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Abstract: [Objective] Osmotic stress is a major environmental constraint that severely limits plant
growth, development, and agricultural productivity. Glycine betaine (GB), a compatible osmolyte syn-
thesized in response to abiotic stresses, plays a pivotal role in osmotic adjustment, with choline monoox-
ygenase (CMO) acting as the rate-limiting enzyme in its biosynthetic pathway. Banana (Musa spp.), a
globally significant crop with diverse genomic compositions derived from M. acuminata (A genome)
and M. balbisiana (B genome), exhibits genotype-specific variations in stress tolerance. Previous stud-
ies have identified structural and functional differences in CMO genes across banana genotypes, sug-
gesting potential divergence in their roles during stress adaptation. This study aims to functionally vali-
date CMO genes derived from the A and B genomes of banana, elucidate their contributions to osmotic
stress tolerance, and explore the genomic basis for stress resilience in different banana genotypes.
[Methods] Four banana genotypes [Zhanjiang AA (AA genome), Brazilian banana (AAA genome),
Guangdong plantain (AAB genome), and Fenjiao (ABB genome)] were selected for their distinct ge-
nomic compositions. Tissue-cultured seedlings at the five-leaf stage were used for gene cloning and

stress treatments. CMO genes were amplified using genotype-specific primers designed based on prior
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sequencing data. The four CMO gene coding sequences (CMO-A4, CMO-H, CMO-BI and CMO-B2)
were recombined into the pYES2-NTB yeast expression vector and the pPGFPGUSplus plant overexpres-
sion vector by homologous recombination method. The yeast transformation experiment was carried out
by lithium acetate conversion method. Yeast functional complementation assays were conducted using
INVSCI (for osmotic, salt, and low-temperature stress) and ycfl (for heavy metal stress) strains. Trans-
genic Nicotiana benthamiana lines overexpressing banana CMO genes were generated through Agro-
bacterium-mediated transformation (GV3101 strain) and validated by PCR and hygromycin resistance
screening. For stress assays, yeast transformants were grown in SG-Ura media containing 1.0 mol - L™
NaCl (salt stress), 1.0 mol - L' mannitol (osmotic stress), 40 umol - L' CdCl, (heavy metal stress), or in-
cubated at 18 °C (low-temperature stress). Growth was monitored via serial dilution spot assays. In to-
bacco, seed germination rates and root elongation were evaluated under 150 mmol - L'' mannitol- in-
duced osmotic stress, with or without 20 mmol - L' exogenous GB pretreatment. Subcellular localiza-
tion of CMO-GFP fusion proteins was transiently expressed in tobacco leaves, and visualized via confo-
cal microscopy using chloroplast autofluorescence (640 nm excitation). [Results] Overexpression of ba-
nana CMO genes significantly enhanced yeast tolerance to multiple stresses. Under 1.0 mol - L' NaCl,
1.0 mol - L' mannitol, and 18 °C conditions, when INVSCI strains expressing CMO-A4 (AA genome),
CMO-H (hybrid A/B genome), CMO-B1, and CMO-B2 (B genome) were compared with the empty ve-
hicle control, the survival rate of INVSC1-CMO recombinant yeast significantly increased. No signifi-
cant differences were observed among the four CMO variants under these stresses. Under 40 umol - L'
CdClL, ycfl strains expressing CMO-H and CMO-B1 showed superior growth, and colony growth was
significantly better than that of ycf1-CMO-A4 and ycf1-CMO-B2 recombinant yeasts, respectively, indi-
cating enhanced heavy metal tolerance linked to B genome-derived CMO variants. Osmotic stress
(150 mmol - L' mannitol) reduced seed germination rates in wild-type (WT) tobacco to 42.3%, whereas
transgenic lines overexpressing CMO- Bl and CMO- B2 maintained germination rates of 68.9% and
71.2%, respectively—a 30%—33% improvement over WT. Exogenous GB further increased germina-
tion rates to 85%—89% in transgenic lines, demonstrating synergistic effects between endogenous and
exogenous GB. Root elongation under osmotic stress revealed genotype-specific effects: CMO-BI and
CMO- B2 transgenic seedlings exhibited root lengths of 2.57 cm, 1.43-fold longer than WT (1.80 cm),
whereas CMO-A4 and CMO-H lines showed no significant improvement (2.03-2.07 cm). Confocal mi-
croscopy confirmed that all four CMO-GFP fusion proteins were localized exclusively to chloroplasts,
as evidenced by complete overlap with chloroplast autofluorescence. This finding aligns with the role of
CMO in chloroplastic GB biosynthesis. [Conclusion] B genome-derived CMO genes (CMO- B1/B2)
confer superior osmotic/heavy metal stress tolerance compared to A genome variants, highlighting func-
tional diversification shaped by genomic ancestry. Chloroplastic localization underscores their role in
stress-responsive GB synthesis. These findings identify CMO-B1/B2 as key targets for breeding stress-
resilient banana cultivars and provide a molecular framework for understanding A/B genome functional
divergence. This study pioneers the functional dissection of CMO allelic diversity in banana, linking ge-
nomic ancestry (A vs B) to stress-responsive gene performance. The development of a dual-model vali-
dation system (yeast and tobacco) provides a scalable framework for screening stress-tolerance genes in
polyploid crops. Additionally, the chloroplast-specific localization of CMO resolves long-standing ambi-
guities about its subcellular activity in monocots, offering insights for engineering GB biosynthesis path-
ways in non-accumulator species.
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FoAS [ 2 ) 28 2 ) A Kot KA — B A —
(RZHBE FEAARE, SRER AR Fr ) BURE 5 13 BN IR
RIEIE , AR5 T80 CHBARIR VKA R A7 % FH -

A B B (Nicotiana tabacum) H 3 AR 1 424
BHE A PR A F B AL 4 B A A PR B 1~ 4 i
AL JH 5 ot~ 43 531 FH R 46 7K 5% 20 mmol - L' GB i2 2
24 h, &3k 75% L. BEIH FF 1 min J5 , F G KM 3
R, B 1 min, FF 48 10% % SRR 943 H B 10 min
J&i » FHTC TR 7K 5 U, BRI 1 mine 75 F2E PR BB 30 4
b7 23 ) SR AE S 0 A1 150 mmol - L' H 85 1% (1) MS 5%
FrAE L, B 25 °C. 16 h G HE/S h BB (1985 7746 v 4%
Fro MIMKEINEL, TEI10RF P T KE.

F S FEAE S 0 mmol - L H & B2 MS 35 77 5 |
A 10 d IR AR 2R AR PR R R B R R B 1R 4 P A
#5150 mmol - L' HEEEEMIMS #5597 26 b, & T
25°C, 16 h ¢ f8/8 h H IS ()15 7746 b B BLRS 9% .
HIPRESE, T4 10 KiE R KE.
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P A% R 9 ) Il 26 P AL, 37 °C /K 3 30 min, 10 x
FastDigest Green Buffer (#£ 28 &, i) {F N4z b
Mo R BamH 1 1 EcoR T PR VEAZER W T
Pty T D)7 A PR R S 2 TRV 51 (R DY CMO
FE[R g i 7 51, 48 FH 2 x Seamless Cloning Mix ({83121
A=, Jb 50D Jo 4% ve BE RN CMO BE K9 3G v B
pYES2-NTB £ Ak # AR 3t 4T3 4%, 50 °C, 15 min.

VG = W) A DHS o KA B RS2 25 (HERB A=)
D, FEECRH M B ok . f# A Yeastmaker ™ Yeast
Transformation System 2 [ £} %% 4k, 1 71 & (TaKaRa,
Japan) , K FH I 8 B0 5 A0 100 A7 I BE AL A0 ARG $4 R
VOB . ¥ T SD-Ura (7 2% % %5 4 ) [&] {4 5%
Ik (23, dbnD b B T 28 cCHE M R 97 2~
3d. BRI PCR e B 5 b
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Table 1 Primers used in this study
EIEV RS SIF (53D Hi&
Primer name Primer sequence (5'-3") Function
MaCMO-F ATGGCCATCGTAGTGGCAAAG BN el
MaCMO-R TTAGATGTTACCAAGGCACTCATG Gene cloning
MbCMO-F ATGGCCATCGTAGTGGCAAAG BN T
MbCMO-R TTATTCGTGGAGAGCGCCTGC Gene cloning
MI3-F TGTAAAACGACGGCCAGT DHSa FH 1§ %
MI3-R CAGGAAACAGCTATGACC DH5a positive screening

pYES2-BamH [ -CMO-F
pYES2-EcoR 1 -CMOA-R
pYES2-EcoR 1 -CMOB-R
PYES2-F

PYES2-R

pGFP-Xba | -CAB-R
pGFP-Xba | -CBI-R
pGFP-Xba [ -CB2-R

M13/pUC-F CCCAGTCACGACGTTGTAAAACG
EGFP-N CGTCGCCGTCCAGCTCGACCAG
hyg501-F GAGCATATACGCCCGGAGTC
hyg501-R CAAGACCTGCCTGAAACCGA

cgataaggtacctaaggatcc ATGGCCATCGTAGTGGCAAA
tgctggatatctgecagaattcTTAGATGTTACCAAGGCACTCATGC
tgctggatatctgcagaattc TTATTCGTGGAGAGCGCCTT
CAGCTGTAATACGACTCACTATAGG
AGGGTTAGGGATAGGCTTACCTTCG
ggatcgaattgatcetctagaGATGTTACCAAGGCACTCATGCA
ggatcgaattgatcetctagaTTCGTGGAGAGCGCCTTCA
ggatcgaattgatcetctagaTCTGCACCCTCTGCCGCC

PYES2 KB Aty

pYES?2 expression vector construction

INVSC1 I YCF1 PH i i%
INVSCI and YCF1 positive screening

pGUSGFPplus i 7 18 H A 1) 1

expression vector construction

GV3101 PR %
GV3101 positive screening

KRR Rl

Positive tobacco test

1.3 E8IhEe EAMALE

W5 FH P % BF 18 VR DA 1% IR AR BUIN N 1) SD-Ura
CF 2% %1 %1 B8 WA 3 77 55 8 1R 22 ODgw=1.2~
1.4,4000 r-min"', 250 5 min & EE W A S8
JR 1) SD-Ura ¥ 4 35 77 5535 e B BE4H ff - 9% ¥ 15
7%3 h,4000 r-min", 2.0 5 min 25 B3GR %0 SG-
Ura (& 2% FURD AR 7= L 4k SR % 15 77 8 h,
WHE ODgi=0.60 F%10°.10".102.10°, 104 FE B iF
FHLS pL 535 T AN SG-Ura B4R 7% |, &
T 28 CCH; FRM G 77 2~3 d(CK) . H AT INVSCI %
BERE PR Gl AE 4, B 50 F T85@E e 3 i Al
i 2B KR 07 32 5 yef | 1 fk (IR 224, 1 50O
TEE MG L. HEEEREIE NS, NaCl
R ER 38 , CACL BRI & @ il , 18 °CHE =4
[ EPREHTISER

14 ERIEHBERRITEEL

I FH R] 96 8 2H 0 45 e A3 20 1 4 B CMO EEF
bty 51 (22 PR 26 1k %5 S 1) 74 3 31 pGFPGUSplus i
Tk ik b o BARSE ) Xba 1 BRI TEAZER A D) B2
1t ,37 °C7K¥# 30 min, 10 x FastDigest Green Buffer {E
M. FIFHE Xba 1 FREIPERZER A VI EERE ) A7
AR S M R YR 51 0 (GR DF 1 CMO B K 4 fis 7
H B CMO KR 38 Fr BOAN 26 MR A 3 i 3R AT i 452
B E B W) AL DHS o K AT B 82 45, $ B PH M
Fio BU1 pL FORLAINN 50 uL GV3101 4R AT B 8% 52 A 40
M (e A=), B3 R, TR TR A S R AR
HLER JE NN 1 mL LB AR E; 73, 78 0 VR 51 5 I &
1.5 mL B0 W, TR K 30 °C 180 r-min™ %37 £ 97
30 min, 5 A B AR A B B VR 50 L #28T YEP
[ 55 7R 2 |, 30 °CHERT 77 48 ho BRHUH 2 PRI 74
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T-300 uL YEP i #4172 5 H1,30 °C, 200 r-min ' #%3%
AR % , B PCR Jifi ik B 4 7 B
1.5 HEIREE R EMERTFE

S 2 Ak b QAR 328 2R R AT R A 7] 58 B
THELFh 1585 75% B2 5 30 s, o R /KIE BE 1 min,
TS FH 84 W FE 0N 75 3~5 min, JC /K IE ¥E 3 K,
1 mine KV B35 0B BR3P T g IR Ak
,25°C, 16 h /8 h BRIE K 97 4~5 J& , ¥ B
Bt i HFERTIVI BN ISR T 92k . R
G I N BE 4 A FF BR B T 45 ODgoo=0.2 [ A AT
Bl FE RV, B RS 5% 2~3 d R i T AR AP
BIF AR B 10~15 min, K512 425 B EH 5 CE
TUEAR b, AT e by T 3L 55 9 5 |, IS 85 97 48~
72 he ¥HEREFE 2 d R R RN SRR B
SEHL, 2910 d, FEHK B AL, PR E
o PR S8 A97 2L 2R, 43 b T30 5 3% B M P 0 e 35 9
b, B IR E] 15~30 d, BE IR FE (2342)°C 4 0
AR RS BE P i A P 22 oAb R 0k |, AR
4~5 A0 473,25 °C 16 h H6lE/8 h BREH 9% 15~30 d. 1
SIS RE A, A L0 S TR R W R Et
MR IR FAEK 7~10 do K CTAB iASR UM H 2

A 10° 10" 10° 10° 10° 10"

INVSCI-PYES?2
CMO-4
cmo-H [

CMO-B1

CMO-B2

C
INVSCI-PYES2? &

CMO-A
CMO-H
CMO-B1

CMO-B2

INVSCI-PYES2 ( ’,

[KI2H DNA , 5 38 25 22 S VR 51 03047 PCR A
1.6 Y 4HpEE(L

F25°C.16 h /8 h % . 5000 Ix £ 7% 46
BRI OB, Bk, B 95— A e TR
T I O 3 A B AU (Nikon C2-ER) W &2 JH 55 i
Fr A0 I R4 AR , 488 nm UK G N AR ISR (056
% [ (Green fluorescent protein, GFP) %¢ )% , i H
640 nm R TG ZRAK B R 5k
1.7 BURGIH S S

B4R S N SPSS B (v22) i AT G it M, K
F ANOVA #4777 22 53§, R A Duncan’ s #7 S il 7
EATEZ BT, ARVNE FRER R 2 7 B
#(P<0.05) , % Origin #f (v2022) 22 1],

2 AR50

2.1 BEBECMOEREBESIEIE . KEFMEIE
B 2

NIGAE ALB JE R 20 CMO 5 [RK ThRE 2 5, F A
INVSC1 BRI AZ B2 BF3EAT DhRE BAMALS . 2553 5
N> TE SG-Ura £5 75 %5 28 °C 4 (B 1-A) T #4k pY-
ES2 F#AR [ INVSC1 X} f 1% £E(CKO 5 H 4 R AR
107 10° 10° 10

10° 10"

D 10° 10" 10° 10° 10° 10"

INVSCI-PYES2 [

CMO-4

AR A SG-Ura K5 573E 28 °CH537(CK);B. ¥ il 1.0 mol- L' H #EEZ (1) SG-Ura £ 373k 28 °CHi 7 ;C. SG-Ura £537 4L 18 °CHi 7% D. ¥

Jin 1.0 mol-L" Nacl [f) SG-Ura %5753 28 °CHi 3%

Growth conditions: A. SG-Ura media cultured at 28 °C (CK); B. SG-Ura media cultured at 28 °C with the addition of 1.0 mol- L mannitol; C. SG-
Ura media cultured at 18 °C; D. SG-Ura media cultured at 28 °C with the addition of 1.0 mol-L" NaCl.
E1 #%EFE cMo EREEBEEIHEE. KIRMERMIB AN

Fig. 1 Response of transgenic CMO gene yeast to osmotic, low-temperature, and salt stresses
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KAFHLIC I B 22 5 s FEA N 1.0 mol - L H 75 1 (& 1-
B) .18 °CZAF T (B 1-CO A1 1.0 mol - L' Nacl (&
1-D) ) SG-Ura £5 7% 3 AL 4 R INVSC1 E 4
BEAE KA LY B E T CK LB 4 Fh 5 25 CMO
INVSC1 Bz EEE A G R 2 5 . RIEBIE .
RIRAIERIIE T, F Ak 4 Fh 8 CMO ¥ ] LLFE = IN-
VSCI1 BB M, HAE INVSCI B2 R b 4 Bh &8 CMO
IRe G B Z R .
22 HBEECMOEREERXE €& ME RN
FIH yefl B 45 & 2 7 UK B AR B2 BRI AT T
Ae EAMRLS . 45 R Wi 2 Fios : fEANF CdCL 1) SG-
Ura 3% 75 3E F AL pYES2 25 4R 4 ) yefl i [ % £

A 10° 10" 10?7 10° 10° 10
ycfl-PYES2!
CMO-4
CMO-H
CMO-BI

CMO-B2

INVSCI-PYES2

(CK) 5H:AL 4 Fh 85 CMO 11 yefl B BEAE KAE T8
R ZE S (- 2-A), 7£5 40 mmol - L' CdCL [ SG-
Ura £ 953 E#4k CMO-A.CMO-H.CMO-B1.CMO-
B2 1] yefl BB AEKAF B E L T #L pYES2 B4k
I yefl FERECIE 2-B) o 3% W 7 5 4 )@ i 3a 45 1
T Fe Ak 4 P A B CMO FE TR 3] DU = yef | BBk
HE R W iERE ), B L CMO-H.CMO-BI1 1] ycfl
P BE A KA DU T 554k CMO-A CMO-B2 (1) ycf1 %
B,
23 BEEMOBERRELTE

FEEUEAL 4 PP B8 CMO FE R 5 1¥ DNA , #ET
PCR %7€ . 455 01 3, k4 AL 57R 18 3 501 bp

B 10° 100 10> 10° 10° 10"

AR HAT AL SG-Ura F57735E 28 °CHi 77 (CKD : B. ¥l 40 mmol- L™ Cdel [¥] SG-Ura 55375 28 °CH:3%.
Growth conditions: A. SG-Ura media cultured at 28 °C (CK); B. SG-Ura media with 40 mmol-L" Cdcl2 added, cultured at 28 °C.
B2 #%EE CMO EEESNESREMERINN

Fig. 2 Response of transgenic CMO gene yeast to heavy metal stress

WNMP 123456 7891011121314 151617 18192021 22
T REA RSSO ERL g
CMO-A
!.--------‘-ﬁ---m--— - <—501 bp
-
2122 23 24 25

W NMP I

CMO-H

2345678 9101112 1314_15_].6_17181920

- - <— 501 bp

WNMP 1234567 8910111213

CMO-BI

!-----------—o— - <501 bp

WNMP 12345678 9101112131415161718 192021

CMO-B2 - -

L CPETRTEReSEESTeSEE L -
LR

- - <—50] bp

VKT : WK N B PE XS R ML1000 bp Marker s P. 514 5%
Lane: W. Water; N. Negative control; M. 1000 bp Marker; P. Positive control.
3 BECMORERRELRE

Fig. 3 Transformation of banana CMO gene tobacco identification
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H ) 7 Bt , 55 pGFPGUSplus #5445 55 25 5 K BEK
N3, RPFEAE CMOREE CL RN B
k. CMO-A.CMO-H.CMO-BI . CMO-B2 % X [ 1
PR 2508 95.45%.100% 100%-76.19% .
24 BiEMBMNTRIEEFE CMOEEREMFIE
V30

NIRRT BEM X IS RIEFEABERA
CMO F PR 0 5 At - B 1R 52 W), O 48 88 40 7K B
20 mmol - L' GB 4b 3 Ji5 B A Y MH 55 ik 260k 5 £
ABERHFH CMOFE R A E A ¥ i T MS 5
150 mmol - L' H #E BE+MS 5577 3 . 4 0] %1,

MS
WT
CMO-A

CMO-H
CMO-B1

CMO-B2

i &S

Germination rate/%

MS+H #a R
MS+Mannitol

MS+IH
MS+Mannitol

10 dif, ZEMS K5 923 1, WT Mt RiAFHE A B
K 40 CMO B& DR B Fh 8 K R TG B 3 72 7 s AE
150 mmol - L' H #& BE+MS K5 7 5 |, WT filid & ik
R AB AR CMO FE R F 1 B K R AL MS
Br R LRl R R B PR, i Rk cMO-H
CMO-B1 F1 CMO-B2 2 R EE R 71 kR 03 & T
WT. fEBi%EWriE % 4F 7,20 mmol - L' GB AL H J5
WT Flid %k & #E A B 5 [N 4l CMO FE KR B 7
A R R AL 150 mmol - L' H 2 BE-+MS B3 77 2L A1
KRB EFE T E 0 BT T 23.33%.42.22% -
30%-33.33%41133.33%.

MS+H# 7 (GB 4b 2
MS+Mannitol (GB treatment)

MS+IT 517 (GB 4L E)
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Fig. 4 Effects of osmotic stress on the germination of banana CMO gene transgenic tobacco seeds
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Fig. 5 Effects of osmotic stress on root length of tobacco seedlings transgenic with banana CMO genes
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