CHAPTER 3

GENEALOGICAL RELATIONSHIPS OF BANANA CULTIVARS
INFERRED FROM CHLOROPLAST DNA SEQUENCE
ANALYSIS

ABSTRACT
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Using PCR-RF- SﬁP (Po y lain Reac n-Restriction Fragment-
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allele analyzing
the f(ﬂ iﬁnﬁﬁ ﬁ'ﬁ;ﬁj ﬂﬁﬂﬂn‘]ﬂaﬂed alleles
could be easily distinguished. Polymorphism within each of the genomes
included single nucleotide substitutions and insertion/deletions (indels).
To estimate the maternal genealogy based on these data, most
parsimonious trees were generated using the maximum parsimony and

neighbor-joining methods, and statistical most parsimony-haplotype

networks were reconstructed. Four Australimusa bananas, i.e. M. jackeyi,



M. textilis and two Musa ‘Fehi’ cultivars, were used as outgroup taxa.
Different treatments of indels were compared. Diversity within triploid
hybrids was found and their maternal lineages were identified. Five cp-
haplotypes were found; two derived from different M. balbisiana and
three from M. acuminata. Particular B genome-rich triploids (ABBs) and
a tetraploid (ABBB) were given new genomic designations as BBA and

BBBA to indicate their maternal génealogy. The relationships among

these alleles and their 1 l\;--- ation ¢ i g the domestication of the

Diversity a ionship withi ] complex have puzzled
ime of Cheesman (1947)

and Simmonds and Sh 1R one of the earliest cultivated

is widely behevedﬁa’e - e S
from, or are hybrids éfitwo wild dipleid species in the Eumusa section
(basic chrord uﬂugbm:&' nﬁnw ﬂ«’s} E]zﬁinata Colla (AA)

and M. balbzszana Colla %B%UCheesmandﬂM Simmofids and Shepherd
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ana o@tivars have been derived

The center of origin of hybrids between M. balbisiana and M.
acuminata is subject of debate. Simmonds (1962) argued that AA
cultivars, possibly originated in Malaya, were carried into wild M.
balbisiana disfribution areas. He suggested that India and eastern

Malaysia were centers of hybrid origin. However, it was also believed



that Neolithic Austronesian people introduced M. balbisiana from
mainland Southeast Asia into the Philippines and Pacific Islands
(Simmonds 1962; Argent 1976; De Langhe and De Maret 1999) while
they traveled and colonized the islands between 4,500 and 3,500 years
ago (De Langhe and De Maret 1999; Birds et al. 2003). Contrarily to
Simmonds’ theory, De Langhe and De Maret (1999) proposed that the
location of hybridization that gaye fise to the AAB hybrids was in eastern

et al. 2000), and ‘Lep Chan

T8N ;
) but their origin is still

obscure (Simmond§ ‘ Pimentel 1990;

Shepherd 1990; J am:t and Litz m
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diseasegesistance. In general, genome gives starchiness and acidity

iness and

to the fruit, characters commonly considered as cooking quality. M
balbisiana is also more tolerant to drought and flooding and more
resistant to Panama disease, leaf spot, and nematodes than M. acuminata

(Simmonds 1987).
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Though, none of balbisiana genome-containing bananas are
significant in the world trade, they are invaluable for rural people in
Southeast Asia and other tropical countries. Production of bananas in
Southeast Asia, especially for local consumption, is mostly based on
triploid hybrid cultivars such as ‘Saba’ (BBA/BBB) in the Philippines
and ‘Hin’ in Thailand and ‘Pisang Kepok’ in Indonesia; ‘Namwa’ (BBA)

i Awak’ in Malaysia and Indonesia;
%lmayor et al. 2000).

s withigandamong wild accessions,

in Thailand and its synonym °
and ‘Chuoi Tay’ (BBA) in
Knowledge of the re

—-

diploid and triploi
parental resistance t 1§ed e 'eeding programs

(INIBAP 2001).

'l ., L |
inadequate data about the roteth: versity within both species has

played in the eve&‘gi@ﬁ@?ﬂ‘ /br and when these

ancestral hybrid %, *_n _, s widely accepted that

there are several su
burmanica, Ef ﬁ the first four are

found in Thﬁﬂ ﬁeﬁiﬁ ﬂj ae'ﬁ t]ain about the extent
of ge m ﬁt gh isozyme
anal %ﬁl’[ﬁ!@ﬁja I zjj ﬁnl morphic spemes (Lebot et al.

1993), which was in agreement with Kaemmer et al. (1997) who found

n M. acuminame g. Ssp. siamea,

spec1es withi

that the B genome present in plantains (AAB) and the B genome detected
in ABB bananas came from different M. balbisiana donors. Similarly,
Shepherd (1990) suggested that AAB and ABB cultivars could have
evolved in different areas at different times. Simmonds and Shepherd

(1955) noted that AAB and ABB triploids could have originated from
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fertilization of unreduced diploid eggs in sterile AB hybrids and haploid

pollen.

Simmonds (1962) concluded that M. balbisiana is not native to
Thailand because, based on his findings—although is commonly

cultivated for male bud consumption and its leaves, which are used as

: pecific vernacular name. This
observation implies that AAI and %/Jltivars are not likely to have
' ﬁyitb the fact that four out of

Simmonds (1956, 1962)

A vé \\\ ame either—suggests that

uacna
‘ chalow and Silayoi,

goup of Pisang Awak’ or
‘Kluai Namwa’ ha§'bgén feported only#from T hailand, e.g. ‘Kluai
Namwa Daeng’ with'pigk fles lfai Namwa Khao’ with more waxy

5 "\ s ! z .
fruits than usual, ‘Kluai Namwa Nuan®With waxy rind, and ‘Kluai

Luang’ with yelloW flesh (Chomchalow andiSilayei, 1984).

7 |
morphologi t omosc s and referred to

. ¢ .
o SR S TN Y
classiaai n ybrid cultivars een réinvestigated over the years

and still most is used. Several techniques including secondary metabolite
analysis (Horry and Jay 1990), genome content (Dolezel et al. 1994; Lysa
k et al. 1999), and isozyme markers have been applied and proved
successful (Jarret and Litz 1986; Espino and Pimentel 1990; Howell et al.
1994; Lebot et al. 1993). More recently, molecular techniques, i.e. RFLP
(Gawel and Jarret 1991a,b; Jarret et al. 1992; Bhat et al. 1994; Carreel et
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al. 2002), PCR-RFLP (Nwakanma et al. 2003), STMS (Kaemmer et al.
1997), molecular cytogenetics (Osuji et al. 1997; D’Hont et al. 2000),
AFLP (Loh et al. 2000; Ude et al. 2002a,b; Wong et al. 2001; Wong et al.
2002), and dCAPs (derived cleaved amplified polymorphic sequence)
markers (Umali and Nakamura 2003), have been applied.

The study of non-coding ¢hig rplast (cp-) sequences has proved to

Ichner and Clark 1997;
et al. 2001; Baumel et al.

(Golenberg 1993; Gi
Ohsako and Ohnis

2002). These sequengé 1dly than do coding

sequences, by accu etlons (indels) at a rate at

least equal to that for guglegtid e("’ s‘ O] rtis and Clegg 1984;
Wolfe et al. 1987).71 ‘
+.‘F‘.|""'J'

cultivar group japonica ACCess amber NC001320 (Hiratsuka et al.

eiepssequence of rice (Oryza sativa

regions, i.e. ndh{}yg@ i ntrons (N-I1 IN) and psaA-ycf3 and
: ahd AF-S). The first

petA-psb)-psbL vvf‘i 16

fragment located 1&mall single copy region anmthe rest were in large

T copyggﬁgfﬁ i) W?Wﬁﬁ‘?
BN e 1) ikt

alleles from the four loci were assessed using a combined method
consisting of PCR, restriction enzyme digestion and SSCP (PCR-RF-
SSCP or PRS) (Slabaugh et al. 1997; Schneider et al. 1999; Sato and
Nishio 2002). Different PRS haplotypes identified among banana
accessions were then sequenced and analyzed to infer their phylogenetic

relationships using distance and maximum parsimony methods.
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3.2 MATERIALS AND METHODS

3.2.1 Plant materials

Forty-six accessions of M. acuminata, M. balbisiana (both from
the Eumusa section, having basic chromosome number, x = 11), cultivars,

and hybrids were chosen to represent seven genomic constitutions

designated as AA, BB, AB, A B, ABBB, BBB, and also to reflect
&/)/ Four accessions from the

roqoswer x=10) i.e. Musa

Jjackeyi, Musa Fehi Langlt and M. textilis,

were included as outgue / / \\\f\ g leaves in pseudostems

were collected. DNA Vs
Plant Mini Kit (Qages, ag 0 '. 0.t \ anufacturer’s
Al o

instructions. Twenty-tWo y‘. ; \ samples were generously

provided by Dr. FranCoi Caﬁé‘ei"n CIR/ D- OR, Guadeloupe, and by

")

their geographical distrib\\

Australimusa sectio

mples using DNeasy

the International Transit C ¥ S of the International Network for the

mﬁ‘lﬂe&l’sﬂﬂﬂ‘iWMﬂ‘i
éﬁﬁ“ AR S T AR e

regions contammg mononucleotide repeats in rice and tobacco were
compared, then other species, as many as available, were aligned and
flanking conserved regions were selected. If all species analyzed retained
a mononucleotide repeat, the locus was retained for primer design.

Details of these primers are presented in Table 3.2. See appendix A for

locations of selected fragments on rice cp-genome.
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3.2.3 PRS analysis

With some modifications, analyses of PRS were done based on
techniques reported previously (Orita et al. 1989; Jordan et al. 1998; Sato
and Nishio 2002). PCR was performed in a total reaction mixture of 30 p
L, containing 200 pM dNTPs (Promega), 1.5 mM MgCl,, 0.5 uM each
primers, 1x Tag DNA polymerase buffer, 1 unit of Tag DNA polymerase
(Qiagen) and 20-50 ng of to r ic DNA as template. Amplification
was carried out at 94° : @by 32 cycles of 45 sec at 94°

each primer set, 90 sec at

C, 45 sec at suitable anncaking tempe
72°C, and final extgnsTopdir7. a T1 Thermocycler 96

(Whatman, Biomei@, G€

ct was checked on 1%

agarose gel using Af

m. (-J- =3 H # )

I mM EDTA, pH &) PER prodict§ of PY-8 Was not digested, the R-IN
Wrdnr ¥ A\

and N-IN fragments wer, dfgéﬁ dwi ,
AR SN '__'

the AF-S fragment wasfdigesied withe

BaLabsyIac; T, UQ@ nditionsaecommended by the supplier.
Two volumes ofidenaturing solut

natunne sglution COSVE vz sormamide, 0.025%
Vi ‘ _‘
bromphenol blue, l 025% | ano -ﬁld 10 mM NaOH) were

2
r

11l from New England

mixed with PCR or qigsted product&,then denatured for 10 min at 95°C,

and immedifftel}bfadedlof 1@ I QR $ilel Bamds. Then 3.5 L.

aliquots wereq'loaded on a non«enaturing polyacrylamidesgel (Sequagel

MD, ﬁéwﬁlﬁéﬂﬁg M M&]&mﬂ V:]lﬁe&lrmed in 1x

TBE buffer using Hoefer SQ3 Sequencer (Amersham Pharmacia Biotech,
USA) and run in a 4°C refrigerator at constant 8 watt for 12-14 hr. The
gel was then silver stained using standard procedure (Guillemette and
Lewis 1983). Accessions showing polymorphic bands were grouped as
haplotypes and one to six accessions from each haplotype representing

geographical distributions were selected for cloning and sequencing.
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3.2.4 Cloning and sequencing of selected haplotypic fragments

The undigested PCR fragments were purified using MinElute PCR
Purification Kit (Qiagen) and cloned into E. coli ‘DH10B’ using either
TOPO TA Cloning Kit for sequencing (Invitrogen) or pGEM-T Vector
Systems (Promega). Plasmids were extracted using Wizard® Plus SV

Minipreps DNA Purification System (Promega) and sent for sequencing

Missing data) using the DnaSP

program version 4 (Rozas, 03 ) Singletons, if not confirmed by
= -llll"'____' _:"r___'v.,__a..

sequencing from rultiple cl ed. ) Variable regions with

s ' . 5 ;
mononucleotide Tépea S cm ot be satisfactorily

I :
done were omittedfrom further phylogenetic arialyses (Zhang 2000).

s P UBRGR TN INT

NIRRT
with the Australimusa accessions as outgroup, b)L e neighbor-joining

(NJ) and maximum parsimony (MP) methods using PAUP* version

4.0b.10 (Swofford 2002). Bootstrap and majority-rule consensus from
500 replicates were conducted to evaluate the support of branches.

The NJ.analysis was done using Kimura-2-parameter model with
all indels excluded from the data matrix. Meanwhile, prior to MP

analysis, three different coding methods were applied for gaps: (i)
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complete deletion of indel regions, (ii) retaining all insertions and treating
deletions as missing data, and (iii) removing all indels from the data
matrix, identifying every potential mutation event and applying
unordered multistate characters (0/1/2) for each event, then adding the

characters back to the matrix (Baum et al. 1994; Peralta and Spooner

2001).
u&y all characters equally

addition analyses and tree

The MP trees were

bisection-reconnec pifg (Steepest descent option

in effect), stepwise a * \ lons was used in the

t of homoplasy was

evaluated with the Comsi sy iindéx 1), exeluding uninformative

2\

characters, and th ibn index (] 4 A strict consensus tree was

pargimonious trees. To evaluate the
'W“f =

branch supports, bootstrap yjority-rule consensus from 500

replicates were copdugfed.” ~— €= :

3.2.7NetW(mk : m

Gene enealo les.were estimated usin f network reconstructed by

statistical p ‘ lﬂﬂﬂglm ’a] fllﬁ) generated by the
program ﬁs 113 Clement ef al 2 i Ej ilunrooted
cladoq 1 1 Ri based on a

finite- 51te model of DNA evolution are identified. Each indel, regardless

its size, was counted as one mutational event and treated as fifth state.

Nucleotide substitutions within indels were treated as additional events.
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3.3 RESULTS

3.3.1 Chloroplast haplotypic analyses by PRS

PRS analyses of the four cp-regions revealed five haplotypes in the
Eumusa section (Table 3.3). All four loci clearly distinguished M.
balbisiana and M. acuminata. Thereupon, the polymorphisms between B
and A genome obviously differentiated hybrids. The maternal
contributions in autopoly the two species were easily

identified e. g. ‘LCK’

pattern as other B
T ———
accessions and ‘H oupedewith other A accessions.
Two cp-haplotype Bl

accessions (AL, A ] B ession o cp-haplotypes each

tetraploid hybrids, while ook 6 B comprised of seven M.

hand, within A a W
undigested PY-S a& AF-

and ‘Hin’ agéssions‘raxesented twoldifferent PRS patterns within their

A8 dnll WY Lol b b Rhoroptast (1) and

AN

3.3.2 CpDNA sequence analyses

aql.murprisingly, the ‘Saba’

cultivars—

A total of 11 B accessions and 7 A accessions (Table 3.3) were
selected as representatives of their haplotypes and geographical
distribution for DNA sequencing, altogether with four Australimusa

bananas. The complete cp-sequences are displayed in Appendix B.
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The combined cpDNA sequences consisting of four fragments were
mostly non-coding (73%) (Fig. 3.1). Sequence variability of the four

cpDNA regions is summarized in Table 3.4.

The sequence length ranged from 5,584-5,631 bp in B accessions
and 5,461-5,506 bp in A accessions. After alignment, the sequences

ith 5,774 positions by introducing 39
gaps, among which 10 | indels. Total gap length was
404 bp, which is abo he\!hgﬁence length. Seven gaps

were single nucleot( '

ranging from 11-54

resulted in a final data matrix y

-10 bp), and 15 were large,

sequences 1s 0.34.

An inverted repgat airpin secondary structure
with a 24-bp loop and 34-bp-5 yund in AF-S fragment at
position 5,237-5,329, 29 b" of psb] coding region (Fig. 3.2)
Short inverted repaats were also pop. In addition to the

]
among the two sec ns

333@&&3%&3@5%‘8??75
AW TAY ﬂ"‘j"ﬂj Y94 ﬂ]ﬁﬁﬂ%ﬁl he aligned

DNA sequence data set, the occurrence of the B and c a es was
supported by 100% bootstrap values for both clades (bootstrap value not
shown). The analysis presented three lineages within A clade. Unsolved

relationship within the B clade was shown, with bootstrap value of 59%.
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BB CMR
BBA NWN

. SBea mng
ABB HIN A
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—AA BKS

Fig 3.8 ANeighbor-joining tree 6f Musa chloroplast

%ﬂﬁ@ﬁwg ?‘ﬁ[’t Australimusa
anas. M. siana and M. ata clades are
| indicated by B aﬁd A. Within A clade, tweé subclades
QI TR AR A TR e o

q Australimusa section indicated by ‘T’ are outgroup.

Accession codes appear according to those in Table
3.1,
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Maximum parsimony analyses with three different methods of gap
coding yielded slightly different topologies; the first two analyses were
similar whereas the last one was different. In general, rooted at the four
Australimusa, the Eumusa bananas formed two subclades, B and A , with
bootstrap value of 100%. In the first analysis, when indels were

completely excluded, there were 144 variable sites of which 97 were

parsimony informative. Twen ually most-parsimonious trees

were obtained, with tree l@‘w 9700, and RI =0.9929. The
tre.ﬂ (F@ monophyletic with two

of the s e n31st1ng solely of diploid

A clade in the strict
subclades. Interesti _
M. acuminata and 1t oid “H - th moderately high

bootstrap support (6 S ther ¢ “ aine d1p101d and triploid

In the second analys S, Wi ] jels were retained in the data set but
--",rl‘:_',#__'_."' e

coded as missing, thert 3 v | with 103 parsimony

informative (figurénot shown). 1 ielded nine equally

parsimonious trees =156, CI —g 9717, and RI = 0.9931.

Strict consewuy?eﬂeﬁw]%’ﬁ%ﬁ first analysis.
CRAEAEI T ALl o
unordete tistate characters coding matrix, Fig. 3.5), and added back

to the data matrix, all 39 gaps were among 136 parsimony informative of

183 variable sites. The analysis resulted in only one most-parsimonious
tree (Fig. 3.6) of length 189, with CI = 0.9577 and RI = 0.9908. A
subclade consisting of ‘NAN’, ‘CMR’, ‘LCK’, and ‘MNG’ was resolved
as polytomy within the B clade, with bootstrap value of 65%. The A

clade consisted of three subspecies lineages, (1) M. acuminata ssp.
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BB CMR 1211000
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ABB__HIN .1110.1000
ABB__ PGM .1110.1000
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AF-S

Fig. 3.5 Indel
multistate characte#s 1
extra nucleotide difference.
character variant to

‘:;w

nsertl
Dot symbol (.) shom

tquences. Unordered
on, 2=insertion with
site with the same
at of the first sequence. Positions of the 39 1ndels

A (AR

R-IN (rpl16fintron): 54, 55-108, 419 427, 596, 798-819, 820-837, 956-963;

4

PY- (%iA- cf3 intergenic S %
2634 Eé ﬁ ﬁﬁ 664

BT

2849 855, 2919, 2920-2925, 2926-2931, 2932-2936, 2946-2950, 3143,
3222:

AF-S (petA-psbl-psbL-psbF intergenic spacers): 4256-4299, 4801-4814,
4832-4842, 4867-4880, 4881-4908, 5229-5235, 5268-5274, 5278, 5289-
5293, 5298.
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99 L9 17T FAA
3 — T [F
79 L2 17 1T
~ 1 BB NAN \
- 0 BB CMR
2 BBB LCK
L 2 BBA MNG
BB SKT | g
BB PKW
BB P28
BBA PSB
BBBA PLH
BBA NWN
20 BBA HIN ./
100 T ABB HIN ~
-iﬁ_A___ﬁj, ABB PGM A2
AB AUK J
e AA SAM
AA BKS

U TNy o
ammmmmi’%ﬁww :

Fig. 3. 6 The single most-parsimonious tree from the analysis of Musa
combined cpDNA sequence data with gaps recoded. Number above
branches show supporting characters for the clades and number below
branches are bootstrap values (%) with 50% majority-rule concensus
from 500 replicates. Tree length = 189, CI (excluding uninformative
characters) = 0.9577, RI = 0.9908. Letters T, B, A, Al, and A2 are
designated to clades as in Fig. 3.3. Names of taxa appear according to
Table 3.1.
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banksii, (i1) M. acuminata ssp. malaccensis, and (iii) M. acuminata ssp.
siamea. As in the previous two analyses, ‘HOM’ formed a subclade with
M. acuminata ssp. malaccensis, with bootstrap value of 75%. Also
similar to the two analyses above, the hybrids formed an exclusive
subclade with high bootstrap supported (88%). The subclade was sister

to M. acuminata ssp. siamea.

Three separated netw , g A ,B,and T clade were
obtained from the st rm'pe network analysis (Fig
3.7). The network m:nt of members in each
clade almost identic \ analysis (i.e. with gaps

3.4 Discussion

fT" ‘iﬁ“ﬁﬁ"i’%mm

PRS t hmque proved ugeful in the preliminary dgtection of
diversi y 1@@%@{“ Nn%s’p]:’}liﬂtﬂf] a E‘l between B
and A genomes where large size differences in sequence length were
found. Without prior knowledge of the sequences, PRS analysis of DNA
fragments differing in some nucleotides and length may be detected with
highest efficiency using fragments around 100-400 bp (Orita et al. 1989;
Jordan et al. 1‘998). Sato and Nishio (2002) reported that this method has

a high ability in detecting one to six nucleotide changes in intraspecific
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Fig. 3.7 Statistical parsimony haplotype networks of cpDNA sequences.
Accessions in the same haplotypes appear in ovals. Each mutational change
represents as internode and small open circles indicate missing intermediates
with >95% statistical parsimony support. The three networks are not

connected due to large number of mutations, Accession codes appear
according to those in Table 3.1.
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cultivars of cabbage and rice. However, prediction models for
polymorphic bands and suitable conditions for high resolution in SSCP
detections are not well established (Jordan et al. 1998). The treatment
conditions and selection of restriction enzymes may have affected
resolution in our experiment where only five haplotypes were found.
Nevertheless, cpDNA of M. balbisiana and M. acuminata are markedly

different from each other that classification can be based on simple PRS

iable regions of cpDNA that

?

technique with specific prin

"i‘.‘" LA
easily separated the two-Species c’n bﬂn ndhA intron where

nucleotide length A e nl

psbL spacer where

more than 20-bp len nee found among A accessions.

(27-132 bp) labile sites, e'l .

-l‘_.p r'_p"" "‘

2856, contamed,k)r flanked by mono. - id€ repeats of adenosine/

thymine. These ats are | sertions and deletions

by slipped-strand 1spa1r1ng mechanism andarequently caused length

variations gﬂ’ﬂﬁ%ﬁﬂ‘?w %rhrﬁmjand Gutman 1987;
%ﬁl@&ﬂ TMIIANEIAL., o

direct repeats of adjacent or nearby sequences. However, it seems likely
that, in several positions, the original or the repeat sequence has
undergone subsequent evolution. For example, an insertion unique to M.
acuminata ssp. siamea at 4453-4474 (GTAAT AGACA ATAGA
CATAC AA) is homologous to the sequence at 4431-4452 shared by the

Eumusa bananas and not that from the Australimusa bananas (GTAAT
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AGGCA ATAGA CATAC AA). It seems that this insertion is a direct

repeat recently occurred after the two sections have separated.

Short inverted repeats were found in the region of pefA in the cp-
sequence, which is similar to those found in other plants, e.g. in frnK
intron in Fagopyrum (Ohsako and Ohnishi 2000), rp/16 intron in some
bamboos (Kelchner and Wendel

Paeonia (Sang et al. 1997) and atpf-#béLlsintergenic spacer in epacrids

(Ericales) (Crayn and Quinn-2000). @ which could cause

D6), psbA-trnH intergenic spacer in

hairpin secondary s 1 1n the occurrence of
“hotspots” of lengt oding'epDNA (vom Stein and
Hachtel 1988; Cleg erlet 1994)

found indels to be particul ' solving terminal clades in the
topology and streythemﬁ'g ;lf'ﬁp(ﬁ‘t or cer anches. For example,

the analyses by ni f:"

10 gaps& multistate characters in

within the B clade ig. 3.4 .
the analysis, ﬁl ade in half with
moderately @ﬁ Tﬁﬂﬁﬁ ila'ij)his may provide
some ge %ﬁ esolved by
the foalﬁsl aﬁsﬁ gi. ﬂﬁﬁﬁmﬂonam

evidence of lineages e.g. insertion at 1649-1671, in the psaA locus,
unique to M. acuminata ssp. siamea and AAA ‘Hom Thong’, hinted at
the close relationship between them. On the other hand, the removal of
indels would result in exclusion of phylogenetic information e. g. at 4897
where nucleotide substitutions have occurred within indels. However, it

was cautioned that parallelism and reversal of length mutations occur at
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relatively high rates in non-coding DNA comparing to coding DNA.
Multiple coding of single indel events could add homoplasy to the data
set (Golenberg 1993; Zhang 2000).

3.4.4 Phylogeny of Musa cultivars as inferred from cpDNA

The combined cpDNA data (Fig. 3.4-3.7) solidly supported the
theory proposed by Cheesman (1

7) and Simmonds and Shepherd
(1955) that hybrid and po i came from two wild species,
M. balbisiana and M. T&Sa clades formed a strong
| — __ ——
i ' hared.eommon ancestor. In

monophyletic clad
addition, the cpD the'observed lower level of
pared to within M.

aret 1999).

genetic variabili

acuminata (Sim

;]"-':f‘-; . 2 S

(65%). This finding suggested

previously (Shephgrd 19905 Tebc 993; So o and Rabara 2000;
n@ted that cultivated M.

-

Ude et al. 2002b).EJeve he
balbisiana ‘Tani’ (‘SK&’) from the Sukhothai province may not be
derived ﬁoxﬁjvub gl L iﬂawm ﬁojlﬂcgically, these two
accessio re distinct with Ii eni SEU in the
formﬁ“aﬁzjaa ﬁﬁeﬁﬂ.ﬂﬁﬂﬁmﬁﬁﬁ .“The presence
of distinct M. balbisiana ‘NAN’ in the remote valley in northern Thailand
indicated strongly that M. balbisiana is wild and native to Thailand.
Associated in the same clade with the M. balbisiana ‘NAN’ (Fig. 3.6)
were other diploid ‘Pisang Klutuk Wulung’ (PKW) from Indonesia and
‘Cameroon’ (CMR) whose geographic origin was doubtful. ‘CMR’
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accession may have been introduced into the international collection from

Thailand and cultivated ‘PKW’ might have also arisen from Thailand.

Triploid hybrids, ‘Hin’, required special review. As inferred from
phylogenetic analyses, the ‘HIN’ clones originated from two different
maternal lineages. One collected from Yala Province in southernmost

part of Thailand, was associated within the A clade, and another,

originally collected from Nakh on

arat Province in central

ﬁiﬂ Hin’ seemingly descended
T ———
jih Merah’ (PGM) and

ce of diversity within

southern Thailand, within-the B c&d

from the same origi

Papua New Guine
the ABB, though

and isozyme (Leb AP3 :,'; 0t addressed clearly. To

wel and Jarret 1991a)

reflect their maternal o proposed that the two
different ‘Hin’ cultivars ere previously designated as
ABB triploids, should be re= aS BBA for ‘B Hin’ and ABB for
‘A Hin’. This intﬁnce isalsoa d Namwa’ cultivar group
(BBA) and ‘Mo .I o’ (BBA). C JJ lata provided strong

evidence for a bettfg classifica ese triplais and cautioned the
selection of tri o'c{ﬁ i terials ture genetic analyses,
especially ‘ﬁaﬂl ‘ﬁmﬁﬂﬁ ?Jl’:ji]iﬁerited multiple
"W I INYA Y
: |

In A clade, there were two lineages and two sub-clades. ‘Hom
Thong’, a triploid AAA cultivar, is likely to be a mutant of wild M.
acuminata ssp. malaccensis. Due to different samples used, our report of

close relationship between the Cavendish group and the Malay Peninsular

subspecies agreed largely, but not completely, with previous reports
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(Gawel and Jarret 1991a; Howell et al. 1994; Lebot et al. 1993; Bhat et al.
1994; Ude et al. 2002a, b).

CpDNA sequence of M. acuminata ssp. siamea was unusual, as to
two unique single nucleotide substitutions and one large (22 bp) indel
found in its sequence. These autapomorphic characters was detected by
s .6) and the TCS network (Fig. 3.7).
& inata ssp. siamea shared by
%’Itivars suggested that the

mon ancestor.

the MP analyses (9 characters, Fi
The PRS pattern (Al Table3.3

the hybrid cultivars,

including two Paci rah’ and ‘Auko’, and

Thai ‘A Hin’. PRS} se hybrids were

similarly found in A two AABs ‘Kofi’ and
‘Popoulou’, which confirniéd 7 mon Pacific origin. M. acuminata
ssp. banksii bellegd to: bé"aff‘ 5t of thesRacific AAB plantains

¢ investigated Pacific

hybrids. Though t@ materna es ot-]}]leir inherited genomes

was not clearly indicated. by our lagenetlc analyses, based on Fig 3.6,
these hybrldfi/u E.l)g ﬂ ﬁ gszamea than to
other subspecies.
ﬁwmn‘im UNNINYIAY
314.5 Network analysis

In general, the network analysis of the Musa cultivars agreed
mostly with the MP analyses. The networks (Fig. 3.4) are not connected,
reflecting ﬁxed differences between the three groups and lack of shared
polymorphism (Posada and Crandall 2001). Applying the hypothesis

from coalescent theory to the network, rare haplotypes (including
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singletons) occur preferentially at the tips of the cladograms and more
frequent haplotypes in the interior. In our case, cpDNA of M. acuminata
ssp. siamea and ssp. banksii, as well as M. balbisiana ‘NAN’ contained
more autapomorphic characters, thus possessed more mutational events
from the common alleles. The network distinguished two related clades
of M. balbisiana: (i) contained ‘NAN’, ‘CMR’, ‘LCK’, and ‘MNG’ and
(ii) contained the rest of the clade, This result is congruent with MP

analysis with gap excluded\ ' W:cause of the similar treatment

of informative gaps. ted two different origins of

B cultivars, i.e. one. Land e Southeast Asian
Islands. Inthe A i vars, nd two ABBs, which

clustered in one ¢ | -from cor | ternal lineage.

3.5 CONCLUSIO

Our results i ted oid cultivars, ABBs, of

Southeast Asia, originated. Lo |
-l'__: "::-__"-"

be re- demgnated}ldlfferently 2s' BBAs . ABBs. This discovery

pronounces the krowle al+origins and complicate

I : . )
evolutionary hist plex, which have been

suspected pﬁlﬂsﬂ M EJ 'l ‘ﬁ NEIN?
IR Wﬂﬁ‘ﬂw PPN P s igh

functiofial constraint of the cp-genome (Golenberg 1993; Clegg et al.
1994). In the case of Musa, low cpDNA polymorphism may have caused
by the common practice of vegetative propagation. Moreover, selection
force imposed by domestication may act upon nuclear genome rather than
on cp-genome. This low diversity might be a limit constraint to the study

of their maternal lineages. However, DNA sequences, as a direct genetic
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comparison between accessions possessed advantages among other
techniques, e.g. RFLPs, AFLPs, and CAPs, especially to infer gene
genealogies. The sequence analysis could overcome uncertainty in the B
and A genome classification, which persisted in Musa research
community for more than 50 years. In addition, it is rather promising for
further polyploid and genome evolutionary studies. As more Musa DNA

sequences accumulated and become freely available, their analyses would

AULINENINYINg
AN TUNNINGAY
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