AcTA UNIVERSITATIS AGRICULTURAE SUECIAE

S

SLU

DocTtoraL THESIS NO. 2024:94
FAcuLTY OF LANDSCAPE ARCHITECTURE, HORTICULTURE
AND CROP PRODUCTION SCIENCE

Genetic improvement of bananas for
East Africa

VI1OLET AKECH

Huti-White Calcutta 4







Genetic improvement of bananas for
East Africa

Violet Akech

Faculty of Landscape Agriculture, Horticulture and Crop Production
Science

Department of Plant Breeding
Alnarp

e

SLU

SWEDISH UNIVERSITY
OF AGRICULTURAL
SCIENCES

DOCTORAL THESIS
Alnarp 2024



Acta Universitatis Agriculturae Sueciae
2024:94

Cover: Mchare banana landrace (left hand) that was crossed with wild diploid (right hand) to
produce the high-yielding and Fusarium wilt resistant hybrid (T2070-1) (Violet Akech, 2024,
Licence under 1ITA)

ISSN 1652-6880

ISBN (print version) 978-91-8046-421-5

ISBN (electronic version) 978-91-8046-429-1
https://doi.org/10.54612/a.4617i0mre4

© 2024 Violet Akech, https://orcid.org/0000-0003-2330-0682

Swedish University of Agricultural Sciences, Department of Plant Breeding, Alnarp, Sweden

The summary chapter of this thesis is licensed under CC BY NC 4.0. To view a copy of this
license, visit https://creativecommons.org/licenses/by-nc/4.0/. Other licences or copyright
may apply to illustrations and attached articles.

Print: SLU Grafisk service, Alnarp 2024



Genetic improvement of bananas for East
Africa

Abstract

Banana (Musa spp.) is an important food and income security crop for millions of
people in the global tropical and subtropical South. However, its improvement
through crossbreeding is challenging because of the limited number of offspring for
evaluation, unsynchronized data, and a long, expensive and tedious breeding process
that leads to low rates of genetic gains. This thesis aimed to determine how much
genetic diversity exists for Musa breeding and explore the potential of accelerating
genetic gain through optimization of the Mchare breeding pipeline, considering three
approaches; 1) evaluate the crop’s genetic diversity and population structure, 2) use
the clonal model to determine the level of genetic variation and its decomposition
into additive, dominance and epistasis and 3) integrating genomic information to
improve estimates of genetic parameters for key traits in banana trials.

The genetic diversity was low, especially among the diploids and tetraploids.
Musa accessions with the potential to be used for parental improvement were
identified. The Additive variation was significant (p < 0.001) and was the strongest
genetic variance for all vyield-related traits. Therefore, focusing on parental
improvement and selection of the best parents is recommended for genetic gains in
Mchare banana populations. The highest positive correlations were observed among
the yield-related traits. The correlation between the plant crop and the first ratoon
crop for all yield-related traits was significant, positive and of high magnitude (0.62
>r<0.81, p<0.001). The estimated narrow-sense heritability (h?) was > 0.50 for all
yield-related traits. The hybrid, H-BLUP (best linear unbiased predictor) model had
the highest prediction accuracies for yield-related traits, while the pedigree-based,
P-BLUP, model had the highest prediction accuracies for agronomic traits. The
implications of this research extend to the identification of available genetic
diversity, and enhancement of the accuracy of estimating genetic parameters using
marker-based models. The research aids the breeder in the amount of genetic gain
that can be anticipated and also paves the way for further genomic exploration in
diploid banana breeding programs.

Keywords: Additive variance, clonal model, G-BLUP, genetic diversity, H-BLUP,
heritability, Musa, non-additive variance, P-BLUP, prediction accuracy






Genetic improvement of bananas for East
Africa

Abstract

Banan (Musa spp.) ar en viktig groda bade for livsmedelsforsorjningen och som
inkomstkalla fér miljontals manniskor i de tropiska och subtropiska delarna av
varlden. Banan foradling &r dock utmanande pa grund av det begrénsade antalet
avkommor som kan utvérderas, osynkroniserade data samt en lang, kostsam och
arbetsintensiv foradlingsprocess som resulterar i sma genetiska framsteg. Syftet med
den har avhandlingen var att undersoka den genetiska diversiteten som finns att tillga
for Musa-foradling och att utforska mojligheterna att paskynda genetiska framsteg
genom optimering av foradlingsprocessen for Mchare, med tre angreppssatt: 1)
utvardera grodans genetiska diversitet och populationsstruktur, 2) anvanda den
klonala modellen for att faststélla nivan av genetisk variation och dess uppdelning i
additiv genetisk varians, dominans och epistasi, och 3) integrera genomisk
information for att forbattra uppskattningar av genetiska parametrar for
nyckelegenskaper i bananforsok.

Den genetiska diversiteten var lag, sarskilt bland diploider och tetraploider.
Musa-accessioner med potential att anvéndas for forbéttring av foraldralinjer
identifierades. Den additiva genetiska variationen var signifikant (p < 0,001) och
hade den starkaste genetiska variansen for alla avkastningsrelaterade egenskaper.
Darfor rekommenderas att fokus laggs pa ah forbattra och raljd ut de bésta
foraldrarna for att uppné genetiska framsteg i Mchare-bananpopulationer.

De hogsta positiva korrelationerna observerades bland de avkastningsrelaterade
egenskaperna. Korrelationen mellan moderplantan och det forsta rotskottet var
signifikant, positiv och av hog magnitud (0,62 > r <0,81, p < 0,001) for alla
avkastningsrelaterade egenskaper. Den uppskattade arvbarheten (h?) var > 0,50 for
alla avkastningsrelaterade egenskaper. H-BLUP (best linear unbiased predictor)
hade de hogsta prediktionsnoggrannheterna for avkastningsrelaterade egenskaper,
medan P-BLUP-modellen hade de hdgsta prediktionsnoggrannheterna for
agronomiska egenskaper. Implikationerna av denna forskning omfattar identifiering
av tillganglig genetisk diversitet, forstdelse for de kvantitativa egenskapernas
arkitektur och forbattrad noggrannhet i uppskattningen av genetiska parametrar med
hjalp av markorbaserade modeller samt en bedémning av de genetiska framsteg som



en forédlare kan forvénta sig. Forskningen banar dessutom vég for vidare genomisk
anvandning inom diploid bananforadling.
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1. Introduction

Bananas and plantains (Musa spp.) are the one of the world’s favourite fruit,
grown in the tropical and sub-tropical regions. With an estimated global
production of 140 million metric tons, 85% of the world's banana crop is
grown by small-scale farmers for food and as a product for sale at local and
regional markets (De Buck & Swennen, 2016; Evans et al., 2020; Ochola et
al., 2013). Banana produces fruit throughout the year (Lescot, 2020; Nayar,
2010), making it a critical crop for more than 70 million people in Africa and
a staple for over 30 million people in the Great Lakes Region of East Africa
(that includes Burundi, Rwanda, north-eastern Democratic Republic of the
Congo, Uganda and north-western Kenya and Tanzania). The East African
highland bananas (EAHB) and plantains make up approximately 70% of all
bananas grown on the continent (Adeniji et al., 2010; Pillay et al., 2001).
The EAHBs dominated by the triploid Matooke (AAA subgroup) in Uganda
and the diploid Mchare (AA subgroup) in Tanzania, represent a unique set
of Musa germplasm mainly found in the East and Central Africa (ECA) high
land region (Tushemereirwe et al., 2015) that are cooked before
consumption.

The growth in domestic demand volume over the next 30 years, for
plantain and banana in Sub-Saharan Africa has been estimated at 40 million
metric tons and 24 million metric tons, respectively (IFPRI, 2022). To satisfy
this demand and world demands, only 10% of these demands may be met by
increasing the area under cultivation; the remaining 90% must be met by
increasing yields per unit area (harvests per hectare) (77%) and cropping
intensity (yields per year) (13%) (IFPRI, 2022). Current yields in metric tons
per hectare per year in East Africa are still low (Uganda: 5.5 t ha™ year™,
Tanzania: 8.4t halyear?, Rwanda: 8 t halyear?, Kenya: 4.5t0 10t hayear
Land Burundi: 5t hatyear') (BMGF 2014; Gaidashova et al., 2010; Kamira
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et al., 2013;), compared to potential yields of 70 metric tons per hectare per
year (Ndabamenye et al., 2012; Stevens et al., 2020; Wairegi et al., 2010).
The low yield is attributed to the banana pathogens, pests, and abiotic
constraints including, but not limited to, declining soil fertility and factors
associated with climate change such as drought and heat stress (Uwimana et
al., 2020; van Asten et al., 2011). Genetic improvement has proved to be the
most sustainable approach to increase yield by developing improved hybrids
showing stable high yields, resilience to biotic and abiotic stresses, and
meeting the consumers’ quality preferences.

These constraints are the major focus of the banana breeding programs
with the general objective of developing improved hybrids with high and
stable yield and quality to meet the market demands of consumers, using
genetic improvement as the most sustainable approach. However, improving
bananas is challenging since it is a clonally propagated crop and asexual
behaviour is often a barrier to cross-breeding and the most important
cultivars are sterile and hardly produce seeds even when hand-pollinated
(Batte et al., 2019; Pillay & Tripathi, 2008; Ray, 2002). The polyploidy
nature of the crop hampers the breeding process due to reduced fertility and
hence, poor seed set (Batte et al., 2019; Ssebuliba et al., 2005). The breeding
process is also slow and expensive due to the growth habit and space
requirements of bananas; it takes up to three years from seed to seed and
requires 6 to 9 m? per plant. A narrow genetic base in the bananas further
compounds the problem. Furthermore, the perennial nature of the crop
creates a very heterogeneous field of plants at different developmental
stages, making evaluations and selections difficult for breeders (Tixier et al.,
2004).

This thesis aimed to lay the foundation towards the improving the core
breeding clones used as diploid and tetraploid parents in Musa breeding
schemes and to aid in the optimization of the breeding pipeline of the ITA
Mchare breeding program of Tanzania. The focus on the Mchare banana for
the second part of this thesis is because the hybrids used in this study,
developed from the diploid x diploid crosses are confirmed to be diploids.
This makes them more useful in understanding banana genetic architecture
at a more basic ploidy level. To achieve this, three research approaches were
explored: (i) determining the genetic diversity and population structure
among banana germplasm used as parental material in five major banana-
breeding programs using DArTseq single nucleotide polymorphism (SNP)
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markers; (ii) using the clonal model and the pedigree-based BLUP procedure
to determine the level of genetic variation and its decomposition into additive
and non-additive (dominance and epistasis) components, and estimate the
breeding values to enhance selection efficiency for key traits of interest and
(iii) integrating genomic information into the clonal model to improve the
partitioning of the variance components, yielding more accurate estimates of
heritability and genetic effects to improve efficiency in diploid banana
breeding.

23
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2. Background

2.1 Origin and domestication of banana

Bananas and plantains collectively known as bananas are large perennial
herbaceous monocotyledonous plants. The wild species of bananas are
diploids (2n = 2x) with 14, 18, 20 or 22 chromosomes (Deepthi, 2016). The
cultivated bananas with 22 (2n = 2x), 33 (2n = 3x) or 44 (2n = 4x)
chromosomes arose from intra- and interspecific hybridization between two
wild diploid species that belong to section Eumusa of the genus Musa
(Cizkova et al., 2015; Deepthi, 2016; Simmonds & Shepherd, 1955), namely
M. balbisiana Colla that provided the B genome and M. acuminata Colla that
donated the A genome. Recent research, however, have indicated
hybridizations with unidentified ancestral contributors from uncharacterized
gene pools (Jeensae et al., 2021; Martin et al., 2020; Sardos et al., 2022). A
wide range of genomic combinations and ploidy levels were produced
because of this hybridization n and 2n gametes of the wild species, as well
as diploid (AA, AB), triploid (AAA, AAB, ABB) and tetraploid (AAAB,
AABB, ABBB) cultivars (Manzo-Sanchez et al., 2015; Nayar, 2010). It is
from these combinations that we have, for instance, East African highland
cooking (Matooke AAA and Mchare AA), East African highland beer
bananas (AAA), dessert bananas (AAA and AAB) and Plantains (AAB).
The earliest domestication of bananas (Musa spp.) is considered to have
been in Southeast Asia and the Pacific regions (Castillo & Fuller, 2012) from
where the crop was introduced to other regions of the world (Simmonds,
1962). Archeobotanical, cultural, and linguistic evidence combined with
genetic results, suggest that bananas came into Africa between 2,000 and
6,000 years ago through the Indian Ocean islands such as Madagascar,
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Zanzibar, Comoros, and Pemba by various waves of migration of the
Austronesian populations from Southeast Asia (Blench, 2009; De Langhe,
2009; De Langhe et al., 1994; Mbida Mindzie et al., 2001; Perrier et al.,
2019). Evidence of banana cultivation from the archeobotanical studies, and
the indicated number of cultivars and their socioeconomic importance in the
humid tropics of West and Central Africa elucidates that plantains have been
cultivated for more than two millennia (De Langhe, 1964; Mbida Mindzie et
al., 2001). It has been proposed that Bornean migrants who travelled over
the coastal regions of South Arabia may have carried plantains from India or
Sri Lanka to Africa (Fuller & Madella, 2009; Lejju et al., 2006).

2.2 Banana classification and diversity

Bananas and plantains belong to the genus Musa, the order Zingiberales and
the family Musaceae. The genus Musa with about 70 confirmed species was
previously divided into five sections: Australimusa (2n = 2x = 20), Callimusa
(2n = 2x = 20), Eumusa (2n = 2x = 22), Rhodochlamys (2n = 2x = 22), and
Ingentimusa (2n = 2x = 14) (Swennen and Vuylsteke, 2001; Daniells et al.,
2001; Wong et al., 2002). However, recent revision by Hakkinen (2013) and
evidence from molecular studies (Hfibova et al., 2011) recognize only
section Callimusa, which combines Australimusa, Callimusa and
Ingentimusa, and section Musa, which combines Eumusa and
Rhodochlamys. Most cultivated bananas arose from section Eumusa, which
is the largest containing 11 species namely, M. acuminata, M. balbisiana, M.
schizocarpa, M. basjoo, M. itinerans, M. flaviflora, M. sikkimensis, M.
cheesmani, M. nagensium, M. halabanensis and M. ochracea. Musa
acuminata is the most diverse with several subspecies including burmannica,
siamea, malaccensis, truncata, microcarpa, zebrina, errans and banksii
(Perrier et al., 2011).

A distinct group of about 70 cultivars endemic to the East African
region referred to as the East African Highland Bananas (EAHB) arose by
large variability caused by somatic mutations or possibly epigenetics. These
include both the triploid East African highland cooking and beer bananas
(AAA) and the diploid Mchare bananas (AA) making up approximately 64%
of all bananas grown in Africa (Lescot, 2020). Hence, East Africa is a
secondary centre of banana diversity (De Langhe, 2009; Kitavi et al., 2016).
Events of natural mutations over a long period may have led to a
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diversification of African plantain as suggested by evidence from a large
number of African plantain cultivars that have never been recorded
elsewhere (Adheka et al., 2018a; Adheka et al., 2018b; Adheka et al., 2018c;
Blench, 2009; De Langhe, 2007). These mutations gave rise to secondary
plantain cultivars (De Langhe, 1964; De Langhe & de Maret, 2004),
consequently making West and Central Africa a centre of secondary
diversity for the plantain (Swennen, 1990).

2.3 Importance and production of banana

Bananas are valuable for food security as a major staple in dietary needs and
as a source of supplemental income for hundreds of millions of people in the
global tropical and subtropical South (Aurore et al., 2009; Kilimo, 2012;
Ploetz & Evans, 2015 ). In East, West, and Central Africa, bananas provide
about 25% of food energy requirements for about 90 million people
(Sharrock et al., 2001). The non-seasonality of the banana crop guarantees
the production of fruits throughout the year (Calberto et al., 2015; Lescot,
2020; Nayar, 2010), serving as a food security crop and ensuring regular
income flow for the farmers. The dessert type (Cavendish, AAA) eaten when
ripe yellow, is the most consumed banana in temperate countries and is
grown for export, thus being a source of income for the producing countries
(FAO, 2014). Pome, Silk, Mysore and Sukali Ndizi (AAB bananas) are also
consumed as dessert bananas in other regions. Plantains are AAB bananas
with high starch content and high provitamin A content (Amah et al., 2019a;
Amah et al., 2019b), with the fruit remaining firm even after ripening. They
are mostly eaten after roasting and or as plantain chips. The EAHB, include
the cooking types ‘Matooke’ (AAA) and ‘Mchare’ (AA) and brewing types
‘mbidde’. The former types is cooked when fresh green in different forms
while the latter, very astringent due to high tannin content, is allowed to ripen
before the juice is squeezed out of the pulp and fermented to make beer,
hence the name beer banana.

Global banana production increased by 15.4%, from 98.8 million metric
tons in 2008 to 114 million metric tons in 2017 (Evans et al., 2020) and is
currently reported to be at 140 million metric tons (Lescot, 2020). Asia is the
leading banana-producing continent, accounting for 55.9% of the total
production, followed by Africa (24.6%), America (16.1%), the Pacific
islands (1.7%), Oceania (1.3%) and Europe (0.4%) (FAO, 2022). India is the
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highest producer of ABB cooking bananas, which are starchy fruits and
sometimes cooked when ripe.

In Africa, 3.2 million farming households depend on plantains and 2.5
million farming households depend on bananas. They produced an estimated
12.4 million metric tons of plantains (93% from West and Central Africa)
and 9.8 million metric tons of highland, beer, and other cooking bananas
(88% from East Africa), respectively (Lescot, 2020). The Great Lakes
Region of East Africa is the leading producer of bananas (comprising
highland bananas, ABB and other cooking types) in Africa accounting for
88% of the total production with Uganda as the largest producing country in
Africa with 3.1 million metric tons of harvest followed by Tanzania with 2.7
million metric tons (Lescot, 2020).

2.4 Production challenges of banana

Banana yields in East Africa are currently only 9% of their potential yield,
despite the crop's significance and high demand (Ndabamenye et al., 2012;
Stevens et al., 2020; Wairegi et al., 2010). Banana production is affected by
both biotic and abiotic factors causing considerable fruit yield loss and
reduced plantation life span (Viljoen et al., 2017). The most economically
important pests are the banana weevil (Cosmopolites sordidus) and
nematodes (Radopholus similis and Helicotylenchus multicinctus) (Gold et
al., 2004; Ocan et al., 2008; Speijer et al., 1999), while the devastating
diseases include banana bacterial wilt caused by Xanthomonas vasicola pv.
musacearum (Biruma et al., 2007; Nakato et al., 2019; Tinzaara et al., 2016),
black leaf streak disease (also known as black Sigatoka) caused by the fungus
Mycosphaerella fijiensis Morelet (Barekye et al., 2009; Marin et al., 2003),
Fusarium wilt caused by Fusarium oxysporum f. sp. cubense (Arinaitwe et
al., 2019) and banana bunchy top disease, caused by the banana bunchy top
virus and transmitted by aphids Pentalonia nigronervosa (Boloy et al., 2014;
Ocimati et al., 2021; Shimwela et al., 2022).

Among the abiotic stresses, declining soil fertility (Wairegi et al., 2010),
drought and heat (Stevens et al., 2020; Uwimana et al., 2020; Vantyghem et
al., 2023; Varma & Bebber, 2019) are the most prevalent. The development
of improved banana hybrids with host plant resistance and tolerance to these
biotic and abiotic constraints, respectively, is the most economical strategy
to improve banana production.
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2.5 Banana breeding programs and strategies

The inter- and intraspecific hybridization events between the wild
progenitors gave rise to hybrids that had lost many of the wild characteristics
and had attributes attractive to humans, such as high yield, plant vigour,
seedlessness and palatability of fruits (Simmonds, 1962). Later there were
deliberate efforts and strategies to develop improved banana hybrids that
could overcome the production constraints that bananas were facing, initially
in 1922 in Trinidad, from where the first breeding program was then
expanded to Jamaica in 1924. The Fundacion Hondurefia de Investigacion
Agricola (FHIA), established in Honduras in 1984, was the first breeding
program to successfully release farmer-acceptable improved hybrids.

Apart from FHIA, there are a few globally recognized cross-breeding
initiatives. One such initiative is the International Institute of Tropical
Agriculture (IITA) in Nigeria, where research on bananas and plantains
began in 1976 but practical breeding only started in 1987 (Ray, 2002) when
IITA accepted the responsibility of breeding plantain and cooking bananas
for Africa with resistance to black leaf streak. This led to the establishment
of the Plantain and Banana Improvement Program (PBIP) in 1991 (Swennen
Vuylsteke, 1993; Vuylsteke et al., 1993a). The first breeding strategy was
crossing plantains with wild bananas leading to the first milestone of the
registration of 14 improved tropical Musa plantain hybrids with resistance to
black leaf streak in 1993 (Vuylsteke et al., 1993b). Breeding efforts in
Uganda to enhance the EAHB were initiated by the late Dirk Vuylsteke
(Vuylsteke, 2001). A collaboration between IITA and the National
Agricultural Research Organization (NARO) was initiated in the 1990s using
some of the banana improved diploid parents that IITA had developed at
Onne station in Nigeria (Vuylsteke et al. 1993a).

Banana breeding in Tanzania started in 2011 by IITA with a focus on
improving Mchare diploid bananas for yield, host plant resistance to pests
(weevils and nematodes) and pathogens (Fusarium wilt) and acceptable
consumer preferences (Brown et al., 2017; Madalla et al., 2023). In 2021,
IITA started a collaboration with the Tanzania Agricultural Research
Institute (TARI) where hybrids developed by NARO and IITA, called
NARITAs, were given to TARI to run performance trials (Madalla et al.,
2022a), followed by a handover of four Fusarium wilt-resistant Mchare
hybrids in 2023 for multi-locational evaluation by TARI (IITA, 2023). The
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primary objectives of IITA and the national program partners are to develop
hybrids with consumer-preferred qualities in terms of color, texture, taste,
short stature, reduced crop cycle, and good agronomic attributes that lead to
high yield and resistance to a complex of diseases and pests that affect
bananas and plantains (Brown et al., 2017; Nowakunda et al., 2023; Ortiz et
al., 1995; Swennen & Vuylsteke, 1993; Tenkouano et al., 2019; Tenkouano
& Swennen, 2004; Vuylsteke et al., 2010; Vuylsteke, Ortiz, et al., 1993).

The initial steps for conventional genetic improvement of bananas and
plantains by IITA and NARO have involved crossing the triploid cultivars to
be improved, with diploid breeding clones that are disease resistant to
produce tetraploid fertile hybrids. The tetraploid selections are thereafter
crossed with diploid cultivars, breeding clones or accessions to produce
secondary triploids that are sterile (Figure 1). This strategy has led to the
development of primary tetraploids and secondary triploids from triploid
French plantains Obino L’Ewai, Bobby Tannap, and Mbi Egome by the
Plantain breeding program of IITA (Ortiz et al., 1995; Tenkouano et al.,
2019; Tenkouano & Swennen, 2004; Vuylsteke et al., 1993a). The same
strategy was used in East Africa by IITA and NARO, to develop improved
tetraploids (AAAA) from EAHBs (AAA- landraces) by crossing to the wild-
seeded fertile male parent, Calcutta 4 (AA). The improved tetraploids
developed such as ‘365K-1’, ‘1201K-1’, ‘917K-2’, ‘660K-1’, ‘1438K-1’,
and ‘222K-1’ were fundamental in the development of the 27 high yielding
NARITA triploid banana hybrids with host plant resistance to the black leaf
streak (Brown et al., 2017; Madalla et al., 2022a; Madalla et al., 2022b;
Tushemereirwe et al., 2015). Four of these NARITA hybrids were released
in Tanzania as TARIBAN 1 (NARITA 4), TARIBAN 2 (NARITA 7),
TARIBAN 3 (NARITA 18), and TARIBAN 4 (NARITA 23). They are liked
by the farmers due to their resistance to black leaf streak, high yield (18 to
35 metric tons ha* year™) and acceptable consumer qualities (Madalla et al.,
2022a; Madalla et al. 2022b).

To select and advance the best-performing offspring as improved
hybrids or improved parental breeding material, bananas are evaluated in a
series of field trials such as early evaluation trials (EET) and preliminary
yield trials (PYT) (Brown et al., 2017; Ortiz, 2015; Ortiz & Vuylsteke,
1994). The hybrids are initially set up in an EET, where host plant resistance
to black leaf streak and bunch characteristics are evaluated throughout at
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least two crop cycles (plant crop and first ratoon crop). Following this trial,
a PYT is planted with the selected hybrids, and the yield potential as well as

Cultivated triploid Wild diploid

(3x) X (2x)

/N
=

2x

Improved

-

2x
X

Selection &
evaluation

Improved secondary triploid

Figure 1. The general crossbreeding scheme for banana and plantain improvement of the
International Institute of Tropical Agriculture (IITA) in sub-Saharan Africa (Akech,
2023).

agronomic and quality attributes are assessed for two crop cycles. In the
Advanced Yield Trials (AYT), which are multi-site and off-station and
sometimes referred to as Multi-Environment Trials (MET), selections from
PYT are assessed for stability in a variety of environmental conditions
(Madalla et al., 2022b). This process by IITA and NARO of Uganda and
now also used by TARI is summarized in Figure 2.

In Brazil, the Empresa Brasiliera de Pesquisa Agropecuaria (Embrapa)
was established in 1982 with the focus on improving the Pome and Silk,
‘AAB’ bananas for resistance to Fusarium, black Sigatoka, insects and
parasitic nematodes, reducing plant height and length of plant cycle and
increasing yield. The Embrapa banana breeding program employs two
strategies for the development of banana hybrids; hybridization between
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improved diploid and triploid parents and the use of tetraploid hybrids as
female parents and improved diploids as the male parent (Amorim et al.,
2011a; Bakry et al., 2009). The program is based mainly on the production
of AAARB tetraploids by crossing improved diploids (AA) with Prata (Pome)
and Maca (Silk) triploid bananas (AAB), aiming for a final product of
tetraploid sweet varieties such as Pacovan Ken: AAAB, Preciosa: AAAB
and Tropical: AAAB.

Crossing/ hybridization with improved diploids
(3x X 2v) / (4x X 2x)

Harvest
1-1.5 years | Seed extraction

ITA & Embryo rescue (tissue culture)
NARO Screenhouse
Early Evaluation Trial Bunch size and orientation, black
(EET) sigatoka resistance, parthenocarpy, ploidy
3 -4 years §
. ”: e above, ests @ disease resistance,
Preliminary Yield Trial The a w\-c plus pests and disease resistance
(PYT) post harvest qualities
: 3 -4 years l
NARO -

Multi- Environment /Advanced | As above, plus yield stability
Yield Trial (MET/AYT)

3 -4 years
v

Hybrid release |

Figure 2. Typical flow diagram of the banana evaluation and selection process used by
IITA and NARO (Adopted from Akech, 2023).

Such improved diploids include ‘SH3263’ of low stature, productive and
resistant to Radopholus similis and the ‘SH3362° with low stature,
productive and resistant to Race 4 of fusarium (Amorim et al., 2011a;
Ribeiro et al., 2018; Silva et al., 2001).

The National Research Centre for Bananas (NRCB) of India
incorporates both conventional and new breeding techniques in the
improvement of bananas. Potential tetraploids such as ‘BRS-01" Pome and
‘BRS-02 hybrids from crosses between the triploids ‘Agniswar’ and
‘Vanna’ with a diploid ‘Pisang Lilin> have been developed. Secondary
triploids with tolerance to leaf spot disease were produced from the primary
tetraploid hybrids by crossing with acuminata diploids (AA), ‘Matti’,

32



‘Tongat’ and ‘Sanna Chenkadali’. Doubled-diploids through in vitro
polyploidization of Indian diploid clones have resulted in the synthesis of
doubled-diploids (Bakry et al., 2009; Sathiamoorthy et al., 2001).

Even though the agronomic attributes towards high yield and pest
(weevils and nematodes) resistance are crosscutting for all regions and
breeding programs, the relative importance of the diseases and quality
attributes varies across the regions. For example, Fusarium wilt race 1 is of
higher importance to Brazil, India and Tanzania breeding programs while
black Sigatoka is of more importance to all the programs other than in
Tanzania. Similarly, the fruit quality preferences for each program vary
according to the end user’s taste and need. The NRCB targets among other
quality traits, total soluble solids (TSS) and acidity as quality traits for value-
added products such as wine and juice (Sathiamoorthy et al., 2001) while
Embrapa targets biofortification to increase Iron, Zinc and Vitamin A
(Amorim et al., 2011b) in the hybrids. The IITA and NARO breeding
programs have quality traits such as consumer-specific texture, taste, aroma
and pulp color making their way to the product profile as they have been
reported to affect consumer acceptability and adoption of improved banana
hybrids (Madalla et al., 2023; Marimo et al., 2019; Nowakunda et al., 2022).
The Katholieke Universiteit Leuven, Belgium maintains the world’s largest
banana germplasm collection, called the International Musa Germplasm
Transit Centre — ITC, on behalf of the Alliance of Bioversity International
and the International Centre for Tropical Agriculture (CIAT). This supports
the activities of these major breeding programs as a source of germplasm
(Ray, 2002; Lorenzen et al. 2010).

2.6 The Mchare banana and breeding program

Mchare are edible parthenocarpic diploid (AA) bananas that are a staple crop
for millions of subsistence farmers in Tanzania, grown in the north-central
and southern highlands of Tanzania and are preferred for their unique
textural characteristics (Brown et al., 2017; Onyango et al., 2009; Perrier et
al., 2019). Known as ‘Mlali’ in the Comoros Islands and ‘Muraru’ in Kenya
(De Langhe et al., 2001; Perrier et al., 2019), Mchare is relatively unique as
it is one of the few diploid (AA) bananas that are cultivated on a large scale
yet they have been given less attention. The Mchare, as observed (Figure 3)
and described by Onyango et al. (2009), have an erect leaf habit typical of
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their diploid ploidy level, and can grow tall up to more than five meters. They
have a cream-colored compound tepal with brown pigmentation. The fruits
have short pedicels and gradually tapering points. The mature fruits remain
green and shiny with thicker peels and a firm texture. Distinctively from the
Matooke, they have purple blotches on the leaves of water suckers, just like
the Cavendish and Gros Michel. The rachis has few neutral flowers for most
Mchare cultivars, but some have persistent withered bracts on the rachis. The
pseudostem color is medium green with a little rusty brown to black
pigmentation.

Figure 3. Typical Mchare banana characteristics (A) erect leaves (B) pseudostem (C)
rachis (D) male flower/bud (E) compound tepal with bract (F) pedicel (G) mature bunch
(H) fruit cluster (1) fruits/fingers.

Their diploid nature makes them more useful in understanding banana
genetic architecture at a more basic ploidy level than most triploid bananas
such as Cavendish dessert (AAA), Matooke (AAA) and Plantain (AAB)
bananas, making them an important model crop in the conventional
improvement of bananas worldwide. Mchare is phenotypically diverse, but
as in plantain and Matooke, these cultivated bananas have been reported to
have a very narrow genetic base (Kitavi et al., 2016; Nyine et al., 2017; Ortiz,
1997; Perrier et al., 2011) and all Mchare are considered to be of the same
clone set (Onyango et al., 2009). The Mchare subgroup includes cultivars
such as ‘Mshale’, ‘Huti (Shumba Nyelu)’, ‘Mlelembo’, ‘Kahuti’, ‘Huti green
bell’, and ‘Akondro Mainty’ among others (Perrier et al., 2019). Despite
being genetically homogenous, they are adapted to wider ecological
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environments ranging from sea level to elevations above 1,500 m.a.s.l (De
Langhe et al., 2001).

Matooke and Mchare are referred to as East African Highland Cooking
bananas (EAHBS) as a reference to their distribution across the highlands of
East Africa, but they are not genetically related and the variability within
these subgroups arose from somatic mutations of single clones, derivatives
of M. acuminata (Kitavi et al., 2016; Perrier et al., 2019). Mchare cultivars
are the sole surviving diploid subgroup that is reported to be the donor of
unreduced gametes to many of the most widely grown and successful triploid
dessert bananas such as Cavendish, Gros-Michel, Silk, and Prata (Hippolyte
et al., 2012; Martin et al., 2020; Perrier et al., 2019; Raboin et al., 2005).

The breeding scheme of diploid Mchare bananas of Tanzania involves
crossing diploid (2x) Mchare landrace cultivars as females and diploid (2x)
male accessions as sources of resistance genes to pests and pathogens (Bayo
et al., 2024). The focus is on developing hybrids improved for yield, host
plant resistance to pathogens, especially Fusarium wilt, and acceptable
consumer preferences (Brown et al., 2017; Madalla et al., 2023).

2.7 Banana breeding and evaluation challenges

The challenge of banana improvement through crossbreeding resides in the
inherent polyploidy nature of the crop where the homologous chromosomes
cannot pair up during synapsis of meiosis, as they are uneven, affecting
meiosis, and production of viable gametes. This is characterized by reduced
female and male fertility, poor seed set, and low seed germination rates,
which makes it difficult to produce large offspring for evaluation in well-
balanced trials (Aguilar, 2013; Batte et al., 2019; Ortiz, 2013; Pillay &
Tripathi, 2008; Vuylsteke, 2000). The reported seed set rate for triploid
Matooke ranges from 1.5 to 26 seeds per bunch pollinated (Batte et al., 2019;
Ssebuliba et al., 2005) while for the Cavendish group, only 40 viable
tetraploid embryos from the pollination of over 20,000 bunches were
obtained (Aguilar, 2013). In triploid plantain, a seed rate of up to 219 seeds
per bunch has been reported (Swennen & Vuylsteke, 1993).

The above is further complicated by the long growth cycle (two years
from seed to seed) and the subsequent evaluation over a minimum of two
crop cycles (mother plant, known as plant crop or cycle 1, and first ratoon,
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known as cycle 2) (Brown et al., 2017). Banana plants being large, evaluation
plots are equally large requiring 6 to 9m? per plant, making the banana
improvement process slow, expensive and tedious (Batte et al., 2019). The
perennial nature of banana creates a field consisting of a mix of individual
plants, each at a different developmental stage, which is a challenge for a
breeder to efficiently evaluate and select potential hybrids due to the
overlapping generations and unsynchronized data among genotypes and
even plants of the same genotype (Tixier et al., 2004). Progress in genetic
banana improvement is also hindered by a low genetic variation among the
edible cultivated bananas such as the EAHB and plantains that need to be
improved for pest and pathogen resistance or other agronomically important
characteristics (dwarfness, duration, yield, quality of fruit etc.) (Akech et
al., 2024; Kitavi et al., 2016; Nyine et al., 2017; Ortiz, 1997).

2.8 Improving banana breeding efficiency to increase
genetic gains

The development of high-yielding banana hybrids through breeding for host
plant resistance to several pathogens and pests has become one of the
strategies to revive the declining banana production (Madalla et al., 2023;
Tushemereirwe et al., 2015). These hybrids have been developed through
cross-breeding, which is slow, tedious, very expensive and relies on a limited
genetic base. Improvement of the breeding pipeline through the use of best
practices, continuous optimization of the breeding strategy and operations
and more effective use of resources will lead to increased rates of genetic
gain.

Based on the genetic gains equation (equation 1) of Moose and Mumm
(2008), the most promising innovations for increasing the rate of genetic gain
in banana breeding include the identification and increase of useful diversity
and genetic variation (Sanchez et al., 2023) and reduction of the breeding
and selection cycle.

h2opi

AG = :
L

1)
Where:

AG is the genetic gain,

h? is the narrow-sense heritability,
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op IS the phenotypic standard deviation in the population before selection,
i is the selection intensity, and
L is the length of the selection cycle.

A key element of plant breeding is accessible genetic variation, which offers
a pool of alleles that can be used to improve crops. A higher accumulation
of additive genes by making crosses with complementary genotypes is
expected to increase genetic gains in populations (Batte et al., 2020; Stringer
et al., 2011; Zhou & Mokwele, 2016). Genetic parameters such as breeding
values, general combining ability (GCA) and specific combining ability
(SCA) are useful tools for identifying parents of superior genetic merit, and
for identifying the best cross-combinations based on the performance of the
crosses (Fasahat et al., 2016; Viana & Matta, 2003). Implementation of
parental improvement and selection criteria by determining the breeding
values of parental material allows a breeder to manage genetic diversity, set
the desired rate of genetic gain, and rapidly increase the frequency of
favorable alleles in breeding populations (Cobb et al., 2019).

Given the long breeding and selection cycle observed in bananas as
illustrated in Figure 2, reducing this time will result in accelerated selection
efficiency and increased genetic gains as breeding products can be released
much faster to consumers. There are several ways faster genetic gain can be
achieved in bananas. For instance, the use of molecular tools such as DNA
markers in innovative approaches such as genomic selection can help shorten
the banana breeding and selection cycle. Superior parents and hybrids can be
predicted using optimized prediction models at the nursery level saving time
and costs of field evaluations (Nyine et al., 2018). If there exists a positive
correlation between the different crop cycles (plant crop, first and second
ratoon crop) for key traits, the length of the breeding cycle can be reduced
further by selecting the highest performing hybrids at plant crop (cycle 1)
enabling faster breeding decisions thus improve genetic gain. A correlation
between key traits can also reduce the breeding cycle as significantly
correlated traits can be improved simultaneously.
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3. Aims and objectives

3.1 General objectives

The aim of this thesis was divided into two parts (i) a description of the
genetic diversity and population structure of Musa germplasm available in
the breeding programs representative of the four largest consumers of
bananas worldwide and at the Musa conservation centre (ITC) and (ii)
optimization of the breeding pipeline of the diploid Mchare banana breeding
program of Tanzania to increase selection accuracy and improve genetic
gains.

3.2 Specific objectives

Assess and document the level of genetic diversity available and the pattern
of population structure among the Musa breeding materials from five
breeding programs and Musa conservation centre; International Institute of
Tropical Agriculture (IITA) in Nigeria for plantain, Tanzania for Mchare,
IITA-NARO breeding programs for Matooke in Uganda, the Brazilian
Agricultural Research Corporation (Embrapa) in Brazil, and the National
Research Centre for Banana (NRCB) in India; and accessions from the in
vitro banana gene bank at the International Transit Centre (ITC) of Alliance
of Bioversity International and CIAT, and identify compatible new sources
of germplasm harbouring valuable variation for improving resistance to
biotic stresses (Paper I).

Determine the level of genetic variation and its decomposition into additive
and non-additive (dominance and epistasis) using the clonal model and
demonstrate how the pedigree-based BLUP procedure enhances selection
efficiency for key traits of interest in diploid banana breeding (Paper II).
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Investigate if integrating genomic information into the clonal model
improves the partitioning of the variance components, yielding more
accurate estimates of heritability and genetic effects to improve efficiency in
diploid banana breeding (Paper III).
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4. Materials and methods

4.1 Musa genetic diversity and population structure

This study used 856 Musa accessions, with diverse ploidy and genomic
constitutions from five breeding programs and the ITC (Table 1). The
material from the breeding programs was grown in situ in different field trials
at their respective sources. Germplasm details and passport data are provided

in Table 1 and Table S1 of Paper I.
Table 1. Source of the 856 Musa spp. accessions

. Breeding Name in Number of
Region Source . .
materials the study  accessions
HTA &
East Africa NARO- Triploid Matooke Matooke 111
Uganda
ITA- Diploid Mchare Mchare 205
Tanzania
West Africa IITA-Nigeria  Triploid Plantain Plantain 34
Triploid
. . Silk/|p30me SWS
Asia NRCB-India ' (Sweet and 154
Dessert, plantain, Starchy)
and ABB cooking y
Triploid Prata
South Embrapa- (Pome)/Silk and Prata 154
America Brazil -
plantain
International
Transit Centre  Conservation ITC 205

(ITC)
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The sampling procedure and treatment of samples are described in Paper I.
All dried samples collected and pulverized with a geno grinder at the Nature
Source Improved Plants facilities (NSIP) in Ithaca, USA, were sent to
Diversity Array Technology (DArT), Australia, for DNA extraction and
genotyping. DNA extraction and genotyping were performed by DArT and
library construction using the DArT sequencing (DArTSeq) complexity
reduction method was done at and by DArT (Kilian et al., 2016; Kilian et al.,
2012; Sansaloni et al., 2010). Next-generation sequencing was performed
using the sequencer HiSeq 2500 (Illumina) and DArTseq markers scoring
was performed using DArTsoftl4, which is an in-house marker-scoring
pipeline (Kilian et al., 2016). The reads were aligned to version 4 of the “DH
Pahang” banana reference genome (Belser et al., 2021). To reduce
complexity in data analysis all accessions were called as diploids during
genotype calling. For the downstream analysis for this study, the final SNP
calls were coded as “0/0” for homozygous reference allele, “1/1” for
homozygous alternate allele, and “0/1” for heterozygotes.

Data quality control, filtering and analysis for this study were done
using the “dartR” package in R (Gruber et al., 2018) for the entire collection,
and then the samples were grouped according to ploidy levels into diploids
and tetraploids. The details of the retained marker sets for each grouping are
reported in Paper I.

The SNP marker information using polymorphism information
content (PIC), MAF and population diversity indices such as observed
heterozygosity (Ho), expected heterozygosity/gene diversity (He),
Shannon’s information index or Shannon’s diversity index (I), fixation index
(FIS), and percentage of polymorphic loci (%PI) were computed using
“dartR” package in R (Gruber et al., 2018). The number of individuals for
which these parameters are calculated is reduced from the original number
of individuals retained after filtering, due to imputation of individuals with
missing information during the analysis. The pairwise Nei’s standard genetic
distance (DS) was computed using the “dartR” package in R (Gruber et al.,
2018) to determine the between-group differentiation

Population structure was assessed to determine genetic sub-population
and admixture patterns, using the discriminant analysis of principle
components (DAPC) as described in Paper | and by the Bayesian model-
based clustering implemented in STRUCTURE (v2.3.4) (Pritchard et al.,
2000). The analysis was computed using a burn-in-period of 50,000 and
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100,000 Markov Chain Monte Carlo (MCMC) replications in ten
independent runs from K=1 to K=10. The structure output was analysed
using Structure Harvester (Earl & VonHoldt, 2012) which enabled the
identification of the optimal number of sub-groups (K) using the method of
Delta K (AK) (Evanno et al., 2005). AK values are calculated from the
logarithm probability relative to standard deviation (In P(D)). Admixture was
decided at membership coefficient, Q > 0.75.

4.2 Estimation of trait variation, partitioning genetic
variance and genetic parameters

Forty-eight clone hybrids from 12 full-sib families were used. They were
generated by crossing eight diploid female Mchare cultivars with two wild
diploids and one parthenocarpic male in a factorial design. The hybrids were
confirmed to be diploids by flow cytometry using a Sysmex ploidy analyzer
(CyFlow® - Sysmex, Software- CyViewTM 1.6, REF-CY-S-3039). The
trial, referred to as the Early Evaluation Trial (EET 1) was set up at the ITA
banana breeding statin in Arusha, situated at the Nelson Mandela African
Institution of Science and Technology. The trial was laid out in a randomized
complete block design with three blocks and each hybrid was represented by
three plants per block. The area experiences a bimodal rainfall pattern,
consisting of a long rainy season from late March to early June locally
referred to as ‘Masika’; a short rainy season from October to December
locally referred to as “Vuli’; a season with high temperatures and low
relative humidity, locally referred to as ‘Kiangazi’ lasting from January to
late February; a season lasting from July to August with low temperatures
and no rainfall called ‘Kipupwe’ and ‘Demani’ lasting from late August to
September, with high temperatures and high relative humidity. The plants
received regular 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. Agronomic
management of the field trial is described in Paper II.

Data was recorded over two cycles (plant and first ratoon crop). Traits are
summarized in Table 2 (traits without asterisk).
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Table 2. Summary of traits considered in Paper Il and 11

Trait Category  Trait

Abbreviation

When and how measured

Bunch weight in kg

BW

At harvest, weight of the bunch at full maturity

Number of fruit clusters in the bunch NH Total count of number of clusters on the bunch at harvest
o Number of fingers in the bunch* NF Total count of number of fruits on the bunch at harvest
Fruityteld Fruit external length in cm FL Measured at harvest as the length of the external arc of a fruit, without pedicel
Fruit circumference in cm FC At harvest measured midway the length of ten random fingers of a bunch
Fruit weight in g FW At harvest measured as weight of each of ten random fingers from a bunch
Yield per year (kg) vield S;;Jtné::(l)(:)n of bunch weight, and crop cycle from planting to harvest of the
Plant circumference PG At flowering, as girth of the pseudostem at 100 cm from soil surface
Plant height in cm PH Distance from the collar to the first leaves, at flowering
Plant stature (PG to PH ratio) PS Derived as a ratio (of PG/PH)
. . At flowering, count of leaves that have 50% or more of their surface
Agronomic Number of functional leaves NFL photosynthetic active tissue
Plant height of tallest sucker in cm* PHTS At flowering of plant crop, distance from the collar to the first leaves
Number of leaves of tallest sucker* NLTS SAutrffellté\év;Ligg) :;n?t:?e?ittz (;rgt?\}ecgzgjeof leaves that have 50% or more of their
Number of suckers at flowering NSF Total count of number of suckers at flowering of plant crop
T oo T P 208 (Ol )
Cycling Days from planting to flowering DPF Difference between planting and flowering
Days from flowering to harvesting DFM Difference between flowering and harvesting
Days from planting to harvest* DPH Difference between planting and harvesting

*Indicates traits that were not included in Paper Il
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4.3 Genomic additive relationship matrices to improve
efficiency in diploid breeding

The trial established as an EET 2, was conducted at the same location and
was managed in the same way as in Paper Il. In a factorial mating scheme,
four diploid female cultivars were hand-pollinated with pollen from five
male parents producing 59 hybrids from 14 full-sib families. The factorial
crossing design utilized for this investigation along with the number of
families per cross is presented in Paper Il. Using a randomized complete
block design, the 59 hybrids and their nine parental genotypes were
established in three blocks, with two plants of each genotype per block. The
data was collected in the same way as in Paper Il for all traits (Table 2) and
as described in Paper I11. The 2,792 informative SNP markers used to create
the genomic relationship matrix in this study were obtained by extraction of
deoxyribonucleic acid (DNA) from two grams of cigar leaf samples. For
each genotype, 50 pl of genomic DNA at a concentration of 30 ng/ul was
sent to Diversity Array Technology (DArT) Pty Ltd, Canberra, Australia, for
sequencing (DArTseq). The DNA extraction protocol, DArT genotyping and
processing of the genetic markers, including the alignment of the read on the
banana reference genome is described in Paper Ill. Marker data control as
well as filtering was performed using the R package ‘dartR’ (Gruber et al.,
2018).

4.4 Data analysis for Paper Il and Il

Linear mixed models (LMM) using the software ASRemlI-R v. 4.2 (Gilmour
et al., 2015) were fitted to estimate variance components, heritability, BLUP
values, GCA and SCA.

4.4.1 The LMM and relationship matrices

In Paper Il, only a pedigree-based additive (A) relationship matrix
constructed from the pedigree information of the hybrids was fitted to the
data to estimate trait variation and genetic parameters. The traits were
categorized into different groups based on the effects fitted for each trait

45



giving each trait category a specific LMM as provided in Table 2 and
equations two to five in Paper Il. For example, group 1 contained traits with
data collected for cycle one only, hence no cycle interaction; group 2, traits
with data collected over two cycles hence cycle interaction with genotype
and group 3, traits analysed for two cycles but with multiple measurements
(pseudo-replications). In general, the LMMs were constructed for each trait
with respect to each cycle, season variation and their interaction with
genotype as:

Traityfijkimpy = Block, + Genotype; + Cycle; +
Genotype: Cycle;; + YearF:SeasonFy; + YearP:SeasonP,, +

Cycle:YearF:SeasonFjs; + Cycle: Ploty, + €pfijkimpy 2

where the trait has been measured on the k" plant of the i™" genotype at cycle
J, planted in season p of the year y and flowering in season f in year I.
Block, and Cycle; are the only fixed terms in the model accounting for the
variation between the three blocks and the two cycles, respectively. In all the
LMM used in the analyses, the Genotype is the genetic effect of interest; the
Genotype:Cycle accounts for the cycle-specific variation between
genotypes. The variation due to seasonal fluctuations across the year during
planting and flowering is represented by YearP: SeasonP and YearF:
SeasonF terms, and e represents the random error.

While different LMMs were fitted for each trait group as described in Paper
I1, the general pedigree-based LMM was constructed as:

where y refers to the vector of phenotypic observations, f is the vector of
fixed effects (e.g. block, cycle), and X is the associated design matrix; b is
the vector of “non-seasonal” random (design) effects (e.g. cycle.plot,
genotype.cycle), ~ MVN(0, Iob2), ¢ is the vector of “seasonal” random
effects (e.g. year and season of planting, year and season of flowering), ~
MVN(O0, Ioc2), a is the vector of random additive genetic effects, ~ MVN(O,
Aca2), with A the pedigree-based relationship matrix among genotypes; mf
is the vector of the random male by female interaction or family effects, mf
~ MVN(O, Ia,znf); mf.c is the vector of random clonal within family effects,
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mf.c ~ MVN(O, Ia,znf_c); Zi are the design matrices for the corresponding
random effects; and ¢ is the vector of random residual effects, ~ MVN(O,
| 62).

For Paper 111, apart from the pedigree-based relationship matrix (referred
to as the P-BLUP model), a genomic additive numerator relationship matrix
(Ag) (referred to as the G-BLUP model) containing the observed identity by
descent (IBD) proportions for each pair of individuals was calculated based
on the set of 2,792 markers, following the formula described by VanRaden
(2008). In addition, a third model that combines the A-matrix and the Ag
matrix, known as the hybrid genomic relationship matrix or H-matrix
(referred to as the H-BLUP model) was employed to estimate genetic
parameters. The construction of these models is described in Paper Il and
Paper I11. Linear mixed models (LMMs) were fitted using the A, Ag, and H
relationship matrices.

4.4.2 Estimation of trait variation, genetic parameters, prediction
accuracies and correlations

Variance components were estimated using the restricted maximum
likelihood (REML) method (Patterson & Thompson, 1971). The clonal
model was used to partition the genetic component ‘Genotype' further into
additive, family, and clonal components with the corresponding variance
components tested against the reduced model using likelihood ratio tests
(LRT). Based on the estimated variance components, BLUPs for additive,
dominance, clonal random effects, broad-sense (H?) and narrow-sense
heritability (h?) were estimated. BLUPs for the parental lines are twice the
GCA of the parents and BLUPs for the families are twice the breeding values
of the clones and can be interpreted as the SCA. Broad-sense (H?) and
narrow-sense heritability (h?) were estimated according to Visscher et al.
(2008) as the ratio of genetic variance component to the total phenotypic
variance and the ratio of additive genetic variance component to the total
phenotypic variance, respectively. To compare the reliability (p2) and the
prediction accuracy (p) of the estimated breeding values (EBVs) by the three
models the heritability method according to Cullis et al. (2006) was used.
This is because this method relies on the correlation between true and
predicted genetic values, and not on the proportions of the variance
components.
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p? =1- (va) 4)

p = p? (5)

Correlation analysis among traits were estimated using BLUP values while
correlation between the crop cycles (cycle 1 and cycle 2) was estimated using
BLUE value because the cycle effect was treated as a fixed effect because
the cycles occur during different seasons of time among the different
genotypes and even for plants of the same genotype
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5. Results and discussion

5.1 Genetic diversity and differentiation for Musa
breeding

5.1.1 Genetic diversity

Population genetics parameters such as observed heterozygosity (Ho),
expected heterozygosity (He) or gene diversity, fixation index (FIS),
percentage of polymorphic loci (%P1 ) and number of private alleles were
estimated for the populations from the five breeding programs and ITC. The
summary of these population genetics estimates for the populations from the
six sources is presented in Table 3. The mean Ho value was 0.19 and it was
higher than the mean value of He value of 0.17 in all populations. Ho was
highest in the SwS population (0.28) and lowest in the ITC (0.09) population.
A similar trend was observed for He. The highest number of private alleles
(6,968) was between Mchare and Plantain while the lowest number was
between the Matooke and Mchare (90). The pairwise comparison of private
alleles between the populations from the six sources is presented in
Supplementary Table S2.

Population genetics statistics were estimated for the diploid and tetraploid
subsets using 19,678 and 6,143 SNP markers retained after applying filtering
threshold on the subsets. Among the diploids, the average Ho was 0.14, with
the highest Ho (0.16) among the Matooke breeding materials and lowest Ho
from Prata and SwS (0.10). An opposite trend was observed for the He with
the highest He for Prata and SwS (0.16) and the lowest He for Matooke
(0.13). Among the tetraploids, the average Ho was 0.34, with the highest Ho
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for tetraploids of SwS (0.37) and the lowest for Prata and Matooke (0.30).
Plantain-derived tetraploids had the highest He (0.24) whereas the lowest He
was observed in tetraploids of Prata and Matooke (0.19).

One of the measures of genetic diversity within populations is

heterozygosity (Nei, 1978; Nei & Roychoudhury, 1974). Gene diversity
encompasses two key components: 1) the number of alleles present and 2)
the distribution (abundance or evenness) of these alleles among individuals
within a population. These factors collectively contribute to the expected
level of heterozygosity. However, if a population exhibits an
overrepresentation of homozygous individuals carrying different alleles, this
scenario results in a lower observed heterozygosity compared to what might
be anticipated based on Hardy-Weinberg equilibrium (HWE).
The findings of previous research on the genetic diversity of bananas cannot
be compared with ours, since each study differs in terms of the selected
population, the type and number of markers employed, and data processing
methods utilized. However, general patterns in genetic diversity parameters
can be compared. The Ho and He, or gene diversity in this study were low,
with the lowest Ho observed among accessions from the ITC. Samples from
ITC selected for this study were mostly wild diploids and cultivars from the
center of origin and not a comprehensive collection at ITC and this could
explain their low measures of diversity as compared to breeding programs,
where both gene flow and selection are causing higher Ho than in ITC. Such
a low average Ho and He (0.12 and 0.13, respectively) have also been
reported in banana sub-populations in southern Benin using DArTseq SNP
markers (Mbo Nkoulou et al., 2023) and in M. balbisiana populations of
Vietnam (Ho = 0.16 and He = 0.19) using microsatellite markers (Mertens et
al., 2021). The low genetic variation in the studied populations indicates the
limited genetic diversity in bananas and the need to identify or increase
variation if genetic gain is to be realized in banana breeding (Sanchez et al.,
2023). However, higher Ho than in our research has been reported in Musa
germplasm diversity research (Christelova et al., 2017; Cyrille et al., 2022;
Gardoce et al., 2023).
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Table 3. Summary statistics of genetic diversity estimates based on single

nucleotide polymorphic markers

No.

Subset Source Lo Ho He Fis %Pl
individuals
All accessions Prata 138 0.17 0.18 0.04 94
&“c')‘_":c%c':‘gig)’go‘g' sws 148 028 021 -030 82
Plantain 34 024 018 -0.30 69
Mchare 200 0.17 0.17 0.01 99
Matooke 106 0.20 0.15 -0.33 86
ITC 201 0.09 0.14 0.35 97
Mean 0.19 0.17 -0.09 88
Standard deviation 0.07 0.03 0.27 11
Breeding programs  Prata 138 0.18 0.19 0.04 97
ﬁl“:)"";cocc':%13455' sws 148 030 023 -030 88
Plantain 34 0.25 0.20 -0.30 73
Mchare 200 0.17 0.18 0.01 100
Matooke 106 0.21 0.16 -0.33 88
Mean 0.22 0.19 -0.17 89
Standard deviation 0.05 0.03 0.18 11
Breeding programs; p ., 70 010 016 040 96
diploids
E\II\(I)(?.AI\_C%CI:_?);%678, SwS 33 010 016 024 74
Plantain 12 0.14 0.15 0.00 67
Mchare 154 0.13 0.14 0.10 99
Matooke 53 0.16 013 -0.18 61
Mean 0.14 0.6 0.11 79
Standard deviation 0.03 0.03 0.22 18
Breeding programs; p ., 39 030 019 -059 77
tetraploids
f\l'\c';_":cic':‘lgél)“& sws 5 037 023 -056 48
Plantain 18 034 024 -044 65
Matooke 43 030 019 -059 77
Mean 034 0.26 -039 63
Standard deviation 0.04 0.08 0.24 17

No. Loci = Number of informative SNPs retained after filtering each subset, No. Acc = Number of
accessions retained after filtering each subset, Ho = observed heterozygosity, He = expected

heterozygosity or gene diversity, Fis = fixation index, %Pl = percentage of polymorphic loci.
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This could be because the accessions in the present study are specifically
breeding materials (parents) that have been selected over time for specific
key traits for use in the respective breeding programs, unlike the materials
used in the above-cited research that included accessions not necessarily
used as parents in these breeding programs and or accessions from other
sections than Eumusa. Genetic diversity can also be indicated by the
uniqueness of each population using an estimation of the number of private
alleles, in terms of allele composition (Foulley & Ollivier, 2006; Hoéglund,
2009). The low number of private alleles between Matooke and Mchare
could be because of the intra-hybridization evolution of both from the same
or closely related M. acuminata wild species.

The Ho across all populations and within each population in Paper |
was higher than the expected heterozygosity under the Hardy—Weinberg
Equilibrium except for Prata, ITC and Mchare (where Ho = He). Higher Ho
than He has also been reported by Cyrille et al. (2022) (Ho = 0.34; He = 0.29)
and recently by Gardoce et al. (2023) (Ho = 0.25; He = 0.21) in a Musa
germplasm collection in Céte d’Ivoire and the Philippines, respectively. The
higher Ho than He could be due to the use of the same male diploids in the
different breeding programs of IITA and selection for the different product
profiles, hence non-adherence of the populations to some of the Hardy-
Weinberg assumptions (Andrews, 2010), particularly lack of random mating,
small population size and selection. It is known that mutations accumulate in
clonal lineages and this promotes divergence between the two alleles for a
specific locus, also known as the Meselson effect, thereby resulting in
increased heterozygosity (Balloux et al., 2003). Therefore, the clonal
propagation of the crop for most of the accessions (cultivated diploids)
included in this study may also explain the higher Ho. The current finding is
consistent with the findings of De Jesus et al. (2013) who reported higher Ho
than He in cultivated versus wild diploids in an Embrapa ex-situ germplasm
collection.

Higher Ho and He among tetraploids (0.34 versus 0.26) than among
diploids (0.14 versus 0.16) and significantly lower Fis within tetraploids
compared to diploids, as here observed has also been reported in red clover
(Osterman et al., 2021), cranberry (Mahy et al., 2000), knapweed (Hardy &
Vekemans, 2001) and Rorippa amphibia (Brassicaceae) (Luttikhuizen et al.,
2007), emphasizing the higher heterozygosity in tetraploids. The higher He
or gene diversity within the tetraploid banana group is explained by the
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higher probability of heterozygosity in tetraploids than in diploids under an
outcrossing reproductive system. Hence the need for more efforts towards
genetic improvement of diploids to increase diversity. Diploid parental
improvement is important because Musa germplasm improvement continues
to rely on diploid genetic resources as the source of useful variation,
particularly for broadening the narrow genetic base of bananas and plantains
(Ortiz & Swennen, 2014), and for the selection of promising parents in
subsequent cycles of recurrent selection in breeding schemes (Ortiz, 2015).

The trend of higher Ho than He could also be explained by minimal
inbreeding and this is consistent with the low and negative inbreeding
coefficients for all populations as observed in Paper I. Mertens et al. (2021)
also found negative Fis in six populations of M. balbisiana using 18 SSR
markers. The negative Fis values observed could be attributed to the clonal
propagation nature of bananas, as clonal reproduction might result in a
heterozygosity excess because of low He due to a low number of genotypes
present in a population while maintaining heterozygosity for a large
proportion of the assessed loci (Pappert et al., 2000). Clonality was found to
explain significant negative Fis in the wild cherry population using
microsatellite markers (Stoeckel et al., 2006).

5.1.2 Genetic differentiation

The genetic divergence between the populations from the five breeding
programs (641 individuals retained after filtering) was determined by
calculating the pairwise distances using Nei’s standard genetic distance
(DS), the pairwise genetic differentiation (FST) and analysis of molecular
variance (AMOVA). The largest genetic distance was observed between
SwS and Matooke breeding materials (DS = 0.067), while the lowest genetic
distance (DS = 0.003) estimated was between Prata and the Mchare breeding
materials (Table 4). Matooke breeding materials appeared to be consistently
distant from all other germplasm sources. Among diploids, a similar trend
was observed with the highest genetic distance between SwS and Matooke
breeding materials (DS = 0.069) and the lowest between Prata and Mchare
(DS = 0.005) (Table S3). A comparison among the tetraploids revealed the
highest distance between breeding materials of SwS and Matooke (DS =
0.192) but the lowest distance between Prata and Plantain (DS = 0.042)
(Table S3). The differentiation using AMOVA revealed that the total genetic
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variation in the germplasm was mainly partitioned into the variation within
the breeding programs and the variation among indicating that the majority
of genetic variance exist within breeding programs (18.6%) rather than
between them (13.5%). Genetic differentiation by FST described in detail in
Paper | showed a similar trend.

Table 4. Pairwise distances among breeding programs using Nei's standard
genetic distance (DS)

Prata SwS Plantain Mchare
Sws|  0.020
Plantaini  0.018 0.030
Mchare,  0.003 0.029 0.018
Matooke| 0.022 0.067 0.031 0.015

The pairwise Nei’s standard genetic distance (DS) between breeding
programs, diploids and tetraploids was generally low. Even if DS was low,
populations from SwS and Matooke breeding programs were more distant
from other populations and each other. A similar low differentiation between
populations was confirmed by the low estimated Fsr except between
tetraploids where a higher differentiation was observed (Paper ). With a low
DS and Fst detected among the collections, the only potential reason for
variation among them could be attributed to the different quality attributes
that each breeding program aims to target. According to Wright (1968) and
Luo et al. (2019), Fsr values greater or equal to 0.15 are considered high and
significant for discriminating individuals within a population indicating the
presence of subpopulations. The only significant and high genetic
differentiation according to Wright (1968) and Luo et al. (2019), was
observed between tetraploids from SwS and Matooke (Fst =0.173). The
unique alleles within each program were further demonstrated by higher
contribution of variation within breeding programs than among the programs
to the total variation from the AMOVA (Paper 1). Higher variation within
subpopulations than among subpopulations has been reported in bananas
(Cyrille et al., 2022; Mertens et al., 2021), and white Guinea yam (Agre et
al., 2021; Amponsah Adjei et al., 2023; Bhattacharjee et al., 2020), which
are both clonally propagated crops and highly heterogenous; in red clover
(Osterman et al., 2021) and Camelina sativa (Luo et al., 2019), both strictly
outcrossing crops hence high gene exchange even within subpopulations,
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and in inbred maize lines (Ayesiga et al., 2023) due to the accumulation of
unique alleles from several promising lines crossed.

Genetic differentiation was lowest between populations from Prata
and Mchare. This supports suggestions that Mchare bananas are the donor of
unreduced gametes to many of the most widely grown and successful triploid
dessert bananas such as Cavendish, Gros-Michel, Silk, and Prata
(Christelova et al., 2017; Hippolyte et al., 2012; Martin et al., 2020; Perrier
et al., 2011; Raboin et al., 2005).

5.2 Population structure in Musa spp. groups

The population structure of Musa genetic resources in this study, sub-
grouped into breeding programs of diploids and tetraploids, respectively was
analysed by three approaches; principal coordinate analysis (PCoA),
discriminant analysis of principal components (DAPC) (reported in Paper 1)
and STRUCTURE. Among the breeding programs subset, the first two
principal components (PCo) axes of the principal component analysis, which
accounted for 51.6% of the variation among accessions, indicated that the
641 accessions could be grouped into five subpopulations, with some
accessions in admixture (Paper I). Accounting for 89.4% and 51.0% of the
variation among diploids and tetraploids, respectively, the first two PCo
similarly suggested a grouping of five subpopulations among these subsets
(Paper I).

The patterns detected using the K-means analysis method in the DAPC
and using a 75% membership probability threshold (Q-value > 75%) at delta
K (AK) = 2, by STRUCTURE suggested the presence of two groups or
clusters (Supplementary Figure S1). The cluster allocations for all accessions
and accessions grouped according to ploidy (per diploid and tetraploid)
accession from each breeding program according to STRUCTURE are
summarized in Table 5 and Supplementary Table S4 and illustrated in Figure
3. Clustering of the accessions was observed to be based on genome group
where K1 comprised 98.3% of accessions from the A-genome and 96.5% of
accessions in K2 belong to the B-genome irrespective of their ploidy levels
(Paper 1). Noticeably, two banksii accessions (ITC0467 and ITC0806)
clustered together with balbisiana accessions. The Musa germplasm in Paper
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I was divided into two major subgroups, irrespective of the approach used,
to infer population structure.

However, PCoA suggested the existence of five groups, which could
mean that a genetic structure already exists or a common ancestor for
accessions from different breeding programs (Luo et al., 2019; Meirmans,
2015).

Table 5. Summary of proportion of 641 accessions per breeding program
based on STRUCTURE at AK =2

Kl K2 Admixed
(He=0.13; Fst=0.59)  (He= 0.10; Fsr= 0.80)

No. Ind. Count % Count % Count %
Prata 142 92 22.5 18 12.6 32 20.8
SwS 150 31 7.6 93 65.1 28 50.9
Plantain 35 19 4.7 01 0.1 15 9.0
Mchare 205 158 38.7 30 21.2 17 18.4
Matooke 109 108 26.5 01 0.1 00 0.9
Total 641 408 63.7 143 22.3 90 14.0

No. Ind. = Number of accessions per breeding program

Likewise, previous studies on Musa germplasms have also reported the
presence of two clusters (De Jesus et al., 2013; Doloiras-Larafio et al., 2018;
Gardoce et al., 2023; Onyango et al., 2010), which suggests that our
collection was representative, to some extent, of the diversity in this crop.
The representativeness of the available diversity in this germplasm is highly
informative and very useful for its use in breeding for improved banana
hybrids. The distribution of accessions in the same clusters irrespective of
their source highlights relatedness between accessions from different
regions, which can be attributed to the transfer and exchange of breeding
material through breeding programs and the use of common diploids from
the oldest banana breeding program from Honduras, by all the breeding
programs.

The ancestry and evolution of the banana cultivars through the intra- and
interspecific hybridization of the two wild species, M. acuminata Colla (AA)
and M. balbisiana Colla (BB; Manzo-Sanchez et al., 2015; Nayar, 2010)
and/or structural variations between the A and B genomes (Baurens et al.,
2018), could account for the clustering of the accessions according to
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genome group. Complex interspecific chromosome mosaic patterns in the
ancestral groups that contributed to the cultivated banana genomes have also
been suggested as the possible reasons for the genome clustering (Martin et
al., 2020). This has also been observed and reported in other research in
Musa (De Jesus et al., 2013; Doloiras-Larano et al., 2018; Gardoce et al.,

2023; Onyango et al., 2010).
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Figure 4. Population structure in the Musa germplasm based on single
nucleotide polymorphisms. (A) 641 Musa accessions grouped by breeding

program (B) 327 diploid and (C) 108 tetraploid Musa accessions.
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5.3 Improving the efficiency of diploid banana ‘Mchare’
hybrid evaluation

5.3.1 Estimation of variation for key traits

Variance is often a measure of the extent of differences among individuals
and is always related to a particular effect that has an impact on observations.
In both Paper Il and Ill, estimates of variance components for key traits,
obtained from 12 and 14 full-sib early evaluation trials (EETS), are presented
in Table 3 in Paper Il and Table 4, Supplementary Tables S2 and S3 in Paper
II1. Both studies revealed significant (p < 0.05) and highly significant (p <
0.001) additive variation for all yield-related traits (see fruit yield Table 2),
all agronomic traits except NFL in Paper Il and NSF, PG, and NLTS in Paper
I11. The results from both these studies, obtained by the clonal model using
the pedigree-based BLUP method indicate the existence of sufficient genetic
variation and show that the strongest genetic variance component for most
traits especially yield-related traits in the diploid Mchare breeding population
is primarily the additive variance component. This implies that genetic
improvement of diploid Mchare banana for yield is achievable as the
availability and deciphering of the genetic variability among progeny
populations is the basic premise for selection (Balzarini, 2000; Malikouski
etal., 2021). Available genetic variation is expected to increase genetic gains
in populations (Batte et al., 2020; Stringer et al., 2011; Zhou & Mokwele,
2016).

Even though seasonal variations in planting and flowering time were
very small and non-significant for yield-related traits in Paper I, they were
highly significant for most yield-related traits except for BW and NH by both
the P-BLUP and the H-BLUP methods in Paper Ill. This indicates the
environmental effect of seasons on these traits even though trials were
irrigated year-round. In Paper |1, we analysed the effect of the interaction of
the genotypes with the cycle (Genotype:Cycle) and the interaction of the
cycle with the year and season of flowering (Cycle:YearF:SeasonF). Results
showed there was no significant genotype:cycle interaction for the traits
evaluated, except for PH (p < 0.001) an indication that these traits are less
influenced by cycle and are under genetic control. However, there was a
significant (p < 0.01) source of variation for BW, NH and FC, among the
yield-related traits, and for PG (p < 0.001) and PS (p < 0.05) among the
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agronomic traits for the cycle:year:season interaction. The significant
influence on these traits can be explained by seasonal climatic variations and
the perennial nature of bananas with multiple production cycles on a single
mat and or overlapping nature of these cycles in the same trial. Whether a
plantis in the plant crop (cycle 1), first ratoon (cycle 2) or second ratoon crop
(cycle 3) stage is determined by the time in season when that plant has
flowered. This happens at different random times for the different genotypes
and even for plants of the same genotypes and might explain the significant
cycle:year:season interaction reported in this thesis.

5.3.2 Partitioning the genetic variance

The total genetic variance in a biological trait can be partitioned into additive
and non-additive (dominance and epistatic) variances (Falconer & Mackay,
1996). The lack of well-designed experiments with a full-sib family structure
and, a limited number of families and clones within a family can make it
difficult to partition total genetic variance into these components in banana
breeding. Particularly in complex traits that are governed by many genes
with small effects and their interactions, partitioning the genetic variation
into additive, dominance, and epistasis components helps prevent inflation
and confounded estimates of the genetic parameters, such as narrow-sense
heritability and breeding values (Falconer & Mackay, 1996; Gibson, 2012;
Goddard, 2009; Henderson, 1984; Mrode, 2005; Mufioz et al., 2014; Wilson
et al., 2010).

In Papers Il and Il1, the clonal model was successful in partitioning
and estimating the additive, dominance and epistasis variance. The
likelihood ratio test was used to test if these effects were significant for the
traits of interest. In the analysis in Paper Il that used only the pedigree-based
BLUP methods, the additive variance was significant (p < 0.05) and highly
significant (p < 0.001) for all yield-related traits. A similar observation was
made and reported in Paper Il where all three models (P-BLUP, G-BLUP
and H-BLUP) revealed significant (p < 0.05) and highly significant (p <
0.001) additive effects for all yield-related traits. The P-BLUP method did
not detect significant dominance and epistasis variances for all traits in Paper
IT and for all traits except for NF (p < 0.05) and FW (p <0.001) in Paper III.
The application of the H-BLUP method in Paper Il revealed highly
significant (p <0.001) dominance effects for NH, NF, FL and FW and highly
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significant (p < 0.001) epistatic variance for NF, among yield-related traits
(Table 4). In both studies, the additive variance component was the strongest
genetic variance component for yield-related traits.

For bananas and other crops that are difficult to propagate and many
clones are needed to capture all the genetic variance and enable selection
within families or among clones (Baltunis et al., 2009; Isik et al., 2003), the
large magnitude of additive genetic variation could save time and resources
needed to produce many clones and replicates since focusing on parental
improvement and selection of the best parents is feasible.

5.3.3 Estimation of genetic parameters

Estimation of additive genetic and non-additive genetic variances contributes
to a better understanding of the genetic mechanism and architecture of traits
of interest, which is important for designing breeding strategies by breeders.
Secondly, estimates of genetic and phenotypic variances and covariance’s
are essential for the prediction of breeding values and the prediction of the
expected genetic response of selection programs. Parameters that are of
interest and were considered in this thesis are GCA and SCA, breeding
values (as indicated by BLUP values), heritability (both broad- and narrow-
sense), reliability and prediction accuracy of the estimated breeding values
(EBVS) by the three models (Paper 111). The GCA was higher than the SCA
for all traits in Paper Il, like an observation that was reported in plantain-
banana hybrids for yield traits (Oselebe & Tenkouano, 2008; Tenkouano et
al., 1998). This would imply that differences in the additive effects of the
parents account for most of the variances among the progeny and that
investigating intra- and inter-locus interaction is not as critical to the
population's improvement. The breeding strategy for improving the Mchare
diploid banana should therefore focus on parental improvement through the
generation of elite diploid and tetraploid hybrids to be used as parents and
secondary triploids. This is possible by cultivar development and selection
through the accumulation of favourable alleles as recommended for the 4x —
2x and/or 3x — 2x breeding scheme to maximise genetic gain (Ortiz, 2013;
Ortiz & Swennen, 2014).

Since BLUPs for the parents are twice their GCA and twice the breeding
values of the clones, they have been used in this thesis to discuss the
performance of the parents for backward selection and clones for forward
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selection and hybrid evaluations. In EET 1 (Paper II), generally, clones had
a higher range of BLUP values than their female parents for BW and yield
per year. Two parents Akondro Mainty (female) and Guyod (male) were
among the ten best-performing genotypes according to their BLUPs for BW,
while the eight were hybrids (Figure 5a). These eight clones also were among
the best performers for yield per year (Figure 5b). Among these best-
performing clones, six were from crosses involving ‘Huti-White’ as the
female parent. The better performance of hybrids from crosses involving
‘Huti-White’ was also observed and reported in Paper 11, and ‘Huti-White’
was identified as the best-performing female parent while ‘CV Rose’ was the
best-performing male parent for the yield-related traits, by the three methods.
The success of many yield-improvement programs hinges on the accurate
identification and selection of parents from which to make crosses with
complementary genotypes that can lead to the higher accumulation of
additive genes (Stringer et al., 2011; Zhou & Mokwele, 2016). This is
expected to generate superior breeding populations, and the selection of
high-yielding genotypes from early segregating generations (Nyine et al.,
2018) leading to an increase in genetic gains in such breeding populations.
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5.3.4 Correlation among key traits and between production cycles

The results and discussions for the additive genetic correlation in this thesis
are based on results from the P-BLUP (Paper 1l) and the H-BLUP method
(Paper I11). The results indicated the differential magnitude of correlation
coefficients between different pairs of key traits ranging from 0.01 to 0.94
(Table 5 in Paper 11) and 0.00 to 0.99 (Table 6 in Paper I1). In both studies,
the highest positive correlations were observed among the yield-related traits
with a noticeable positive and significant correlation between BW and all
fruit traits (FC, FL, FW, NF and NH) as well as between yield per year and
the other yield-related traits. Similar observations were reported in other
banana studies (Nyine et al., 2017; Uwimana et al., 2020). This means that
selection for large fruits will also lead to heavy bunches and indirect selection
for yield is possible using yield components as has been suggested for
plantain germplasm (Tenkouano et al., 2002). Agronomic and yield-related
traits had a weak correlation except for a positive and significant correlation
between NH and PH (r=0.73 in Paper II; r= 0.64 in Paper Il1), and between
NH and PG (r= 0.64 in Paper Il; r= 0.54 in Paper Ill). The correlation
between PH and BW was predominantly weak and positive in both studies
indicating an opportunity for selection of dwarf Mchare hybrids with heavy
bunches. The correlation between cycling traits with yield-related traits was
low and weak except for a high positive and significant correlation between
DPF and NH in Paper Il (r= 0.68), which greatly dropped to 0.13 in Paper
Il.

Breeders can evaluate the selective response and estimate or obtain
indirect gains in other variables by using estimates of the genetic correlation
between traits, and benefit from the multi-trait selection, a feature that can
improve the efficiency of a breeding program. Another advantage of
estimating the genetic correlation between traits is that the amount of
phenotyping in early stages can be reduced especially for traits strongly
affected by the environment as such traits can be indirectly selected from
other variables measured more easily and accurately.

The correlation between production cycle one (plant crop) and cycle
two (first ratoon crop) for all yield-related traits was significant, positive and
of high magnitude (0.62 >r <0.81, p <0.001; Table 6).
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Table 6. Correlation of yield traits between cycle 1 (plant crop) and cycle 2
(first ratoon crop)

Trait category Trait Correlation
Bunch weight 0.68***
Number of hands 0.62***

Yield Fruit circumference 0.81%**
Fruit length 0.73**
Fruit weight 0.72%**

** %% indicate significant at p <0.01 and p <0.001

This indicates that for yield-component traits such as BW, NH, FC, FL and
FW, a hybrid would continue to perform as well as or better in the first ratoon
crop if it has demonstrated good performance in the plant crop as illustrated
in Figure 6. A similar high correlation between cycle 1 and cycle 2 for BW
(r = 0.56) was initially reported by Swennen and De Langhe (1985) in False
Horn plantain in Nigeria.
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Figure 6. Bunch weight best linear unbiased prediction (BLUP) values for
Mchare hybrids in cycle 1 and cycle 2.

In current practice, maximal yields in bananas are evaluated and selection
is done using data from the first two cycles and sometimes up to cycle 3
(Batte et al., 2019; Madalla et al., 2022b; Tushemereirwe et al., 2015). This
makes the already long breeding cycle even longer. The observed significant
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and positive correlations of high magnitude (all r > 60), for yield trait in this
study suggest that selection of the highest yielding hybrids is possible using
data from the plant crop (cycle 1), thus reducing the banana breeding cycle
by at least two years and boosting genetic gains.

5.3.5 Genetic relationship modelling improves efficiency in diploid
banana breeding

In Paper Ill, we investigated how replacing the pedigree-based additive
matrix (P-BLUP) with a genetic relationship matrix (G-BLUP) or a hybrid
genomic relationship matrix (H-BLUP) in a linear mixed model (LMM)
affects estimates of heritability and genetic effects by improving the
partitioning of the genetic variance for traits of interest, into additive and
non-additive variance.

Additive effects for all yield-related traits, PH, PS and PHTS agronomic
traits were significant (p < 0.05) and highly significant (p < 0.001) by all
three models. A larger magnitude of dominance variance was estimated by
the G-BLUP and H-BLUP models than the P-BLUP models, while except
for PHTS, NH and NF, the epistatic variance components estimated by all
three models were close to zero for all traits. Despite all three models
demonstrating the additive variance component as the strongest genetic
variance component for most of the yield-related traits, the P-BLUP model
estimated a larger additive variance component, than the H-BLUP and G-
BLUP models as illustrated in Figure 1 in Paper I1l. The BLUP values were
highest under the P-BLUP method, followed by the H-BLUP and least by
the G-BLUP for all traits (Supplementary Tables S3 and S4 in Paper I1I).
The lower standard errors for variance components by the H-BLUP model
illustrate the more accurate precision of this model in estimating genetic
parameters of traits under study.

Table 5 in paper Il shows the heritability estimates, reliabilities and
prediction accuracies obtained from the P-BLUP, G-BLUP and H-BLUP
models. The H-BLUP model had the highest range of H? (0.00 — 0.95),
followed by the P-BLUP model (0.00 — 0.68) and the lowest (0.00 — 0.51) by
the G-BLUP for all traits studied.
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Figure 7. Broad-sense heritability (H?) (A) and narrow-sense heritability (h?) (B) by the
P-BLUP, G-BLUP and H-BLUP models for all traits.

P-BLUP= pedigree-hased best linear unbiased prediction, G-BLUP= genomic-based best linear unbiased
prediction , H-BLUP= hybrid-based best linear unbiased prediction, BW = bunch weight at full maturity
(kg), NH = number of hands, NF = number of fruits, FC = fruit circumference (mm), FL = fruit length
(mm), FW = fruit finger weight (grams), Yield = yield/year/plant (kg), NSF = total number of suckers at
flowering, 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, PHTS= plant height of tallest sucker,
NLTS= number of standing functional leaves of tallest sucker, DPF = days to flowering, DFM = days to
fruit maturity and DPH = days from planting to harvest.
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While the H-BLUP model estimated h? > 0.50 for most (five of the seven)
yield traits, the P-BLUP model estimated h? > 0.50 for only three yield-
related traits and the G-BLUP model had no h? > 0.50 for all yield traits. The
trend of these parameters under the different models is illustrated in Figures
6A and B. The high (>0.50) heritability estimates for most yield-related traits
in this study, imply the possibility of their genetic improvement through
direct selection (Ortiz, 2013; Tenkouano et al., 2011).

Linear mixed models that utilized genomic relationship matrices (G-
and H-matrix) estimated values for additive variance and heritability with
less bias compared to the model utilizing only the pedigree information (P-
BLUP). The reduced bias could be because of a more accurate allocation of
the genetic variance to dominance and epistatic effects, when these effects
exist. This reduces the estimated additive variance and subsequent narrow-
sense heritability. Furthermore, sometimes due to wrong pedigree records,
the A matrix frequently makes approximations that can result in significant
reconstruction errors of genetic relationships, which can affect genetic
parameter estimations (Misztal et al., 2011; Mufioz et al., 2014a; Munoz et
al., 2014b).

In addition, if the pedigree information of the parents used in the
crosses is unknown as was the case in this study, the phenotype data of the
parents is not included in the analysis when using the P-BLUP method.
However, when using the genomic relationship matrices, the phenotype data
of the parents is included since the pedigree relationship of the parents can
be determined using the genetic markers. This increases the amount of data
points and the establishment of genetic relationships between individuals,
which improves the estimates for the variances and genetic parameters. This
estimation is even further improved by the H-BLUP method that provides
information for individuals that were not genotyped (Gezan et al., 2022).
Better performance of genomic relationship methods compared to pedigree-
based approaches has been reported in other studies (Festa & Whetten, 2021;
Munoz et al., 2014b; Nazarian & Gezan, 2015; Norman et al., 2023).
Creation of a hybrid H-matrix by combining the pedigree information from
the A-matrix and the genetic information from the G-matrix, and using it in
the LMM, significantly improved the accuracy of estimating the genetic
parameters in our study.

As seen in Figure 7, the prediction accuracy, p, increased with an
increase in heritability under all the methods, the H-BLUP model had higher
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narrow-sense heritability estimates and prediction accuracy than estimates of
the other two models for yield-related traits. According to Lee et al. (2010),
the marker-based relationship matrix enhances the capacity to estimate
narrow-sense heritability and breeding values of progeny may be predicted
more accurately, which leads to a more accurate estimation of genetic gains
(Festa & Whetten, 2021). The H-BLUP method was able to give reliabilities
(p?) and prediction accuracies (p) estimates for traits NH, NF, NSF, NFL,
PG, PS, NLTS and all cycling traits that could not be estimated by using the
G-BLUP method. The H-BLUP method had the highest prediction
accuracies for yield-related traits and two cycling traits (DPF and DFM)
while the P-BLUP model had the highest prediction accuracies for
agronomic traits compared to the other two models.

8w DFM DPF DPH FC
FL Fw NF NFL NH

IP

TS NSF

PHTS

value

model

Figure 8. Narrow-sense heritability (h?) and prediction accuracy (p) estimates by the
three models for the traits investigated.

P-BLUP= pedigree-based best linear unbiased prediction, G-BLUP= genomic-based best linear unbiased
prediction , H-BLUP= hybrid-based best linear unbiased prediction, BW = bunch weight at full maturity
(kg), NH = number of hands, NF = number of fruits, FC = fruit circumference (mm), FL = fruit length
(mm), FW = fruit finger weight (grams), Yield = yield/year/plant (kg), NSF = total number of suckers at
flowering, 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, PHTS= plant height of tallest sucker,
NLTS= number of standing functional leaves of tallest sucker, DPF = days to flowering, DFM = days to
fruit maturity and DPH = days from planting to harvest.
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6. Conclusions and future perspectives
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Figure 9. Approaches to hybrid selection in a Mchare banana breeding program. (A) the
classical phenotypic evaluation and selection of hybrids, (B) phenotypic evaluation and
selection with only cycle 1 data and (C) phenotypic evaluation and selection with only
cycle 1 data and skipping the PYT stage.

The purpose of this thesis was to document the genetic diversity and
population structure of Musa breeding germplasm available in five of the
seven global banana breeding programs; and how to increase selection
accuracy and improve genetic gains by the optimization of the breeding
pipeline of the diploid Mchare banana breeding program of Tanzania. The
significance and achievements of this thesis towards these goals can be
highlighted using the breeder’s equation estimating genetic gain over time
(AG) (equation 1)
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The genetic variance (o 4) of the germplasm used in the breeding programs
even though found to be low, the use of unrelated parents from other sources
as revealed and recommended in Paper | of this thesis, in crossing schemes
would increase genetic variation for new cultivars, thereby increasing
genetic gain in Musa breeding. In Papers Il and 111, the analyses revealed the
existence of significant variability among the evaluated diploid Mchare
hybrids and this variation is mainly additive; which demonstrates the
possibility of obtaining superior genotypes and genetic gains through direct
selection, especially for yield-related traits. In addition, the results of this
thesis are the recommendation that the breeding strategy for improvement of
Mchare diploid banana should focus on the development and selection of
cultivars, by the accumulation of favourable alleles for maximum genetic
gain.

The improved prediction accuracy (p) of > 0.5 for all yield-related traits
was possible using genetic markers that allowed the construction of a hybrid
genetic relationship matrix and hence the use of the H-BLUP method. This
paved the way to model statistical analysis appropriately leading to improved
prediction accuracy of breeding values of progeny, which contributes to a
more accurate selection of hybrids and estimation of genetic gains that a
breeder can anticipate.

The time (t) is the length of the selection cycle. The stages of a genetic
improvement program for bananas are time-consuming due to the prolonged
production cycles, which require time and resources. The results of this thesis
allow the optimization of some of the steps. For example, the positive and
significant genetic correlations among traits of interest identified in this
study allow for simultaneous improvement and selection of multiple traits in
the same breeding cycle. This saves time and increases genetic gain. A high
correlation between production cycles 1 and 2 for yield traits documented in
Paper Il implies that banana breeders can already evaluate hybrids and make
breeding decisions such as selections for advanced trials using data from the
plant crop (approach B in Figure 8, saving two years between the early
evaluation trials and preliminary yield trial). These two years could also be
reduced from subsequent evaluation trials as improved statistical analysis
exhibited in this thesis allows a move directly from EET to multi-locational
trials simultaneously done with farmer participatory selection, with no need
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for PYT (approach C in Figure 8), saving additional two years. The banana
breeder at IITA-Tanzania (Allan Brown, personal communication) has also
suggested this strategy. This possibly will reduce the diploid banana breeding
cycle from ten years to approximately five years as illustrated in Figure 8.
The number of hybrids we may lose by implementing these measures should
be investigated through simulation in silico modelling.

This study should be done for triploid hybrid populations from the Matooke

and Plantain breeding programs that are products of tetraploid x diploid
crosses and triploid x diploid crosses, to estimate genetic parameters.
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Popular science summary

As the global population continues to grow so does the demand for food. To
satisfy this world demand, 90% must be met by increasing crop harvests per
hectare. One way to achieve this is through plant breeding to improve the
crops’ performance. Bananas and plantains, sometimes collectively referred
to as bananas, grown in tropical and sub-tropical regions, are a critical
income security and staple food crop for millions of people in Africa. For
example in Uganda, the East African highland banana called ‘Matooke’ is
synonymous with food. Despite the importance and increasing demand for
bananas, their current yield is still below the potential yield due to mainly
climate change, disease and pest pressure.

Breeding for improved varieties is challenging especially through cross-
breeding because bananas have reduced fertility and are slow growing,
requiring up to 20 years to get an improved hybrid released. This makes the
banana breeding and evaluation process long, expensive and tedious,
reducing the genetic gain that can be expected in banana breeding programs.
Genetic gain is the progress achieved by the genetic improvement of a
desirable trait in a crop from one generation to the next. Improving the
efficiency of plant breeding will increase genetic gain if genetic variation
and selection intensity are maximized and the time it takes from one
generation to the next generation is minimized. Genetic variation is the
genetic resources available and accessible in the breeding population that
offer a pool of genes that can be used to improve crops. This thesis focused
on documenting the genetic variation available and identifying new sources
of variation that could be used in banana improvement schemes, and
optimization of the breeding pipeline of the diploid Mchare breeding
program of Tanzania as a blueprint for the triploid and tetraploid
improvement programs.
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The banana genetic resources studied include wild populations, cultivars, and
improved breeding clones used in current breeding programs. A detailed
study focused on diploids and tetraploids as these have the possibility of
being utilized as parents across breeding programs. The genetic diversity was
analysed using DNA markers. The results indicate low genetic diversity
among the diploid and tetraploid clones used as parents. However, seven
diploids were identified that could be used as potential sources of pests and
pathogen resistance genes. The inclusion of these diploids in the breeding
programs will broaden the genetic base and contribute to the increase in
genetic gain in bananas.

Hybrids from crosses using Mchare cultivars as females, and wild and
improved diploids as males, were used to determine the level of genetic
variation, partition the genetic variation into additive and non-additive
components, estimate genetic parameters and investigate if the use of
information from genetic markers improves the estimates of genetic
characteristics. The aim was to improve the selection efficiency for important
traits in banana breeding. The results showed that there is significant additive
variation and it is the strongest genetic variance for all yield-related traits.
This implies that improving parents and selecting the best-performing
parents to use in the breeding designs will lead to genetic gains in Mchare
banana populations. This is further supported by the high values for narrow-
sense heritability for these yield-related traits that were reported in this
thesis. The correlations among the yield-related traits were high and positive
and can therefore be enhanced simultaneously. The correlation between the
plant crop and the first ratoon crop for all yield-related traits was significant,
high and positive. This enhances genetic gain by reducing the breeding cycle
since only data from the plant crop is sufficient to make selection decisions.
The use of genomic relationships established through genetic markers
significantly improves the estimates of genetic characteristics in diploid
banana breeding.

The significance and achievements of this thesis are highlighted by its
contribution towards documenting and identification of available genetic
resources that can be exploited in banana breeding. Additionally, designing
breeding schemes, evaluation and selection efficiency can be enhanced by
the approaches employed and recommended in this thesis to increase genetic
gains that can meet the current and future demands of bananas.
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Popularvetenskaplig sammanfattning

Nar varldens befolkning fortsatter att vixa, okar aven efterfragan pa mat. For att
tillgodose den globala efterfragan maste 90% métas genom att dka skordarna per
hektar. Ett sétt att uppna detta &r att genom véxtforadling forbattra grédornas
prestation. Bananer och plantain (mjélbanan), ibland kollektivt kallade bananer, som
odlas i tropiska och subtropiska regioner, &r en kritisk inkomstkélla och basfoda for
miljontals ménniskor i Afrika. Till exempel, i Uganda, &r den Ostafrikanska
hdglandsbananen kallad "Matooke” synonym med mat. Trots bananernas betydelse
och den okande efterfragan ar den nuvarande avkastningen fortfarande under den
potentiella avkastningen, framst pa grund av klimatférandringar, sjukdomar och
skadegdrare.

Foradling for forbattrade sorter dr utmanande, sérskilt  genom
korsningsforadling, eftersom bananer har nedsatt fertilitet och véaxer langsamt, vilket
kraver upp till 20 ar for att fa fram en forbattrad hybrid. Detta gér bananforadlingen
och utvarderingsprocessen lang, dyr och médosam, vilket minskar den genetiska
vinsten som kan forvéntas i bananforadlingsprogram. Genetisk vinst &r det framsteg
som uppnas genom genetisk forbattring av en 6nskvard egenskap i en groda fréan en
generation till nasta. Att forbattra effektiviteten i véaxtféradlingen kommer att oka
den genetiska vinsten om genetisk variation och urvalets intensitet maximeras och
tiden mellan generationerna minimeras. Genetisk variation &r de genetiska resurser
som finns och &r tillgangliga i foradlingspopulationen och som erbjuder en genpool
som kan anvandas for att forbattra grodor. Denna avhandling fokuserade pa att
dokumentera den genetiska variation som finns tillganglig och identifiera nya kéllor
till variation som kan anvédndas i bananforadlingsprogram, samt optimering av
foradlingsprocessen i foradlingsprogrammet for diploid Mchare i Tanzania som en
modell for foradlingsprogram for triploider och tetraploider.

De genetiska resurserna som studerades inkluderar vilda populationer, sorter och
forbattrade foradlingskloner som anvénds i nuvarande foradlingsprogram. En
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detaljerad studie fokuserade pa diploider och tetraploider eftersom dessa har
potential att anvéndas som foréldrar i olika foradlingsprogram. Den genetiska
mangfalden analyserades med hjalp av DNA-markorer. Resultaten indikerar 1ag
genetisk mangfald bland de diploida och tetraploida kloner som anvands som
foraldrar. Daremot identifierades sju diploider som kan anvéndas som potentiella
kallor till resistensgener mot skadegdrare och patogener. Inkluderingen av dessa
diploider i féradlingsprogrammen kommer att bredda den genetiska basen och bidra
till att 6ka den genetiska vinsten i bananer.

Hybrider fran korsningar med Mchare-sorter som honor och vilda och
forbattrade diploider som hanar anvandes for att bestdmma nivan av genetisk
variation, dela upp den genetiska variationen i additiva och icke-additiva
komponenter, uppskatta genetiska parametrar och underséka om anvéndningen av
information fran genetiska markorer forbattrar uppskattningarna av genetiska
egenskaper. Malet var att forbattra selektionseffektiviteten for viktiga egenskaper i
bananféradling. Resultaten visade att det finns signifikant additiv variation och att
denna &r den starkaste genetiska variansen for alla avkastningsrelaterade egenskaper.
Detta innebar att forbattrade fordldrar och val av de bast presterande foraldrarna att
anvénda i foradlingsdesignen kommer att leda till genetiska vinster i Mchare-
bananpopulationer. Detta stdds ytterligare av de hdga vardena for arvbarhet (h?) for
dessa avkastningsrelaterade egenskaper som rapporterades i denna avhandling.
Korrelationerna mellan de avkastningsrelaterade egenskaperna var hdga och
positiva, och kan darfor forbattras samtidigt. Korrelationen mellan den forsta
skorden och den forsta rotskott-skorden for alla avkastningsrelaterade egenskaper
var signifikant, hdg och positiv. Detta 6kar den genetiska vinsten genom att forkorta
foradlingscykeln eftersom det &r tillrackligt med data fran den forsta skorden for att
kunna gora ett urval. Anvandningen av genomiska relationer faststdllda genom
genetiska markorer forbattrar signifikant uppskattningarna av genetiska egenskaper
i diploid bananforédling.

Betydelsen och framstegen av denna avhandling betonas genom dess bidrag till
dokumentation och identifiering av tillgangliga genetiska resurser som kan utnyttjas
i bananforédling. Dessutom kan utformningen av féradlingsscheman, utvardering
och selektionseffektivitet forbattras genom de tillvagagangssatt som anvénds och
rekommenderas i denna avhandling for att 6ka de genetiska vinsterna som kan méta
de nuvarande och framtida behoven av bananer.
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Structure analysis revealed two major clusters corresponding to genomic composi-
tion. The results indicate that there is potential for the banana breeding programs to
increase the diversity in their breeding materials and should exploit this potential for
parental improvement and to enhance genetic gains in future breeding efforts.

Plain Language Summary

Banana is an important staple food and popular fruit, grown in the tropical and
sub-tropical regions. Pests and pathogens reduce banana production, and the use of
resistant cultivars is the ultimate solution. This study used DNA from 856 genotypes
from banana breeding programs in Brazil, India, Nigeria, Tanzania, Uganda, and the
in vitro genebank at the International Transit Centre in Belgium to determine the level
of diversity available and identify unique materials with potential valuable genes.
The results indicate low genetic diversity. There is a need to increase the diversity in
parental materials to broaden their genetic base, and this study provides important
clues on how to achieve this, such as the material from Brazil, with host plant resis-
tance to pathogens and pests could benefit other programs. Banana breeders should
exploit this potential to enhance genetic gains in future breeding efforts by increased

1 | INTRODUCTION

With an estimated global production of 140 million metric
tons, bananas and plantains (Musa spp.) are the world’s lead-
ing fruit crop (Evans et al., 2020). The crop is non-seasonal
and produces fruits throughout the year, contributing to food
security as a major staple food and as a source of supplemen-
tal income for hundreds of millions of people in the global
tropical and sub-tropical South (Lescot, 2020; Nayar, 2010).
Currently, the largest producer of bananas is Asia (55.9%), fol-
lowed by Africa (24.6%), America (16.1%), the Pacific islands
(1.7%), Oceania (1.3%) and Europe (0.4%) (FAO, 2022).
Bananas are divided into edible cultivars and non-edible
wild species. The wild species are diploids (2n = 2x) and
include Musa acuminata Colla (AA) and M. balbisiana Colla
(BB), the sources of the A and B genome, respectively. Both
species belong to the section Eumusa of the genus Musa. The
edible parthenocarpic cultivars have previously been reported
to have evolved from these two wild species, and cross-
compatibility between the two Musa species allowed natural
hybridization leading to the development of M. acuminata
X M. balbisiana hybrids (Deepthi, 2016; N. W. Simmonds
& Shepherd, 1955). However, recent studies have reported
hybridizations with other unknown ancestral contributors
from uncharacterized gene pools (Jeensae et al., 2021; Martin
et al., 2020; Sardos et al., 2022). The intra- and interspe-
cific hybridization with reduced and unreduced gametes of
the wild species resulted in cultivars with a mixture of
genomic combinations and ploidy levels that include diploid

cooperation and germplasm exchange among breeding programs.

(2n = 2x) AA and AB; triploid (2n = 3x) AAA, AAB, and
ABB; and tetraploid (2n = 4x) AAAB, AABB, and ABBB
(Manzo-Sanchez et al., 2015; Nayar, 2010).

Bananas were domesticated in Southeast Asia and the
Pacific regions (Castillo & Fuller, 2012) before the crop was
introduced to other regions of the world (N. Simmonds, 1962).
Their cultivation in Africa started between 2000 and 6000
years ago (De Langhe et al., 1994; Perrier et al., 2011).
Based on a broad view of archaeological, cultural, and lin-
guistic evidence combined with genetic results, the Indian
Ocean islands such as Madagascar, Zanzibar, Comoros, and
Pemba were entryways of bananas into Africa from South-
east Asia by various waves of migration of the Austronesian
populations (Blench, 2009; De Langhe et al., 2009; Per-
rier et al., 2019). Edible bananas may have entered the East
African region (including Burundi, the Democratic Republic
of Congo, Kenya, Rwanda, Uganda, and Tanzania) through
multiple introductions between the first and 16th centuries
A.D. (Karamura, 1998; Nayar, 2010). Large variability caused
by somatic mutations or possibly epigenetics gave rise to a dis-
tinct group of about 70 cultivars endemic to the East African
region referred to as the East African Highland Bananas
(EAHB). These include both the triploid East African high-
land cooking and beer banana (Musa, AAA), thereby making
East Africa a secondary center of banana diversity (De
Langhe et al., 2009).

Using botanical and linguistic evidence, it is hypothe-
sized that triploid plantains (AAB) may have reached Africa
more than 3000 years ago (De Langhe et al., 1994) from the
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Philippines and the Eastern contact areas between the Philip-
pines and New Guinea (Lejju et al., 2006). However, there
are suggestions that they may have been brought to Africa
from India or Sri Lanka by the Bornean people migrating
along the South Arabia coastal regions (Fuller & Madella,
2009; Lejju et al., 2006). A large number of the African plan-
tain cultivars that have never been recorded elsewhere suggest
that they underwent a sustained diversification in Africa over
a long time (Blench, 2009; De Langhe, 2007), majorly due
to natural mutations. These mutations gave rise to secondary
plantain cultivars that have been maintained in regions of
intense cultivation by vegetative propagation (De Langhe,
1964; De Langhe & de Maret, 2004). Consequently, like East
Africa for EAHB, West and Central Africa became a cen-
ter of secondary diversity for the plantain (Swennen, 1990).
In Africa, East African cooking bananas (which include the
“matooke”—AAA and “mchare”—AA), the brewing types
(“mbidde”—AAA), and plantains (AAB genome) make up
~64% of all bananas grown on the continent (Lescot, 2020).
In 2018, an estimated 12.4 million metric tons of plantains
(93% from West and Central Africa) and 9.8 million met-
ric tons of highland, beer, and other cooking bananas (88%
from East Africa) were produced in Africa, where 3.2 mil-
lion farming households depend on plantains and 2.5 million
depend on highland bananas, ABB (which includes Sukali
Ndizi for dessert; Kayinja and Kisubi for beer making), and
other banana cultivars (Lescot, 2020).

Banana crossbreeding is impeded by the polyploid nature
of the crop which is characterized by near sterility, poor seed
set, and low germination (Batte et al., 2019). Edible culti-
vated bananas such as the EAHB and plantains have a low
genetic variation (Kitavi et al., 2016; Nyine et al., 2017;
Ortiz, 1997). Despite these challenges, a handful of banana
breeding programs are developing high-yielding and resis-
tant banana cultivars. Among these breeding programs, the
International Institute of Tropical Agriculture (IITA) leads in
Africa where they breed for cooking bananas, namely Mchare
in Tanzania; Matooke in Uganda together with the Ugan-
dan National Agriculture Research Organization (NARO),
representing the Great Lakes Region of East Africa and plan-
tain in Nigeria representing plantain for the lowlands of
the degraded forest of West Africa. The Brazilian Agricul-
tural Research Corporation (Embrapa) representative of Latin
America breeds Prata (Pome)/Silk/Plantain, and the National
Research Centre for Banana (NRCB) of India representa-
tive of Asia breeds Silk/Pome/Dessert/Plantain/ABB cooking
banana. All these programs focus their breeding objectives
on developing hybrids with consumer-preferred qualities in
terms of color, texture, and taste, with varying threshold
values depending on the target product (Amorim, dos Santos-
Serejo, et al., 2011; Silva et al., 2001; Madalla et al., 2023;
Marimo et al., 2019; Nowakunda et al., 2023; Sathiamoor-
thy et al., 2001), short stature, reduced crop cycle, and good

Core Ideas

¢ There is low genetic diversity among Musa breed-
ing materials.

The lowest genetic distance was between the breed-
ing materials from Tanzania for Mchare and Brazil
for Prata.

There is a need for broadening genetic diversity for
parental improvement especially for the diploids.
There is a possibility of using the selected
DArTseq-SNP  markers for further genomic
research in Musa.

agronomic attributes that lead to high yield and resistance to
a complex of diseases and pests that affect bananas and plan-
tains (Amorim, Amorim, et al., 2011; Brown et al., 2017,
Ortiz et al., 1995; Swennen & Vuylsteke, 1993; Vuylsteke
et al., 2010).

The crossbreeding process, however, depends mostly on
existing genetic diversity within Musa breeding populations,
cultivars, and gene banks, which largely determine the poten-
tial of plant improvement that can be expected (Brown et al.,
2017). 1t is, therefore, important to assess the genetic diver-
sity of existing germplasm and breeding populations to guide
informed crosses or breeding schemes for the development
of new and improved cultivars and avoid inbreeding and nar-
rowing the genetic base in advanced generations (Yao et al.,
2008). While many studies such as Christelova et al. (2017)
and Bawin et al. (2019) have conducted studies of materials
available in collections, this is the first study that evaluates
accessions used by several breeding programs.

In the present study, we determined the genetic diver-
sity and population structure of Musa germplasm available
in the breeding programs representative of the four largest
consumers of bananas worldwide; IITA in Nigeria for plan-
tain, Tanzania for Mchare, ITA—NARO breeding programs
for Matooke in Uganda, Embrapa in Brazil, and NRCB in
India. Additionally, accessions from the in vitro banana gene
bank at the International Transit Centre (ITC) of Alliance of
Bioversity International and CIAT in Belgium were included
to identify potential diversity available that can be used to
broaden the narrow genetic base for banana and plantain
breeding.

This study aimed to (1) determine whether DArTseq-single
nucleotide polymorphism (SNP) markers can be used to study
diversity and population genetics of Musa, (2) understand the
level of genetic diversity available and the pattern of popula-
tion structure among the Musa breeding materials from five
breeding programs, and (3) identify compatible new sources
of germplasm harboring valuable variation for improving
resistance to biotic stresses.
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TABLE 1 Plant materials used in the study.
Ploidy
Source Breeding materials Abbreviation 2x 3x 4x Total
IITA—Nigeria Plantain Plantain 12 5 18 35
IITA—Tanzania Mchare Mchare 157 49 1 207
IITA and Matooke Matooke 58 12 44 114
NARO—Uganda
Embrapa—Brazil Prata (Pome)/Silk/Plantain Prata 70 31 41 142
NRCB—India Silk, Pome, Dessert, Plantain, SwS (sweet and starchy) 33 112 5 150
cooking
ITC—Belgium Conservation by ITC ITC 199 6 3 208
Total 529 215 112 856

Abbreviations: IITA, International Institute of Tropical Agriculture; ITC, International Transit Centre; NARO, National Agriculture Research Organization; NRCB,

National Research Centre for Banana.

2 | MATERIALS AND METHODS

2.1 | Plant material and sampling

The accessions were provided by five breeding programs:
IITA in Nigeria (4%) representing the triploid Plantain breed-
ing program; Tanzania (24%) representing the Mchare and
diploid breeding program; Uganda (13%) (including those
collected from NARO) representing the triploid Matooke
breeding program (henceforth referred to as “Plantain,”
“Mchare,” and “Matooke” breeding material, respectively);
Embrapa (17%) representing the triploid Prata (Pome)/Silk
and plantain breeding program; and NRCB (18%) repre-
senting the Silk/Pome, Dessert, plantain, and ABB cooking
breeding program (henceforth referred to as Prata and SwS
breeding material, respectively). Additionally, breeding mate-
rial from accessions in the ITC in Belgium (24%; henceforth
referred to as ITC; Table 1) were included. The accessions
from the breeding programs were grown in situ in different
field trials and germplasm collections, while the accessions
from ITC were held ex-situ as in vitro tissue culture plants
before sampling.

Samples sent from the breeding programs were collected
from the cigar (youngest and emerging) leaf samples, and
200 mg of each leaf sample was cut into small pieces of 9
cm?, without the midrib, and gently placed in a 1.2-mL round-
bottomed tube (containing one 4-mm stainless steel ball) in
a 96-well tube rack. The samples were dried using silica gel
pads (Dry & Dry brand from L2K Commerce) at 4°C for 14
days, and dryness was confirmed with a humidity indicator,
with an allowed maximum humidity of 10%. For samples sent
from ITC, ~3 g of freeze-dried leaf tissues taken from the in
vitro plants were pre-packed in air-tight sealed aluminum foil
bags. The dried samples were consolidated, and then pulver-
ized with the GenoGrinder (Spex Sample prep MiniG 1600
machine) run twice at 1400 rpm for 1 min at the Nature
Source Improved Plants facilities (NSIP) in Ithaca, USA, and

then shipped to DArT, Australia, for DNA extraction and
genotyping.

Initially, 913 individual samples were sent to DArT for
genotyping. For this study, 57 accessions from sections other
than Eumusa were removed, and the remaining 856 Musa
accessions (168 wild germplasm, 482 cultivars, 119 breeding
clones, 58 hybrids, 14 chromosome-doubled, and 1 bluggoe)
used as breeding materials, comprising different ploidy levels
with diverse genomic constitutions, were used (Table 1). The
number of genotypes (population size) is unevenly distributed
among the compared groups in this study. The samples were
allocated a seven-digit number as their sample ID (Table S1,
Column A). A sample id as “2522162$2521592” was created
by merging two or more individual samples as technical repli-
cates confirmed to be of the same genotype after genotyping
(hence combining sample 2522162 and sample 2521592 as
sample 2522162$2521592).

Passport data and classification of the banana accessions as
members of subgroups (such as “Pome,” “Silk,” “Cavendish,”
“Mchare,” “Matooke,” and “Plantain”) were provided by
the breeders and ITC curator, while other information was
obtained from the Musa Germplasm Information System
(MGIS; http://www.crop-diversity.org/banana/) (Ruas et al.,
2017) and is presented in Table S1.

2.2 | Genotyping by DArTseq technology

DNA was extracted using the Diversity Array Technology
plant DNA extraction protocol (DArT 2000). Genotyping was
performed using the DArTSeq genotyping platform using the
option of 1.2 million reads. Libraries were constructed follow-
ing the DArTSeq complexity reduction method (Kilian et al.,
2016), and genomic DNA was digested using a combination
of PstI and Msel enzymes. Next-generation sequencing was
carried out using HiSeq2000 (Illumina, USA). The sequences
containing the SNP markers were aligned by NSIP to version

SUORIPUOD PUe SWIB | 84} 88S *[7202/£0/0€] U0 A%e1q1T 8UIUO AB|IM ‘26102 260} /Z00T 0T/10P/W00" A IMARe.q 1 BU1|UO'SS3sTe//SANY WO papeolumod ‘0 ‘ZLEE0V6T

BY WO A3 1A

P

86US017 SUOWILLOD 3AIEa1D 3|gel|dde auy Aq pausencb ae sap e YO ‘8sn Jo sani Joj AriqiauljuO A3|IA UO (SuonipL


http://www.crop-diversity.org/banana/

AKECH ET AL.

4 of the “DH Pahang” banana reference genome (Belser et al.,
2021).

All accessions were called as diploids during genotype
calling to reduce complexity in data analysis and use tools
developed for diploids, as done in other studies (Christelova
etal., 2017; Osterman et al., 2021).

The final calls were coded as “0/0” for homozygous refer-
ence allele, “1/1” for homozygous alternate allele, and “0/1”
for heterozygotes for the downstream analysis for this study.

Before filtering, technical replicates, duplicates, and acces-
sions (highlighted in italic in Table S1) from sections other
than Eumusa were removed. The data were further filtered
using the “dartR” package in R (Gruber et al., 2018) by remov-
ing loci with a call rate below 95%, individuals with a call
rate below 80%, loci with a minor allele frequency (MAF)
below 0.01, and monomorphic markers. Finally, loci with
more than 25% heterozygosity were removed, resulting in a
final dataset that was used for further analysis. The generated
dataset was further divided into different subsets based on the
breeding program and ploidy, which were filtered using the
same thresholds as used for the full dataset (Table 2).

2.3 | Analysis of genetic diversity

Analysis of molecular variance (AMOVA) was conducted
using the “poppr” R package (Kamvar et al., 2014) to esti-
mate the genetic differentiation within and among accessions
as well as to assess the population differentiation among the
genetic groups using the complete panel and the different
(sub)sets as per the abovementioned sources of the mate-
rial (Table 1). To test for the significance of the AMOVA
results, the “randtest” function from the R package “ade4”
(Dray & Dufour, 2007) was used with 999 permutations.
The pairwise population differentiation (Fgy) to determine
the between-group differentiation was computed using the
“dartR” package in R (Gruber et al., 2018).

2.4 | Analysis of population structure

The genetic structure of the Musa genetic resources from
the five breeding programs (641 retained after filtering)
was analyzed using principal coordinate analysis (PCoA)
and discriminant analysis of principal components (DAPC).
All analyses were performed for the subsets diploids and
tetraploids using the retained SNP for each subset as shown
in Table 2.

The PCoA was carried out using the “dartR” package
in R (Mijangos et al., 2022) that acts as a wrapper for
the “glPca” function in “adegenet” (Jombart & Ahmed,
2011). The “ggplot2” package (Wickham, 2009) was used to
visualize the pattern of variation in two-dimensional plots.

TABLE 2 Number of single nucleotide polymorphism (SNP) markers and accessions before and after each filtering step for the entire dataset and the three subsets.

Filtering the markers

Filtering individuals

Final number
of markers
retained
16,903

12,455

% of loci lost at

% of loci lost
at MAF >

1%

% of

Initial
count

(loci)

% of individual
lost at 80% call

rate
1.3
1.2

heterozygous call

<25%

monomorphic
loci lost

5.6
159

% of loci lost at
call rate >95%

27.4
29

Final number

Initial
count
856
648

of individuals

845
641

Subsets

25.5

26.3

44,902
44,902

Entire dataset

39.6

22.7

Breeding

programs*

19,678

16.1

14.5

20.3

23.3

327 44,902

0.9

330

Breeding

programs;
diploids

6,143

60

17.4

30.5

46

108 44,902

0.9

109

Breeding

programs;

tetraploids

Abbreviation: MAF, minor allele frequency.
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“Excluding materials from ITC—Belgium.
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Population structure was assessed to determine genetic
subpopulation using the Bayesian model-based clustering
implemented in the DAPC method in R using the “adegenet”
package (Jombart & Ahmed, 2011; Jombart et al., 2010). The
optimal number of clusters in the DAPC analysis was inferred
using “Silhouette” clustering method of K-means analysis
by varying the possible number of clusters from 1-20, and
the function “fviz_nbclust function” from the “Factoextra” R
package (Kassambara & Mundt, 2020) was used to confirm
the number of clusters. In addition, a bar plot of eigenvalues
for the discriminant analysis was used to select discriminant
functions to be retained. The number of retained principal
components (PC) for DAPC analyses was calculated using
a cross-validation method implemented in the “xvalDapc”
function from the “adegenet” R package. DAPC scatter plots
were developed on the clusters identified through K-means
using 100 retained principal components

3 | RESULTS

3.1 | SNP polymorphism and diversity

The alignment to version 4 of double haploid Pahang refer-
ence genome resulted in 44,902 unfiltered SNP markers. After
filtering, 37.6% of the markers (16,903) and 845 individuals
were retained (Table 2).

Out of these retained markers, 34.8% were highly polymor-
phic with a polymorphic information content (PIC) > 0.25
(Figure S1A). Observed heterozygosity (Ho) ranged from 0 to
0.31 with an average value of 0.11 (Figure S1C). The mark-
ers were well distributed across the 11 banana chromosomes,
with chromosome 4 having the highest number of markers
(12.3%) and chromosome 2 having the lowest number of
markers (6.6%; Figure S1D).

3.2 | Population genetic differentiation
and molecular variance analysis

The genetic divergence between the populations from the five
breeding programs (641 retained after filtering) was deter-
mined by calculating the pairwise genetic differentiation (Fgr;
Table 3).

The Fgr among breeding programs varied from 0.007 to
0.177 (Table 3). The highest pairwise genetic differentiation
was found between the breeding material of SwS and Matooke
(Fgr = 0.177), while the lowest was observed between Prata
and Mchare (Fgp = 0.007). There were zero Fgp values
between the diploids from Plantain and Prata populations and
Fgr value of 0.011 between the diploids from Mchare and
Prata programs. For tetraploids, the highest was between SwS
and Matooke breeding materials (Fgt = 0.436), and the low-

TABLE 3 Pairwise genetic differentiation (Fgr) between breeding

programs.
Prata SwS Plantain Mchare
SwS 0.044
Plantain 0.075 0.131
Mchare 0.007 0.054 0.076
Matooke 0.098 0.177 0.079 0.093

est was between Matooke and Plantain breeding materials
(Fgr = 0.118; Table S2).

The AMOVA revealed a low but significant (p < 0.001)
difference among breeding programs and among the diploid
germplasm of the five breeding programs, which accounted
for 14% and 16% of the total variation, respectively (Table 4).
Significant (p < 0.001) and high differentiation was obtained
among groups of tetraploid accessions from the five breed-
ing programs (accounting for 31% of the total variation). The
global genetic difference among groups was measured by
pairwise Fgp and within individuals (Fig) as given in Table 4.

3.3 | Population structure

3.3.1 | Principal coordinate analysis

Nei’s unbiased genetic distance was used to calculate the two-
dimensional PCoA among all genotypes. The PCoA based
on breeding programs explained 41.2% and 10.4% of the
total variation in the first and second principal coordinates,
respectively (Figure 1). Five clusters were observed with con-
siderable admixtures among the genotypes, with one cluster
containing most of the accessions from the Matooke breed-
ing program together with a few accessions from all the other
breeding programs. Similarly, the materials from Plantain
form their own distinct small cluster. The other three clus-
ters each contained accessions from Mchare, Prata, and SwS
programs. Prata accessions clustered closely with Mchare
accessions, while SwS and Mchare breeding materials were
scattered and seemed more diverse.

3.3.2 | Population structure analysis for all
accessions

To understand the pattern of genetic structure in this panel of
accessions DAPC based on a Bayesian information criterion
were used to detect subpopulations or clusters among all the
breeding materials (641 retained after filtering) from the five
breeding programs, the diploids (327 retained) and tetraploids
(108 retained). DAPC analysis detected a peak at K = 2, sug-
gesting the presence of two clusters (Figure S4) for all the
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TABLE 4
single nucleotide polymorphisms.

Analysis of molecular variance (AMOVA) showing the genetic differentiation within and among the different subsets as revealed by

Degrees of Sum of Variance
Source of variation freedom squares components Variation (%)  F- statistics p-value
Breeding programs Among 4 2.702 0.005 13.5 Fgr =0.140 0.001
Within 636 21.360 0.034 86.5 Fis = 0.860 0.001
Total 640 24.062 0.039 100
Breeding programs; Among 4 2.044 0.008 15.9 Fgp = 0.160 0.001
diploids Within 322 14.279 0.044 84.1 Fis = 0.840 0.001
Total 326 16.324 0.053 100
Breeding programs; Among 4 1.005 0.0124 30.6 Fgpr =0.305 0.001
tetraploids Within 103 2.901 0.028 69.4 Fis = 0.694 0.001
Total 107 3.906 0.04055219 100
Abbreviations: Fgy = pairwise genetic differentiation between the groups; Fig = inbreeding coefficient within the groups.
0084 °
0.044
s
< * Matooke
g * Mchare
N 0.001 Plantain
8 ¢ Prata
a o sws
0.044
-015 -010 -0.05 0.00 005 0.10

PCo 1 (41.2%)

FIGURE 1

Genetic distance revealed by a principal coordinate analysis (PCoA) based on Nei’s unbiased genetic distance of single nucleotide

polymorphisms (SNP) among the accessions. A strong population structure was revealed by the PCoA based on diploids from each breeding
program with the first and second principal coordinates explaining 87.1% and 2.3% of the total variation, respectively (Figure S2). Similarly, as
observed for the entire panel of accessions, five major clusters were observed among diploids, with the major two containing diploids from all

breeding programs, and the other three containing mainly accessions from Mchare, Prata, and SwS. Diploid accessions from Matooke formed a

separate distinct cluster along the first axis. The PCoA based on tetraploids in each breeding program explained 35.2% and 15.8% of the total

variation in the first and second principal coordinates, respectively, and revealed a clear population structure with five distinct clusters formed

(Figure S3), each containing predominantly accessions from a distinct program. The tetraploid accessions from SwS are clearly separated from the
rest of the populations along the PCo 1. The tetraploids from Prata formed two separate clusters. Two individuals (Sample_id 2522093 and 2522094)
from Plantain clustered together with the tetraploids from Matooke population and one individual (Sample_id 2521907) from Matooke clustered

with the tetraploids from the Plantain population.

subsets of the data. DAPC was also set to cluster according
to the breeding program where the accession was sourced
to further study the relationship between accessions from
different programs. The membership probability of each
accession to be assigned into different clusters was 100% for
all accessions, and no admixture or accession with multiple
affiliations was detected by DAPC analysis.

The DAPC scatter plot of the accessions showed a clear
separation of accessions according to their breeding pro-
gram, along the first discriminant function that comprised
most of the genetic variation (Figure 2A). The breeding mate-
rials from Matooke, Plantain, and SwS each formed their
own cluster, while Mchare and Prata grouped together as
one cluster. This distinction was even more apparent when
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FIGURE 2 Discriminant analysis of principal components Discriminant function 1

(DAPC). (A) Scatter plot of the 641 Musa accessions from the five
breeding programs using two discriminant functions with an inset plot
of discriminant analysis (DA) eigen values; (B) plot of the densities of
individuals on the first discriminant function that displays cluster
differences.

densities were plotted only along the first discriminant func-
tion (Figure 2B). The plot showed a close relationship
between accessions of Prata and those from the Mchare breed-
ing program, which clustered closely together along both axes.
This result is consistent with the PCoA.

3.3.3 | Population structure analysis for
diploids and tetraploids

DAPC analysis for the diploid subsets identified two clus-
ters as shown in the DAPC biplot and the plot of densities
below with the first discriminant function explaining 92% of
the variation (Figure 3A,B).

The DAPC analysis for the diploid accessions accounted
for 84.9% of the cumulative variance using 50 principal com-
ponents retained, and separated the 327 accessions into two
clusters at K = 2 with 42 accessions (12.8%) in cluster 1,
and the highest number of accessions (285 accessions, 87.2%)
were assigned to cluster 2 (Figure 3A). The DAPC biplot
on the first discriminant function showed a clear separa-
tion of the diploid accessions into two distinct clusters at
K =2 (Figure 3A). Cluster 1 comprised 10 accessions sourced
from Prata, 20 accessions from SwS, 2 accessions from plan-
tain, 11 accessions from Mchare, and no accessions from
Matooke breeding programs. Cluster 2 consisted of 13 acces-

FIGURE 3 Discriminant analysis of principal components
(DAPC). (A) Scatter plot of the 327 diploid Musa accessions from the
five breeding programs using two discriminant functions with an inset
plot of discrimant analysis (DA) eigen values and (B) plot of the
densities of individuals on the first discriminant function that displays
cluster differences.

sions sourced from SwS, 146 accessions from Mchare, 61
from Prata, 10 from plantain, and all the 55 accessions from
the Matooke breeding program (Table S3). Both clusters con-
tained almost equal numbers of cultivar and wild diploids,
while diploids classified as “Hybrid” and “Improved 2x” type
were in cluster 2. The diploids clustered according to their
genome group with all accessions in cluster 1 from the B
genome except for four accessions. Noticeably, two banksii
accessions (ITC0467 and ITC0806) clustered together with
balbisiana accessions in cluster 1. All accessions in cluster
2 are from the A genome except for two (Pisang Nangka
and Eti Kehel annotated as “A/B” and “BB,” respectively).
The highest within-population variation or gene diversity (He)
was observed in cluster 1 (He = 0.15) followed by cluster
2 (He = 0.11), while the pairwise Fgr distance between the
clusters was 0.02 (Table S3).

The DAPC biplot (Figure 4A) together with the plot of
densities of individuals on the first discriminant function
(Figure 4B) showed a clear separation of the 108 tetraploid
accessions into the two clusters with no admixed individuals,
explaining 71% of the variation. Cluster 1 was the largest and
contained 77 accessions (71.3%) and cluster 2 contained 31
accessions (28.7%; Figure 4A). The highest number of acces-
sions observed in cluster 1 was from breeding programs of
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FIGURE 4 Discriminant analysis of principal components
(DAPC). (A) Scatter plot of the 108 tetraploid Musa accessions from
the five breeding programs using two discriminant functions with an
inset plot of discriminant analysis (DA) eigen values and (B) plot of the
densities of individuals on the first discriminant function that displays
cluster differences.

Matooke (57.1%) followed by Plantain and Prata (23.4% and
19.5%, respectively). In cluster 2, the highest number of acces-
sions observed was from Prata (80.6%), followed by SwS
(16.1%), and none from plantain and Matooke. Gene diversity
was 0.14 and 0.09 for clusters 1 and 2, respectively, and the
pairwise Fgy distance between the clusters was 0.01 (Table
S3). All the accessions in cluster 1 were from the A genome
and except for the 13 PITA hybrids from Plantain that are
from the AB genome. Accessions in cluster 2 were all from
the AB genome. Noticeably, all the tetraploids from Matooke
clustered together in cluster 1. The single tetraploid from
Mchare clustered together with five tetraploids from SwS
and 25 tetraploids from Prata. The clustering of tetraploids
is observed to be based on genome group and breeding aim or
product, with all the plantain-improved hybrids from Plantain
(PITAs) except for one and the matooke-derived hybrids clus-
tering together in cluster 2. The cluster allocations per diploid
and tetraploid accession according to DAPC are summarized
in Table S1.

4 | DISCUSSION

Information on the genetic diversity and structure of breeding
germplasm is of great importance to breeders in order to make

informed crosses among diverse parents for the development
of new and improved cultivars. This study provides the first
overview of the genetic variation in Musa breeding popula-
tions from five of the seven global banana breeding programs
using DArTseq SNP markers.

4.1 | Marker informativeness

The 16,903 high-quality retained DArTseq SNPs were infor-
mative with a PIC value >0.25 (Botstein et al., 1980; Serrote
et al., 2020) for 34.8% of the markers. The percentage of poly-
morphic loci of more than 59% and an MAF larger than or
equal to 0.01 for all markers indicate that the retained SNPs
are reliable to detect genetic variation in bananas (Luo et al.,
2019). This is relevant for future genomic investigations in
banana breeding efforts and demonstrates the possibility of
using the selected DArTseq-SNP markers for genomic inves-
tigations such as linkage mapping, individual identification
and quality control in Musa. This may serve as a foundation
for future breeding and conservation efforts.

4.2 | Population structure and relationships
The different approaches to detecting existing population
structure in the panel of germplasm appeared to provide com-
plementary information. DAPC performed well in detecting
clusters of diversity, and results were confirmed by PCoA.
While PCoA depicted five clusters and DAPC revealed two
major clusters with each cluster containing accessions from
each breeding program further showing the low population
differentiation. Among the diploids, cluster 1 from DAPC
corresponds to clusters 4 and 5 of the PCoA, and cluster 2 cor-
responds to clusters 1, 2, and 3 of the PCoA in Figure S2. For
the tetraploids, cluster 1 from DAPC corresponds to clusters 3,
4, and 5, while cluster 2 corresponds to clusters 1 and 2 of the
PCoA. The low genetic differentiation between populations
as indicated by the low Fgp values between the DAPC clus-
ters could be due to large gene pool exchanges (Eltaher et al.,
2018), through the use of common diploids from the oldest
banana breeding program from Honduras, by all the breeding
programs. Moreover, the recent funding of the banana breed-
ing programs in Africa has improved germplasm exchange
between the banana breeding programs, with material mostly
going to Mchare and Matooke breeding programs. Accessions
from the Mchare breeding program were to a higher extent
spread across all clusters, indicating that this population was
more diverse due to germplasm exchange.

The low Fgr, AMOVA, and DAPC suggested a separa-
tion of no more than two clusters. The five groups suggested
by the PCoA show that a genetic structure already exists or
accessions from different breeding programs might have a

SUORIPUOD PUe SWIB | 84} 88S *[7202/£0/0€] U0 A%e1q1T 8UIUO AB|IM ‘26102 260} /Z00T 0T/10P/W00" A IMARe.q 1 BU1|UO'SS3sTe//SANY WO papeolumod ‘0 ‘ZLEE0V6T

BY WO A3 1A

P

86US017 SUOWILLOD 3AIEa1D 3|gel|dde auy Aq pausencb ae sap e YO ‘8sn Jo sani Joj AriqiauljuO A3|IA UO (SuonipL



10 of 15 The Plant Genome

AKECH ET AL.

common ancestor (Luo et al., 2019; Meirmans, 2015). This
study demonstrated that the majority of genetic variance exist
within breeding programs rather than between them. This
was evident in the AMOVA and the DAPC clustering, for
example, as the cultivars grouped together irrespective of their
source breeding program. Similar results were observed in
white Guinea yam where landraces from different geographi-
cal regions grouped together (Agre et al., 2021; Bhattacharjee
etal., 2020). The tetraploid population was more structured as
it formed distinct clusters in the PCoA, indicating that vari-
ation within the tetraploids is lower compared to between
them.

The accessions in each group were observed to cluster
according to genome group irrespective of their ploidy lev-
els. This could be explained by the ancestry and evolution
of the banana cultivars through the intra- and interspe-
cific hybridization of the two wild species M. acuminata
Colla (AA) and M. balbisiana Colla (BB; Manzo-Sanchez
etal., 2015; Nayar, 2010), complex interspecific chromosome
mosaic patterns in the ancestral groups that contributed to
the cultivated banana genomes (Martin et al., 2020), and/or
structural variations between the A and B genomes (Baurens
et al., 2018). Our findings are supported by similar cluster-
ing trends based on genome groups in the Philippino Musa
gene pool using SNPs (Gardoce et al., 2023). In that research,
similar to our observations, two major clusters directly cor-
responding to the ploidy level of the B genome groups and a
single major cluster containing A genome groups irrespective
of ploidy levels were observed. Also, Onyango et al. (2010)
reported distinct clusters in East African “Apple Banana”
(AAB genome) and “Muraru” (AA genome) dessert bananas
using microsatellite markers, corresponding to their genome
composition. The presence of wild diploids in two differ-
ent clusters in our study seems to be explained entirely by
the presence or absence of the B genome. Similarly, cluster-
ing dictated primarily by the presence or absence of the B
genome has been reported in other studies (De Jesus et al.,
2013; Doloiras-Larafio et al., 2018). Tetraploids in this study
clustered based on breeding aim or product. This indicates
that regional preferences influence breeding targets and shape
the diversity of breeding products. Hence, selection pressure
toward those preferences creates distinct groups of parents
used in the development of the end-user-preferred products.
This unique variation within the breeding programs is because
product profiles describe an ideal variety with the necessary
characteristics intended to replace the older varieties that still
dominate a particular market.

Twenty-one accessions from the Matooke breeding pro-
gram observed to cluster with some accessions from the
Prata breeding program were improved diploids originally
from Brazil but under field evaluation in Uganda as indi-
cated by their passport data. Likewise, the diversity of Mchare
came mostly from 2x accessions imported from ITC. Female

diploid parents used in the Mchare breeding program nor-
mally referred to as “Mchare” clustered together in cluster 2
by DAPC, indicating they are genetically similar. The same
observation was made by Christelova et al. (2017), where
the AA cv. African set that contained the “Mchare” formed
a distinct cluster IX. Evidence from our results indicated a
very close relationship between the Mchare (referring to the
Mchare diploid cultivars used as female parents) from Tanza-
nia and the Cavendish and Prata of Brazil, as well as with the
Silk and Pome bananas of India. There is also a close relation-
ship between the SwS and the Prata bananas. This offers more
support to the hypothesis that Mchare is the donor of the 2n
gamete contributing “zebrina” and “banksii” to the Cavendish
genome (Hippolyte et al., 2012; Raboin et al., 2005) and more
recently, also shown to have contributed a large “malaccen-
sis” component to Cavendish (Martin et al., 2020). Martin
et al. (2023) confirmed that both Gros Michel and Cavendish
resulted from transmission of a 2x gamete from Mchare with
full genome restitution without recombination.

The tetraploid “Sample_id 2521907 (accession name:
25974S-17), which was stated to be Matooke-derived (AA)
yet clustered with accessions of the “AB” genome like the
plantains from Nigeria, seems to be a case of mislabeling dur-
ing field establishment. This tetraploid in the crossing blocks
at IITA in Uganda research fields does not match the Matooke
descriptors (Batte et al., 2018) and has exhibited a phenotype
similar to the PITA plantain hybrid (Tenkouano et al., 2019).
The two tetraploids from Plantain that clustered together with
those from Matooke were identified as chromosome-doubled
diploids (AA), which explains their grouping with the AAAA-
Matooke accessions. The 13 tetraploid improved plantain
hybrids called “PITA” were in the same cluster with improved
tetraploids from the Matooke program. This could be because
for these tetraploids, Calcutta 4 is a common parent that
was used for their development as a source of resistance to
diseases and pests (Brown et al., 2017; Ortiz, 2015; Swen-
nen & Vuylsteke, 1993; Tenkouano et al., 2003). The single
tetraploid accession that was sourced from the Mchare breed-
ing program always clustered with accessions from the Prata
program. This accession identified as PV 42-53, and from
passport data mined from MGIS is originally from Brazil and
is not used in the Mchare breeding program for any breed-
ing purposes. The PCoA scores indicate a presence of two
kinds of Calcutta 4 accessions. The samples from the Mchare
and Plantain breeding programs (“2521592$2522162” and
2522085, respectively) are different from the sample from
the Matooke program (“25218947). This was confirmed by
the genetic distance matrix of the diploids (data not attached).
These look phenotypically the same. We are following up on
these discrepancies. Thus, the discriminatory powers of this
set of SNP markers to detect molecular differences and simi-
larities could be utilized by breeders for quality control in the
breeding germplasm.
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4.3 | Genetic differentiation of populations

A low differentiation between populations was revealed by
the low estimated Fy for the breeding programs, low to high
for diploids and a high to very high differentiation between
the tetraploids. This indicates that the only difference among
these populations could be due to the differences in quality
traits targeted by the different breeding programs. According
to Wright (1968) and Luo et al. (2019), Fgy values greater or
equal to 0.15 are considered high and significant for discrimi-
nating individuals within a population indicating the presence
of subpopulations. A significant and very high Fgp was
observed between breeding materials from SwS and Matooke,
diploids from SwS and all the other programs and similarly
between tetraploids from SwS and all the other populations.
This could be due to the use of common diploid parents by all
other programs except for SwS (Amorim, dos Santos-Serejo,
etal.,2011; Batteetal.,2019; Brown etal., 2017; Ortiz, 2015).
The Fgr value was the lowest between populations from Prata
and Plantain, and between Prata and Mchare, an observation
that supports suggestions that Mchare bananas are common
ancestors for dessert bananas, Cavendish, Gros Michel, Prata,
and Silk (Christelova et al., 2017; Hippolyte et al., 2012; Per-
rier et al., 2011), which except for Gros Michel are also bred
for in Brazil.

The AMOVA results similarly imply a high genetic vari-
ation among the accessions within each breeding program
and also demonstrate the unique alleles within each pro-
gram probably due to the unique product profiles targeted
by each program. This is more distinct, especially for the
quality traits such as taste and texture that are unique to
consumers as reported for the East African Highland cook-
ing bananas representative of the Matooke and Mchare
banana breeding programs (Madalla et al., 2023; Marimo
et al., 2019; Sanya et al., 2020). For example, among the
tetraploids, 38% are Matooke-derived tetraploids specifically
selected for the Matooke end-user product profile, and 16.5%
are plantain-improved tetraploids targeted for the plantain
product profile.

4.4 | Implications to the breeding programs

The definition of source of breeding material in this study
is limited to and defined as the breeding program in which
the accession was collected, and it is known that some breed-
ing materials have been used in more than a single breeding
program. The low genetic diversity is compounded by the
repeated use of a few parental clones and their progeny as
parents in breeding schemes even across different breed-
ing programs. For example, improved diploids SH 3142, SH
3217, SH 3362, TMB2 X 9128-3, and TMB2 X 7197-2 are

used across all IITA and NARO breeding programs with
SH 3362 also used at Embrapa-Brazil (Amorim, dos Santos-
Serejo, et al., 2011; Batte et al., 2019; Brown et al., 2009;
Ortiz, 2015). Also, Calcutta 4 has been utilized for decades as
a source of resistance to the Sigatoka complex, yellow Siga-
toka, fusarium wilt, banana weevil, and burrowing nematodes
(Krishnamoorthy & Kumar, 2005; Ortiz, 2015; Tenkouano
et al., 2003) across banana breeding programs.

There is a need for strategies for parental improvement
especially for the diploids to identify and increase useful
diversity and genetic variation if genetic gain is to be realized
in banana breeding (Sanchez et al., 2023). The clustering in
this study provides important clues for how to increase use-
ful diversity (variation for key traits) in breeding programs.
For example, all improved diploids clustered together in clus-
ter 1 irrespective of their source, but the high and significant
Fgr value of 0.90 for accessions within this cluster (Table
S1) is indicative of high differentiation and perhaps existence
of high genetic variation among these diploids. Five of these
improved diploids (CNPMF 0731, CNPMF 0513, CNPMF
0998, CNPMF 1323, and 013019-01) from the Prata breeding
program have been reported to have resistance to Fusarium
wilt race 1 (Gongalves et al., 2019). These diploids, all from
the A genome might be good candidates to explore as another
source of resistance genes for Fusarium, for the benefit of
the Mchare breeding program. The Prata breeding program,
which also breeds for plantains, had seven improved diploids
reported to have resistance to black Sigatoka (Gongalves et al.,
2021), and three of these (M53, CNPMF 0496, and CNPMF
0519) also carry resistance to weevils and nematodes (E.
Amorim, Embrapa, unpublished data, 2023). The use of these
seven diploids could benefit both the plantain and Matooke
improvement program as new sources of resistance genes for
either hybrid development for plantain or parental improve-
ment for both plantain and matooke. The use of unrelated
parents in crossing schemes would increase genetic variation
for new cultivars, which is expressed as additive genetic vari-
ance in the breeder’s equation. Since genetic variation is a
great contributor to the genetic gain equation, its increase
would increase overall genetic gain in bananas. This study will
aid the breeders from all the banana breeding programs rep-
resented here to make more informed decisions regarding the
choice of diverse and unique parents.
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