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Genetic diversity and relationships were assessed in 141 locally named banana cultivars growing in five
districts of Malawi at 12 microsatellite loci. High allelic diversity (174 alleles) attributable to high
frequency of duplicated alleles was observed. Primers discriminating power was high with mean
polymorphism information content (PIC) of 0.74. Low mean genetic diversity contrary to actual allele
count was detected by Nei’s gene diversity index (h, 0.12) and Shannon information index (I, 0.18). The
low genetic diversity estimation could be due to loss of co-dominance by simple sequence repeats
(SSR) loci in polyploids which leads to underestimation of allelic relationships in populations. The
results also reveal that the genetic diversity of bananas from Chitipa, Karonga, Nkhata Bay, Thyolo,
Mulanje, BRS local collection and BRS gene bank is not significantly different. Pooled northern region
population (Chitipa, Karonga and Nkhata Bay) is as genetically diverse as pooled southern region
population (Thyolo, Mulanje, Local collection and Gene bank). Cluster analysis showed that most
cultivars were dissimilar probably due to multiplicity of mutations generated by high rate of cultivar
multiplication by farmers. However, genetic relationships among some cultivars showed some possible

synonyms.
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INTRODUCTION

Bananas also referred to as Musa L., are perennial
monocotyledonous herbs characteristically divided into
dessert bananas, cooking bananas and plantains and
beer bananas (Robinson, 1996; Strosse et al., 2006).
Their major genomic groups include diploids (AA, AB and
BB), triploids (AAA, AAB, ABB and BBB) and tetraploids
(AAAA, AAAB, AABB and ABBB) (INIBAP, 2003).
Bananas and plantains were derived from two species of
genus Musa, Musa acuminata (AA) and Musa balbisiana
(BB) through inter or intra-specific hybridization (Stover
and Simmonds, 1987; Pollefeys et al., 2004). Musa L. are
thought to have originated from the South-East Asia and
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Western Pacific regions where their inedible, seed-
bearing diploid ancestors can still be found in the wild
(Simmonds, 1966). The Asian—Pacific region is the
primary centre of diversity for bananas while humid
lowlands of West and Central Africa and East Africa
Highlands are known to be secondary centres of diversity
for plantains and cooking bananas respectively (Pillay et
al., 2004). African bananas are grouped into three
categories including East African (mainly dessert)
bananas (AA, AAA, ABB and AB), the African plantain
bananas (AAB) grown mainly in central and West Africa
and the East African Highland Banana (AAA), used for
cooking and beer brewing (Karamura, 1998).

Bananas and plantains are the fourth most important
crop in the developing world after rice, maize and wheat
in terms of gross value of production (Ortiz and
Vuylsteke, 1996; FAOSTAT, 2007). Estimates put world
banana and plantain production at about 100 million



tonnes (FAOSTAT, 2008). Dessert bananas, usually
eaten fresh when ripe, and cooking bananas, which are
starchier when ripe and are boiled, fried or roasted
constitute 43 and 57% of the world production
respectively (Jones, 2000). Cavendish bananas, which
are dessert bananas constitute the most commercially
important component of world banana production,
accounting for 47% of the global banana production
(Arias et al., 2003).

In Malawi, Bananas and plantains are ranked sixth in
their contribution to both food security and income
generation, after maize, rice, groundnuts, vegetables and
beans in their decreasing order (Malawi Government,
1995). Though important, banana and plantain production
is lower compared to other countries in the region such
as Tanzania, Rwanda and Burundi. According to Food
and Agriculture Organization (FAQO) production data of
2001, Tanzania produced 1,452,678 metric tones,
Rwanda (1,572,661), Burundi (1,548,897) while Malawi
produced 293,000 tonnes of bananas and plantains. Yet
per capita consumption of bananas and plantains of
Malawi (23.3 kg/ca/yr) in 2000 was higher than Tanzania
(14.5 kg/calyr), an indication that there is sufficient
consumptive demand for bananas in Malawi (FAO,
2000). Yields, as low as 5t ha " per year against the
potential yield of 60 to 120 t ha " per year, are common
(Banda and Mwenebanda, 2000). The below potential
crop performance is attributed to several factors such as
inferior cultivars, pests and diseases, deteriorating soil
fertility and poor management practices.

However, there is enormous potential for increasing
yields in Musa crops through genetic improvement (de
Vries et al.,, 1967). Considerable advances have been
made in understanding the genetic basis of specific traits
in Musa elsewhere (Ortiz, 1995; 1997), which have
become the basis for genetic improvement programs.
Consequently, there was a need to properly and
accurately identify banana cultivars growing in Malawi
before engaging in genetic improvement programs. A
better understanding of the extent and patterns of genetic
diversity of bananas and plantains from ecologically
different banana growing districts in Malawi is essential
for banana and plantain conservation and utilisation.

Molecular markers are powerful tools for fingerprinting,
assessing genetic variation and studying relatedness
among cultivars of many species thereby improving the
efficiency of Musa breeding and conservation. This is
due, in part, because they are not influenced by the
environment (Martinez et al., 2006). Musa genetic studies
have applied different molecular markers including
randomly amplified polymorphic DNA (RAPD) markers
which Pillay et al. (2001) used to investigate genetic
diversity and phylogenetic relationships of 29 East
African banana cultivars and two outgroup taxa, M.
acuminata Calcutta 4 and Agbagba. The results reveal
that East African bananas are closely related with a
narrow genetic base. A dendrogram derived from the
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RAPD data was divisible into a cluster composed of all
AAA highland banana cultivars and Agbagba (AAB) and
a minor cluster consisting of Kisubi (AB),
Kamaramasenge (AB) and Calcutta 4 (AA). However,
RAPD data did not separate beer and cooking banana
cultivars both of AAA genome composition (Pillay et al.,
2001). Ude et al. (2002) reported that using amplified
fragment length polymorphism (AFLP) marker on 28
accessions of M. acuminata (AA) Colla and M. balbisiana
(BB) Colla, Neighbour-joining and principal co-ordinate
(PCO) analyses using Jaccard’s similarity coefficient
produced four major clusters that closely corresponded
with the genome composition of the accessions (AA, BB,
AAB, and ABB). The AFLP data distinguished between
wild diploid accessions and suggested new subspecies
relationships in M. acuminata complex that are different
from those based on morphological data. The data
suggests three subspecies within the M. acuminata
complex (ssp. burmannica Simmonds, malaccensis
Simmonds and microcarpa Simmonds. A study by Creste
et al. (2004) that used microsatellites markers on Musa
germplasm in Brazil, detected a large number of alleles
suggesting a large genetic variability present and
evidence of the multi-allelic nature of microsatellite. The
study also reveals similarity between diploid and triploid
accessions implying possibility of potential crosses to
maximize the recovery of typical fruit qualities required in
Brazil's (AAB, Pome and Silk dessert banana). Among all
these markers, microsatellites have become the most
popular and are considered the most powerful in terms of
their ressolving power (Buhariwalla et al., 2005; Creste et
al., 2004).

In Malawi, accurate classification and identification of
banana cultivars has not been done. Hence several
cultivars under cultivation can not be accurately identified
because they have not been genetically analyzed and
identified. Such cultivars were identified using traditional
system of classification and identification of banana
cultivars which is primarily based on morphological and
quantitative traits (Stover and Simmonds, 1962).
Therefore, this study was undertaken to test the null
hypothesis that assumed that different vernacular names
assigned to various banana cultivars in different districts
mirrored genetic differences among the cultivars.
Microsatellite markers were applied to assess genetic
diversity and relationships among various banana
cultivars known by their local names growing in different
agro-ecological zones of Malawi.

MATERIALS AND METHODS
Collection of banana plant specimens

Banana leaf specimens were collected from five major banana-
producing districts in Malawi from November 2005 to January 2006
(Table 1 and Figure 1). Three to four young and tender banana leaf
discs were collected into 2 ml micro-centrifuge tubes by punching
the discs directly into the tubes, using the lid as a punch. A total of
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Table 1. Banana sample collection sites and sample composition.

Name of Village/place where specimen were

Number of different banana

Banana growing district collected cultivars (local names) collected n
. Khumbanyiwa Village (Limbuli) 17 85
Mulanje (MJ) (South) Bondo Village 5 25
Subtotal 22 110

Ntanangale Village 4 20

Nkolokosa Village 9 45

Thekelani 5 25

Thyolo (TO) (South) Nandewe 5 10
Molele 2 10

Chamela 1 5

Bvumbwe Research Station (BRS)

Local Colllection (LC) 19 95

Gene Bank (GB) 18 90
Subtotal 60 300

Kalowa Village (Dwambadzi area) 5 25

Chinyakula Village (Kawalazi area) 10 50

Nkhata Bay (NB) (North) 1. -hachang'ombe Village (Lwazi area) 5 25
Subtotal 20 100

Mwahimba Village (Karonga Boma) 12 60

Kwiyula Village (near Karonga Teachers College) 4 20

Karonga (KA) (North) Mwandambo Village (Songwe River area) 5 25
Mwakaboko Village (Iponga Area) 4 20

Mwakasebwe Village (Iponga Area) 2 10
Subtotal 27 135

Chitipa (CP) (North) Misuku Hill area 12 60
Total 141 705

five plants (individuals) growing next to each other were collected
representing each locally named banana cultivar. Specimens were
randomly collected in major banana growing areas of the district in
collaboration with smallholder banana farmers of the area. A total of
705 specimens were collected under 141 local names in the five
districts (Table 1; Supplementary data Appendix 1). The leaf
samples were transferred to Chancellor College, Molecular Biology
and Ecology Research Unit, DNA laboratory in Zomba, Malawi for
analysis. Seven different banana populations were recognized and
used in this study namely; Mulanje (MJ), Thyolo (TO), Local
collections at Bvumbwe Agricultural Research Station in Thyolo
(LC), Gene Bank at Bvumbwe Agricultural Research Station in
Thyolo (GB), Nkhata Bay (NB), Karonga (KA) and Chitipa (CP).

DNA extraction and primer amplification

Total DNA was extracted following cetyltrimethylammonium
bromide (CTAB) protocol as described by Gawal and Jarret (1991)
with minor modifications. Briefly, three or four fresh leaf discs were
ground in the presence of Carborudnum in a 2.0 ml microcentrifuge
tube. A total of 400 pl of extraction buffer (1.5% CTAB); 100mM
Tris-HCI; 20 mM EDTA; 1.4 mM NaCl; 0.2% B-mercaptoethanol) at
60°C was added and the mixture incubated at 60°C for 60 min in an

automated Advantec water bath. After incubation, 400 pl of
chloroform: isoamylalcohol (24:1) was added to the microcentrifuge
tube and the homogenate mixed on a shaker for 20 min at room
temperature. This was followed by centrifugation at 15,000 rpm for
10 min in a Tomy high speed micro-centrifuge. Subsequently, 350
pl of supernatant was transferred to a 2.0 ml microcentrifuge tube
and the DNA in the supernatant was precipitated in 210 pl of cold
isopropanol at -20°C for 60 min. The precipitated DNA was
separated from the suspension by centrifugation at 10,000 rpm for
10 min, the supernatant was decanted and the resultant pellet was
washed in 500 pl of 70% cold ethanol and centrifuged again for 5
min. The ethanol was decanted and the DNA pellets air dried for 10
to 15 min before dissolution in 50 pl Tris-EDTA (TE).

DNA amplification

Microsatellite amplification reactions were done using 12 primers
(Table 2) that produced distinct reproducible amplification products.
The reactions were completed in final polymerase chain reaction
(PCR) volumes of 13.11 pl consisting of 5.7 ul PCR grade water, 1
pl of 10 mM dNTP mix, 1.25 pl of 10 X PCR buffer, 1.6 pl of 25 mM
magnesium chloride (MgCly), 0.75 pl of 15 pmol of both forward and
reverse banana microsatellite primers, 0.06 pl of 5 u/ul Tag DNA
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Figure 1. Sampled major banana producing districts.

polymerase in storage buffer A (Promega, USA) and 2 pl of 25 ng/ul
template DNA. The amplifications were carried out in a
Mastercycler gradient 5331 Eppendorf Version 2.30.31-09 with the
following PCR conditions: denaturation step at 94°C for 30 s,
followed by 30 amplification cycles of denaturing at 89°C for 30 s,
annealing at an optimal temperature for a specific primer pair for 15
s (Table 2) and elongation at 72°C for 30 s. The final extension was
at 65°C for 20 min followed by a soaking temperature of 4°C.
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Detection of PCR products using silver staining technique

PCR products were resolved using 6% polyacrylamide gel
electrophoresis. The 6% polyacrylamide gel was poured in BIORAD
Sequi-Gen® GT nucleic acid electrophoresis cell. A total of 6 UL of
STR 3X loading solution (10 mM NaOH, 95% formamide, 0.05%
bromophenol blue, 0.05% xylene cyanol FF) was added to the PCR
products in 0.2ml PCR tubes and denatured in mastercycler
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Table 2. Microsatellite (SSR) primers used in this study.

Locus Primers sequences (5'-3')

Allele size range

Primer source Tann (°C)

observed
STMS1FP/1RP ; ;Cég%%%igigﬁg;?rgg;grr Kaemmer et al., 1997 58 °C 110-154
StusrrerRp | AAGAAGGOACGAGGGTAG: aommer et 1997 54°C 234252
STusioprioRp © ATGATOATGAGAGGANTATOT aommeretal, 1997 53 118
AoMisgss  © ACMMCTAGGATGGTARTGTGTOOMA | \_oyo iy 1o0s  s750  roniss
va s " TTTBCCTATIGEC0TCA Couhotal, 1988 585 140-165
va 117 " AGGOGGAOAATORGTAGA Clowhetal, 1998 57.7°C 100156
va 118 " TTTGOCTGGTIGEGCTOA Cowhetdl, 198 5750 135182
v 124 FOGAGCCOTTMAGCTOANGA | Gouigiay toss s 154168
va 127 " TOANTOOOMGTTTGGTOMG Cowheta 1998 540 114132
vass P GGMCAGGTOATOMAGTOTBA  Ggrciay toms 520 204208
Va0 " GOACGAAGAGGCATCAG Couhetal, 1008 5320 128-162
Ma 3/103 P TCGCCTCTCTTTAGCTCTG Crouch et al., 1998 54°C 138-160

R TGTTGGAGGATCTGAGATTG

F, Forward; R, reverse, Tam (°C), annealing temperature.

gradient at 95°C for 5 min. Then 6 pl of denatured PCR products
was loaded on the 6% polyacrylamide gel and ran at 50 W. The gel
plates were fixed, stained and developed following the direction
reported in the Promega Silver Sequence™ DNA Sequencing
System Technical Manual. The microsatellites bands were scored
over a light box using pGem DNA marker (Promega, USA) and ¢
X174 DNA/Hinf 1 (Promega, (USA) as band size standard markers.

Data analysis

Statistical analysis of loci polymorphism

Polymorphism information content (PIC), a variability measure of

each locus, was calculated as described by Saal and Wracke
(1999):

PIC = 1 — anpf

=1

Where p; is the frequency of the ith allele out of the total number of
alleles at simple sequence repeats (SSR) locus, and n is the total
number of different alleles for that locus.

Analysis of genetic variation

Estimating the exact number of copies of individual alleles is difficult



among polyploidy species hence data is often analyzed as a binary
data matrix and SSR markers are treated as dominant markers
(Mengoni et al., 2000; Lian et al., 2003). Consequently, the
presence or absence of each PCR ampilification product was
scored as “1” or “0”, respectively and data matrix was generated.
Using the data matrix, POPGENE Version 1.31 freeware (Yeh et
al., 1999) was employed to compute several measures of genetic
variation within and between banana cultivar populations. The
following variables were computed: observed number of alleles
(na), mean number of alleles (A) (Kimura and Crow, 1964), Nei's
genetic diversity (h) (Nei, 1973) and Shannon’s information index (l)
(Lewontin, 1974). Significance of various analyses was determined
by the formula (Mean+2SE). Means were compared at 95% level of
significance using unpaired t test with Welch’s correction performed
by GraphPad Prism version 3.00 for Windows, GraphPad Software,
San Diego, California, USA, www.graphpad.com. Genetic
differentiation (Gst) (Nei, 1973), which measures among population
component of genetic variance was calculated to determine the
proportion of total variation that was due to differences between
population allele frequencies. Other population variance
measurements such as total heterozygosity (Ht) and gene diversity
of individuals relative to their population (Hs) were also determined
(Nei, 1973). Genetic distances between pooled northern and
southern populations were calculated as described by Nei and Li
(1979) using the following equation:

GDncr-scu = 1 - ENHCF_ECU
(Nncr + N-:.o.-_-)

Where Nyor and Nso, are the numbers alleles in northern and
southern pooled populations respectively, and Nior.sou is the number
of alleles shared by the two regional populations.

Analysis of cultivar similarity

The PCR amplified products from individual plants were scored as
either present (1) or absent (0) to create binary matrices, which
were used to determine genetic similarity among banana cultivars.
The binary matrices were analysed using NTSYSpc version 2.11c
(Rolhf, 2001). Pair wise similarity matrices were computed using
simple matching coefficient (SM) (Sokal and Michener, 1958). The
similarity matrices were used to construct dendrograms from the
Sequential Agglomerative Hierarchical and Nested (SAHN)
clustering method using the unweighted pair-group method with
arithmetical averages (UPGMA) (Sneath and Sokal, 1973).
Bootstrap analysis, which is a method for determining confidence
limits of clusters produced by UPGMA-based dendrograms, was
performed using Win Boot program (Yap and Nelson, 1996). In
order to obtain statistically accurate bootstrap p values at 95%
level, dendrograms for all banana cultivars (Appendix 1,
Supplementary data), northern region banana cultivars (Figure 2)
and southern region banana cultivars (Figure 3) had boostrap
replications of 230, 950 and 580, respectively.

RESULTS AND DISCUSSION
Polymorphism of microsatellite markers

PIC of microsatellite primers averaged 0.74 with a range
of 0.00 (STMS10FP/10RP)-0.88 (Ma 1/17), implying that
the primers exhibited high polymorphism and
discriminatory power. Botstein et al. (1980) described that
a PIC value >0.5 indicates highly polymorphic locus while
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a value <0.25 refers to a lower polymorphic locus. Due to
the high discriminatory power of primers used in the
study, the consequential cultivar identifications and
molecular relationships as shown in dendrograms are
strongly supported. Venkatachalam et al. (2008) showed
in their genetic study of Indian bananas that there is a
strong linear relationship between discriminating power of
microsatellite primers and their ability to distinguish
genotypes.

Allelic diversity

Allele frequency distribution plots (data not shown)
indicated a lot of allelic diversity especially at loci Ma1/17,
Ma1/18, STMS 1 FP/1RP, Ma3/90 and Ma 3/2, which
were the most polymorphic loci (Table 3). A total of 174
alleles with allele mean number of 14.5 and a range of
one (STMS10FP/RP) to 30 (Ma 1/17) per locus were
generated. The total number of alleles in the pooled
south population (156 alleles) was larger than that of
pooled north population (139 alleles). The mean numbers
of alleles per locus between the two regions were similar,
13 and 12 alleles, respectively. A relatively larger number
of alleles were observed in the present study compared
to earlier reports indicating the existence of high genetic
variability among Malawian bananas. For instance,
Creste et al. (2004) in their study of assessing genetic
diversity in 58 Brazilian Musa L. accessions using nine
SSRs found 115 alleles while Oriero et al. (2006)
reported 23 alleles using nine SSRs in 40 accessions and
Ning et al. (2007) obtained 92 alleles from 10 SSRs in a
study of 216 banana accessions. The high allelic
numbers among Malawian banana cultivars may be
attributable to the high frequency of duplicated alleles or
duplicated chromosomal regions, which are common in
Musa L. polyploid genomes (Creste et al., 2003).

A summary of mean observed number of alleles (na),
Nei’s genetic diversity (h) measure and Shannon’s
information index (I) for all populations is presented in
Table 4. The results reveal that na, h and | were not
significantly different in all populations (p=0.05). When
northern region populations (Chitipa, Karonga and
Nkhata Bay) and southern region populations (Thyolo,
Mulanje, Gene Bank and Local collection) are pooled
together into separate regional groupings, their mean
observed number of alleles, Nei’'s gene diversity and
Shannon’s Information index are not significantly different
between the two regional populations (p=0.05).

Shannon’s information index (l) ranged from 0.15 to
0.21 while Nei’'s gene diversity (h) varied from 0.10 to
0.14. Both indices revealed low diversity among banana
populations which is possibly due to the loss of co-
dominancy of SSR loci in polyploid species like Musa L.,
leading to either overestimation or underestimation of
allelic relationships in a population (Creste et al., 2004).
The co-dominant nature of microsatellite markers is one
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Figure 2. Genetic relationships among northern
cultivars analysed with microsatellites. Numbe
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alleles is revealed by SSR markers in polyploid species,
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they do not render identification of actual allelic
relationships between individuals possible as they are
treated as dominant markers. The situation is
aggravated by the fact that Musa L. germplasm have
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Figure 3. Genetic relationships among southern region (Thyolo, Mulanje, local collection and Gene Bank) banana
cultivars analysed with microsatellites. Number at node or side indicates bootstrap values in percentages.

complex genomic nature in all of the polyploidy levels,
involving much chromosomal duplication, which limits the
use of SSR markers as co-dominant markers (Crouch et
al., 1999; Creste et al.,, 2004). Such findings are not
limited to bananas, similar results have been found in

sexually reproducing bean local variety ‘Flor de Junio’ of
Mexico (h = 0.06, | = 0.10) although reduction in genetic
diversity in this case would be due to self pollination and
inbreeding within single landraces (Zizumbo-Villarreal et
al., 2005; Kumar et al., 2008).
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Table 3. Total number of alleles (A) and allele size range (SR) in base pairs (bp) in Musa L. populations at 12 loci.

Population STMSIFPIRP___ STMS7FP7RP___ STMS10FP10RP___ AGMI93/94 Ma 1/16 Ma 1/17

A__ SR A__ SR A SR A__ SR A__ SR A__ SR
I(_fé)al collection 11 1115 % 5 224;20 1 116 7 15&. 10 1145. 9 1113 a
ST T RS
Chitipa (CP) e 3 2 1 116 o By 10 g 108
Karonga (KA) 4 s 1 116 g 2 1 10 a0 10
Nkhatabay (NB) 13 Lo s 2 1 116 o 2% 1 12 19 10
Thyolo (TO) 2 6 o 1 116 o2 g 3 20
Mulanje (MJ) 2 s 2 1 116 0 12 g0 124y 106
All 19 11 1591' 10 22%‘; 1 116 14 112%' 14 11‘:3%' 30 11 %%‘
Mean primer PIC 0.85 0.69 0.00 0.78 0.86 0.88
Population Ma 1/18 Ma 1/24 Ma 1/27 Ma 3/2 Ma 3/90 Ma 3/103

A SR A SR A SR A__ SR A SR A SR
I(_fé)al collection 13 11?;%- 6 1156%- 7 116-128 11 22%4; 13 11262. 8 114;%_
Gene Bank (GB) 10 0% A 4 tet2s 5 26 qq 150 7 W
Chitipa (CP) 13 3 g 5 116126 7 -7 %% 5 1A
Karonga (KA) [ 6 7 etz 9 PE 2 1% g 11
NkhataBay (NB) 11 oo 5 o0 7 116128 6 2o A O T
Thyolo (TO) 2 3 7 6 116128 8 o 4 o2 g 0
Mulanie (MJ) 4 3 6 & o 14130 5 22 g 12, 0
Al 22 13 g 0 114132 17 S a7 B8 g 198
Mean primer PIC 0.87 0.76 0.76 0.80 0.85 0.82

BRS, Bvumbwe Agricultural Research Station, Thyolo; PIC, polymorphism information content.

The average Nei’s gene diversity for this study was
0.12 which was threefold lower than values observed in
banana landraces from Myanmar (Burma) (h = 0.32) and
in cultivars obtained from the International Network for
the Improvement of Banana and Plantain (INIBAP) (h =
0.34). The studies involving banana cultivars from
Myanmar and INIBAP used P450-based analog (PBA)
markers, which are derived from specific multi-gene
family sequences (Yamanaka et al., 2003). Myanmar is a
country among Southeast Asian countries from where
banana originated and also represents the primary centre
of banana diversity. It is common practice among banana
breeders to use Myanmar landraces in breeding

programme to broaden the genetic diversity of their
working collection and revive the lost diversity (Wan et
al., 2005). Although the genetic diversity observed among
Malawian banana cultivars is three times lower than that
of the primary centre of banana diversity, some
considerable genetic diversity has been maintained or
generated through mutation in Malawian bananas.

Population structure of banana cultivars

The statistics on population structure and heterozygosity
are summarised in Table 5. The Gst values indicated a
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Table 4. Mean genetic variability for Musa L. populations at 12 microsatellite loci. Genetic diversity index values are averagestSD of

the mean.

Population n  Number of cultivars collected na h |
LCBTO(LC) 95 19 1.4140.50 ns® 0.11£0.17 ns® 0.1840.24 ns®
GBBTO (GB) 90 18 1.3110.47 ns 0.10+0.16 ns 0.15+0.24 ns
Chitipa (CP) 60 12 1.35+0.48 ns 0.13+0.19 ns 0.19+0.28 ns
Karonga (KA) 135 27 1.4310.50 ns 0.14+£0.18 ns 0.21+£0.27 ns
Nkhata Bay (NB) 100 20 1.3710.49 ns 0.11+£0.17 ns 0.171£0.25 ns
Thyolo (TO) 115 23 1.374£0.49 ns 0.11£0.17 ns 0.171£0.25 ns
Mulanje (MJ) 110 22 1.374£0.49 ns 0.11+£0.17 ns 0.17+0.25 ns

na, observed number of alleles; h, Nei's gene diversity; I, Shannon’s information index; BTO, Bvumbwe Agricultural Research Station in
Thyolo. "Means within the columns followed by ns were not significantly different at P=0.05 based on unpaired t test with Welch’s corrections.

Table 5. Mean gene diversity in subdivided populations at 12 loci.

Population n HtSD Hs+SD Gst
Northern region (N) 295 0.14+0.03* 2 0.13+0.03*® 0.11
Southern (S) region 407 0.12+0.03 * 0.11£0.02* 0.12
All populations (All) 701 0.13+0.03* 0.12+0.02" 0.14

Northern region = CP, KA and NB; Southern region = LC, GB, TO and MJ; Gst, genetic differentiation; Ht, gene diversity over all

groups/total heterozygosity; Hs, gene diversity of individual relative to their population/heterozygosity in each generation;

a

means within the columns followed by *were significantly different at P=0.05 based on unpaired t test with Welch’s corrections.

total population differentiation of 14%, with the northern
populations being slightly less differentiated (11%) than
the southern populations (12%). Ht and Hs was
significantly higher in the northern populations than in the
southern populations (p<0.05).

The differentiation value (Gst = 0.14) observed in the
present study is lower than the average value reported
for crop species (Gst = 0.34) (Oriero et al., 2006). The
differentiation value is also lower than those reported in
studies of wild M. balbisiana Colla that used cpDNA
PCR-RFLP (Gst = 0.77) and SSR data (Fst=0.35) (Ge et
al., 2005). However, it is slightly higher than that
observed in the Brazilian diploid and triploid banana
accessions using SSR data (Rst=0.105) (Creste et al.,
2004). The lower differentiation observed among
domesticated bananas than in wild species is expected
due to reduction in genetic diversity through
domestication process. Domestication is aided by human
interventions and artificial selection of preferred banana
cultivars resulting in the disappearance of genes in the
course of time, thereby reducing the total genetic
diversity of the crop species.

The low genetic differentiation among banana
accessions in Malawi was further confirmed by a low
genetic distance (GDor.sou=0.17) coupled with an average
of 10 common/shared alleles (data not shown) observed
in the pooled data of north and south populations.

The pooled analysis indicated that Ht and Hs of the
northern region was significantly higher than that of the
southern region (p< 0.05), although the total number of

alleles recorded was lower (139) in the northern
population than southern population (156). This indicates
the presence of more rare alleles in the northern
populations allowing greater gene combinations and
potential adaptability to climatic changes, pests and
disease pressures such as Fusarium wilt in Chitipa and
Karonga and Black Sigatoka and Banana Bunchy Top
disease in Nkhata Bay. Proximity to East Africa, which is
a secondary centre of banana diversity, could also
explain the possibility of the observed heterozygosity and
probable germplasm admixture resulting in the origin of
the rare alleles in the northern banana populations.
Besides, genetic variability among and within plant
populations reflects the interactions of different processes
including the long-term evolutionary history of the species
(shifts in distribution, habitat fragmentation and
population isolation) mutation, genetic drift, mating
system, gene flow and selection (Zhao et al., 2007).

Cluster analysis and genetic relationships among
banana cultivars

The dendrograms showing similarity among northern and
southern region banana populations are provided in
Figures 2 and 3, respectively. Cluster analysis
dendrogram for all cultivars is in Appendix 2
(Supplementary data). The significance level for each
cluster generated through bootstrap analysis was below
95%. According to Felsenstein (1985) clusters are
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Table 6. Local banana cultivars of the same genome with (100%) similarity in genetic relationship.

Local name Another local name Genome Bzc\);sll::p ggzzr;';i‘;m SI:\TI':Ia(';'/:;’

Zeru-NB Zeru obereka kwambiri-NB AAB 74.6 Figure 2 100

Phwiza wang’ono-MJ Phwiza-MJ AA Figure 3 100

Bondo-TO William-TO AAA 91.7 Figure 3 100
mkulu woberek Khazanga wamkul rek .

Nakashuga-GB Ngelezi-GB AA 46 Figure 3 100

considered significant only if bootstrap p values are 95%
or greater.

The UPGMA cluster analysis could not group the
genotypes according to their genome composition (AA,
AAA, AAB and ABB) or geographical origin. The
genotypes were mixed up in all the clusters except for
few cases where clusters were dominated by genotypes
of a particular genome or geographical origin. Lack of
clear clustering based on geographical origins among the
banana cultivars can be due to introductions followed by
naturalization of cultivars in areas away from their initial
origins and also signify that a common genetic basis
characterizes these cultivars despite their phenotypic and
geographical isolation (Zhao et al., 2007; Jbir et al.,
2008). Similar results where relationship between
geographical origin and genetic similarity could not be
clearly demonstrated have been reported in other crops
such as mulberry (Morus L.), teasel gourd (Momordica
dioica Roxb ex Willd) and Tunisian pomegranate (Punica
granatum L.) (Sharma et al., 2000; Vijayan et al., 2004;
Rasul et al., 2007; Jbir et al., 2008).

Clustering of crop species is based normally on
common origins of cultivars or shared mutations (Dantas
et al., 1997). High level of genetic similarity is expected
among cultivars from the same subcluster because of
common ancestry or mutations (Creste et al., 2003).
Among vegetative propagated crops like bananas,
variations within each cluster is mainly dependent on
differences in genotype and genome differences arising
from mutations whose frequency is dependent on how
often a clone has been multiplied and planted (Jenny et
al.,, 1999). The exact mechanisms of somatic mutations
that result in genetic diversity in bananas remain
unknown (Nsabimana and Staden, 2007). The
involvement of retrotransposons in  spontaneous
mutations has not been ruled out because
retrotransposons have been reported in bananas (Pillay
et al., 2003; Ashalatha et al., 2005). Retrotransposons
are abundant and comprise over 50% of nuclear DNA
content in many species (Ashalatha et al., 2005). They
are known to insert themselves into the genome and act
as mutagenic agents, thereby providing a potential
source of gene diversity through mutation (Heslop-
Harrison, 2000).

Cluster analyses further showed that most genotypes

were different from each other implying high degree of
polymorphism and dissimilarity. This denotes that the
different vernacular names of bananas reflect genetic
differences among the cultivars. However, a few cultivars
with the same genome composition clustered at 100%
similarity (Table 6). Some of the cultivars that showed
100% similarity (Table 6) and clustered together within a
subcluster had obvious differences in their morphology.
For example, ‘Khazanga wamkulu obereka kwambiri’(MJ,
AAB group) (French plantain with a big bunch of many
hands) and ‘Khazanga wamkulu obereka ziwiri or
zitatu’(MJ and AAB group) (French plantain whose bunch
has three or four fingers) (Figure 3), represent similar
local names with similar genome composition and 100%
similarity, however, show morphological differences to
group them into separate groups. This indicates that the
environment and domestication plays a role in
morphological differences among different cultivars
available in Malawi.

Even though the genetic similarity revealed by SSR
markers in polyploid heterozygous species like bananas
is known to have limited level of correspondence with real
genetic similarity due to loss of co-dominance of SSR
markers in polyploids which result in either
overestimation or underestimation of allelic relationship,
the occurrence of multiple alleles or duplicated
chromosomal regions makes SSR markers powerful tools
for fingerprinting and discrimination of different genotypes
(Crest et al., 2003). The SSR primers used in the present
study also clustered some genotypes of the same
genome, similar morphological and fruit quality traits and
are possible synonymous cultivars such as ‘Nakashuga’
(GB) and ‘Ngelezi’(GB), ‘Bondo’ (TO) and ‘William’(TO),
‘Zeru’ (NB) and “Zeru obereka kwambiri’ (NB), ‘Phwiza
wang’ono’ (MJ) and ‘Phwiza’ (MJ), ‘Khazanga wamkulu
obereka kwambiri’'(MJ) and ‘Khazanga wamkulu obereka
ziwiri or zitatu’ (MJ) (Table 6). Molecular markers such as
RAPD and SSR (Ulanovsky et al., 2002) and SSR
(Martinez et al., 2006) have been used elsewhere to
detect synonymies in other crops such as grapevines
cultivars (Vitis vinifera L.).

Some cultivars in the red green group (AAA) which had
similar morphological and fruit quality characteristics did
not cluster closely and were shown to be genetically
distant. These cultivars were ‘Palamala umweru’ (CP),



‘Palamala mukesamu’ (CP), ‘Palamala muswepo’ (KA),
‘Mzungu mtuwa’ (NB), ‘Dochi la chizungu’ (NB),
‘Palamala’ (KA), ‘Pamala’ (KA), ‘Zomba’ (TO), ‘Kolinto’
(TO), Zomba red’ (LC,GB) and ‘Zomba green’ (LC, GB).
Members of the red green group are known to be soma
clones resulting from somatic mutation. The genetic
variations among members of the red green group could
be due to multiplicity of mutations in each clone as it is
locally multiplied and planted by farmers. Somatic
mutations resulting in somaclonal variants are known to
occur even within a cultivar due to genetic changes that
occur during tissue culture process. Ramage et al. (2006)
reported such somaclonal variants in Williams (Musa L.
AAA; subgroup Cavendish). Thomas et al. (2006)
showed that morphologically, field grown somatic tea
plants had no identical character aligning with the parent
plants. Using ISSR markers data and Pearson’s
coefficient correlation, only 9.2% of the soma clones
exhibited significant similarity at genetic level indicating
the existence of wide genetic variation among soma
clones.

Establishment of genetic relationships among cultivars
especially between diploids and triploids is useful in
banana breeding programmes, since most programmes
aim at developing superior tetraploids derived from
crosses between commercial triploid cultivars and diploid
genotypes with favourable traits like disease resistance
(Crouch et al., 1999). Identifying the most similar diploid
genotypes to ftriploid cultivars based on genetic
relationship revealed by molecular markers could allow
re-synthesis of triploids by chromosome duplication of
diploids followed by crossing with other diploids (Jenny et
al., 1999; Careel et al., 2002).

Conclusions

Musa L. cultivars genetic diversity, mostly of the north,
should be conserved in situ and ex situ, and serve as a
source of desirable genes in either conventional banana
hybridization or genetic transformation programmes.
Breeding programmes can benefit from more genotypes
of bananas of the north than the south.

The Bvumbwe Agricultural Research Station (BRS)
banana field gene bank should be augmented with more
wide-ranging banana cultivars from the north and south
so that its collection is more genetically diverse and
representative since this study has shown that diversity of
cultivars names mirror genetic diversity.
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S/N  Local name Other common name  Genome group Use Source/District

1 Bondo AAA D Thyolo, Mulanje

2 Chituwika Karonga

3 Ghewo/Nghewo AAB C Karonga

4 Gilanya Similar to plantains ABB C Mulanje

5 Harare Bluggoe ABB C/D  Chitipa, Karonga

6 Harare ya iyolo ABB C/D  Karonga

7 India GBBTO

8 Itoki AAB C Karonga

9 Kabuthu Dwarf Cavendish AAA D LCBTO, GBBTO, Thyolo

10 Kabuthu wa mkulu AAA D LCBTO, GBBTO, Thyolo, Mulanje

11 Kabuthu wang’ono AAA D Thyolo, Mulanje

12 Kafupi AAA D Nkhata Bay

13 Kalaghasya/Kalanghasha Kisubeini (Uganda) AB D Karonga

14 Kalota LCBTO

15 Kaluma Dwarf Cavendish AAA D Chitipa, Karonga

16 Kaluma Mulanje AAA Karonga

17 Kambani AB or ABB or D Chitipa, Karonga, Nkhata Bay
AAB

18 Kapemba AAA D LCBTO

19 Kapembe AAA or AA D Thyolo, Mulanje

20 Kapeni AA or AAA D Nkhata Bay

21 Katsizi tall AAA D LCBTO

22 Katuma Karonga

23 Kazanda Pisang Awak ABB C/D LCBTO, Thyolo

24 Kazingiriya AAA D Nkhata Bay

25 Kazizi AAA D GBBTO, Thyolo

26 Kenya C/D  Karonga

27 Khazanga French plantain AAB C GBBTO, Thyolo

28 Khazanga wa mkulu False horn plantain AAB C LCBTO, GBBTO

29 Khazanga wa mkulu (wobeleka kwambiri) AAB C Mulanje

30 Khazanga wa ng’ono French plantain AAB C LCBTO, Mulanje

31 Khazanga wamkulu AAB C Mulanje

32 Khazanga wamkulu wobereka ziwiri kapena zitatu AAB C Mulanje

33 Kholobowa Bluggoe ABB C/D LCBTO, GBBTO, Thyolo, Mulanje

34 Kolinto AAA D Thyolo

35 Lighegho/Lighewo False horn plantain AAB C Chitipa

36 Makumbuka Silver Bluggoe ABB C/D  GBBTO, Thyolo

37 Matoke AAB C Karonga

38 Mbingindola ABB C/D  Nkhata Bay

39 Mbirindola ABB C/D  Nkhata Bay

40 Mpama Nkhata Bay

D, Dessert; C, cooking; LCBTO, local collection Bvumbwe Research Station, Thyolo; GBBTO, Gene Bank Bvumbwe Research Station, Thyolo. Some
common names, genome groups and uses adapted from Chizala et al., 1995 and Laisnez, 2005.
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S/N  Local name Other common name Genome group Use Source/District

41 Mtwika Karonga

42 Mulacho LCBTO

43 Mulambala Thyolo

44 Mulanje Giant Cavendish AAA D GBBTO, Chitipa, Karonga, Nkhata Bay, Thyolo
45 Mulanje 2 Giant Cavendish AAA D GBBTO

46 Mulanje wa mkulu AAA D Nkhata Bay

47 Muli AAA D GBBTO, Thyolo

48 Muli bwanji AAA D Thyolo

49 Munowa AAA D Nkhata Bay

50 Mutwika Karonga

51 Mwamnyila Karonga

52 Mzungu mtuwa AAA D Nkhata Bay

53 Nakashuga AA D GBBTO, Mulanje, Thyolo
54 Nakauka/wakauka Pisang Awak ABB C LCBTO, GBBTO

55 Namawanda Chitipa

56 Nchila wa pusi Mulanje

57 Ndifu AAA D Karonga

58 Dochi la chizungu AAA D Nkhata Bay

59 Ndoki French plantain AAB C Chitipa, Karonga

60 Ndoki-Livingstonia AAB C Karonga

61 Ndyale AAB C/D Karonga

62 Ndyali Mchale (Tanzania) AAB C/D Karonga

63 Ngelezi AA D LCBTO, GBBTO, Mulanje
64 Ngewo False horn plantain AAB C Karonga

65 Ngwewu False horn plantain AAB C Nkhata Bay

66 Nkhata Bay Mulanje

67 Nyangasa Thyolo

68 Nzelu AAB LCBTO

69 Nzizi LCBTO

70 Palamala AAA D Karonga

71 Palamala muswepo Green red AAA D Karonga

72 Pamala Red/Giant Red AAA D Karonga

73 Pamala mukesamu Green red AAA D Chitipa

74 Pamala umweru AAA D Chitipa

75 Phwiza AA D LCBTO, GBBTO, Mulanje
76 Phwiza wang’'ono AAA or AA C/D  Mulanje

77 Sukali Silk, Sukari AAB D LCBTO, Nkhata Bay, Thyolo, Mulanje
78 Sukali wamkulu AAB D Mulanje

79 Sukali wang’'ono AAB D Mulanje

80 Sweshi AAB D Chitipa
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S/N Local name Other common name Genome Use Source/District
group
81 Tandama LCBTO
82  Thabanya D Thyolo
83  Tondyama AAA D Nkhata Bay
84  Uganda Lacatan (Jamaican)/ African Highland AAA D Chitipa, Karonga
banana
85  William Giant Cavendish AAA D LCBTO, Thyolo, Mulanje
86 Zambia Pisang Awak ABB C/D Chitipa, Karonga, Nkhata
Bay
87  Zanda Pisang Awak ABB C/D Thyolo
88  Zandazanda Pisang Awak ABB C/D GBBTO
89 Zeru French plantain AAB C Nkhata Bay
90  Zeru obereka kamodzi  French plantain AAB C Nkhata Bay
91 Zeru wobereka kawiri French plantain AAB C Nkhata Bay
92 Zeru wobereka French plantain AAB C Nkhata Bay
kwambiri
93 Zibowa Bluggoe ABB C/D Thyolo
94  Zomba Green red AAA D Thyolo, Mulanje
95  Zomba green Green red AAA D LCBTO, GBBTO, Mulanje
96  Zomba red Green red AAA D LCBTO, GBBTO
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Appendix 2. Genetic relationships among all banana cultivars in study. Number at node or
side indicate bootstrap values in percentages.
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