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Tolerance of Lotus japonicus
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Abstract: The objective of this study was to determine whether the novel osmolyte trimethylamine N-oxide
(TMAO) enhances drought tolerance of Lotus japonicus and to preliminarily reveal the corresponding physi-
ological mechanisms. L. japonicus ecotype ‘Miyakojima’ MG-20 was used in the study. Five concentrations
of TMAO (0.1 mmol-L" ", 0.5 mmol-L." ", 1 mmol-L.”', 5 mmol:-L"", and 10 mmol-L."") and ddH,O were
sprayed on MG20 leaves daily for 7 d, plants were then immediately subjected to drought treatment for 28 d,
followed by rewatering for 7 d. Based on plant phenotype, 5 mmol-L™" TMAQO was selected as the best con-
centration to improve the drought tolerance of L. japonicus. To further investigate the underlying physiological
mechanism, 5 mmol-L "' TMAO was sprayed on leaves for 7 d followed by drought tolerance evaluation. After
28 days of drought, plant height, leaf relative water content (LRWC), chlorophyll content (ChD), and photo-
chemical efficiency (F,/F,) were significantly lower in both drought-stressed plants sprayed with ddH.O (D-
W) or TMAO (D-T) compared to well-watered controls sprayed with ddH.O (W-W) or TMAO (W-T).
However, these parameters were significantly higher in the D-T group than in the D-W group. Concurrently,
leaf relative electrolyte leakage (EL) and superoxide anion (O ) accumulation in leaves were significantly
higher in the D-W and D-T groups compared to the W-W and W-T groups, but significantly lower in the D-T
group than in the D-W group. Following 7 days of rewatering, chlorophyll content remained significantly
higher in the D-T group compared to the D-W group, while no significant differences were observed in the

I #5 B #3:2025-06-16; 18 B H #3: 2025-07-31

HEEWB B KR¥EASRE AT E LR E RS (&S KLGE20221D s il B AR B ¥ LT H (45 .
23IRRA1416); F %K A KRB 400 L0 H (455 : 321716890 % Bl

PEZ B AR e (1999-) 53, BURE VLG &8 N L 0+, 322 N L RHBORE A W) BOR B 9, E-mail: zhilonzheng@163.com ; * i {5 /F #

Author for correspondence , E-mail : nauzll@njau.edu.cn



324 B

S 34 4

other measured parameters between these two groups. These results indicate that foliar application of TMAO

can alleviate drought-induced damage in L. japonicus, providing an effective approach for improving cultivation

under drought conditions.
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Soil relative water content under drought stress
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W AL BEKRT IO K B, BRK X BR 28 K5 C, D7k X 35 K 5D, T 7

AEBOKE, T AL 28 K5 F, T Ab Wl 28 K Jq K 7K
Note: A, water control at 0 d; B, water control at 28 d; C, water
control at 35 d; D, drought treatment for 0 d; E, drought treatment

for 28 d; F, rewater for 7 d after 28 d drought stress

2.2 FEBETEHRS mmol'L™' TMAO X & Bk
RFE KBS B R

3 s, fE FE SE Wi 7 K A9 5 mmol-L7
TMAO FilddH,O J& , B T 5 4 B 0 K, Hé /K X IR
4 Wit ddH,O (W-W) | 58 7K X Ij 4 B5 jii TMAO
(W-T) 1 54 B s ddH,O(D-W ) K+ 5 4b B g
Jiti TMAOCD-T )4 4~ 4b 3 (1 1 kAR 2 1 19 K /N AR
—F (F 3AFM3C), 4 28 K, D-T kb B i) ki bk -

K I BT T D-W 41 (8 3D) . bR s A %
B 7T SR AR FREE O K VR 7 RAIER 14 K, 44> &b B A]
(W-W,W-T,D-W F D-T) & kAR A Rk i Bk 725 ¢
FxaR. ETRE 21 KM 28K, D-W 41
PR i A T DK O R, T D-T 41 B4 R Bk 5 B R
KA FE Y, BT 528 K, D-T 4 A% Ak B9 bk =5
BID-WHEEE 2. 74em, £ T F 28 K4 R
Ja AT K 7K, D-T kb BR 2 ¥R w47 e D-W 4
EAFEREZER D,

A ddH,0 5 mmol-L'TMAO B

ddH;0 5 mmol LFEMAO

3 FENE TEIHES mmol L™ TMAO BHRKRFRE AL
Fig. 3
5 mmolsL.”" TMAO under drought stress
WAL BRI IR O R ;B RK X I 28 K5 C, T A 0K ; D, T A4b 3
28 Ko JTAT A 22 A W5t ddHL,O , A7 A 58 it 5 mmol-1 ™!
TMAO

Phenotype of Lotus japonicus after spraying

Note: A, water control at O d; B, water control at 28 d; C, drought
treatment at 0 d; D, drought treatment at 28 d. In all the pictures,
the plants on the left were sprayed with ddH,O, while the plants on

the right were sprayed with 5 mmol-L.~ ' TMAO

2.3 FERiE THEHSmmol 'L ' TMAO Xt B Bk 1R
HRHEMESKERBIBERRSRENZMNE

FE 5508 7 R A4 B[] 7 IR AR AT AR (1 0 7 A
XK (LRWO T i % 2 7 ,LRWC TE 84. 60 %~
88.88% Z [ (I 5A) . HeK Xt R AR (W-W FI W -
TOYH LRWC1E 35 R NHEALRFEAE (B D-W 21 46
BRAE T 50955 14 KR LRWC B T Hifth 34~ 4b 3
TR 28 RAF,D-T A FEAE # 19 LRWC TR =
54.75%, W F AT B IR4L (H %3 T D-W 4.
TR W AT E K, T AP A L HR it 4
Xof £ KK A 2% BERAKSF- (E 5 A

X JEZH CW =W T W =T ) AF A% B A X L i 098 i
F(ELE 19%~23% ZH. £ T2 14 X ,D-W
1 D-T WA b BEAS Ak 09 EL 53585 T 0 R4, {3 i
PSR B2 R A G 25 S (B 5B) . 7 T 5456 28
K, D-W Ab P A KK A9 EL 43 1) & W-W F1 W-T 4b
FHZH RS REG9 1. 97455 A0 1. 88455, H. D-W &b AR #k 19



513

R T A5 - I T W it T 28 98 155 5

| TMAO #2555 Bk i 54

327

ELHD-TAFEM R R EFHR &S 11565, BEAKT7TRK
J5,D-W M D-T BB EL AR B2 5 F W-W f1 W-
T,D-THELMKT D-W {H&A ¥ %27 (F5B).,

30
-_— W a
25F |E==wW-T aI
mm D-W a
£ —/D-T aI
S 20} a, ab a b
E‘) IbI bI bl
2
= 15
g
=
2 10
¥
5
0 L Ll L L
0d 7d 14d 21d  28d R7
A FRFAL Days of treatment

B4 5mmol'L™" TMAOAMEYFEHHE T HEMRMK S IR
Fig.4 The effect of 5 mmolsL."' TMAO treatment on the
plant height of Lozus japonicus under drought stress
e W-W, Bk ddH,O 3 W-T, B /K it 5 mmol-L ' TMAO;D-
W, 1+ 54 B ddH,05D-T, + 5 4 LW 5 mmol-1L. ™' TMAO;
R7, TRIFER TR, RIRE/NG F-EFIRTE [F] - Ab B ) AR Ak 2

] 255 13 (P<<0. 05), HE 7 LB RFoR-PRME . FIH

Note: W-W, water control that spraying ddH,O; W-T, water con-
trol that spraying 5 mmol-L ' TMAO; D-W, drought stress treat-
ment that spraying ddH,O; D-T, drought stress treatment that spray-
ing 5 mmol-L ' TMAO; R7, rewater for 7 d after drought stress.
Different lowercase letters indicate significant differences between dif-
ferent treatments on the same day (P<Z0.05), and the vertical lines

on the columns represent the-tstandard error of the average value.

The same as below

A 100
ad ab aa ab a a a a a a
b b
< 80
e
8
:\gé 60 b
b1 8 c
=5
2
.z 40
rE
=
L
<
3 20
0
7d 14d 21d 28d R7
RbFR KL Days of treatment

B 60

A A

Relative electrolyte leakage/%

2.4 FEBEBETEHETMAOXNMHEZESER WK

#ﬁ%%%m
TR TR 14 R 21 KA, Bt R &
%Tm%u%wﬁﬁ%%ﬁ%%ﬁﬂ’imm TR
55 28 KB, D-W H1 D-T /> 4b FH A B (0 5 - 4 R

Frht i E AT B AL, H D-T Ab B A BR A SR R
TREREEFESTD-W4., E/K7XK)E,D-T 4 HAH
MG RS EZEES T W-W,W-T f1 D-W
Ab ¥

Bt 5 T 5L ] A AE K, D-W AT D-T F A4 ik B A
HHF/F, S AR I TR R, £ T3R8 14
K}, D-W Fl D-T ¥4~ 4 BEAG R 5 % B8 241 /% 15 4 4b
FEAH Lb AL 2 2503 10 35 B 3 7 A A 3L ) R PR 7
F/F, A BEZES . METRE 28K, D-W 4
PRI F/F, B &M T D-T 4 # ., &K 7KE,
PHAS T 5 4 B 4 A Bk 19 6 A 24 BRI R 3 0 IROK
(6B,

2.5 FEETERETMAO X8 & B F i &0

Hid g WA B ENE O DHER
PAR I A AR BB AL . G 7 iR 7R TR 28 K
B, W-W R W =T A~ X6 BERE fk i 4 038 v, i
D-W 1 D-T P A~ 4b B4 bk - Y @58, 1 D-T
Ab ST B A i BE S D-W AR FR R, R WTAE T
B 3n T AN IR B TMAO A A 2> 7 iR i 5 rh
O AR,

wn
S

S
S

ab

(%)
S

(3]
S

S

7d

14d 21d 28d
KbFEREL Days of treatment

R7

B 5 SmmolL ' TMAO#EXTFEMETEHBRRITAFHENESKE(A)KBHERERE(B)HNZMN

The effect of 5 mmol-L.

“"TMAO treatment on the relative leafl water content (A) and relative electrolyte leakage rate

(B) of Lotus japonicus under drought stress



328 A U A it %34 %
A 35 B 1.0
§ agaa aa, b ab@ba aa
B % 038 - chb Zagh
T .
mﬂ‘%’bzs <
I = ~
4135 20 = 0.6
& 5 H
%o &
T 15 El
‘E[J'g. i_QO4
g R
S 10
S
= 0.2
s 5
F
0 0.0

7d 14d 21d 28 d R7
REPEFRHL Days of treatment

7d 14d 21d 28 d R7
AbFEAET Days of treatment

E6 SmmolL 'TMAOAENFEMETERREMEZSE(A)RAEUFERE(B)WZMI

Fi

g.6  The effect of 5 mmol-L.~' TMAO treatment on the total chlorophyll content (A) and photochemical efficiency (B) of

Lotus japonicus under drought stress

-\ "-aﬂ e KW S .,
BB YD «k
i o
*‘ X 1- Q-.'}Q. A \’%;‘
: o8, ¥
\. v ag( - " ”m™
6, \. . R <SR *.,. A\, 2N g
W-W W-T D-W D-T
7 5mmol-L” TMAO 43t F £ B T H kIR E KRB
BETRENLBER

Fig.7 The results of superoxide anion staining in Lozus
japonicus leaves under drought stress treated with 5 mmol-L.™"
TMAO

TE RE AR GE T T 52 28 K, B b HUR R = )7 M e (B 45 21
Note: The samples were collected on 28 d after drought, and the stain-

ing results of three leaves were displayed for each treatment
) \A
3 it

GERY/BRUNAEE. R A BA S ¥k c 4 IV
TS . AR IE R R 0 R Y ) 0T R A ) it
7300 BT AR R UL RS 2 — . Catala S0P 5T 45
R MBI T B AR A AE A 2 B
KR AR A W W aa i R R N ) TMAO 7K 2
ERIN, R B TMAO 76 48 938 1 38 4= 9 W 38 5 i
BHAERY . Li% " B R h oo 2], Ak
PR TMAO A] 38 5% R A% 1Y '6 A V8 I RE 1 i
P T R . FEAR ST b, FRATT @ S e T Wi AN
[F ¥ BE TMAO, & 8L 1 54 38 28 KI5 Wk FE 11
TMAO ¥ A8 48 9 O 35 48 85 1 2 i 2%, i 5 Catala

A5 R LiAE Wil TMAO $2 @5 A W) 7 1 5 518 R 4%
RO RO EMBE G R —80Y, AP as R
ik — 2 B TMAO W T 68 B A PR <F 1, 75 R R
R, AR T TMAO Ji5 H bk ¥4 BE 38 B0 H 38 4 19
B . fEAE S h A R R LA R
J (3535 P 5 W 3R B SR AR R 28 45 A g
A W THT 5, T AR A AR AR 0 e 3 X A ) e B P A5
WL T TN o = 10 = R 2 IS
Pk, TMAO A g — Bl 8 B (4 35 33 ) e AR ) A
Hh LA VA Y R .

K+ 524 S804 B0 B 251k, 4
5 240 WL R 2 2R K 0 ) IO T A O 0 LA B AR
FH =24 A o R, 5 W 3 0 2 5| A& 4 R K O
PR TE MR, A A AR B AR R R
B, A BKAR 2z T R A R A EE A
R R 4 R, o R &K i R
Tt Ak 2 1 2R A i i R A LA TS e R T
Horb R 78R 2 0 A8 7 m g AR IR
B B 1 v B TMAO 3% 22 it 1 Bk AR i 7 K, Bl
Ji TR AP 28 K, Wi TMAO B E bk AR bk 2
A B R R A K R Ak R R ROk AR Rk
R, X[ fERH T TMAOE A B &, 150
FE 0% DR 5 450 50 100 400 LB T, DAV 477 i 4 1 R 4 i
WL A R fE AR OL & R0 . WA,
TR R, B TMAO B AR R A 5 T w8 it
ddH,O 114 A7 i 2 B0 H I A A X Hi g 5 75 T 38 0
D 5 T SRR B OKCF (B ) OF e ) | 3 3% B g
it TMAO I A 1) 28 32 5 /0N 10 20 J REE 400 40, 7 A 3¢
Gl RGBT =W ) N =T v 1



513

R T A < I [T W T 95 1 0] TMAO 48 17 DK 1 52 P

329

Wit TMAO 2 AH B AH E it ddHLO 4148 bk LA 35
e P R e RS D B A B 3R 16 WD AR TR e TMA.O
AR A BRAR APk . ER RS, TR)E
SR TR Wi TMAO 2 AR AR AL He B it ddHLO 41 A%
MREA B g 1 i, oAb AR bR 22 R k.
TMAO (3% Bl 36 B8 77 5 B S0 L 2 i 7 il 2 1 5
B VT R AR RS TMAO 5 H oAb 8 3% 98
Yy i 2 (B2 5 A B R AR 808 7 TMAO PR 43 F
AR, E R B RS IR (R B AT &7 E KR
AL TMAO A G5B FMO L[R5 01, HOR 5
FELETIRETUAR , FMO R 3A 2 & Z 24 TMAO
(I 45, AN IR i TMAO J2& 75 515E I TMAO %
TR 7 X SRl R A A R IS SR

4 it

25 b ARBIEHE T 5 mmol-L ' TMAO i Fiig
Tt 42 v E DR SR ) SR ARV B . M 5 mmol- L
TMAO BES 12 2F B bR 1 4= 5 B2 o ot Al X &
VISTINUES & S P o o I Ry DOl EN
B T A BB R NIRRT T
B T E KR SRR S . B EER RS
75 7 TMAO () FH P2 T 3 58 S0 B it

5% ik
[1] ETESAMI H, CHEN Y L. Sustainable agriculture under

drought stress[ M ]. New York: Academic Press, 2025:489-498
[2] GUPTA A, RICO-MEDINA A, CANO-DELGADO A 1.
The physiology of plant responses to drought [J]. Science,
2020,368(6488):266-269
HAGHPANAH M, HASHEMIPETROUDI S, ARZANI A,
et al. Drought tolerance in plants: physiological and molecular
responses[ J]. Plants,2024,13(21):2962
SHARMA A,SHAHZAD B,KUMAR V, et al. Phytohormones
regulate accumulation of osmolytes under abiotic stress[J]. Bio-
molecules, 2019,9(7): 285
YANCEY P H. Organic osmolytes as compatible, metabolic
and counteracting cytoprotectants in high osmolarity and other
stresses [J].

15):2819-2830
HOSSAIN M, WANI S, BHATTACHARIJEE S, et al

Journal of Experimental Biology, 2005, 208 (Pt

Drought stress tolerance in plants[ M ]. Cham: Springer Interna-
tional Publishing,2016:105-143

OZTURK M, TURKYILMAZ UNAL B, GARCIA-
CAPARROS P, et al. Osmoregulation and its actions during
the drought stress in plants[J]. Physiologia Plantarum, 2021,
172(2):1321-1335

[8]

[9]

[10

1

[12

[13

[14

[17

[18

[19

]

]

]

[l

]

]

[}

[t}

FENG D, LIU W X, CHEN K, et al. Exogenous substances
used to relieve plants from drought stress and their associated
underlying mechanisms[J]. International Journal of Molecular
Sciences, 2024,25(17):9249

AR X K, B R A S MR R AR BT R
B4R, 2024,32(4) :1210-1216

LI'Y H,LIU R,LUO Y R, et al. Polyamines regulate drought
tolerance in Kentucky bluegrass cultivar ‘Qinghai’ [J]. Acta
Agrestia Sinica, 2024,32(4):1210-1216

HEOSCRE, SR R 250, A L AN IR S B0 G 0 T SR AR
i A A B PR ER [T, RA A, 2019,27(1) 1 130-140
DONG W K,MA X,ZHOU X W, et al. Effects of exogenous
Glycine betaine on the physiological characteristics in Medicago
sativa seedlings under low-temperature stress[J]. Acta Agres-
tia Sinica,2019,27(1):130-140

AWWAD H M, GEISEL J, OBEID R. Determination of tri-
methylamine, trimethylamine N-oxide, and taurine in human
plasma and urine by UHPLC - MS/MS technique[J]. Journal
of Chromatography B,2016,1038:12-18

FENNEMA D,PHILLIPS I R,SHEPHARD E A. Trimethyl-
amine and trimethylamine N-oxide, a flavin-containing mono-
oxygenase 3 (FMO3) -mediated host-microbiome metabolic
axis implicated in health and disease[J]. Drug Metabolism and
Disposition,2016,44(11):1839-1850

SHI C X, PEI M H, WANG Y, et al. Changes of flavin-con-
taining monooxygenases and trimethylamine-N-oxide may be
involved in the promotion of non-alcoholic fatty liver disease by
intestinal microbiota metabolite trimethylamine [J]. Biochemi-
cal and Biophysical Research Communications, 2022,594:1-7
STRAMBINI G B, GONNELLI M. Singular efficacy of tri-
methylamine N-oxide to counter protein destabilization in ice[J].
Biochemistry,2008,47(11):3322-3331

JETHVA P N, UDGAONKAR J B. The osmolyte TMAO
modulates protein folding cooperativity by altering global pro-
tein stability[ J]. Biochemistry,2018,57(40):5851-5863

RU G Y,LIU X L,GE Y W, et al. Trimethylamine N-oxide
(TMAO) doubly locks the hydrophobic core and surfaces of
protein against desiccation stress[J]. Protein Science, 2024, 33
(8):e5107

CATALA R,LOPEZ-COBOLLO R, ALVARO BERBIS M,
et al. Trimethylamine N-oxide is a new plant molecule that pro-
motes abiotic stress tolerance [J]. Science Advances, 2021, 7
(21) :eabd9296

LI H, WANG H R, WEI S Y, et al. Trimethylamine-N-oxide
enhances drought tolerance in Eucalyptus by increasing photo-
synthesis [J].
109768
FEAELR , B RGT, XGe 2, 45 . fE R e AR Sk fe b BIAR 4 v KA [ ]
JL7r 2, 2006(2): 107

DU G J,MA F J,LIU X H, et al. Excellent ground cover plant

Plant Physiology and Biochemistry, 2025, 222:

for garden landscaping: Lotus corniculatus[J]. Northern Horti-

culture, 2006(2) : 107



330 A - 4 34 %

[20] FkAH, U i AL . 73 034 2 0r 1 BkAR A9 85 3% 0 08 RAE o ) i growth under repeated drought-rewatering cycles in perennial

B AT [J]. SR 5 R, 2017,37(1):67-78 ryegrass[ J]. Plants,2024,13(6):854

ZHANG B Y,SHI S L. Evaluation of nutritive value and RFV [26] JESPERSEN D,HUANG B R. Proteins associated with heat-

of 73 Lotus corniculatus germplasms of Russia[J]. Grassland induced leaf senescence in creeping bentgrass as affected by

and Turf,2017,37(1):67-78 foliar application of nitrogen, cytokinins, and an ethylene inhibi-
[21] BEUSELINCK P R. Trefoil: The science and technology of tor[J]. Proteomics,2015,15(4):798-812

the Lotus [M]. Madison: CSSA Special Publications, 1999: [27] TAIT M A, HIK D S. Is dimethylsulfoxide a reliable solvent

97-119 for extracting chlorophyll under field conditions?[J]. Photosyn-
(22] Wi, R4AR A, T, 25 . BRORXT S 3 9 28 A B thesis Research, 2003,78(1):87-91

Ao N PR EREM [T]. K BRI L 2014, 28(3) [28] XU Y,XU Q,HUANG B R. Ascorbic acid mitigation of water

300-306 stress-inhibition of root growth in association with oxidative

CHEN C,ZHAO L L, WANG P C,et al. Growth, physiologi- defense in tall fescue (Festuca arundinacea Schreb. )[J]. Fron-

cal ecology responses of Lotus corniculatus materials to drought tiers in Plant Science, 2015,6:807

stress and evaluation of drought resistance [J]. Journal of Soil [29] SERRAJ R, SINCLAIR T R. Osmolyte accumulation: can it

and Water Conservation, 2014,28(3) :300-306 really help increase crop yield under drought conditions? [J].
[23] 05, s , B Sc 26, 46 1 S0 0 B KRR B 25 Al A 3 Plant, Cell & Environment,2002,25(2):333-341

Yekrpym [ J]. Moy TS W EE | 2023(24) :85-93 [30] CHEN T HH,MURATA N. Enhancement of tolerance of abi-

LIY J,MA P J,LUO W J,et al. Effects of drought stress on otic stress by metabolic engineering of betaines and other com-

morphological and physiological indexes of Lotus japonicus[J]. patible solutes [J]. Current Opinion in Plant Biology, 2002, 5

Heilongjiang Animal Science and Veterinary Medicine, 2023 (3):250-257

(24):85-93 [31] ASHRAF M, FOOLAD M R. Roles of Glycine betaine and
[24] WANG X, VIGNJEVIC M, JIANG D, et al. Improved toler- proline in improving plant abiotic stress resistance[J]. Environ-

ance to drought stress after anthesis due to priming before anthe- mental and Experimental Botany, 2007,59(2):206-216

sis in wheat (Triticum aestivum 1.) var. Vinjett[J]. Journal [32] FAROOQ M, WAHID A, KOBAYASHI N, et al. Plant

of Experimental Botany,2014,65(22) : 6441-6456 drought stress: effects, mechanisms and management [J].
[25] DING Y J,ZHANG X X,LIJ L, et al. Transcriptome-based Agronomy for Sustainable Development,2009,29(1):185-212

weighted gene co-expression network analysis reveals the pho-

tosynthesis pathway and hub genes involved in promoting tiller

(FHERE RZH)



