
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/44573864

Analysis of genetic diversity in banana cultivars (Musa cvs.) from the South of

Oman using AFLP markers and classification by phylogenetic, hierarchical

clustering and principal co...

Article  in  Journal of Zhejiang University SCIENCE B · May 2010

DOI: 10.1631/jzus.B0900310 · Source: PubMed

CITATIONS

29
READS

194

3 authors:

Some of the authors of this publication are also working on these related projects:

Future packaging View project

Near infrared spectroscopy and chemometrics for predicting postharvest quality of fruit and vegetables View project

Umezuruike Linus Opara

Stellenbosch University

338 PUBLICATIONS   5,149 CITATIONS   

SEE PROFILE

Dan Jacobson

Oak Ridge National Laboratory

138 PUBLICATIONS   836 CITATIONS   

SEE PROFILE

Nadiya A. Al-Saady

The Research Council - Oman

36 PUBLICATIONS   297 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Umezuruike Linus Opara on 02 June 2014.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/44573864_Analysis_of_genetic_diversity_in_banana_cultivars_Musa_cvs_from_the_South_of_Oman_using_AFLP_markers_and_classification_by_phylogenetic_hierarchical_clustering_and_principal_component_analyses?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/44573864_Analysis_of_genetic_diversity_in_banana_cultivars_Musa_cvs_from_the_South_of_Oman_using_AFLP_markers_and_classification_by_phylogenetic_hierarchical_clustering_and_principal_component_analyses?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Future-packaging?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Near-infrared-spectroscopy-and-chemometrics-for-predicting-postharvest-quality-of-fruit-and-vegetables?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Umezuruike_Opara?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Umezuruike_Opara?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Stellenbosch_University?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Umezuruike_Opara?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dan_Jacobson2?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dan_Jacobson2?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Oak_Ridge_National_Laboratory?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dan_Jacobson2?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nadiya_Al-Saady?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nadiya_Al-Saady?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_Research_Council-Oman?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nadiya_Al-Saady?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Umezuruike_Opara?enrichId=rgreq-83d0900b96409b932c7b8f74507a6f12-XXX&enrichSource=Y292ZXJQYWdlOzQ0NTczODY0O0FTOjEwMzY4MjIyMTgwNTU4MUAxNDAxNzMxMTc3MDY1&el=1_x_10&_esc=publicationCoverPdf


Opara et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)  2010 11(5):332-341 
 

332 

 
 
 
 

Analysis of genetic diversity in banana cultivars (Musa cvs.) from the 
South of Oman using AFLP markers and classification by  

phylogenetic, hierarchical clustering and  
principal component analyses* 

 
Umezuruike Linus OPARA†1, Dan JACOBSON2, Nadiya Abubakar AL-SAADY3 

(1Department of Horticultural Science, Faculty of AgricSciences, University of Stellenbosch, Stellenbosch 7602, South Africa) 
(2Department of Viticulture and Oenology, Institute of Wine Biotechnology, Faculty of AgricSciences,  

University of Stellenbosch, Stellenbosch 7602, South Africa) 
(3Department of Crop Sciences, College of Agricultural and Marine Sciences, Sultan Qaboos University, Al-Khod 123, Sultanate of Oman) 

†E-mail: opara@sun.ac.za 
Received Oct. 8, 2009;  Revision accepted Feb. 5, 2010;  Crosschecked Apr. 10, 2010 

 

Abstract:    Banana is an important crop grown in Oman and there is a dearth of information on its genetic diversity to 
assist in crop breeding and improvement programs. This study employed amplified fragment length polymorphism 
(AFLP) to investigate the genetic variation in local banana cultivars from the southern region of Oman. Using 12 primer 
combinations, a total of 1094 bands were scored, of which 1012 were polymorphic. Eighty-two unique markers were 
identified, which revealed the distinct separation of the seven cultivars. The results obtained show that AFLP can be 
used to differentiate the banana cultivars. Further classification by phylogenetic, hierarchical clustering and principal 
component analyses showed significant differences between the clusters found with molecular markers and those 
clusters created by previous studies using morphological analysis. Based on the analytical results, a consensus 
dendrogram of the banana cultivars is presented. 
 
Key words:  Musa, Genetic diversity, Amplified fragment length polymorphism (AFLP), Phylogenetics, Principal 

component analysis (PCA), Hierarchical clustering analysis (HCA), Oman 
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1  Introduction 
 

Bananas and plantains belong to the family 
Musaceae. The edible Musa spp. have their origin in 
two wild species, Musa accuminata Colla with the 
AA genotype and Musa balbisiana with the BB 
genotype, and their hybrids and polyploids (Sim-
monds, 1966). The dessert bananas belong to the AA, 

AB, AAA, and AAB genomic groups whereas plan-
tain belongs to the ABB genomic group. The Musa 
genus is of great importance in the world due to the 
commercial and nutritional values of bananas and 
plantains.  

Banana production is under threat from different 
climatic factors and pathogenic agents such as 
nematodes, bacteria, viruses, and fungi. The combi-
nation of varied topography and arid and semi-arid 
climatic conditions in Oman calls for resistant geno-
types that are adapted to these terrains and climates. 
The major diseases affecting bananas in Oman in-
clude fruit rot (causal agent Rhizopus sp.), cigar end 
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rot (causal agent Verticillium theobromae), and leaf 
spot (causal agent Drechslera sp.) (Viswanath et al., 
2000). Breeders need plants with resistance to both 
abiotic and biotic stress factors. Conventional breed-
ing of banana is difficult due to the complicated ge-
netic system of Musa species. Genetic diversity pro-
vides species the ability to adapt to changing envi-
ronments, including new pests and diseases and new 
climatic conditions.  

Oman is an arid country but the majority of ba-
nana production occurs in the southern part of the 
country (Salalah in Dhofar Governorate), where the 
monsoon rains contribute to a favorable agro-climate 
for banana cultivation. Bananas currently cultivated 
in Oman are presumed to have originated as sponta-
neous variants from cultivars introduced over the 
centuries from East Africa and India, and little is 
known about their genetic diversity. Despite the ad-
vancements in DNA marker technology which has 
been extensively used in banana genetic analysis 
(Tenkouano et al., 1999; Pillay et al., 2001; 2003; 
Ude et al., 2002a) and other types of horticultural 
crops (Lu et al., 2002; Oraguzie et al., 2007; 2005; 
2004), existing characterizations of banana genotypes 
in Oman are largely based on morphological attrib-
utes (Viswanath et al., 2000; de Langhe, 2002), which 
are subject to environmental influences. For future 
studies on banana improvement there is a need to 
study the genetic diversity of the local varieties of 
bananas. 

Researchers have used several DNA finger-
printing techniques for the correct identification of 
plant species and cultivars. These DNA fingerprinting 
techniques have successfully used markers such as 
randomly amplified polymorphic DNA marker 
(RAPD) (Toral Ibañez et al., 2009; Ude et al., 2003; 
2006; Gawel and Jarret, 1992), restriction fragment 
length polymorphism (RFLP) (Bhat et al., 1995), 
microsatellites (Grapin et al., 1998), inter simple 
sequence repeat (ISSR) (Godwin et al., 1997), and 
amplified fragment length polymorphism (AFLP) 
(Bhat et al., 2004; Ude et al., 2003). Among many 
researchers, AFLP is the marker technology of choice 
since it combines the reliability of classical restric-
tion-based fingerprinting with the speed and con-
venience of polymerase chain reaction (PCR)-based 
marker techniques (Vos et al., 1995; Powell et al., 
1996; Lu et al., 2002; Ude et al., 2002a; 2002b). The 

AFLP technique rapidly generates hundreds of highly 
replicable DNA markers, thus allowing high resolu-
tion genotyping (Loh et al., 2000). The present study 
was undertaken to investigate the genetic diversity 
and genetic relationships between different banana 
cultivars grown in southern Oman. 

 
 

2  Materials and methods 

2.1  Plant materials 

Leaf samples from seven cultivars of banana 
were collected from farms in the southern part 
(Dhofar Governorate) in the Sultanate of Oman. For 
each cultivar, leaf samples were collected from ran-
domly selected four replicate trees, giving a total of 
28 replicate samples for the seven banana cultivars 
studied. These included all the commercial cultivars 
grown and consumed in Oman such as the ‘milk’ 
banana, ‘Salalah’ banana, and ‘Sawara Red’ banana. 
Samples were coded as shown in Table 1 and 
air-freighted in chilled containers to the research 
laboratory at Sultan Qaboos University, Muscat.  

2.2  Extraction of DNA and AFLP analysis 

Total genomic DNA was extracted from young 
leaves bulked from five individuals per replicate of 
each cultivar using the modified cetylmethylammo-
nium bromide (CTAB) method of Doyle and Doyle 
(1990). The extracted genomic DNA was digested 
with EcoRI and MseI restriction enzymes at 37 °C for 
4 h to generate restriction fragments. The fragments 
were ligated to EcoRI and MseI adaptors as per the 
manufacture’s protocol. Preselective amplification of 
digested/ligated DNA was conducted using primers 
(EcoRI+3′A) and (MseI+3′C). The PCR had a total 
volume of 20.0 µl containing 15.0 µl AFLP core 
mixture, 1.0 µl AFLP preselective primer pair, and 
4.0 µl diluted digested/ligated DNA, and followed the 
PCR profile of 72 °C for 2 min, 20 cycles at 94 °C for 
20 s, 56 °C for 30 s, and 72 for 2 min. The preselective 
product was then diluted twice. In the first dilution  
1.0 µl product was diluted in 8.0 µl TE buffer com-
prised of Tris and ethylenediaminetetraacetic acid 
(EDTA) to protect DNA from degradation. In the 
second dilution 1.0 µl product was diluted in 4.0 µl 
TE buffer.  

Selective amplification of the target DNA  
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sequences was done with 12 primer combinations 
(Table 2). The EcoRI primers were labeled with 
fluorescent dye. The selective PCR had a total volume 
of 20.0 µl containing 3.0 µl diluted preselective am-
plified product, 1.0 µl MseI primer (5 µmol/L), 1.0 µl 
EcoRI primer (1 µmol/L) and 15.0 µl AFLP core 
mixture. AFLP products were then resolved by load-
ing onto an ABI 310 Genetic Analyzer using 25.0 µl 
loading buffer master mix (24.0 µl deionized forma-
mide and 1.0 µl Gene Scan-500(ROX) size standard) 
and 0.5 µl selective amplified product. The tubes were 
heated to 95 °C for 3–5 min and quickly chilled to 4 °C. 
The tubes were transferred to the sample tray and run 
started. The required sample sheet was prepared and 
the AFLP matrix file was defined. Electrophoresis was 
carried out in performance optimized polymer 4 
(POP-4). All samples were run in quadruplet starting 
from DNA extraction to maintain the integrity of the 
sample processing and result analysis. 

2.3  Data analysis 

Raw data obtained from the genetic analyzer 
were analyzed using the GeneMapper 4.0 program 
(Applied Biosystems). The amplified fragments 
(bands) generated using the 12-primer combinations 
with the 7 cultivars were scored manually for their 
presence (denoted as “1”) and absence (denoted as 
“0”). The number of alleles and the discriminatory 
power of each primer to distinguish between varieties 
were also assessed.  

The resulting data files were parsed with a pro-
gram implemented in Perl into formats appropriate 
for phylogenetics, hierarchical clustering analysis 
(HCA), and principal component analysis (PCA). 
Restdist was used to create a distance matrix. Phy-
logenetic analysis was carried out on the resulting 
distance matrix with the Kitsch, Fitch, and Nearest 
Neighbor methods in the Phylip (v. 3.68) package 
(Felsenstein, 1989). HCA was performed with the 
Cluster (v. 3.0) and visualized with TreeView (Eisen 
et al., 1998). PCA was carried out with Unscrambler 
(Martens et al., 1987).  

 
 

3  Results and discussion 

3.1  AFLP profiles of banana cultivars 

AFLP analysis was standardized to obtain DNA 

fingerprint profiles of seven banana cultivars (Table 
1). A total of 12-primer combinations of EcoRI and 
MseI primers were used with each containing selec-
tive nucleotides, which identified 1012 polymorphic 
bands out of total 1094 bands (92.5% polymorphism) 
(Table 2). The percentage of polymorphism for indi-
vidual primer combinations was very high and varied 
from 90.3% (EcoRI-ACC×MseI-CAT) to 97.6% 
(EcoRI-ACT×MseI-CAC). The size of the fragments 
obtained ranged from 50 to 400 bp.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Genetic diversity analysis 

AFLP utilizing a single primer pair of EcoRI and 
MseI primers yields 67 different fragment lengths that 
can be used to distinguish between and show the 
relationships among different banana cultivars. We 

Table 1  Banana genotypes used in the AFLP analysis

No. Common name Code Reported 
genotype#

1 Milk Banana MB AAB 
2 Plantain Kenya PK  
3 Somali S AAA 
4 Maisori Fardh MF AAB 
5 Sawara Red SR AAA 
6 Abubakar Philipino AP ABB 
7
 

Dwarf spotted Cavendish (also 
called Arabi or Salalah banana) 

DS 
 

AAA 
 

#Source: de Langhe (2002) 

Table 2  AFLP bands obtained for the seven banana 
cultivars using 12-primer combinations 

Primer combination
No.

EcoRI MseI 
ntotal np nm Polymorphism

(%) 

1 AAC CAA 60 55 5 91.6 
2 AAG CAC 91 84 7 92.3 
3 ACA CAG 87 80 7 91.9 
4 ACC CAT 93 84 9 90.3 
5 ACG CTA 85 79 6 92.9 
6 ACT CTC 116 109 7 93.9 
7 ACT CAT 87 79 8 90.8 
8 ACA CAA 91 84 7 92.3 
9 AAC CAG 77 71 6 92.2 

10 ACC CTT 98 93 5 94.8 
11 ACA CTG 124 111 13 89.5 
12 ACT CAC 85 83 2 97.6 

Total for all primers 1094 1012 82 92.5 
ntotal: total number of bands; np: number of polymorphic bands; nm: 
number of monomorphic bands 
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have chosen to use three different methods for data 
analysis and visualization, namely, phylogenetics, 
PCA, and HCA. 

Phylogenetics is perhaps the most traditional 
method used for analyzing genotype data. There are 
several different phylogenetic methods that can be 
used to show the relationships between samples once 
the data have been reduced to a distance matrix. One 
of the challenges encountered with phylogenetic ap-
proaches is that different methods rely on different 
sets of underlying assumptions. As such, it is not 
uncommon for there to be some ambiguity in the 
results. In fact, several methods are highly dependent 
on the order in which samples are input into the al-
gorithm, and, as such, it is necessary to run the algo-
rithm many times (100 permutations were used for the 
data in this study), randomizing the input order each 
time and building a consensus tree so as to produce  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the most likely representation of the relationship 
between the samples. In this study we have employed 
three different phylogenetic methods. A distance 
matrix was first created by Restdist from the Phylip 
(v. 3.68) package. Further analysis was done by 
Kitsch, Fitch, and Neighbor methods from the Phylip 
(v. 3.68) package (Felsenstein, 1989). As can be seen 
in Figs. 1a–1c, the resulting phylogenetic trees gen-
erated by different methods give similar but not 
identical results. A further challenge can be seen in 
some of the phylogenetic trees in which it can be 
somewhat difficult to get a quantitative sense of how 
closely related the various cultivars may be. 

To explore this further, we have used PCA to 
analyze and visualize the data contained in this matrix. 
In this multivariate statistical technique, each elec-
trophoretic band detected via AFLP can be seen as a 
binary variable with its presence or absence simply  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Consensus phylogenetic trees generated with 
Fitch, Kitsch, and Neighbor Joining methods. (a) Fitch 
method estimates phylogenies from distance matrix 
data under the “additive tree model” according to 
which the distances are expected to equal the sums of 
branch lengths between the species; (b) Kitsch method 
estimates phylogenies from distance matrix data under 
the “ultrametric” model which is the same as the addi-
tive tree model except that an evolutionary clock is 
assumed; (c) Neighbor Joining is a distance matrix 
method producing an unrooted tree without the as-
sumption of a clock (Felsenstein, 1989) 
 

(a) (b) 

(c) 
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denoted by a “1” or “0”, respectively. As such, one 
can construct a matrix consisting of the presence or 
absence of each fragment for each cultivar. PCA al-
lows one to reduce the number of theoretical dimen-
sions of a data set (in this case 67) without a loss of 
essential information. With PCA one can study many 
variables simultaneously, showing how variables are 
correlated if desired, and also showing how the sam-
ples are grouped. For the purposes of this study the 
relationship or grouping of samples is of primary 
interest. Principal components are determined with a 
normalized least mean square algorithm and can be 
seen as a combination of the effects of the different 
variables reduced to linear trends, along which one 
can see the most important drivers of the relationships 
among samples. 

Fig. 2a shows an overview of the relationships 
amongst the samples. It is readily apparent that PK1 
and PK3 are closely related and most similar to PK2 
and PK4 and that PK1–PK4 are least related to 
AP1–AP4. Furthermore, it is clear that S1–S4 and 
DS1–DS4 are closely related and further analysis is 
needed to probe the structure of those relationships. In 
order to do so, a separate PCA was done on this sub-
group and the results can be seen in Figs. 2b and 2c. 
From this analysis, it is clear that MF1–MF4 cluster 
cleanly as do MB1–MB4. Furthermore, S2, S3, and 
S4 group together. DS4 and DS2 clearly group to-
gether; however DS3 and S1 are more difficult to 
partition between groups and DS1 is related to but 
comparatively distant from DS2 and DS3. There is an 
interesting relationship between S1, DS3, and DS4 
especially considering that S1–S4 were thought to be 
from the same cultivar based on the morphological 
analysis. It is in fact in this area that the phylogenetic 
analysis showed ambiguity. 

From the discussion above and from Figs. 2a–2c, 
it can be seen that PCA does a surprisingly good job 
of determining the relationship between the geno-
types of the different samples. This is particularly 
impressive as, unlike the phylogenetic methods, it 
does not rely on any particular evolutionary model to 
do so. Furthermore, it is clearly useful to allow the 
user to visualize the distance between sample group-
ings and to better understand the ambiguity reported 
by the phylogenetic methods. 

Next, we turned to HCA. While PCA will always 
provide the same unbiased result for a particular data 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Principal component analysis (PCA). (a) Overview 
of the genotyping data of all the samples projected onto 
the first three principle components. PK1 and PK3 are 
closely related as are PK2 and PK4. Similarly SR1 and 
SR3 cluster cleanly together as do SR2 and SR4. 
AP1–AP4 clearly cluster together with AP1 and AP3 clus-
tering exactly together; (b) The closely related region 
isolated and projected onto the two principal components. 
MF1–MF4 cluster cleanly as do MB1–MB4. The phy-
logenetic trees show some ambiguity amongst them as to 
which cultivars within these subgroups are most closely 
related. The PCA gives a better spatial sense of the rela-
tionships within these subgroups. For example it is clear 
that MB2, MB3 and MB4 are quite closely related to one 
another whereas MB1, although closely related, clearly 
differs from the other three; (c) The most closely related 
banana cultivars projected onto the first three principal 
components. This is the area that shows the highest degree 
of ambiguity amongst the phylogenetic trees. From the 
multivariate analysis it is clear why there is ambiguity as 
these cultivars are closely related to one another as com-
pared to other cultivars but amongst themselves are rela-
tively evenly distributed throughout the principal com-
ponent space. A further examination of the data ac-
counting for this would be helpful. This is possible with 
hierarchical clustering analysis as seen in Fig. 3 
 

(b) 

(a) 

(c)
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set, HCA requires one to choose a similarity measure 
and to define how the distance amongst group will be 
calculated. HCA will subsequently yield the same 
result every time once these, somewhat subjective, 
choices have been made. However, HCA is intui-
tively appealing and uses all of the information in the 
data set. In contrast, PCA is reductive in nature and 
depends on coordinate transformation to represent 
dominant trends in a data set. However, the reductive 
nature of PCA can be beneficial as experimental noise 
often falls into the later principal components, which 
are typically discarded. As such, PCA can lead to a 
better signal-to-noise ratio since biological variation 
(genome structure in this case) is systematic and will 
be represented in the first three principal components 
whilst experimental noise is presumably random and 
will fall into latter principal components, which are 
not used in the analysis. 

The combination of a two-dimensional HCA and 
a heatmap for visualization is a powerful analytical 
approach and allows one to visualize the occurrence 
and concordance of specific AFLP fragments with 
different groupings of samples. Fig. 3a demonstrates 
the hierarchical relationship amongst the samples and 
shows which AFLP fragments (electrophoretic bands) 
are responsible for the segregation. It is clear that 
there is a core set of AFLP fragments common to all 
cultivars, which is not surprising if one assumes that 
they have some common points of origin in evolu-
tionary history. It further shows which fragments are 
responsible for distinguishing amongst samples. In-
terestingly, of the samples shown to be the most am-
biguous by phylogenetic analysis and PCA, one can 
see that they are very close indeed, with only seven 
fragments distinguishing them from one another. As 
shown in Fig. 3b, one can see the specific effects of 
band presence or absence on the clustering of S1, DS3, 
and DS4. It would appear that S1 and DS3 share two 
fragments (arrows in Fig. 3b) more than DS3 and DS4 
do, and as such the correct grouping would be to show 
S1 and DS3 in the same clade. 

Classifications by phylogenetics, PCA and HCA 
are based on different mathematical models and ap-
proaches to data analysis, which makes them com-
plimentary. PCA is based on variables and focuses on 
identifying patterns or trends in the data by reducing 
the dimensionality into a set of abstract factors (prin-
cipal components), creating a new coordinate space to 

visualize the data set. In doing so, PCA will eliminate 
most of the noise, but some biological signal will 
possibly be lost. However, PCA is an unbiased and 
unsupervised method that analyzes everything at once 
and may be less prone to underlying assumptions or 
algorithmic bias possible in the other two methods. 
Hierarchical clustering works sequentially to create 
clusters from subsets of the data. Once data have been 
assigned to a cluster, it is no longer considered in the 
analysis. As such, even though all of the data are 
considered, they are not considered simultaneously 
and some bias can occur. Phylogenetic methods are 
based on a set of underlying evolutionary assump-
tions that may in fact not be correct for a given data 
set and may not account for direct human intervention 
in a cultivar lineage (e.g., selective plant breeding). 

Given the factors associated with each of the 
methods discussed above, it is worthwhile to inde-
pendently validate each of the methods. Furthermore, 
as they each bring different approaches to data visu-
alization, combining them does bring further clarity 
as to the relationships between samples and a direct 
visualization of each variable’s contribution to the 
differentiation between samples. 

For the data analyzed in this study, the different 
methods provide similar enough results to suggest 
that the conclusions reached are valid. Furthermore, 
this approach allows one to disambiguate (and/or 
understand the underlying cause for any ambiguity) 
the cultivars that appear to be quite closely related. 

3.3  Morphological genotypes vs. AFLP-based 
genotypes 

Seven banana cultivars from the southern region 
of Oman studied for their genetic variation were 
clearly differentiated by AFLP. The phylogenetics, 
PCA and HCA divided the banana cultivars into 
closely related clusters. All seven cultivars separated 
from each other but grouped into several clusters as 
shown in Figs. 2–3. In some cases these results cor-
relate with the morphological classification of se-
lected banana cultivars grown in Oman by de Langhe 
(2002) whilst in other cases show that there are 
markedly different genotypic vs. morphological 
classifications.  

In their survey of the southern region of Oman, 
de Langhe (2002) classified the cv. ‘Salalah’ Dwarf 
spotted (DS) Cavendish and cv. ‘Somali’ (S) as the 
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Cavendish subgroup with the AAA genotype and as 
evident from Figs. 2–3, and the two varieties are re-
lated to one another. However, there is a significant 
ambiguity as to how they are classified with different 
phylogenetic methods (Fig. 1). Given the even spread 
in multidimensional space as seen in the PCA in Fig. 
2c, it is easy to understand why these cultivars are 
difficult to definitively classify amongst one another. 
S1 consistently segregates nearest to DS3 and DS4, 
likely reflecting that they are actually from the same 
or very similar cultivars and that S1 may not actually 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

belong to the Somali cultivar. The other two mor-
phological sub-clusters included cv. ‘Abubakar’ in 
one group by itself and ‘Maisori Fardh’ (MF) and 
‘Milk Banana’ (MB) in another subgroup. Cv. 
‘Abubakar Philipino’ (AP) samples cosegregate to-
gether with all of the methods employed and in some 
cases (Figs. 1a, 1c and 3a) share a parent clade with 
MF. MF and MB are distinct but cosegregate with a 
common parent clade in two of the five methods (Figs. 
1a and 2a). The AAA morphological grouping places 
S, DS, and Sawara Red (SR) together in the same 

Fig. 3  Hierarchical clustering analysis (HCA). (a) HCA of all of the samples. This largely confirms the groupings 
made by both phylogenetic and multivariate statistical methods; (b) “Zoom view” of a branch in the cluster. In the 
samples shown to be the most ambiguous by phylogenetic analysis and PCA, HCA analysis shows that only seven 
fragments distinguish them from one another. One can see the specific effects of band’s presence or absence on the 
clustering of S1, DS3 and DS4. It would appear that S1 and DS3 share two fragments (see arrows) more than do DS3 
and DS4 and as such, the correct grouping would be to show S1 and DS3 in the same clade 

(a) 

(b) 
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group. This is clearly not supported by the AFLP- 
based genotyping, as SR does not cosegregate with S 
and DS in any of the analyses. 

To the contrary, SR is quite distant in nearly all 
of the analytical methods applied and in fact shows an 
inverse correlation with S and DS in the PCA. The 
Plantain Kenya (PK) is not included in the morpho-
logical characterization but genotypically shows two 
distinct subgroups within its samples, both of which 
correlate closest to SR in most cases but as can be 
seen in the PCA (Fig. 2a) are quite distinct from the 
other cultivars. A summary of the comparison be-
tween morphological and AFLP-based genotypic 
methods of classification can be seen in Table 3, 
while Fig. 4 presents a consensus dendrogram of the 
banana cultivars based on the analytical results. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

According to Loh et al. (2000) it is possible that 
the differences in phenotypic characters may not be 
due to euploidy differences but rather due to allelic 
differences in single or multiple genes. They found a 
similar discrepancy between some of the banana cul-
tivars. The cv. Dwarf Cavendish, Grand Nain, and 
Raja Udang, which were designated by Simmond 
(1966) as having the AAA genomic constitution 
based on morphological characterization, fell in 
separate clusters. Use of morphological traits may be 
helpful but is sometimes inadequate in differentiating 
closely related cultivars (Bhat et al., 2004) because 
they are highly influenced by the environment. 

In conclusion, the AFLP technique has been 
demonstrated in the present study to be a useful tool 
in determining the genetic diversity in banana culti-
vars grown in Oman. This finding is congruent with 
previous studies that have successfully used AFLP 
markers to acquire genetic diversity information of 
banana (Ude et al., 2002a; 2002b; Loh et al., 2000; 
Wong et al., 2002; Wang et al., 2007) and other 
economically important plants (Allaby and Brown, 
2003; Miller and Schaal, 2006; Jiang et al., 2007; 
Jansen and van Hintum, 2007; Magnussen and 
Hauser, 2007). Our results on AFLP analysis of ba-
nana cultivars grown in southern Oman confirm in 
some cases and conflict starkly in others when 
compared to the previous studies on characterization 
of banana cultivars based on morphological charac-
ters (de Langhe, 2002), pointing out the deficiencies 
in purely morphological characterizations. Our study 
has demonstrated that the combination of AFLP 
technique with analyses such as phylogenetics, PCA, 
and HCA will assist in understanding the genetic 
diversity of the banana cultivars and other crops 
grown in Oman. 

 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Correlations and differences between morphological classifications and AFLP-based genotypic classifications

Phylogenetics 
Morphology Cultivars 

Fitch Kitsch Neighbor Joining
PCA HCA 

AAB MB, MF − + − + − 
AAA S, DS +/− +* +/− +* +* 
AAA S, SR, DS − − − − − 
ABB AP, others AP, MF − AP, MF − AP, MF 
None PK, others PK, SR PK, MB, MF PK, SR −** PK, SR 

Correlations between morphological classification and AFLP genotyping data analysis methods are scored with + or − to denote agreement or 
disagreement between morphology and genotype. * Mixture in classes between S and DS samples; ** PK and SR are distinct groups and each of 
them has two distinct subgroups, which are consistently found in the other methods as well, although Neighbor Joining apparently confuses the 
relationships between PK and SR subgroups 

Fig. 4  Consensus tree diagram of the genetic relation-
ships between the banana cultivars 
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Since the points of origin for bananas now cul-
tivated in Oman cannot be strictly determined from 
historical records, it should now be possible to use 
AFLP markers to determine the relationships between 
banana cultivars found in Oman and bananas found 
elsewhere along the Indian Ocean (southern and 
eastern Africa and India) as well as cultivars found 
elsewhere in the world. To do so could be the first 
step in determining the adaptive changes that have 
taken place since introduction to the various terrain 
and climactic conditions found in Oman. 
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