross, the
GCA of the male, and GCA of the female parent in
that cross. BLUPs for the individuals could be used
to select the best individual to serve as good parents
in future crosses or as hybrids for further evaluation
or release.

Results
Variance components and heritability estimates

Genetic and non-genetic variance components as
obtained by fitting the LMM for the different traits
are given in Table 3. Figure 1 illustrates the addi-
tive, dominance and epistasis variance components as
calculated from the additive, family and clonal vari-
ance components, and seasonal variance components,
for the yield traits. The analysis revealed significant
(»<0.05) and highly significant (p <0.001) addi-
tive effects for all traits except for the NS, NFL and
DFH. All traits had estimates of the dominance and
epistatic variance components close to zero, except
for NS and PS for which the strongest and significant
genetic component was the dominance variance com-
ponent. Some of the genetic variance was allocated
to epistatic variance for BW and PG, albeit not sta-
tistically significant. Seasonal variations were very
small and non-significant for yield-related traits. The
variance components associated with seasonal vari-
ation in planting time (YP:SP) were highly signifi-
cant (p<0.001) for agronomic traits except for PG,
and non-significant for cycling traits except for DPF.
Seasonal variation in flowering time (YF:SF) was
significant (p <0.001) for only NS and NFL among
the agronomic traits and for DPF and CT among the
cycling traits. The cycle:year:season component of
flowering was a significant (p <0.01) source of vari-
ation for BW, NH and FC, among the yield-related
traits, and for PG (p <0.001) and PS (p <0.05) among
the agronomic traits. The additive variance compo-
nent for all yield-related traits except BW and NH
was the highest in proportion to the total variation
(Fig. 1).

Broad-sense heritability (H?) and narrow-sense
heritability (h?) estimates varied from 0.68 for FC, to
zero for DPF and CT (Table 4).
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Fig. 1 Plot of variance
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For all yield-related traits, both H? and h* esti-
mates were above 0.5, except h? for BW. Only PH,
among the agronomic traits, had an H? above 0.5.
There was a low H* and h? for all cycling traits. Inter-
estingly, except BW, H? and h? estimates were similar
for all yield-related traits, NFL and PH, while h? was
smaller than H? for all other traits.

Genetic correlations

The estimates of additive genetic correlation between
the evaluated traits ranged from 0.01 to 0.99 in cycle
1 (Table 5) and from 0.05 to 0.99 in cycle 2 (Table 6).
The highest positive correlations were observed
among the yield-related traits (0.84<r<0.99,
p<0.001). A positive and significant correlation was
observed between BW and all fruit traits (FC, FL,
FW) except NH in cycle 1, which were similarly sig-
nificant and positively correlated to each other. Yield
per year was significant and positively correlated with
all yield-related traits except NH. The number of
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hands had a significant positive correlation with PH,
and PG, but had non-significant negative correlations
of low magnitude with the cycling traits DPF, DFH
and CT. There were significant and positive correla-
tions of high magnitude (0.80<r<0.94, p<0.001;
Table 4) for all yield traits between cycle one (plant
crop) and cycle two (first ratoon crop). Plant height
and PG, also had a positive significant correlation
of high magnitude (r>0.60) between cycle one and
cycle two (Table 4). The model failed to estimate the
correlation coefficients across cycles for PS and DFH.

Progeny performance and parental combining ability
for yield traits

The additive best linear unbiased predictor (BLUP)
values were used to assess the performance of the
parents and the progeny in both cycles (Supple-
mentary Tables S4 and S5). The additive BLUP
estimates for BW among the female parents ranged
from —1.4 (Kahuti) to 2.4 (Akondro mainty), and
for yield per year, from —2.4 (Ijihu Inkundu) to
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Table 4 Broad-sense (H?), narrow-sense (h%) heritability esti-
mates for all traits and correlation of traits between cycle 1
(plant crop) and cycle 2 (first ratoon crop)

Trait category Trait H > " correlation

Yield BW  0.61+0.07 044+0.18  0.80%**
NH 0.55+0.08 0.55+£0.08  0.86%**
FC 0.68+0.05 0.68+0.05  0.93%**
FL 0.60+0.06 0.60+£0.06  0.93%**
FW  058+0.06 0.58+0.06  0.94%%*

YLD 0.56+0.12 0.56+0.12
Agronomic NS 046+0.11 0.16+0.16

NFSL 0.27+0.08 0.27+0.08 —0.40

PH 0.68+0.06 0.68+0.06  0.61%%**

PG 0.43+0.08 0.24+0.13  0.68***

PS 0.30+0.08 0.14+0.08 -

Cycling DPF 0 0
DFM 0.16+0.14 0.03+0.09 -
CT 0 0

BW bunch weight at full maturity (kg), NH number of hands,
FL fruit length (mm), FC fruit circumference (mm), FW fruit
finger weight (grams), YLD yield/year/plant (kg), NFL num-
ber of standing functional leaves at flowering, PH plant height
at flowering (cm), PG plant girth at 100 cm from soil surface
(cm), PS plant stature, NS total number of suckers at flowering,
DPF days to flowering, DFH days to fruit maturity, CT cycling
time (days)

*, kR kk¥ gpdicate significant at p<0.05, p<0.01 and
p<0.001, respectively. ‘-’ indicates correlations not estimable
by the model

2.3 (Huti-White). Four and two female parents had
negative BLUP values for BW and yield per year,
respectively. The progeny had a higher range of
additive BLUP values than their female parents for
BW (-2.6 to 3.8) and yield per year (=3.0 to 8.7).
Of the ten best-performing genotypes according
to their additive BLUPs for BW, nine were prog-
eny and one parent (Supplementary Table S4 and
Fig. 2a) while nine (all among the top performers
for BW) were progeny and one parent for yield per
year (Supplementary Table S4). The trend described
above for BW is for the plant crop (cycle one) but a
similar trend was observed in the first ratoon crop
(cycle two) (Fig. 2b). Since breeding value (BV) is
twice the GCA, the trend for GCA of parents is sim-
ilar to the trend of the described above.

Discussion
Variance components and combining ability

The results from this study show that the strongest
genetic variance component for most traits especially
yield-related characteristics in this breeding popula-
tion, is primarily the additive variance component.
This has been observed previously by Tenkouano
et al. (2012), who reported the predominant role of
additive genetic effects on the expression of bunch
weight, fruit filling time and fruit length in triploid
plantain half-sib families from crosses between the
tetraploid plantain-banana hybrids and improved
diploid germplasm (either plantain-banana derived
hybrids or improved banana germplasm). Domi-
nance was detected only for cycling traits DPF and
DFH, and epistatic variance only for BW and PG
though non-significant. The relatedness among the
female parents since they belong to the same clonal
set (Onyango et al. 2009) could have led to reduced
heterozygosity in the progeny and hence less oppor-
tunity for detecting dominance and epistatic effects,
and inflated estimates of additive variance because
dominance and epistatic effects may be confounded
with additivity. The significance and magnitude of
the additive genetic effects for all traits except for the
number of suckers, number of functional leaves and
days from flowering to harvest, indicate that breeding
progress for these traits in diploid banana breeding
is feasible. Similar observations of significant GCA
and non-significant SCA for yield traits have been
reported in plantain-banana hybrids (Oselebe and
Tenkouano 2008; Tenkouano et al. 1998). This would
suggest that differences in additive effects of the par-
ents are the main reasons for the differences among
the offspring and that exploring intra- and inter-locus
interaction is of less importance in the improvement
of this population. For maximum genetic gain, the
breeding strategy for Mchare diploid banana breed-
ing should similarly focus on the development and
selection of cultivars, by the accumulation of favour-
able alleles as suggested for the 4x — 2xand/or 3x
— 2xbreeding scheme in the generation of elite dip-
loid and tetraploids hybrids to be used as parents and
secondary triploids (Ortiz 2013; Ortiz and Swennen
2014).

The non-significant YP:SP and YF:SF for yield
traits could be because the experimental station
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Table 5 Additive correlation coefficients between traits in cycle 1

BW NH FC FL Fw YLD NS NFL PH PG PS DPF DFH
BW
NH 0.07 ns
FC 0.88***  —0.17
FL 0.84*** 0.07 0.94%%*
Fw - -0.09 0.99%** 0.99%**
YLD 0.99%%* 0.04 0.90%** 0.86%**  (0.99%**
NS -024  0.09 0.17 -0.55 - 0.37
NFL  0.04 -0.13 - 0.30% 0.27 0.06 0.38%
PH 0.44%* 0.77%%* 0.22 0.39% 0.01 0.46* - 0.44
PG 0.49 0.58**  0.23 0.45 0.34 -0.09 0.16 0.30 0.937%%%
PS 0.28 - 0.25 0.26*%*  0.49 0.03 =006 -0.12 - 0.47
DPF  0.53 —-0.14  0.61%%* 0.56*%* —0.12 0.40 - 033 -0.19 005 -
DFH 0.19 —0.05 0.16 0.10 -0.04 - - 0.15 0.31 - - -0.12
CT -0.33 0.12 0.15 -0.59 -0.23 0.39 0.37 - -0.22 - - - -

BW bunch weight at full maturity (kg), NH number of hands, FL fruit length (mm), FC fruit circumference (mm), FW fruit finger
weight (grams), YLD yield/year/plant (kg), NFL number of standing functional leaves at flowering, PH plant height at flowering
(cm), PG plant girth at 100 cm from soil surface (cm), PS plant stature, NS total number of suckers at flowering, DPF days to flower-

ing, DFH days to fruit maturity, CT cycling time (days)

* ok kkE jndicate significant correlation at p <0.05, p <0.01 and p <0.001, respectively. ‘~’ indicates correlations not estimable by

the model

Table 6 Additive correlation coefficients between traits in cycle 2

BW NH FC FL FW NFL PH PG PS
BW
NH 0.49%
FC 098+ 0.18
FL 0.85%# 0.28 -
FW 0.8 0.28 - -
NFL 024 0.39 -0.15 —0.40 —0.11
PH 072 0.99%# 0.51%* 070+ 0.34 0.15
PG - 0.87%* 0.75%++ 0.67 0.8+ 0.30 -
PS - - 0.33 - - - - -
DFH -0.15 -0.22 -0.05 -0.23 -0.57 0.65 - - -

‘~ indicates correlations not estimable by the model

BW bunch weight at full maturity (kg), NH number of hands, FL fruit length (mm), FC fruit circumference (mm), FW fruit finger
weight (grams), NFL number of standing functional leaves at flowering, PH plant height at flowering (cm), PG plant girth at 100 cm

from soil surface (cm), PS plant stature, DFH days to fruit maturity

* k% k%% indicate significant correlation at p <0.05, p<0.01 and p <

where this trial was conducted had access to year-
round irrigation, which may have reduced the impact
of seasonal variation during planting, flowering, and
fruit development, hence a non-significant variation
for yield traits. Further research should evaluate the

@ Springer

p<0.001, respectively

impact of seasonal variation in farmers’ fields where
the plantations are primarily rain-fed as this is impor-
tant for later on-farm trials of selected hybrids. The
significant Cycle:Year:Season of flowering effect
identifies an important source of variation for yield
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traits, plant height and plant stature, thereby sug-
gesting that flowering season and different seasons
between years and cycles affect these traits. This is
because cycle number (whether a particular plant is
the first ratoon (cycle 2) or the second ratoon crop
(cycle 3) is determined when that plant or ratoon is
flowering (when the inflorescence containing the
female and male flowers appears at the top of the
plant), so this makes cycle dependent on when flow-
ering occurs. Most variance components in this study
had high standard errors. This is expected as there
was a limited number of progenies used in the trial.
The small family size with related parents, and few
offspring per family may also have led to the diffi-
culty in capturing all the genetic variance and con-
founding of variance components of the target traits,
making it difficult to partition them accurately. This is
a challenge also faced in tree breeding (Baltunis et al.
2009; Chen et al. 2020; Isik et al. 2003). Thus, there
is a need to establish the optimal family size required
to capture the maximum genetic gain possible. The
use of deeper pedigree records, if available, and
appropriate statistical models such as genomic and
or hybrid best linear unbiased predictions (GBLUP,
HBLUP models) is recommended to correct for such
relatedness effects (Crossa et al. 2017; Jiang and Reif
2015; Munoz et al. 2014). In addition, the parent gen-
otypes were not randomly sampled from the popula-
tion. Calcutta 4 and Borneo were selected as males
for their host plant resistance to pathogens (particu-
larly to Fusarium oxysporum f. sp. cubense causing
wilt) and abundant production of pollen despite their
undesirable bunch characteristics (Calcutta 4 and
Borneo) (Bayo et al. 2024; Ortiz 2015; Pillay et al.
2012), while the females referred to generally as
‘Mchare’ are farmer-preferred landraces that belong
to the same clone set (Onyango et al. 2009). This
may not strictly follow the assumptions that ‘there is
no selection among parents or progeny’ and that ‘the
reference population is a non-inbred random mating
population’, which might affect the genetic variance
components (Lynch and Walsh 1998).

Among the principal aims considered in most crop
breeding programs is the identification and selection
of the best-performing lines (clones in the case of
bananas) for commercial release and use as parents
in future crossing schemes (Oakey et al. 2006). The
genetic combination of identified parents determines
the genetic variability among progeny populations,

which eventually is exploited during selection
(Balzarini 2000). Hence, parent evaluation is critical
in any plant breeding program. Making crosses with
complementary genotypes is expected to increase
genetic gains in populations because of a higher accu-
mulation of additive genes (Stringer et al. 2011; Zhou
and Mokwele 2016). Through conducting mating
designs such as factorial or diallel, the genetic influ-
ences of these parental genotypes can be partitioned
into additive and non-additive components (Topal
et al. 2004).

The analysis from the clonal model indicated that
additive effects were highly significant; however, the
GCA values of the parents were not significant, and
differences in GCA among female parents in this
study did not relate to their performance in their off-
spring. This shows that parental performance may not
be an accurate indicator of breeding value because
most banana accessions are genetically heterozygous.
The inconsistent performance of the parents could
also be due to the limited number of progenies per
Cross.

Heritability

The high H? of yield-related traits indicates sufficient
genetic variation, making improvement feasible. The
h? was high and similar to H? for yield-related traits,
which confirms that these traits are under the control
of additive gene action. General combining ability
effects represent the fixable and heritable component
of genetic variance and have a direct association with
narrow-sense heritability and homozygosity (Fasa-
hat et al. 2016). The highly significant additive vari-
ance for yield traits reported in this study and high 4?
further indicate the predominance of additive gene
action for these traits and the recommendation for
recurrent selection as the trait improvement-breeding
scheme. The response to selection is defined by the
equation:

R = K’S.

where R is the response to selection, S is the selec-
tion differential and A” is the narrow-sense heritabil-
ity (Falconer and Mackay 1996; Piepho and M6Hring
2007). Hence, the high /? for yield traits reported in
this research will increase the response to selection
leading to increased genetic gain. The H> and h* for

@ Springer
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«Fig. 2 Ranking of genotypes according to their Best Linear
Unbiased Predictor (BLUP) values for bunch weight in the
plant crop (A) and bunch weight in the first ratoon crop (B)

yield-related traits found in our study are lower than
those previously reported by Nyine et al. (2018),
Batte et al. (2020), and Toniutti et al. (2022) in trip-
loid banana populations, and those summarized by
James et al. (2012) in Musa. This is because heritabil-
ity estimates are known to vary with different study
populations, environments, and methods of computa-
tion (Acquaah 2007; Umar et al. 2014) and because
their definitions are not consistent across studies. For
example, Nyine et al. (2018) used genomic BLUP
(GBLUP), while Batte et al. (2020) applied a for-
mula that accounted for three cycles and three years
of experiments to calculate H> in large Matooke
populations.

Both methods of computation differ from our
approach, as described in Sect. 2.4.2, as well as in
study population, sample size and ploidy levels (trip-
loid vs diploid levels).

Genetic correlations

The positive and significant genetic correlation
observed between BW and all fruit traits (FC, FL,
and FW), along with their high heritability esti-
mates, suggests that these traits can be improved
simultaneously. Selecting for large fruits is likely
to also result in heavier bunches. Similarly, yield
components can serve as indirect selection cri-
teria for yield improvement in Mchare breeding
populations, as previously suggested for plantain
germplasm in Nigeria (Tenkouano et al. 2002).
Previous studies have reported that fruit number,
fruit weight, fruit length, finger circumference and
the number of hands are key traits contributing to
bunch weight and, ultimately, yield in bananas (Bai-
yeri et al. 2000; Batte et al. 2021; Tenkouano et al.
2002). Early-cycle phenotyping can be reduced by
initially selecting for bunch weight, followed by
selection for component traits of yield such as fruit
dimensions. This would save labour, resources and
time. The significant, positive and high genetic cor-
relations among yield traits observed in this study
align with findings by Uwimana et al. (2020) and
Nyine et al. (2017). The positive and significant

genetic correlation between the number of hands
with plant height and plant girth suggest that
increasing the number of hands will result in taller
and sturdier plants capable of supporting the larger
bunches until harvest. A similar trend was observed
in the plant crop (cycle 1) of irrigated diploid and
triploid banana genotypes in Tanzania (Uwimana
et al. 2020). The genetic correlation between plant
height and bunch weight in cycle one is of low mag-
nitude. This suggests that the selection of dwarf
Mchare hybrids with heavy bunches may be possi-
ble. A similar significant but low genetic correlation
(r=0.37, n=307; and r=0.41, n=36, significant
at p <0.05) between plant height and bunch weight
has been reported in triploid Musa hybrids (Nyine
et al. 2017; Tenkouano et al. 2002). However, Ortiz
(1997) reported higher genetic correlations between
these two traits in tetraploid-plantain (r=0.78,
n=233 significant at p<0.001) and diploid-plan-
tain hybrids (r=0.56, significant at p <0.001), as
observed in cycle two in our study.

In bananas, maximal yields are typically achieved
in their first ratoon or later. Traditionally, practice
has been to select high-yielding progeny once data
of the ratoon crop 1 and even of ratoon crop 2 are
available (Batte et al. 2019; Madalla et al. 2022;
Tushemereirwe et al. 2015). However, our results
show that selection of the highest yielding hybrids
can be made already when the plant crop is har-
vested, given the strong and significant genetic cor-
relations (above 0.79) observed between the plant
crop and first ratoon crop for all yield-related traits.
This means that if a hybrid performed well in the
plant crop (cycle 1) for BW, NH, FC, FL and FW,
traits that are proxies of yield, it continued to per-
form as well or even better in the first ratoon crop
(Fig. 2a, Fig. 2b). The observation for bunch weight
with a genetic correlation of 0.56 (significant at
p<0.001) between the plant crop and first ratoon
crop was first reported in Musa cv. AAB False Horn
plantain in Nigeria (Swennen and De Langhe 1985).
This is an important observation for banana breed-
ing as it indicates that the selection of hybrids for
these traits can be done in the plant crop (cycle 1)
instead of waiting for the second fruit cycle (ratoon
crop). Selecting in cycle one instead of selecting
after two harvests saves at least two years enabling
faster breeding decisions and greater genetic gain.
The failure of the model to estimate the correlation
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coefficients between cycle one and cycle two for PS
and DFH is likely due to very low additive variance
estimates in one cycle compared to the other cycle
for these traits (see Supplementary Table S6).
Using the equation of Moose and Mumm (2008),
Wi

AG = —2
L

where AG is the genetic gain, 4* is the heritability,
o, is the phenotypic variability in the population, i is
selection intensity and L is the length of the selection
cycle; our work shows that the large narrow-sense
heritability and restriction to only data from one cycle
contributes to increasing genetic gain in bananas,
by increasing the numerator (h?) and reducing the
denominator (L), the latter with at least two years.
This will increase genetic gain for yield traits.

Conclusion

The clonal model using the pedigree-based BLUP
method identified highly significant additive genetic
variation for most traits evaluated. The partitioning
of the genetic variation into additive and non-additive
effects led to an improved estimation of narrow-sense
heritability (h?). The strong, significant and positive
genetic correlations for yield traits between the plant
crop and the first ratoon crop demonstrate the poten-
tial to improve selection efficiency in a diploid breed-
ing population by reducing the length of the selection
cycle. These results improve our current understanding
of the genetic control and architecture of quantitative
traits that should be considered when developing breed-
ing strategies for the diploid Mchare banana improve-
ment program.
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