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There are several studies on the DNA barcoding of banana worldwide, however studies on the DNA barcoding
of Indonesian bananas are limited. This study aims to develop a DNA reference library of the Indonesian
banana species, varieties and cultivars to reconstruct phylogenetic trees, and to identify and understand
genetic relationships between varieties and cultivars using three barcoding markers (rbcl., matK and trnl-F).
A total of 26 accessions of banana were amplified and sequenced using these primers. Maximum likelihood
(ML) and maximum parsimony (MP) were conducted on these sequences with addition of 9 accessions (rbcL.),
13 accessions (matK) and 14 accessions (#rnl-F) from the National Center for Biotechnology Information
(NCBI) GenBank. The aligned sequences were measured for genetic distances. The results showed that all
markers were significant to differentiate among the A and B genomes. All markers resulted in a tree that
contained two distinctive clades supported by high bootstrap value (> 50%). The rbcl. marker was the most
conserved, followed by maiK and ¢rnL-F. The rbcl. marker can only be used to distinguish generic level, while
matK and trnl-F can be used at species level. All markers cannot be used to identify subspecific, variety and
cultivar levels. However, the markers are able to suggest the genome of the maternal parent.
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INTRODUCTION

The bananas and plantains of the genus Musa acuminata (A genome) and M. balbisiana (B
are native to the paleotropics of Asia, Africaand genome), grown in Southeast Asia (Cheesman
Australia (Kress 1990, Kress et al. 2005, Kress 1948, Simmonds & Shepherd 1955, Simmonds
& Specht 2006, De Langhe et al. 2009, Li et 1962). Furthermore, the cultivars are diploid
al. 2010). The Musa consists of 45 wild species  (AA and AB), triploid (AAA, AAB and ABB) or
and almost 2,000 cultivars among which 12 and tetraploid (AAAB and AABB) (Simmonds 1962,
more than 60 are respectively found in Indonesia ~ Simmonds & Shepherd 1955).

(Nasution & Yamada 2001, Valmayor et al. 2000, Taxonomy of the wild Musa is complex
Ruas etal. 2017). There are 8 wild subspeciesand ~ (Hékkinen & Viare 2008). The traditional
7 varieties of Musa acuminata in Java (Nasution classification of the genus Musa has been
& Yamada 2001, Sulistyaningsih et al. 2014, questioned based on DNA analyses. The genus
Sulistyaningsih 2016). The edible bananas’ Musa consists of two sections, Callimusa and
diversity originated from inter- and intra-specific =~ Musa. Callimusa section is a combination of three
hybridisation of the wild relatives, namely M. former sections, i.e. Australimusa, Callimusa
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and Ingentimusa. Whereas, Musa section is
formerly Eumusa and Rhodochlamys sections
(Héakkinen 2013). Elucidating the taxonomy and
phylogeny of wild Musa is important as it can
provide valuable information for the collection
and characterisation for further improvement.
Although being a part of the center of banana
origin and diversity, there are limited number of
systematic studies that have been conducted to
reveal the taxonomy and phylogeny of wild Musa
in Indonesia. A taxonomic study of M. acuminata
and its intraspecific taxa in Indonesia was
conducted by Nasution (1991) and later revised
by Ahmad et al. (2021) for wild M. acuminata in
Sumatra. Large variation, numerous names and
synonyms in banana and plantain cultivars led to
difficulties in cultivar identification (Valmayor
et al. 2000). Distinguishing cultivars based on
morphological characters could be difficult
because there is lack of information provided
by morphological characters, particularly in
determining morphologically overlapping
cultivars (Sefc et al. 2001).

DNA barcoding is still employed in species
identification besides using full genome
information technology. This method involves
utilising short molecular markers and needs to
be conservative to simplify amplification and
alignment among distant species (Hebert et
al. 2003, Kress et al. 2005). The ITS2, rbd. and
matK are effective markers to barcode plants
at species and generic taxonomic levels ( Kress
et al. 2005, Kress & Erickson 2007). Molecular
studies on Musa species and its cultivars have
been conducted using chloroplast markers of
atpB-rbcL., rps16 and trnl-F, and nuclear markers
of the Internal Transcribed Spacers to construct
the phylogeny in family and infrageneric level
(Li et al. 2010). Moreover, nuclear genes, ADH,
G3PDH, IDH, CAT, GBSS and ARF are used to
determine the origin of edible bananas (Volkaert
2009). The markers, Waxy and ADH]1, and
chloroplast markers of maiK and trnl-F cluster
are employed for species phylogenetic study and
estimation of cultivars’ evolution (Li et al. 2013).
The ITS2 is also used for phylogenetic study and
barcoding of cultivars (Dhivya et al. 2020).

The Indonesian cultivars’ DNA barcode
has been studied in Bali bananas using ITS2,
as well as in East Java bananas using rbcl. and
ITS, but only at a limited level considering the
species and cultivars’ high diversity (Hapsari
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et al. 2018, Ainiyah et al. 2020, Dwivany et al.
2020). Therefore, it is important to develop a
DNA reference for identification purposes and
understanding the evolutionary relationship
between the species and cultivars. This study
aims to develop a DNA reference library of
the Indonesian banana species, varieties and
cultivars, to reconstruct phylogenetic trees, and
to identify and understand genetic relationships
between varieties and cultivars using three
barcoding markers (7bcl., maK and trnl-F).

MATERIALS AND METHODS
Materials

In total, 26 accessions of species, subspecies,
varieties and cultivars were collected from the
banana germplasm information system of the
Research Center for Biology and Purwodadi
Botanic Garden, Indonesian Institute of Sciences
(Table 2). For the ingroup, a total of 26 samples
which were obtained by direct sequencing were
used with an addition of 5 sequences of rbcl., 9
sequences of matK and 10 sequences of {rnl-F
from the GenBank. The outgroups were all taken
from the GenBank, i.e. 4 sequences of rbcL., 4
sequences of maiK and 4 sequences for trnl-F.

The leaf samples preservation using teabag
method was in accordance to Wilkie et al. (2013).
Healthy leaves were torn into small pieces and
put into a teabag, which was then stored in an
airtight container and submerged in silica gel.
After being dried, the tissue became ready for
DNA extraction.

DNA isolation

Total genomic DNAs were extracted using
DNeasy Plant Mini Kit (QIAGEN) according
to protocol from the manufacturer. Before this
process, the tissue was homogenised into fine
powder using a lyseror mixer mill (400 mm).

DNA amplification

The rbcl., matK and trnL-F regions were
amplified using a PCR kit in a thermo cycler
with the following temperature profiles: initial
denaturation for 3 min at 95 °C, then 35—40 cycles
of denaturation for 1 min at 94 °C. Afterward,
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there was annealing at 52-55 °C for rbc., maK and
trnL-F primers for 30 s each, 1 min extension at
72 °C, and a final 5 min extension at 72 °C. The
PCR cocktail of a 12.5 pLL volume contains 2.5 pL.
of 5 x buffer Go tagPromega, 0.07 pL. taqg DNA
polymerase, 0.25 pL dANTPs, 1 pLL MgCl,, 0.25 pL.
of 10 mmol each of forward and reverse primers,
7.18 pL of nuclease-free water, and 1 uL. DNA
template. The primer pairs are listed in Table 1.

Sequencing

The PCR products were purified and sequenced
at 1 BASE using ABI PRISM 3730 x 1 genetic
analyser.

Sequence alignment

Forward and reverse DNA sequences were made
into contig and checked using the Geneious
program and manual checking, based on
chromatograms. The consensus sequences were
exported to FastA format for subsequent analysis.
Their alignment was performed using Geneious
and MEGA X, then checked manually with eyes.
Next, the aligned sequences were exported to
NeXus format for phylogenetic analysis using
PAUP ver.4.

Phylogenetic analysis and basic local
alignment search tool (BLAST)

Phylogenetic analyses were performed using
PAUP ver. 4 (Swofford 1998), MEGA X and
Geneious with maximum parsimony (MP) and
maximum likelihood (ML). Two closely related
species of Musa (Ensete ventricosum, Ensete glawcum
and Musella lasiocarpa) were selected as outgroups.
All characters were considered to have equal
weightin the parsimony optimality criteria. They

Ardiyani M et al.

were unordered and detected gaps were treated
as missing data. Trees were generated using the
MP optimality criteria. Heuristic searches were
conducted through random sequence addition,
with 500 replications, using various branch
swapping and length optimisation options
including one tree being held at each step. From
the most parsimonious trees generated, a strict
consensus tree was constructed. The consistency
and homoplasy indices were calculated for all
trees using distance (weighted least squares
with power +2) as one of the criteria. Also, clade
support was estimated using bootstrap values
which were considered as having strong support
when more than 50%. The BLAST was done in
the NCBI GenBank to verify the closest entity to
our DNA sequences.

RESULTS

Phylogenetics of Musa spp. based on rbcL
gene

A total of 35 taxa representing 21 cultivars and
14 wild species (including two subspecies and five
varieties) were used to analyse the phylogenetic
relationship of Musa cultivars with their wild
species by using the rbcl. gene as a marker,
based on ML and MP algorithms. A total of 26
samples used as ingroup were sequenced directly,
while 5 sequences of rbcl., were taken from the
GenBank. Meanwhile, 4 sequences including
three sequences of Ensete glawcum and one of
Musella lasiocarpa, retrieved from GenBank, were
treated as outgroups.

The result of the phylogenetic tree constructed
based on ML is similar to the one based on MP
algorithm (Figures 1 and 2). The outgroup
Ensete has a personal clade supported by a high
bootstrap (BS) value (95%), and Musella is the

Table 1 List of primers for rbcl., malK and trnL-F markers
Primer Primer motifs Size (bp)  References
rbcL. 1F 5°- ATG TCA CCA CAA ACA GAAAC-% 20 Kress et al. (2005)
rbel. 724R 5°- TCG CAT GTA CCT GCA GTA GC-3’ 20 Kress et al. (2005)
matK-1RKIM-f ~ 5’- ACC CAG TCC ATC TGG AAATCT TGG TTC -3’ 25 Ki-Joong Kim (unpublished)
malK-3FKIM-r  5’- CGT ACA GTA CTT TTG TGT TTA CGA G -3’ 27 Ki-Joong Kim (unpublished)
trnl-c 5’- CGA AAT CGG TAG ACG CTA CG -3’ 20 Taberlet et al. (1991)
trnlA£ 5- ATT TGA ACT GGT GAC ACG AG-3’ 20 Taberlet et al. (1991)
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sister to this clade with Musa borneensis. Two
well-supported clades were found i.e. Clade I
(BS 61% based on ML, BS 66% based on MP)
which contains Musa balbisiana, its cultivars
and hybrids such as "Pisang Klutuk", "Pisang
Klutuk Wulung", "Pisang Raja", "Pisang Siem"
and "Pisang Kepok". Clade I contains species
and cultivars of the Genome B, while Clade II
(BS 99% based on ML and MP), consists
of Genome A species and its cultivars, and

a

E Ensete glaucum, GenBank 5
= L glaucum, ki Gl } Outgroups
Ensete glaucum, GenBank 7
Y pa, GenBank 8 £
D24 Bol
Musa balbisiana, GenBank 9
isic g ulung, D23
isic Sukun; D22
Musa AAB (Pisang Raja subgroup] ‘ Pisang Raja’, D15
Musa ABB (Pisang Awak subgroup) Pisang Siem; D13 Bl Clade 1
Musa balbisiana Pisang Klutuk’, D11
Musa balbisiana *Pisang Klutuk’, D10
Musa balbisiana *Pisang Klutuk’, D09
Musa ABB (Saba subgroup) Pisang Kepok; D7
D2

Musa ecuminata, GenBank 1 -
Musa acuminata var. nakall, D26
Musa ocuminata var. flava, D25
Musa AAA (Gros Michel subgroup) 'Pisang Ambon Kuning; D21
Musa AAA (Cavendish subgroup) "Cavendish’, D20
Musa ‘Pisang Ustrall’ 019
Musa AAA (Red subgroup) Pisang Udang, D18
Musa AAB (Plantain subgroup) ‘Pisang Tanduk; D17
Musa AAB (Silk subgroup) ‘Raja Sereh;, D14

| Musa AA (Sucrler subgroup) 'Plsang Mas Kirana, D16 Al ‘e Cladell
% Musa AAA Pisang Barangan, D12

| Wusa AB (Ney Poovan subgroup) Ney Poovan; D8
Musa AA (Sucrier subgroup) 'Pisang Rejang, D6

e D5

var.

Musa AA (Sucrier subgroup) ‘Pisang Rejang; D4
Musa AA (Sucrier subgroup) 'Pisang Rejang; D3
subsp, D1
Musa ocuminata var. rutilifes, GenBank 4
Musa ecuminata var. flava, GenBank 3
subsp. is, GenBank 2

Lorempsum Musa AAA (Cavendish subgroup) "Cavendish, D20

€

Ardiyani M et al.

M. acuminata, its cultivars and hybrids such as
"Pisang Ambon Kuning", "Cavendish", "Pisang
Tanduk", "Raja Sereh" and "Pisang Rejang".
The MP algorithm of rbcl. dataset produced
one shortest tree (Figure 2) with 622 constant
characters, while one variable character
was parsimony-uninformative and 12 were
parsimony-informative. Consistency index
(CI) = 0.867 is a number that shows whether
the tree is consistent in terms of quality with
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Figure1  Phylogenetic tree constructed based on maximum likelihood analysis tree using rbcL. (a), maiK (b),
and rnl-F (c); according to the sequences of accessions, accessions with identical sequences are
clustered in one group; letter in the right side of box represents clusters and chlorotypes names;
bootstrap support values of 500 replicates (%) are shown at the nodes
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the maximum value, one, and retention index explains the level of homoplasy of a character.
(RI) = 0.977 explains the tree’s quality by This was produced from one substracted by CI
using different statistics from CI (Kitching value (Kitching et al. 1998). The low value of HI
et al. 1998). The value of CI, as well as RI, showed that the characters were used to construct
shows the high consistency and resolution a phylogenetic tree at a high level of homoplasy.
of the phylogenetic tree (Swofford 1998). However, the separation support of the ingroups
Based on CI and RI values produced by MP, and outgroups is low [BS = 53% (ML) and
the strict consensus tree had high quality BS = 59% (MP)], meaning the topology
and resolution, which was quite consistent. trees have a high possibility of branching
Meanwhile, homoplasy index (HI) = 0.133 rearrangement (Kress et al. 2002).
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Figure2  Phylogenetic tree constructed based on maximum parsimony (MP) analysis tree using rbcL. (a), maK
(b) and #rnl-F (c); according to the sequences of accessions, accessions with identical sequences are
clustered in one group; letter in the right side of box represents clusters and chlorotypes names;
bootstrap (BS) support values of 1,000 replicates (%) are shown at the nodes
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Phylogenetics of Musa spp. based on maK
gene

Another analysis of the phylogenetic relationship
of Musa cultivars with their wild species was
conducted based on matK gene using ML and
MP algorithms. A total of 39 taxa representing
21 cultivars and 14 wild species (including two
subspecies and four varieties) were used. Among
35 sequences treated as ingroups, 9 were obtained
from the NCBI GenBank. The 3 sequences of
Ensete glaucumand 1 of Musella lasiocarparetrieved
from GenBank were treated as outgroups. The
results of phylogenetic trees, constructed based
on ML and MP, were similar (Figures 1 and 2).
The outgroups had their clade supported by a
high BS value (95%). Moreover, Musellais a sister
to Ensette separated from the ingroups.

The tree is similar to that constructed based
on rbcl. data where two well-supported clades
were found i.e. Clade I (BS 98% based on ML and
MP) which contained the Genome species and
cultivars, as well as Musa balbisiana, its cultivars
and hybrids. Clade II (BS 64% based on ML, 63%
based on MP), consists of the Genome A species
and cultivars, as well as M. acuminata, its cultivars
and hybrids. The difference between the trees
constructed based on rbdl. and maiK data was in
the Clade II. There were three well-supported
clades, namely clade Ila containing M. velutina,
IIb containing the AAA species plus IIc which
also contains AB, AAA, AAB species, and Musa
varieties (var. zebrina, var. nakaii, var. flava and var.
breviformis) .

The MP algorithm of the matK dataset
produced one shortest tree (Figure 2) with 706
constant characters, while 25 variable characters
were parsimony-uninformative and 22 were
parsimony-informative; CI = 0.940, HI = 0.060
and RI = 0.978. The value of CI, as well as RI,
showed the high consistency and resolution of
the phylogenetic tree. Hence, the strict consensus
tree had a high quality and resolution.

Phylogenetic trees based on the trnL-F region

The aligned sequences of the ¢rnl-F region
obtained from 48 samples were 922 bps. Out
of these, 889 were constant characters, while
5 were parsimony-uninformative, hence only
18 nucleotides were parsimony-informative
characters.
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The phylogenetic trees constructed from
the ML and MP algorithms showed an almost
similar pattern. The topology result from the
analysis conducted based on ML showed the
ingroups (Figure 1) consisted of M. beccari,
M. borneensis, M. acuminate, M. balbisiana and
a crossing between both species. The ingroup
which contained M. acuminata and M. balbisiana
formed a monophyletic unit with strong support
from BS 95%, while their further groupings
showed three groups of M. balbisiana (BS 62%)
and M. acuminata (88%). The acuminata was
further divided into two groups of M. acuminata
and M. acuminata x M. balbisiana.

The phylogenetic trees constructed from
MP algorithms showed the ingroups (Figure
2), also consisting of Musa beccari, M. borneensis,
M. acuminata, M. balbisiana, and a crossing
between both species. Musa acuminata and
M. balbisiana formed a monophyletic unit with
strong support from the bootstrap (94%). This
clade was further grouped into M. balbisiana
(BS 61%) and M. acuminata (85%). The
acuminata clade had two clades that consist of
M. acuminata and M. acuminatax M. balbisiana.

Clade I had polytomy topologies with
low bootstrap support [BS = 62% (ML) and
BS = 61% (MP)], while Clade II had strong
bootstrap support [BS = 88% (ML) and BS =
85% (MP)]. Polytomy topology is the separation
of branches that is incapable to distinguish or
separate one species from another. Itis probably
caused by simultaneous evolution, hence causing
uncertainty in this process (Kuhn et al. 2011).

Chlorotypes and BLAST results

All groups of identical sequences i.e. chlorotypes,
at the species level according to rbcl., matK
and trnl-F, corresponded to the grouping in
phylogenetic trees (Table 2, Figure 1). Based
on these markers, M. balbisiana was defined in
one chlorotype. Contrarily, M. acuminata was
identifed in one chlorotype based on 7bcl., three
based on matKand five based on trnl-F (Table 2).
The BLAST results showed that the ID of Musa
accessions used in this study matched the species,
subspecies and varieties deposited in the NCBI
GenBank (Table 4).
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DISCUSSION

The chloroplast marker (rbcL, matK and
trnL-F)

The topology of phylogenetic tree constructed
by ML and MP algorithms based on rbd., matK
and ¢rnL-F data had two clades. Clade I consisted
of BB ("Pisang Klutuk", "Pisang Klutuk Wulung"
and "Pisang Klutuk Sukun") and ABB genome
groups ("Pisang Raja", "Pisang Siem" and "Pisang
Kepok"), as well as wild species (Musa balbisiana).
Clade II consisted of AA ("Pisang Mas Kirana"
and "Pisang Rejang"), AAA ("Pisang Ambon
Kuning", "Cavendish", "Pisang Udang", "Pisang
Barangan" and "Pisang Rejang"), AAAA ("Pisang
Tarali"), AB ("Ney Poovan") and AAB genome
groups ("Pisang Tanduk" and "Raja Sereh").
This also included wild banana species, viz.
Musa acuminata, M. acuminata subsp. malaccensis,
M. acuminata var. breviformis, M. acuminata var.
flava, M. acuminata var. nakaii and M. acuminata
var. rutilifes. The clades showed that the wild
species, M. balbisianawas grouped with cultivated
banana, from the B genome. Meanwhile,
M. acuminata and its infraspecific taxa were
grouped with cultivated banana from A genome.
Therefore, the phylogenetic tree was concluded
to be separate, based on the genome characters.

The majority of edible cultivated
bananas originated from intraspecific
or interspecific hybridisation between wild
diploid M. acuminata (A-genome) and
M. balbisiana (B-genome) species. Combinations
of these A- and B-genomes have led to various
genotypes of the fruit, including diploid
(AA, BB and AB), triploid (AAA, AAB and ABB),
and tetraploid (AAAB, AABB and ABBB) variants
(Simmonds & Shepherd 1955). Results also
showed that three groupings were in accordance
with the genome content, acuminata (AA),
balbisiana (BB) and its hybrid (AB).

The balbisiana group, even though weakly and
moderately supported by the BS analysis, showed
a strong tendency to form an inclusive group.
Close examination on #nl-F marker nucleotide
sequence identified a long repeat within the
trnLL intron region at positions 305-319 (Table
3). This long insertion was only recorded in 11
samples of M. balbisiana, but not in the hybrid,
and it tends to have a relationship with the B
genome. A long insertion/deletion event in
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the #rnL intron has also been known to occur in
Annonaceae, Fabaceae and Dipterocarpaceae
(Pirie et al. 2007, Yulita 2013, D’yachenko
etal. 2015). However, a recent genomic study on
M. balbisiana (Wang et al. 2019) reported 55.75%
of the B-genome assembly composed of repetitive
sequences, which was higher than the 41.85% of
the A-genome assembly.

Genetic diversity based on chloroplast genes

All markers used provided two main clades
which were associated with A and B genomes.
Chloroplast is transmitted maternally, hence,
based on the present study, the cultivars or
hybrid bananas’ female parent genome can be
estimated. Notably, the chloroplast of cultivated
M. acuminata, AA and AAA genomes, is transmited
from this species. In hybrid bananas, such as
AB, AAB or ABB genome, chloroplast genes
are useful to trace its donor. For instance, the
chloroplast donor of "Pisang Kepok" (D7) was
suggested from M. balbisiana indicating that this
banana’s maternal ancestor is from M. balbisiana.

Understanding the genome transmission
is important for breeding programs as
bananas’ genetic is complex due to inter- and
intraspecific hybridisation of two species M.
acuminata and M. balbisiana (Heslop-Harrison &
Schwarzacher 2007). The information obtained
can help breeders to select potential donors for
hybridisation.

CONCLUSION

This study showed that the rbd. gene relatively
had low discrimination rates for the banana
species and it lacked sufficient discriminatory
power due to the species level. The large subunit
gene of ribulose-1,5-bisphosphate carboxylase is
part of the sequence located in the chloroplast
DNA (cpDNA), a highly conserved region often
used in barcoding for plants. The sequence has
low mutation compared with other barcodes in
cpDNA because it has a high level of similarity
between different species. The matK gene also
had low rates but it is used to distinguish at the
species level, while ¢rnl-F was more variable
compared to the other genes but it is only used
to distinguish at the species level. Discrimination
at subspecies, variety and cultivar levels was not
performed with the three chloroplast genes.
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