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Research progress on yield loss under drought stress and drought resistance
genetics of alfalfa (Medicago sativa)

JIANG Xue-gian, YANG Qing-chuan, KANG Jun-mei’
Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing 100193, China

Abstract: Alfalfa (Medicago sativa) is the most widely cultivated perennial leguminous forage crop, acclaimed as the
“king of forages” because of its high yield and superior quality. Drought stress has a significant impact on the growth
and development of alfalfa, resulting in substantial yield reductions. It influences the germination rate, branch
formation, stem elongation, leaf growth, and root development, potentially causing large decreases ( =>70%) in
forage yield. Accelerating the breeding of drought-tolerant alfalfa varieties through molecular breeding is an effective
strategy to mitigate the effects of drought stress on this forage crop. However, the genetic foundation of drought
resistance in alfalfa remains largely unexplored. Previous research on alfalfa has mainly concentrated on transgenic
methods and homologous cloning techniques. With the release of the alfalfa genome and advances in sequencing
technology, genome-wide association studies and omics technologies based on transcriptome sequencing have played
an increasingly important role in identifying drought-related genes and elucidating drought resistance mechanisms in

alfalfa. This paper comprehensively summarizes the effects of drought stress on alfalfa yield, outlines recent
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advances in research on the genetic basis of drought resistance in alfalfa, and provides a reference for the breeding of
drought-resistant alfalfa varieties.

Key words: alfalfa; drought resistance; genome-wide association studies; yield
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1.2 FEFpastRRERm~ENYR
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Table 1 The impact of drought stress on alfalfa morphology and yield
EEE & g KAWE TR G R A issiiES 27 SCiHk
Material Environment Developmental Drought-related phenotype Yield loss References
number stages
3R B4, il L] ST T SO 3R B (AR GEE L3 W T E A (B 2R B A AT A 35 R [19]
3materials ~ Pots, green-  Seedling stage Total dry weight and survival rates decreased , but 4 k2> 25. 31% , 40. 35% Fil
house root-shoot ratio increased. 69.59% . Biomass of M. sativa cv.
Longzhong, LLongdong and Gannong
No. 3 decreased by 25. 31%,
40. 35% and 69. 59 %, respectively.
813 K B4, il BRI TN B R A s | 8 PR R 55%~T75% . The yield [29]
8 materials  Pots, green-  Vegetative stage Fresh weight, dry weight decreased, but root- decreased from 55% to 75%.
house shoot dry weight ratio increased.
o6k = i 3] SRR Y S R T R 2R R — [30]
10 materials ~ Greenhouse Seedling stage LLAE i . Stem and root fresh and dry weight,
root and stem length decreased, but root-stem
length ratio increased.
3L e, M Hi MAEBKE RABRIHMAFHER M — [31]
3 materials  Pots, green-  Seedling stage RSB MR R T 8 M EAAREK. Total
house root length, total root surface area, average root
diameter, root volume and number of root tips,
root dry weight and root diameter decreased.
REGRZE e PR Y BB R A AR BT R — [38]
8 materials  Greenhouse Germination and R s 4 BB B ARG 2 TR i R B AR A
seedling stages LT E AL RZE K N, Germination
stage: germination rate, fresh weight and dry
weight of plumules and radicles decreased ; Seed-
ling stage: root length, stem length, leaf area,
number of leaves, root and stem dry weight de-
creased, but root-stem length ratio increased.
106 kkE HI BRI PR PR Ny 2290~52%0 . The yield [39]
10 materials  Field Vegetative stage Yield loss. decreased from 22% to 52%.
198 M AL AE40, = BRI S T SRR T 61,900, 72 T E U [40]
198 materi- Pots, green-  Vegetative stage Fresh weight, dry weight decreased. /1>38.1% . The average fresh weight
als house decreased by 61. 9%, and the average
dry weight decreased by 38.1%.
198 Gy 44 HIfE] RS i T D o SYCRN B 7 AR 50 [41]
198 materi-  Field Vegetative stage Fresh weight decreased. 37.4% .3.5% M 71.3% . The alfalfa
als yield decreased by 37.4% , 3.5% and
71.3% in three successive harvest, re-
spectively.
SOtk T i) H IR KW S TR R e L T AR SRR T AL R T R0, T R0 [42]
5materials  Field Vegetative stage B T R A ) Bk D (HL /258 Bype g g~ 37% ., Compared with
Fresh forage yield, dry forage yield, plant height,  mild drought stress, the average yield
stem number/unit area, leaf area index, internode  loss under severe drought stress was
length and internode number decreased, but leaf- ~ 37%.
stem ratio increased.
6 13 1Rk Bl % R & NN NN SN R RTPIE L - [43]
6 materials  Petri dish, Germination stage  Germination rate, radicle and plumule length, and

greenhouse

seed vitality index decreased.
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23 Continued Table

L R TR PR 2% ik
Material Environment Developmental Drought-related phenotype Yield loss References
number stages
ke EE T Seedling stage  EW R FEAL ARZE LB, Biomass decreased,  — [44]
11 materials  Greenhouse but root to stem (R/S) ratio increased.
Lkt B4, i A BRI kAP R R CEROR B A R TE T 51% . The dry weight [45]

1 material ~ Pots, green-  Vegetative stage HR 4% /MR . Whole plant biomass, leafl  decreased by 51%.
house number, stem elongation rate and shoot relative
growth rate, and shoot-root ratio decreased.
SOtk e RS THE AR RO R A 8 . The B AR H A 127,306, 46 [46]
5 materials  Greenhouse Vegetative stage shoot dry weight, survival rate, number of branch- 3 X EIBF 82> T 96. 5% . The dry
es, and root biomass decreased. weight decreased by 27. 3% in second

harvest, and 96. 5% in third harvest.

4 FEEE e BRI THEBD . TH g 22. 4806 ~34.45% . The [47]
4 materials  Greenhouse Vegetative stage Dry weight decreased. dry weight decreased from 22. 48% to

34.45%.
18 #r kL HIfE] BRI ETHE SRR, SR ZE T W 28. 5%, BT Tk [48]
18 materials  Field Vegetative stage Shoot dry matter, total biomass decreased. /1>36.5% . The average stem dry

weight decreased by 28. 5%, and the
total dry matter decreased by 36.5%.

164k M HIRERM fif 7 D 2K LRI . Fresh and dry FHE D 13.8%~46.2% ., Thedry [49]
16 materials  Field Vegetative stage weight, leaf-stem ratio decreased. weight decreased by 13. 8% —46.2%.

G055 AL T AR T i SR AT Jo S0 1R S 2 e 5, BB R T 2 O AR MR (R B R PR A, B A

HART L KRR A T2 AR A RAE S R BT AN S o R SR R DA DR 2R T X B R R R AT S 1)
e /WU G T AR GE T MO IATE R R PEAN AR I B T A SRS R RO S A BRI R R T 1 o R R R

FIIRA 5T 2R J7 T, 38 [ 4k ik AL A Ot o o T o [0 SCAT /0 i e B Bt 2%, L O 50 B S DR Rl b o 22 M
KEFA 30y 52840 5 A e BEDRBERE AR, 10 K o ()30 o sk S b B0 456 , Bl 5 A R B AR L TE P e
. (Cleistogenes songorica)” CsSLEA2 Tl CSALDH 12A 13 R /) 2 45y 28 46 1 45 M OBE R 1 A0 % 5548 B 48 MsNTF2 & 1A
5 AE B AE AR, R 23 8 Flom B85 & 0 51 A R o DR B A 7l R A ORI o B PR R R
(quantitative trait locus, QTL) & fi F1 4> He K 41 G K 53 47 ( genome-wide association studies, GWAS) ZH L L H
EPLR o FAic AT B . B AT E 40 i 3 88 5 vk 55 0 3] — 28 5 1 45 P05 1 AH OC 1 B A% R 2 A 1 (single
nucleotide polymorphism, SNP){v g%~ SR 3% 26 43 F AR o 30 AR 9 78 43 B H T B b 50 Fhsic &
Ho SEALEAE DU Ir T AR ICHE B 5 (marker assisted selection, MAS) & flid 45 B T BB B B .

2 EUREHENREUMAXEREZRSIEAR

5 RS EYAR LG, 548 B 1S PR s AL HLH BT SR T B S AR AR OR 25 . (BRI 2 0 o B A
7T R BRI 8 g W] R S B A T VA AR AR A A B S hT BRI RE L o T BEAE T A R AR R
A HR K RNA-seq Fl GWAS TE 56 46 B 15 PU 58t % 5L filt figt Br o % $8 BB D, 28 7 3] — S g 52 0 g A
H(E 1),

2.1 RidmEAFHGCGWASH Lt

H T 58 A8 B A 2 [R) 5 DU A% 1A 1) S A B AL L L ast A% 1 S AR S R, B0 R K A PR MR 1 s A SR R AT
FEAIXT GG o 78 L 5L A8 DU AR DG 8 A% 67 a  ME 8 HU A OB IR, i BT LT B R 45 I 2 R BRI E AR L R0 1
AR E PR . GWAS 258 5 480 PR AR OGRS A e B I B2 ik . T ke 6 &
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Y15 3 A GREN AR HT 4 0 2 R
Exogenous gene: Genome-wide association study (GWAS) Mili-eimies dhinseis
AtEDTI,; T— . = 2
AMt:InIg;jgl / 730N BT : % 53¢ 21 Transcriptome s
GsWRKY20;, ,“' AR, 2 . N 00
1:5% B~ - Y /P =]
...... > I oy
ng ‘ ™5
X1 41 Metabolome = E
7 wi, m =
I 1 7 ‘ o L X 88
% : p— e i =
Homologous o T TR K(" °7|H =
cloning: 3 [omi TR AT N D E
Mzl T A P  H i 41 Proteome a
MsNAC; 3R SIS MU SEMR Brel i g8 RERS S -
MsHSP70; 2
MsWRKYI11I; chr 1 2 3 4 5 G 7 8

1 EREEREEXERHARER

Fig. 1 Research progress on genes related to drought resistance of alfalfa

H TS AR B 8 A S A A TIN5 2l e 7R 2R K A TR S A S IR TR B () R B BT R G PR L R FLPT R o B T R ORI K R, Ak
K] 2H S I 43 BT R 22 225 55000 R 0102 A 53 2H A 28 A6 1 0 0 57 R DG R IR 2 67 A B e A 9 b Jk 4 BOKBEE 22 1/ . Due to the complex genetic
background of alfalfa, earlier research mainly focused on introducing exogenous genes or homologous cloning of drought-resistant genes to enhance its
drought resistance. With the advancement of sequencing technology, genome-wide association analyses and multi-omics data, especially transcriptomics,

are playing an increasingly important role in locating and studying the functions of drought-resistant genes in alfalfa.

R AVEREAL AT Tz R S BN 2 R T B R DG A DGR RS R A A
T HE A He e T 4k 3 R 41 7 (genotyping by sequencing, GBS)7E 6 B E i E M GWAS R A )2 b
o AR A XF 198 4y % 22 [ [ 50 Y Fh 5T 19 5598 & 45 A BHE $T 2 2 48 2 (drought resistance index, DRI)
I 7 AH X % K B (relative water content, RWC) W4t 5 H E A8 Ar i 174811, 3£ T GBS-SNP 1 GWAS 7E DRI
FIRWC 3 542 3 1 19 F1 15 A i B A7 i o %I98R AL AP A0 OC SNP 5 Z Rl B iy 5 & 18 T2 44T
A ) A DG QTL e 67 . 78 )T 2454 T 6 3R SCICRE IR (1 50 18 & 78 72 T 5 38 19 ™ L A 26 4>
At A SC R AL AT GWAS 43T, 8 7 3] 28 /4~ 5 7 it A C 1Y SNP A A AU 2 1004~ 5 5 T AH G 1 SNP v i .
L 154~ SNP bR 5 7= 5 Fl b TR OG , 32640 5 FT R [R) e 2 5 60 50 46 B 7 10 7™ 1 0 U 1 R . A L ASUA A b
F 43 7E T 5138 N 22 A7 B (1 SNP A5 7K 43 788 S8 8 A 19 SNP L g7, AT RIS /R 1 7E T 5 W38 N 5846 B 14
F1h 77 B Rt T 3 A R A T 4% 55K A TR AR R OR R AR — 0 109 4 I A B R GWAS B 5 b il
RNA-seq 845 #6147 SNP A, B 364k 45 17 251577 4~ SNP., {f AR = il 1A= 9 & A 7 A S ZPOE S H0m P 2
RBGHAT GWAS BFFT , 2@ 07 3] 21 4> W 35 QIR 07 1 o 45 5 e ;AL 808 76 85 Y B Ak B 35 SNP AR id (M TR
42730294) 1= FiiF 2 kb i BBl & B T — A~ 0 07 1 52 Bk A9 MY B-like #% 5% R 7 (MsM YBH) , - 50 0IF 1 2% 3% R 76 & 75
PRI TIRE . GWAS Z3HT 2 28 07 5246 1 7 BT 7 P A OQ 358 4% (07 8 0 18 i PR A Wl 5 ik o SR L AR 48
P A R — B S AR B [R) R DO A AR AR, B & AL 78 S MR e st AL 15 St 7E DR OCHRE AR TP kAT 1
WF 58 2 2 T GBS F1 RNA-seq 2k 754 (9 3k B AU 5046, B2 2% 3 B A1 Oy 52 06 1 76 3 4 W) Fh 3 32 1 16 (Mediicago
truncatula) , %R T REBEE L, BA — @R, W& S L E 5 60900 0 & i 2% 5 140 &
A R I T A IR B L A T SR B T R e R 43 R 0 DA A 56 AR A T QI A B O B R PR
RE(K2).
2.2 FRAZRFARARGRELETRERLINK

TERNEE IT (Arabidopsis thaliana) B3 E 4 MULABRLY) 2 %08 MRAE TIF 290 R a5 H 2 EW I 5
WAL MR B E AN I R R, 7R RIS AgcodA \AIAVPT AtEDTI MtWXP1., GsZFP1 .
GsWRKY20,EsMcsul .CsLEA \ ZzABCG11 % 3 R 2 3 5 7 5846 1 18 (0 i 2000200 i o 30l e oF
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Table 2 Summary of genome-wide association studies researches on drought resistance of alfalfa
FEAI /N e PR A IR F FELER 27 Uik
Population size (No. )  Genotyping  Environment Phenotype Main results Reference
200 GBS H [A] —AE 3UCAEN 1 A= ¥y i Biomass of 5 AF T 2 AL 5] 284> 5 A Wy A G 11 24 [41]
Field three harvests in one year 1% 18 22 25 1k (single nucleotide polymor-
phism, SNP)#rict. 28 SNP markers were
associated with biomass under drought stress.
198 GBS i Tt 57 i ORI P AR X 5 7K 7E DRI RWC H 3 51458 T 19 #1154 [55]
Greenhouse  Drought resistance index (DRI) and SNP. Nineteen and fifteen SNP associated
leaf relative water content (RWC) with DRI and RWC, respectively.
198 GBS FH [] 26 4~ b A IR 26 forage quali- 1314~ SNP 5 B 47 7K 43 75 bt 4b B v 1) 2 4 [56]
Field ty traits HARA S . 131 SNP associated with multi-
ple traits in all the water deficit treatments.
109 RNA-seq &% B b B T AR RS TR 9K P IE 2] 214 3 SNPsgE [57]
Greenhouse  JSHMHTLF ZEU Drought-resis- T k3L MsM Y BH v 14 58 1 75 (91 7

tance coefficients for plant height,
above-ground biomass, and seven

chlorophyll fluorescence parameters

. A total of 21 significant SNPs were iden-
tified in nine traits; MsMYBH was confirmed

to enhance alfalfa drought resistance.

Enhanced Drought Tolerance 1(AtEDTI) s K 5% A8 A& b, % BE DR A A8 W0 00 L RS 38, (H AL %5 3 AT
X S AL AR A AR R M D T T R A N M oK G o (R e R R R R A BT AR R Ak 3R B R R Y
RER,AERMRE AREMR AR, fEHE, FRP008 TR EREDAEERNEDE, FEEEERED
P RAIRBERE A MeWXP 1L 5 B0 5 K8 A8 i #0023 08 T 2 i W S MG o [ B R DR bk R AE K 4 i aE
T KGRI E S AEHER B SRR M KBRS Kok AR EMY W T
(Zygophyllum xanthoxylum) W) ZxABCG11 %6 A5 E 15 | % He B 8 R AR 76 FE) T 52254 T 777 & L B A4
BE i 50% . ABCGI1I1 9% t5% =2 It 1 (adenosine triphosphate, ATP) 454 & 55 i 15 11, ¥ 5 [H B f5 M Ak R B
FEPR A A K TR R JRE b B DT 2 e B PR R 1 DROK BB 0 RO S AR RE
2.3 RREERFAREZA AR TIIE

i 3 ) U5 B B L 7E 50 AE A vh S B — Se U R I RB L L m I H SR AR T AL e AR RN A RORAIL
1 M0 % (Nicotiana tabacum) Fl 8L § 3% H X} MsZIP . MsNAC . MsHSP17. 7. MsZEP . MsHSP70, MsLEA4-4
MsCML46 MsVDAC % BEAT DI RESE , UE B X S L v 2 509 00 B RS L R0 7. W& S840 B 15 it 1L e Ak
A2 8, 8 9 3 3 35 A1 RNA T4k (RNA interference, RNAD X} H L N AT EESRIE N N FE F B, F£ik
MsWRKY 11 1) % He DU bR 3 B0 3 i R 9 0L 25 B R ARORIOR Bt 32 3 Sk 3 i i R AL o 3 ok A S F A il g iE 1Y
MsWRKY22 0] LA %5 MsWRKY 115 8T o B9 W-box JCF 45 &, I 0% MsWRKY 11 #9335 LLYE 5 & 45 50 i
FET R E A T MsDHNIFI MsPIP2 ; 153 50 4 5 B 7K 25 71 CBR40 500 ) 07K G 38 28 11 (R K 25 iz 4 ), e
A A AR X T 5 Bk aE 04 B TP R ¥ R ORI . BOK R BMSPIP2 ; 17E Ser™ b B2 AL, F B mMYB (1
C nig A Jo3 B O 2 A R A A%, Horh MsDHNT 1Y C % 5 mMYBAS3AH B AR, JF € 7F mMY'B i b7 ik 7K 119 5% 5%
e . mMYB R RIK T MsCESA3 Rk AHiE 1t 5 MsCESA7 Ja 3 H#E4 & FIHHRE , IF 80 R
EARMWEA w2, Mo BB CRISPRECARTE S48 B A& i s I A B R AT 2896 78 bt R M0t
FAA — BRI . Z AT RESE kAR A S P, il ad RNAL A S 09 MsSPLS F ¥k bk 26 B X 1 52 188 b 3
fif 22 . I CRISPR/Cas9 i 5 MsSPL8 3 AR i —HIESE T MsSPLSFE A6 B A Pr 2t h iy g ™'

B 0 B R R R T A A BORAE SR A b St — S B R OGBS R 3 A B SR 2 U ) (RNA
sequencing, RNA-seq) 7 58 16 1 & %5 2 8 2 O Re R 0 ) T 215 5 3L I MsDIUP1(DROUGHT-INDUCED
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UNKNOWN PROTEIN 1) fil MsNTF2L (NUCLEAR TRANSPORT FACTOR 2-LIKE) , Jf 3 iif 1 % ik I
RNA G H Iy 8 47 56 1E"™ “”o L5 SR MsDIUP 13 32k 5 W0 7 8 R 385 140 790 (e 25 M 201 0 T 3 ek ) 1)
SRR U RES S WX MSNTF2L i3 35 F RNALE ALY 19 /301 — B3R W, MSNTE2L 3 %2
& K W BT DU R, O 38 G A2 0 P 4 (reactive oxygen species, ROS) ¥ B <AL %5 B % IG LB 7% 12 (abscisic acid,
ABA) S 1AL KL RO A E TR R T B TR 2. GWASTEEL B HEh R ae 3L M i %
W 4% T AR . K 109 103 B 48 Fh b4 B9 GWAS 20 7 %8 52 3] — A 1 0 1 #5020 MY B RERE 2 IH 1
(MsMYBH) . MsMYBH 2 5 #9557 A4 BUAR LU, AR 5 AViRDRE & B 7 B9 5 o 455 RNA-seq 2 1 B4 2%
FIYe 8 Ji e UL TE S M R W, MsM Y BH 7] LA .3 5 MsMCP1 . MsMCP2 . MsPRX 1A fl MsCARCAB W )i 8h F 45
A U S ek o BRI AE B AR F AR A5 5 3R 35 ik R AT A R KPS AR T RCR DL RO B R 1 HLO, DAIE
S R
2.4 MicroRNA RIE 450 B 55 xF T F b 69 vl o

MicroRNA (miRNA) & 20~24 A8 B+ (10 P IR ME /N RNA 3 1 A8 58 2 10 77 81 B AMESE ) mRNA 7655 5%
Jei KT R BT PR DA ek . MR 2 BB ST R B miRNA 2 548 W) 19 4% 004 K& & % 30, IR s 2 5 4 6
AEAEY W A R miIRNA B IR Z T S W05 S 30 o 81 % T 5 e 7 5 PR LA 9 4 AR o 1 5 3 1
fif 52 ¥ . miRNA F ZAEH T FiiE 5% W 7, B A B 55 £ P miR159-MYB . miR169-NFYA , miR156-SPL .
miR393-TIR1.miR160-ARF .miR167-ARF 254 e 2 5 k¥ 69 H1 52 5 i

P VAR L] gmrfﬁ*§EﬂBA+$mmeW\TW$WHBA+$W I miRNA™,
H ,miRNA156 . miRNA159, mRNAUmrmRNAMGE?WPﬁﬁ%E%¢WﬁE%§%5$qﬂﬂLHWﬂf$MHf
miR156 7E 4846 B 5 h A3 812 50, B A PR R B B E W ERK LT I BA S B RPT s Ru =
1 K miR 156 1) T A AR AE T 4510 3R B0 BT o 0 47 0 S A A A B K 43 3 2k, B i 1 i SR v ik — 2B i
FE R AR B T S KO miR 156 32 335 0T LU R 55 WD40-1 383K 8 MIULER SPL 13 UK SRAL T R AW A K,
AT 458 588 52 0 T T A B0 5 BE 0 5 T 5 3k 28 5K K 1Y mi R 156 R8BI 28 B0 s T USRI 2 8057 X miR 156 il ik %
IR R FEAT e S AL T 43 BT R B, BR T SPLI13 AL B A 6 4~ SPL K5 3k 78 5 5KV b 32 B miR 156 811, I
H, MsSPLYTE R 3Rk miR156 (B f AW b Rk & Tl 7ET 524 F T, MsSPLI-RNAIE A6 1 1 fi bk 5 W A= 7
MR BB DI e O T EKE BT EZNERE B MR XLy REY,
miR156-SPL(MsSPL9FI MsSPL 13) B H A3l i J8 55 4675 R AW & WS 5 AL E & i B4 (R 3).

3 RESREE

5 s S AR A R P SR A A AR R E R O™ 7006 DL RN AR th TR AR
T8 R TS 5 B 2% 6 HPT P 0 i AR B o8 i TR AR R A8 2 5 KRS (Oryza sativa)  F K AAE Y0 HR EL T 5% 3
Bl B W8 . R H AT 4 508 B — 28 5 0 B S PR A SC B B s R g S PR AP AR 1 IR iR R B e
AR PR T AR P LG AR AR ) SR R miRNA {H X X s I N B 5 1S BRI L S R 4 R 4% 1
flE AT I A T i — 25 IR A SE o 10 Bl T 1 R 1 8 B AR I B A1, 22 202 o3 Dl A S8 48 B 76 Bl R DD g 2
189 5 AN N e 57 R4 0 8% 1 fige T v R 4 BOK B BERUAE T . A5 A A IR SEUR  -EBUR 220 TR A B AE PR
AT AT AR J7 i & T

1) 5 T 5 aa X 0 48 B AR T AR K B S o 58 A6 B A 2 — R iRl B L 22 7E BT I ER AR X)) L AE
HEARI AL, B A ) RS | 7 b TR E e R B AR N R . R, BT R S R E LR A G 2 R
o R A A BOE SR AR I B AR D DG T T 5 0 X S8 A6 A AR B A KB B i s e, T SR B 38 28 48 AE
o= 7= ek 1) 52 i S A R L 3 AR OR v A R T RS BT R, R A R R e s AR R AR R A R
WHAER T B ST T SR 05 A R A A Y B S ) 2 A8 AR DG R A A X SRR A A A R
PRIk [ R E L A R R R A B L
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Table 3 Advances in genetic research on drought tolerance in alfalfa
HEH i ik B H T he EE PN
Genes Description Gene function Reference
GsZFP1 4ifih Cys2/His2 B 446 2 11 Encodes a Cys2/His2- b IR T RAEE 15 1T 51 . Overexpression enhanced drought [33]
type zinc-finger protein resistance of alfalfa.
GsWRKY20 WRAKY #5%HF WRKY -type transcription factor %524 £f1 Jii J2 Thicker cuticular layer [34]
miR156/ miRNA, SPL % 5% [H 7 miRNA , squamosa promoter — H145 /K -] miR 156 2315 n il SPL 1335350 WD40-1 33K, LI [36—37]
SPL13+ binding protein-like (SPL) transcription factors B R AW A R DER 335, JF 05 5 AR A8 R4 Rl k2 & A BRI/
DFR/ A B, T4 S P R B 71 . Moderate levels of miR 156 expression can
WD40-1 inhibit SPL 13 and increase WD40-1 expression, to fine-tune the expres-
sion of DFR involved in anthocyanin biosynthesis, and regulate various
developmental, physiological, and biochemical processes in alfalfa, there-
by enhancing drought resistance.
MsMYBH — MYB-like % 5% K F MY B-like transcription factor PRFF A i 6 A VR RO L B B i it 9 H,O,. Maintaining wa- [57]
ter balance, high photosynthetic efficiency, and scavenging excess H,O,.
AIAVPI W H4EB A (H-PPase) Vacuolar H -pyro- WA AR R P B R LY Na™ K M Ca”", Accumulation of more [62]
phosphatase (H " -PPase) Na', K" and Ca”" in leaves and roots.
ZrABCGI11 44t ABC #4327 1 Encodes an ATP binding cassette 5 i [ 0% (A2 15 R JRE A b 7 A 502 T B m e SR IR A 94k [63]
(ABC) transporter fie I A A /EFRE T . Higher wax crystal density and thicker leaf cutic-
ular layer, thereby enhancing water retention and photosynthetic capacity
of transgenic alfalfa.
AIEDTI [F] V52 4k B R oz 4% e 5% PRl F- Homodomain-leucine RRAR AL B IR R R A [ I JIRE 3 P R 8 5 i B A1 L (T o [64]
zipper transcription factor AR 2R B 48 o Reduced stomatal density , increased root de-
velopment, while membrane permeability and malondialdehyde content
decreased, but soluble sugar and proline content were higher.
MtWXP1 AP2 S5 H i) % 5 A F H [ AP2 domain-containing 34 il £y 52 J2 S ME B B4 58 Tt 2% . Increased accumulation of cuticular [65—66]
transcription factor gene wax, enhancing drought resistance.
EsMesul Ji Tty — Fl 81 4l X F B AL B Encoding a molybdenum R JEBE & R A= W0 A A, $ m5 HL 2Pk . Promotes abscisic acid biosynthe- [67]
cofactor sulfurase sis, enhancing drought resistance.
CsLEA HiE I IR I & A4 =F & 4 Late embryogenesis abundant %5 i B9 AH X 8 7K & A0 i 45455 . Higher relative water content and [68]
(LEA) proteins reduced membrane damage.
AgcodA >k B RIRAN T Arthrobacter globiformis 1 cod A KPR, ARG w5 8 AF X 55 7K S RGN H 20 AR FIT S0 il =R & . Main- [69]
2 % 0B AL A codA gene from the soil bacterium taining high relative water contents and increased levels of glycinebetaine
(Arthrobacter globiformis) , encoding choline oxidase and proline.
MsZIP bZ1P %% 5% -7 bZIP transcription factor SEIPY e AR S K TV MR R D AR T R A [70]
2 % . Increased malondialdehyde content, relative water content, sol-
uble sugar content, soluble protein content, and proline content.
MsNAC NAC # 5% H F NAC transcription factor - [71]
MsHSP17. 7 4l #4522 H Encodes a small heat shock protein BAINAR K o Increased root length. [72]
M;sZEP it K 2 5T 31 BB Encodes zeaxanthin epoxidase 520 & Fl 4R #RiR 42  ABA ZK 7 FI Bk 0 7 K& PR 635 0 Alffects various [73]
physiological pathways, ABA levels, and stress-responsive gene expression.
MsHSP70 Ji i K 7 25 11 Encodes heat shock proteins ARG B 7R I 2R B R H R AR A P T e T R R [74]
. Increased relative water content, proline content, and superoxide dis-
mutase activity, while malondialdehyde content decreased.
MsLEA4-4  WIRAG % 4F 342 & % 1 Late embryogenesis abundant 55 22 (9 (AR 1 55 (9 I 48 28 5, T V4 PR /KO 0 22 B S0 Fh 0 12 [75]

(LEA) proteins

Fh e, 10 Il 22009 AN KO 825 BRI, More lateral roots and higher
chlorophyll content, increased soluble sugar levels and various antioxidant
enzyme activities, while proline and malondialdehyde levels significantly

decreased.
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23 Continued Table
SE B JEIH D 2% 3k
Genes Description Gene function Reference
MsCML46 4t %58 % M FE 8 - Encodes calmodulin-like protein - MsCML46 %5437 85 Ca®" LM HEAS 575 I i 45 80 i) K /Na ™, 13 [76]
AN A FE S . MsCML46 binds free Ca”" to promote signal transduction
and maintain a higher K*/Na ™, protecting cellular homeostasis.
MsVDAC 4y RO ME BT o I S M (VDAC) R T IR 3B A2 0 30 o Rk PR 6 35 [77]
Encodes voltage-dependent anion-selective channel Osmotic homeostasis and stress-responsive gene expression.
(VDAC) protein
MsWRKY11 WRKY #5% K WRKY transcription factor 3 2o A R 2 AR G ORISR AR A SCFL I P R S A% . Enhanc- [78]
es drought resistance by regulating lignin biosynthesis and alfalfa stomatal
opening and closing.
MsDHNI-  MsDHN1BKEF) . MsPIP2; TOKEIEE ), Bk 5 8 MsPIP2; 1B 2 1 . mMYB (mMYBAS3) 1 C %t 5 {3 I [79]
MsPIP2;1-  MsmMYB(—F A E B MYB et 1) 55 MsDHN1 A0 TAE T, 32 HE mMY B8 Wi i B 7K 14 e 53 10 14
MsmMYB ~ MsDHNI (dehydrin) and MsPIP2;1 (aquaporin) , mMYBH mMYBD83 )1 35 T i MsCESA3 (W 2235 , {H 3l i3 1 4545
MsmMYB (a membrane-anchored MYB transcription- & HJH 8 7 18 MsCESA71)335 . Dehydration leads to phosphoryla-
al factor MsmMYB) tion of MsPIP2;1, C-terminal translocation of mMYB (mMYBA\83)
and interaction with MsDHN1, promoting the transcriptional activity of
mMYBA83 in response to dehydration. Overexpression of mM Y B and
mMYBDS83 downregulates the expression of MsCESA3, but upregulates
the expression of MsCESA7 by directly binding to its promoter.
MsSPLS SPL #% 5% [K -F Squamosa promoter binding protein- 263K N I B AT AR I SR A 22 0T Pk &, MsSPLS %8 248 A7 Tiit ik /K fig [80—81]
like (SPL) transcription factors J7 i T4 55 . Down-regulation delayed wilting and recovered quickly ;
MsSPLS mutants displayed improvements in their ability to withstand wa-
ter-deficit.
MsDIUP1 — TRFEFERMEN 1CERZEMTEMRTE S E5E0E S %S SUE AP RS 15 98755 1L AF7E 22 5 RN . [82]
#1% ) Drought-induced unknown protein 1 (it lacked Differential responses of genes involved in stress signal transduction, anti-
any confidently conserved domains) oxidant defense, and osmotic regulation.
MsNTF2L #5538 HF 2-like L VA AT R oK Gl 3 LRI TR SrE e A S/ [83]
Nuclear transport factor 2-like P E A 2% . Regulates drought resistance by modulating leaf dehy-
dration (through stomatal and wax deposition) , antioxidant defense, and
photosynthesis in alfalfa.
miR156/ miRNA WAL E Z M EY A . Regulating anthocyanin biosynthesis. [89]
SPL9
TPS1-TPS2  WEbRifg BEE-6-BR R A [ (‘TPS1) MR SEpE-6-051 M HH LR . Accumulation of trehalose. [90]
iR (TPS2) #: A Yeast trehalose-6-phosphate
synthase (TPS1) and trehalose-6-phosphate phospha-
tase (TPS2) genes
M/LEA3 WS 5 A R R F AL B TR ROS IR [91]
Late embryogenesis abundant (LEA ) proteins Reduced accumulation of ROS in transgenic plants.
ANDPKZ 11 e = B 2 ARG BT B G5 1. [92]
Arabidopsis nucleoside diphosphate kinase 2 Water loss rate and cell membrane damage were decreased.
AtABF3 i 75 Wi CABA) Wi 3 T /- 45 A R 3 ZE 0 R PR TG PR A PR K . A reduced transpiration rate and low- [93]
ABA-responsive element-binding factor 3 er reactive oxygen species contents.
1bOr H 4% 3 H The sweetpotato orange gene SEHAEE DKV, AR AR B B0 . Higher total carotenoid lev- [94]
els and lower cell membrane damage.
co-expression AL FIHLBR 58 B H An oxidative responsive Na & mFEAR KT T 5 3 R PR 150 TR 4 5 s MUK [95]

of bar+
CsALDH

genes

gene (CsALDH) and herbicide resistance gene (bar)

BAE SCRGAEE D B i . Lower Na™ and higher K™ con-
tent; Reduction of ion toxicity and maintenance of osmotic adjustment ;
Higher relative water content level, fewer changes in the photosystem,

decreased membrane injury.




534 B T Bl 2R 3] 2025 4 229

23 Continued Table

SE i i JEIH g 22 3k
Genes Description Gene function Reference
MsTMT it y-HE 7 By 5L B i Encodes y-tocopherol R A TR R TE 285 M B B B K A R TIRCR . Alleviat- [96]
methyltransferase ed oxidative damage, accumulation of more osmolytic substances and im -

proved water use efficiency.

)

E A7 e G IR 0 1) SR AL A6 B DR R 3R EL2 1 5 A 1 0 ik DR A R

2)EHHEAE RN . R
AEZed o EE I SRR A R TR S B RN A A ERE . T2T 2 L5 102 B A s 1) s s

F1 e JO e A M R g 3 S R S R R R A . AR AR SR R TR T KRR R R A ) T2T R
A% . b, B SEAE A 1Y FE DR 2 (R AR R B IR R 1 8 A% 5 8, TO kAR SR SR AL B 18 W R st 1% Z ARk
12 54 (pangenome) 2 46 Kt — W)l Z2 D AMESE A HAE B S A B TR W N £ & 09848 22 5, 4288510
HIRE LD, e T it FPOE B 47 Sl VR G X P R st AL 22 R AR L R DRI B R 1 R R T A Y
IR DA R BE R A 21 B S i i 20 A B T o8 35 S0 B R R AA5 B T 48 S 0 52 ) 18 25 IR B At B B2 A4 20 MR A G
LA 42 48

3) M FH Indel . SV & dpid 1T 4L B 18 VL IR A9 LB 2 o SNP 3 A/l 2 25 53 (insertion-deletion,
Indel) (544 4 5 (structural variations, SV) 13 WL it 4% 48 S5 2 [6] S B0 1 Wy Fi o F040) o [] WL € 3 1) ] 3s 4% R &2
FEPET ) BT SNP 1Y GWAS 3T 78 5 46 1 18 Bt 2 MR A b vh 4% 7 SCHEAE T, %8 B — Rt 5 5 A0 B 3 4t
S B OCHEY SNP AR 52107 SR, Bl I SE TR A F ST N D1 & 3 SNP A% S5 3 R B 50 4 ik B AT 4 3 DR A1 1Y
A8 5, Indel SV SEFRIC AT AH ) R AL S B ST THE) B A& h B F ek B A AR 2, BEA LA AR
PR R i, DL i 9 43 FE 3 MO 1 %558 Indel \SV S FRIC A AT g . Indel .SV S5 10 (1 TF A 85 IR X 48 46 & &
AL A AN E o A v i) B PR ZH A A A TA R o ) IR X S e By SR AU 28 G R AT SCIBR A0 A K AT B T S DG BRE Y
i e FE TR, Ay Je A0 S 5 DR B R A R AR ARt R B2 %

D) EE G Z W SRR R S AL B T DU R s Ll . R A B R A S B — (2R AN S A
A BEAR G o fi e B AR AR 2 G o A BRI WU E B2 W R R R WF 58 N DL AL T R BT R A i bl 2,
AL I A A B IR S TR AT S e B LR . T 2R R SO B IR A R 2
s AR R A RV SE WSS G AT LA (] )2 TRT 48 705 P bR 100 388 42 il 0 ) 45 AL ), B 4 1T S i A ) 35t A%
AR S 0 e AR S 0 DR TR M R AR O R AR A ORI R DR DA B e AR AR R A E e D B
2 L st A SF B © A 0l L BAR DA BT A5G 24 2H 2 s AR T RS 0 B R s AL HLTR o BEE T
FORMY E— 10 I J 55 AR (0 ARG, 22 21 A T S K T8 58 A8 B 4 st AL AL AT 58 vh A AN T AR AR D B 2 i
fEPL R F AR KT H

5) M H CRISPR/ Cas J [H 4 4 £ A G il T 52 55 ™ 56 46 1 46 b AT . CRISPR/ Cas 2 [N 4 8 2 48 © 8N 2R
iRk 2 0 1) R Tz T A AR ) 1 S TR ) B T R A SRR R o SR AR T AR, AL E E
4[] 958 A A o i 75 CRISPR/Cas 9 £ 48 19 0TI i 1 22 Pk o R S BF 58 R ), 1 4 1) 66 IR 2 0 6 00 Ty
1. 7%6~8. 406 it 3L By B © 2 WiF &t 22 P AN () 28 TR0 0 5 40 1 0 B DX A 4 2 0 I 3 s T R IR i T KO
T3k 50% LA 17 g5 A S AL G IF 98 (GWAS) AL 24 H R 1 VAR & i, b R Bk 22 1 e 572 4 3k 3 R4S DR
S, CRISPR AR A B2 il ok J5 25 kDX ) e i e Bt 5% 58 46 ) 4 B ORHBI i b e A7 2 T Be o I HLBf % CRISPR £
AR 2 I, 3 XoF 7 BT BT S Rl 0 A DG R PR R AT 22 B DX g B DA TS S AR R 2R S PR RE LA T RE
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