




Sbmenu: Blog.nwsource.com



W
06

7:
 B

an
an

a 
(M

us
a)

 G
en

om
ic

s
Pl

an
t a

nd
 A

ni
m

al
 G

en
om

e 
20

11

phh4@le.ac.uk
www.molcyt.com

Pat Heslop-Harrison, Faisal Nouroz, Farah Badakshi, Asha Nair, Anath B 
Das, Gerhard Menzel, Thomas Schmidt, Trude Schwarzacher

Repetitive DNA and its 
evolution in the Musa genome
Polymorphisms
DNA
Evolution
Breeding
Conservation

Epigenomics

Thanks:

mailto:phh4@le.ac.uk�




Red AAA 
Palayam codan AAB (two bunch yellow, one green)

Peyan ABB (green cooking banana), 
Njalipoovan AB (yellow)

Robusta AAA (green ripe)
Nendran AAB

Poovan AAB (one yellow bunch)
Red AAA

Peyan
Wild banana species:
Musa acuminata – A genome
Musa balbisiana – B genome

Varkala, Kerala, India



Wild banana species:
Musa acuminata – A genome                                        Musa balbisiana – B genome
Basic chromosome number n=x=11                                     Genome size c. 550 Mbp
Most cultivated hybrids are 2n=3x=33



Polymorphisms

Gene polymorphisms: 
Heterozygosity
Intraspecific (population)
Interspecific

-Ploidy

-Transposable elements

-Microsatellites

- Satellite DNA sequences 

-Gene sequences

 

SNP heterozygosity in cellulose synthase





Collaborations: Chris Town, Foo Cheung JVCI;  Angelique d’Hont, Isabel Hippolyte CIRAD;  Nicolas Roux Bioversity



Retroelements

• Homologous BAC sequences from Calcutta 4 
Homologous over the full length



Retroelements

• Homologous BAC sequences from Calcutta 4 
Homologous over the full length

• except for a 5kb insert
• a Ty1-copia retroelement



Retroelement Markers

Retrotransposon LTRLTR

Retrotransposon LTRLTR

RetrotransposonLTR LTR

Retrotransposon LTRLTR

Insertion

IRAP – InterRetroelement PCR

Retrotransposon LTRLTR RetrotransposonLTR LTR



IRAP diversity in Musa

Teo, Tan, Ho, Faridah, Othman, HH, Kalendar, Schulman 2005 J Plant Biol
Nair, Teo, Schwarzacher, HH 2006 Euphytica
Desai, Maha…, HH et al. in prep.
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Sr. No. Primer Pairs Product Size 
(bp)

Sequence

1. hAT18486
hAT19037

560 ACCCACCTGGCTCTTGTGTC
AGCGAATGTGTTTTGACCAC

MBP 81C12 (M. balbisiana) x MA4 82I11 (M. acuminata) BACs. 15
Musa balbisiana (MBP 81C12)

M
us
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ac

um
in

at
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A

4 
82

I1
1)

Transposed Element

hAT 1

hAT 2

hAT 4

Microsatellite (AT)

hAT 3621 bp MBT

384 bp TE + 781 MITE

1676 TE

Microsatellite (AT)

4192 bp TE
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Sequence

1. hAT18486
hAT19037

560 ACCCACCTGGCTCTTGTGTC
AGCGAATGTGTTTTGACCAC

MBP 81C12 (M. balbisiana) x MA4 82I11 (M. acuminata) BACs. 16
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hAT 1
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TCCCTGAG: 8-bp TSD.
30-bp TIRs

273-bp 
hAT

ACCCACCTGGCTCTTGTGTCATACCATTGAAAAGCCGATTATATTTGTCCCCATTCATCCAAAAG
ATCCCTGAGCAAGGTCTGCCATACCGTACCGTACCGGCGTTTCGACCCGGGCTCGGTACGGT
ACCGGTGTACCGGGCAGTACATCAGGGTGTACCGAATGGTACACCCTGATGTACCGAACAATTT
TATACTTTTTCATACTGTAGCAGTGCTACAGTATAATACTGTAGCACTGTAGCGGTATCGGGCGGT
CCGCGTACCGGTAACCTGTCGGACCGGTACATACCGCCCGGTATCGGCGGTACGCTTCGGTAT
GACAGACCTTGTCCCTGAGTATATATCTCTTTTCTAAATTTATGACCACTCCAAGGCAACTTGCC
AAAGAAAATGAAAAGAAGAAAAAAATTAGGGGAATGAAGATTCTCCACAATTCCTTATTCTTT
GATTTGAGATAAATAATGTCCATAGTAAAACATATCTTATGATCATCATTGCTGATTAATCAAAAT
ACCTGATTCTATAGTCTCAAGCTTTAGTGGTCAAAACACATTCGC

TSD TIR TIR TSD

hAT1 in Musa acuminata
F and R primers indicated by blue arrows in sequence

Musa balbisiana

M
us

a 
ac

um
in

at
a

17

a)

b)
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hAT 
177R

hAT 
8002
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………………………………............

Musa
acuminata
Musa
balbisiana

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1                                                       70   TSD  TIR                              265 bp hAT                              TIR  TSD 340                                                  560bp

hAT 486F hAT 037R

The hAT1 insertion sites in Musa with hAT486F and hAT037R in:     6) acuminata,    8) acuminata, 
16) acuminata,    17) AAB,    22) acuminata,    23) AB cv.
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HP-1     1     2    3    4    5     6     7    8    9   10   11  12  13  14  15   16     17   18   19    20   21   22    23   24 25   26   27   28   29   30   31   32   33   34    35   36  37  38   39   40  41  42   43   44   45   46   47  48

1KB
800
600
400
200

hAT1 insertion sites in Musa diversity collection
hAT486F and hAT037R
Top bands (560-bp) amplified hAT element and lower bands amplifying the flanking
sequences only



A-genome specific hAT in three
Musa hybrids (2n=3x=33)

Musa ‘Williams Cavendish’ 
(AAA)

Musa
(ABB)

Musa
(ABB)
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ACTCCTTGTGTTTATAGGTTAATATTTTGATCATACCTAGGTGGATGGTGCACAATAATAGGGTTTGTTTATGACTTGATTTGTTG

AGTGATGTTGCACATACTTTATATAAGCTAACTCATGGTAGTCATTATTCATGCCATCATTGCTTAATATTTATTCATGTTATATG

ACAATTCCATCTAGTTATATCATGTCATTGACTTGTTTTGGTAGTGCTAACCAGTGATTTaAAaAGCGCTAAGCGCCAAGCGGCA

AAATGCGTCAAGGTCAAAAAACGCCCGAGGCGCTAGGCGCTCGCCCAAGCGAAGCGAGACGCTAAAATATAAAAATATATAAT

ATAATTAATAAATATAATTATTTAAATAAAAAATATGCTATTAAATAAATAAAATTTAATGGTATTAAAATCAAAATAATATATTATT

AATCTAATAAATAAAAATATTATTATTAGTATATAGTTAGAAGTATACTGTTAACAGTATAATGAGAAGAGTGTGAGAAGACCGA

GGCTGCTGTGGCAACGACAGCGGTAGCAGGTGGCAGTCATAGCTGGAGCGAGAGCAGCGAGCGACGGCAATAACGAGAGCA

ACGACGACAGCGGGAGCGGGAGCTGCGAGTGGTAGCGGGAGCGGCGATAACAGCGACGAGTGACGACAACAACGACGAGC

GACGATTATGGCAGCGGCGAGCAGCGATTGTGGCAGTGGCGAGCAGCGACAATAGTGGCGAGCAGCGACAGTGGCAACGAC

AACGGAGAAGAAATCTCGGCGGCAAAATCGTGAGTGTTAGGGTTGGGGAAGTCGGGGAAATCGCGAGAGAGAGCCTGATAT

CGGTGATTTAGATGGTTCGATTGAACCAACTAAAGCATTGGAGACCAACCAGACCTAAAAATCTGGTTCGGTCGCCTGGTTTA

ACCCGGGCGCTCGCCCGAAGCGCCCGACGCCTGGGCTCGGGCGAGCGCCTAGGCGGTGCCCTCTTTGAAGCGAGGCGCCTG

GACATGAAGCGAGGCGCTCGGGCCTCGTCTCGCCTCGCCCGAGCGCCTAGGCGGGCACCCGAGTGCCTaTTgAAATCACTGGT

GTTAGCCCCCTAAAAGGCATATGATAACCATCTAGAAGTTCATATGCATGACACTCCTTACTGGACGGTAACCAAGTGGCAATT

ATTAACCACAACCATTCTTTATTTCTTAAAGATTTAGATAAATTGTTTGAAAAATAAGATAGGTATTTTATTTCGATATAATTCATG

GTCCTAAATAGAGCTCAATAGCATGAAAAGAATAACTGATACCATGGCATGTTGTTTTTGTACGATTTGTATTTGC

hAT2 in Musa acuminata with TSD, TIRs and forward and reverse primers. Primers indicated by blue arrows,

6-bp TSD with red bold and TIR with blue italic. Subterminal inverted repeats and direct repeats highlighted by

colours.
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Sr. No. Primer Pairs Product Size 
(bp)

Sequence

1. hAT18486
hAT19037

560 ACCCACCTGGCTCTTGTGTC
AGCGAATGTGTTTTGACCAC

MBP 81C12 (M. balbisiana) x MA4 82I11 (M. acuminata) BACs. 22
Musa balbisiana (MBP 81C12)
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Transposed Element

hAT 1

hAT 2



Musa acuminata “malaccensis” (AA: 2n=22) with hAT2 (green) and 781bp 
MITE (red).  

Musa textilis with hAT1 (green) and hAT3 (red) showing  the of A genome 
specific Tes signals (green), but no B genome signals.
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CTCAACAACAACGGCAGAGAGTAGCTGGGAGCCAAAAGATGTGTTGCAACCAAGGTCTGCATACCGAATCATACCGCTTGGTATGGGCGGTACGTA
CCGGTCCAACAGGCTCCCGGGCGGTACGTCCAAAAACCCCCCGTATCAGACAATACGGGGTAATATCGGGCGGTAACGGTCGAAATTTCGATCGTTA
CCACCCGGCACCACTCGATAACGGTTGAAATCGACCATTATCGCACTGTAGCAGTGCTACAGTGCTCCAACGGTCAATTTAATCGTTGGAGCCCTTT
CTCCTCCTATTTAAACCATTCTTCTCTCCCCTATTTCATTATACTCTCTTAAACTCTCTCTCAAACTTTTTTTTTCTCTCCTAAACTCTATAAAACA
ACGATTTGTAAATTCAATCGAGGCTAATTTGGGAAGATTAAGAGGAAGAACTTTCTAATCAAGAGGTATGTATTCGTTTTCTTTAATTAGAGAGTAA
TTAAGATTTTACACATGTCACTCAAGATTCAGATCATGGAACTCGACAAAGTACTAGTCAAGTTTATGCGTGGAAGGGGAAGGCAGTGGATGAATAT
GAACAAATGCGACAGAGCATACATGATATAGACACAGAAAGAGGCTCATCGTATTCACAACCATCGTATTATGGAGAATTATACGAGCAACAACAAT
ATGGTGATAGATGGTCATCCTTCTCTGAGCAACAACATGATACAGAATAGCACCAATATATGCCTCAAGAGCTGCCTCGGATAAATATGATTCATGA
CGATCAATCTACGATCAGCACCACATTGATGTATCAATGGCATACGGTGTATCAATACACTATGTCATGTGATCAATTTCATGATTGAGTCTAACAA
ACGTATCATATTGATATGTATCGAATCGAGGACCCAGATCCACCACCCGTGGAGGCTCGTCGTTCGTTTTGGTGGTAGAATCAACAATCAGGTATAT
CTAGATATGTGATTATTTAATTCATTTGAATTTTAGAGTTTATATTGTAACAAAATAGTCTAACAATTCAACTGATTTTTCTGTAGATATTTCAATA
TATAACGGGCTGAAATACGAACCTCGAACAAGACTACCTCAAAGCCCGAAAAAGATATATGATACTATTCTTACCTAATTTACATTGATTTTGCTAA
ACTTATACTATTACTATATTTATTTGTAACTTGAAAATCCTATCCTAACTTTTTTTTTATTTTCAGGTTCGGAGGGTTAAATCGATGAAATCAGGTG
TACCGCTCGGTACACCGTAACGAGCCCGGGTCGAAACGCCGATACGGTATGGTACGGCGAACCTTGGTTGCAACTAAAGCAGAAGATTAAAGATTC
AACAAACACGAAGAGAAGTAGCGTCTACAAAGGCTACGACAAGGACGTCGACGGAATAAGTAGAAGAGAATACCATGGGCAAAGC

1292 bp : 8 bp TSD. Present in Musa balbisiana and absent in Musa acuminata. 



Musa balbisiana
(BB, ITC0545, 2n=2x=22)

Dispersed but not entirely uniform location of a B-genome specific hAT4
transposable element (red) and telomeres (green)



HP-1  1     2     3     4     5     6     7     8     9   10   11  12   13   14   15   16 HP-1 17   18   19   20   21   22  23   24  25   26   27  28   29  30   31   32

HP-1  33   34   35   36   37   38   39   40   41   42   43  44   45   46   47   48

Agarose gel chromatograph illustrating hAT3 insertion sites in Musa:
Amplification with degenerative primer pair hAT78,208F and
hAT79,629R. Top bands (1441bp) showed the amplified element and
lower bands amplifying the flanking sequences only. 1) AAB, 2) AAB,
3) AAB, 4) balbisiana, 5) balbisiana, 6) acuminata, 7) acuminata,
8) acuminata, 9) ABB, 10) AAB, 11) ABB, 12) ABB, 13) AAA,
14) AAA, 15) acuminata, 16) acuminata, 17) AAB, 18) ABB, 19)
AAA, 20) ABB, 21) balbisiana, 22) acuminata, 23) AB cv, 24)
AAA, 25) acuminata, 26) AAA, 27) AAB, 28) ABB, 29) AAA,
30) AS, 31) AB cv, 32) AAcv (18), 33) AAcv (2), 34) AAB, 35)
AAA, 36) ABB, 37) acuminata, 38) AAcv, 39) balbisiana, 40)
balbisiana, 41) ABB, 42) AAA, 43) AAA, 44) AAA, 45) AAB,
46) AAB, 47) ABBB, 48) AAB.

1000
800
600
400
200

1000
800
600
400
200

1000
800
600
400
200



20
11

/0
1/

18

8-bp TSD  - GTTCAAATG
8-bp TIR   - AAGGTtTG / CAgACCTTG

CAAGGATGAACCAAGCTTACATTGAGAGTGAAAGAGACACAATGCTAGATGTTAATTGAGGAAGCACAAGAACATACCTTATTTCATGTATC
GTAATACCAACAATGTCTTTACATTATCCTAACAATAGAACATGTAATGAATTTTTTGCTGATGAAAAATGAACATATTGAACAACATGATGA
GATAATTATGGCGGATTGCTCTTGAAATGAGTTCAAATGCAAGGTTTGCTGTACCGAATGATACCGCCCGGTACGGGTGGTACGTACCGGTC
CGACGGCATACCGGTACTCGGACCGCCCGCTACCGGGCGAAACAAAAAATAATAATAATATTATATATATATATATATATATATATATATATA
TATATATATATATATATATATATATATATATATTAATTAAAAAAAAAGCAATGTTCGGTGACGTTGCCAAGGCGACGTGACGTCGATATATAT
ATATATATATATATAAATAAACGAGGCGACGTCGCCCCGTGTGGGGAAGGAAAAGGCGACGTCACCGAGGCGATGCGACGTCGCCTTTTAAA
TAAAAAAAAAAATATATAATCTTATATATATATAGACTCGGCGACGTCGCTTCGACGACGTCGCCGAGTTATATATATATATATATATATACC
GAGCGGTATACCATTCGGTATACCGTTCCGTACCGTACCGAGCGATCGTCGAAACTCTGGTACGGTACGAAATTTCAGACCTTGTTCAAATGT
ACATAATTAACCATTATACTGGTGATGTGTCATTAAAGTATTAAACTATGTCTCAAGTATAAGAAAGAGTTTGGCTTCATTTTAGGTGTGATTT
TCTTTGTTGCATAGGTGATTGATTTGTGTCTCTAATTGTTAATTGATTTTTTTATATATTAAACTACCTGTTTTT

525 bp

TSD TIR TIR TSD

27
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Agarose gel chromatograph illustrating insertion sites in Musa:
hAT4 amplification with degenerative primer pair hAT891F
and hAT203R. Top bands (860-bp) showed the amplified hAT3
element and lower bands amplifying the flanking sequences
only. 1) AAB, 2) AAB, 3) AAB, 4) balbisiana, 5) balbisiana, 6) acuminata,
7) acuminata, 8) acuminata, 9) ABB, 10) AAB, 11) ABB, 12) ABB, 13)
AAA, 14) AAA, 15) acuminata, 16) acuminata, 17) AAB, 18) ABB, 19)
AAA, 20) ABB, 21) balbisiana, 22) acuminata, 23) AB cv, 24) AAA, 25)
acuminata, 26) AAA, 27) AAB, 28) ABB, 29) AAA, 30) AS, 31) AB cv,
32) AAcv (18), 33) AAcv (2), 34) AAB, 35) AAA, 36) ABB, 37) acuminata,
38) AAcv, 39) balbisiana, 40) balbisiana, 41) ABB, 42) AAA, 43) AAA, 44)
AAA, 45) AAB, 46) AAB, 47) ABBB, 48) AAB.
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HP-1  1     2    3     4     5     6    7    8  HP-1 9    10   11  12   13  14  15   16 HP-1 17  18   19  20   21   22   23   24 HP-125   26   27   28   29   30   31   32

HP-1   33  34   35  36  37   38  39   40 HP-141   42   43   44   45  46   47   48
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hAT 
177R

hAT 
8002

Musa
balbisiana
Musa 
acuminata

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1                                                215  TSD TIR 525-bp hAT4 TIR TSD 741                               910-bp

hAT 891F hAT 203R

------------------------------------------------------------------------------------------------------
----------------------------

------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------

------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------

------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------

------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------

------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
----------------------------
------------------------------------------------------------------------------------------------------
----------------------------

The insertion sites in Musa with hAT891F and hAT203R in:    1) AAB,    2) AAB,    3) AAB,    4) balbisiana,
5) balbisiana,     9) ABB,    17) AAB,    21) balbisiana.
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Superf
amily

Species Size TSD 
bp

TSD seq. TIRs 
bp

TIR sequence (5′-3′)

hAT1 Musa 
acuminata

273 8 TCCCTGAG 30 CAAGGTTCGCCATACCGTACCGTACCGGCG

hAT2 Musa 
acuminata

872 6 GTGcTA 17 ACCAGTGATTTaAAaAG

hAT3 Musa
balbisiana

1292 8 GTTGCAAC 24 CAAGGTCTGCATACCGAATCATACCG

hAT4 Musa 
balbisiana

525 8 TTCAAATG 8 CAAGGTTTG

MITE Musa
acuminata

781 5 ATGCG 366 -----------------------

MBT Musa
balbisiana

621 3 ATG Nil -----------------------

MART Musa
acuminata

4192 5 CATAA 11 TGTAACACCCT

MBT38
4

Musa 
balbisiana

384 5 CGAGC NIL ------------------------

MBT16
76

Musa 
balbisiana

1676 5 CAAAG NIL -----------------------

TSD AND TIRs OF TRANSPOSABLE ELEMENTS STUDIED IN MUSA
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AACGGGACGAGTCTTGAGAAGGTGCGATGGGCGTGGCGGAAGCCGCTGCGGGGAAGGAGGGAGGACGGTCGACGCCGGCTGT
GATGAGGATAAGCGA{GCAAAGTGGCACCAACATGCGATGTCACGGCCTTAGCTGGAATTGCCTAAGGCGTGAGGCACTCTTGCA
GCCAAGACGCAAACTTAGCTTGCGTTACCTAAGTCGCGAGGCACCCTTGCGACAAAGACGCGAACTTAGCTTGCGTTGCCTAAGTC
GCGCTTCGCCCTTGAGATATTGCTCCGCAAAGATCAGCCCACTTGCAACCTCTCGCAGGTCCCGAAGGACCTGTAAAAGAGAAAGT
TGATTAGTTCGAAAGAACGAGCGACGGACAAGTCCTAACATCTCGCGAAAAGAGGGGAAGCTTTACAAGCAATTCAGCGAGCATCT
TGTGTGCACAAGAGAAAAGAAGAGAGGGAAAAAACAAAGACTTTAGAGGGTTGAACGAACAGCTGCAACGGGTGCCGGGCGCGAC
AACAAGTTCCCGTCAAGGTAACGTGCGAACTTGCGAAAGGTTGTTCAACACCCGACACCCGGTGAGCAGTTGTCTGCGGACTTAC
AGTTGTTCGTTCAACCCTCTAAAGTCCTTGTTTTCCCCCTCTCCCTCTTTTCTCTTATGCACGCAAGGTGCTCGCTAAATTGCTTGTA
AAGCTTCTCCTCTTTTCGCGAGACGTTGGGACTTATCCGTCGCTTGTTCTTTCAAACTAATCAAGACCTGCGAGAGATTCCAAGTGG
GCTGATCTTTGTGGAGCAATATCTCAAGGACGAAGCGCGACTTAGGTAACGCAAGCTAAGTTCGCGTCTTGGCCGCAAGGGTGCCT
CACGCCTTAGGCAATTCCAGCTAAGGCCATGACAATGCGTCTGCGACATTTGCAACTCAGGAGATTGTAACCCTTTTTGCTACATAA
ATAGGCATATAAGCCGAGATATAAAAGAATGAATACCGAGCTGTTTGCATGAAAGACAAATAATTATGTCAAATAAAGGAGTAGCTT
TTGGCCTAAGCGGAGACATTTA

781bp Musa acuminata. 
5 bp TSD: ATGCG
366/300 bp TIR
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32Dot plot showing the complete Inverted 
repeat. 
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Phylogenetic analysis of Musa genomes by TRBIP



The Global Musa Genomics 
Consortium

• To assure the 
sustainability of banana 
as a staple food crop by 
developing an integrated 
genetic and genomic 
understanding, allowing 
targeted breeding, 
transformation and 
more efficient use of 
Musa biodiversity
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