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Physiological Responses to Low-Temperature Stress and Cold Resistance
Evaluation of 20 Medicago falcata Germplasms

DUAN Wei, MUUIT Munire, YIMIN Jamilaigul, WANG Yu-xiang, LI Qian’

(Key Laboratory of Grassland Resources and Ecology of Western Arid Region Ministry of Education, College of Grassland Science

Xinjiang Agricultural University, Urumqi, Xinjiang 830052, China)

Abstract: To screen cold-tolerant Medicago falcata germplasms and to clarify their physiological response
mechanisms to low-temperature stress, this study systematically evaluated the physiological and chlorophyll
fluorescence characteristics of 20 accessions under gradient low-temperature stresses (25°C, 10°C, 5C, 0°C).
By measuring seven key indicators, it was found that the contents of malondialdehyde (MDA , soluble sugar
(SS), and proline (Pro), as well as the level of initial fluorescence (F,), exhibited upward trends with decreas-
ing temperature, all significantly increasing at 0°C (P<C0. 05) ; while the relative chlorophyll content (Soil and
plant analyzer development, SPAD), maximum fluorescence (F,), and maximum photochemical efficiency of
PS Il (Maximal photochemical efficiency of photosystem I, F,/F,) showed downward trends. A comprehen-
sive evaluation using the membership function method combined with the standard deviation coefficient weight-
ing method identified M,, M,, and M,, as accessions with stronger cold tolerance. Stepwise regression analysis
further established a cold tolerance prediction model (R*=0.932), confirming F,/F,, and SS content as critical
evaluation indices. These results provide excellent germplasm resources and a theoretical basis for cold-toler-
ance breeding of alfalfa, and it is recommended that future research integrate omics technologies to further eluci-
date the underlying molecular regulatory networks.

Key words: Medicago falcata; l.ow-temperature stress; Physiological response ; Chlorophyll fluorescence ; Cold
resistance evaluation
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K %t (Maximum fluorescence, F,) Fl it & 48 11 #ix
KA 22 % %R (Maximal photochemical efficiency of
photosystem 11, F,/F,) i i 3 £ 2 ik 28 25 92 564X
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Table 1 The basic information of tested materials

#4 ¥} 4i 5 Material number VR M Origin 245 £ Longitude and latitude 4K Altitude/m

M, [ HL i EL Balikun County 43°39'18"N,93°05' 27" E 1635
M, £ HL 3 EL Balikun County 43°38'52"N,93°06" 15" E 1680
M, [ HL i EL Balikun County 43°39'55"N,93°04"40"E 1720
M, B #% & 3K AT Agexiwoba Village 43°39'30"N,93°05'50"E 1655
M; Bl k% K B A) Agexiwoba Village 43°39'10"N,93°05'35"E 1642
M; £ Yiwu County 43°22'43"N,94°31"12"E 1123
M, P8 Yiwu County 43°23"15"N,94°30"45"E 1089
Mg F5 v i B Tekesi County 42°48'03"N,81°55'18"E 1215
M, FPE T 5L Tekesi County 42°47'45"N,81°54"30"E 1230
M, [ HL i EL Balikun County 43°39'00"N,93°05" 30" E 1668
My, Je #72 E Nileke County 43°41"32"N,82°55"40"E 1345
M, Je #1725 Nileke County 43°41"10"N,82°56" 05" E 1312
M, 4 357 . Manasi County 43°54"36"N,86°10" 12"E 523
M., B4 L B Balikun County 43°38'30"N,93°06'30"E 1610
M,; I 4 7 B- Manasi County 43°55'00"N,86°0930"E 505
Mg [ L i EL Balikun County 43°39'45"N,93°04'50"E 1702
M, 71 £ 8 Qitai County 43°58"12"N,90°01'48"E 735
Mg & 8 Qitai County 43°57"45"N,90°02" 15"E 712
M, # &5 & Qitai County 43°58"30"N,90°01"'30"E 748
M., 44 87 B Manasi County 43°54"00"N,86°10"45"E 535
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Fig.1 Malondialdehyde contents in Medicago falcata germplasm under low temperature stress

TE < 500 AP 32 8 A 0 22 (SD) 7R, A el /NG 5 BEBR T B FETE , AU AR TR Al

AR )RR R 22 Sk g2 B 3 (P<<0. 05) , T[]

Note: Data are presented as mean + standard deviation (SD). Bars marked with different lowercase letters indicate that the differences of the

same germplasm among different temperatures are statistically significant (P<C0. 05). The same as below
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Fig.2 Soluble sugar contents in Medicago falcata germplasm under low temperature stress
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Proline contents in Medicago falcata germplasm under low temperature stress
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Fig.4 Relative chlorophyll content of Medicago falcata germplasm under low temperature stress

2.2.2 AKIE M A4S ROLE Hoe BEE IRE W
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Fig. 5 Initial fluorescence (F,) in Medicago falcata germplasm under low temperature stress
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Fig.6 Maximum fluorescence (F,,) in Medicago falcata germplasm under low temperature stress
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Fig. 7 Maximal photochemical efficiency of photosystem Il (F,/F,,) in Medicago falcata germplasm under low temperature stress
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W2 5°Cmp, T g R B FL/F 34 3K T 25°C X
(P<<0. 05, 2L FEMET . REEREZ 0°C, ir A FiUs
) F,/F RS2 B A%, a4 B0 FE o 0. 13~0. 95, o
M, F,/F, B R, M BRI /N

2.3 20 EREEMREEMESRESEN
2.3.1 B IKMAMRAEELEZELSFNDA A
5%k MDA, SS, Pro, SPAD,F,,F,,F./F,,iX 714§

FRAE A PF A MR, 1 SR R ok 00k R b v 22 R S0
T ARCH IE X 20 1 B AL B 18 M OREIG TS € AT 2R
WM (R 2. 20 B AEH fE MBI DIETE 0. 171~
0.796 Z Ii] , H vt M, (19 25 & 1M fH fie i, 9 0. 7965
M., B8 G IEM B B A%, M 0. 171, RIELES N D
{E, 20 103 B 46 17 15 B RE A0 TR 2 P HE 1 45 SR R - M,
=>M,>M,,> M, >M,, > M >M,, > M > M, > M >
My=>M,>M:>M,, > M, >M, > M > M > M, >M,, .

*2 RERFERWEMHESTEMNDE
Table 2 Presents the membership function values and the comprehensive evaluation index D for cold tolerance
R [ CIRGRER MR HEEMXE R WAL RO A Il D #i¥
Material ~ Malondialdehyde  Soluble sugar ~ Proline SPAD F, F, KA R F/F,, D value Rank
M, 0.806 0.283 0.461 0.711 0.955 1.000 0.982 0.796 1
M, 0.913 0.812 1.000 0.968 0.685 0.608 0.701 0.776 2
My, 0.760 0.447 0.128 0.432 0.988 0.960 1.000 0.747 3
M,, 0.869 0.248 0.038 0.719 1.000 0.890 0.980 0.733 4
M, 0.596 0.274 0.255 0.869 0.994 0.857 0.968 0.731 5
M; 0.947 0.245 0.473 0.952 0.672 0.655 0.743 0.659 6
M, 0.846 0.265 0.092 1.000 0.834 0.422 0.663 0.585 7
Mg 0.779 0.278 0.146 0.476 0.782 0.608 0.642 0.572 8
M, 0.594 0.337 0.128 0.985 0.717 0.511 0.716 0.559 9
Mg 0.838 0.385 0.203 0.849 0.694 0.394 0.609 0.555 10
M 1.000 0.737 0.453 0.549 0.538 0.293 0.440 0.548 11
M, 0.436 1.000 0.203 0.682 0.909 0.111 0.257 0.513 12
M 0.725 0.130 0.091 0.864 0.814 0.270 0.634 0.512 13
M, 0.869 0.347 0.222 0.666 0.490 0.519 0.554 0.510 14
M, 0.343 0.408 0.252 0.737 0.494 0.549 0.383 0.441 15
M, 0.637 0.104 0.305 0.801 0.624 0.227 0.377 0.433 16
My, 0.614 0.130 0.066 0.954 0.598 0.030 0.401 0.369 17
M; 0.000 0.000 0.103 0.521 0.676 0.192 0.360 0.301 18
M, 0.444 0.203 0.016 0.000 0.255 0.055 0.313 0.197 19
M, 0.758 0.238 0.000 0.862 0.000 0.000 0.000 0.171 20

2.3.2 E R A4 A XFTA PR FE bR G0 45 5L
L 5 s T = 17 e = A T A | B Ay
BRR(E D, M4 ER S Bib sk Rxs T
89.907 % , e % A WU Hh ) W 7 4> PEH 48 s 14 28 R

G345 B TE R PE Y 20 03 85 A6 7 Bl SR B 2 M 1 25
AR . B4 F WM (F/F,,SS,SPAD, MDA)
R S KRR AIE 1) iV R 20 003 76 B 7 B B 9E
I 36 5 VA 1) DG B AE o

K3 ANEMSHBEFHET FERHKE Rt mmE

Table 3 Factor loadings, variance contribution rates, cumulative contribution rates for the four principal components

HF# i Factor loading

M E #5345 Index

PC1 PC2 PC3 PC4
N % Malondialdehyde —0.566 —0.404 0.305 0.588

Tl A Soluble sugar 0.273 0.71 0.512 0.185

Jifi &% Proline 0.522 0.669 0.129 0.078

& Z A X SPAD 0.334 0.301 —0.782 0.415
WGP F, —0.772 0.365 —0.148 —0.385

BRI F, 0.885 —0.282 0.116 —0.133

RGN KO8R F/F, 0.910 —0.374 0.011 —0.084
Ti#k % Contribution rate/ % 42.655 22.256 14.55 10.446

SUB 5T #k % Cumulative contribution rate/ % 42.655 64.911 79.461 89.907
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2.3.3 ABE A XFTAPEMFE bR A 0 4 5L
MEEA VRN DAESEAT A S PE 0 B (B 8) . 45 2R
R F 5 F, F/F, FUVD (B 22 0] 347 76 A% 35 7 6 AR
etk MR R BT 5 —0.66.—0. 79 F1—0. 80(P<<
0.0, F,5F,/F, D Z 0] 3 £7 76 i 3 5 25 1
IEAH SR, A SE R Bk i S 0,91 F 0. 87 (P<<
0.001) . F,/F,F1 D8 Z [a] ¥ 47 76 B I 5 35 0 1E AH
Fe kA5 2% 0.89(P<<C0.001) . D {H Fl MDA
O Z A T R DG A E R B —0. 53
(P<<0.05). D {H 1 Pro % & Z 8] /7 75 & 3 /Y 1E AH
K (P<<0.05),SS & & 5 Pro & B A7/ . & 1Y IE
A A 5C R B R 0. 52(P<C0. 05)

2.3.4 Y wmiagd ik LRI LR A E
A T FE PR PEAN 09 O SEFR bR , A5 R FH 25 (6l )3 43
Mr (3 4>, 3 F BTl 5 (1 20 13 ¥ 48 B %5 19 MDA,
SS,Pro,SPAD,F,,F,,F,/F, o455 CH 2 8)
B FLLR A VA DB CR AR &) 44 i 2E PR PE A A
A SEVE > B B, Pro 5 SS,MDA 5 F £ 1 . # 3t
& B 8, i F,/F, (VIF=1.001) fil SS(VIF=
LOOD A HERIF (R4, H -F S5 DHEMMELER
B 9ilik 0. 89 1 0. 75(P<C0. 001 , 4% i 4k [8] 19 %
43 54 0,906 i1 0. 368 (t{EH ¥ >5, P<C0. 001) (£
4> 38 i B A 1] A Rk O S AR O A T R R
A (D) =—0.866+1. 194X F,/F,+0.296 X
SS, %7 % R*=0.932,P<<0.001, %W DH 5 F,/F,,
FSS FFAEM 5 PR OC &, HAB ARG 0 B R A
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Fig. 8 Correlation analysis of physiological and photosyn-
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thetic indices in Medicago falcata germplasm under low tem-
perature stress
TE ox, e, e 53 ) R FE P<C0. 05, P<C0. 01, P<<0. 001 /K - 2 5
2%
Note: *, **_ and *** indicate statistically significant differences at P

<20. 05, P<<0.01, and P<<0. 001 levels, respectively

B FL A S b S R T AT S G R PR R . A
A BRHLHE  F/F, B ROt & R G0Ra E P, iR B
T MDA 45 R R bn , SSHE R B B0 W)
Jo AR R T L e DA O T T AR T A AR A
[GESSERIPS 2 =L

R4 BHEME@MEPSZH

Table 4 Stepwise linear regression analysis (=20, 7 indicators)

el R 5 4
L 74 4 LEAR
S| Non-normalized coefficient fr dﬂkéﬁ P FENGH Wﬂ\f Bk TR F %
Item ¥ T I Standardization Pvalue FERR L Adjusted R F-test
3 v .. Ay bs N . -les
?ﬁ iR coefficient ! VIF R s
Coefficient  Standard error
# i Constant —0.866 0.108 0.000 —7.991 0.000" - 0.932 0.924 F=33.968,P=0.000"
HRGE N ERAMFIEF/F, 1.194 0.083 0.906 14.362 0.000™ 1.001
AR Soluble sugar 0.296 0.051 0.368 5.828 0.000" 1.001

2.3.5 RESH UM EMLZEITMN DME R
filh L i R G R 2 rp 3k WK 27 O BE R 1 4 1) i
B ik OIXE 20 0y B AL AE RSO IR T 9 M 8 AT R
R (B 9. M E REBE N 3. 0mF, FEA M
RERT RS R DU AT JE g (R 5, Hd B — 2%
BEAL & 6 MREAR (i BFEA 30%0) , H 28 B 374k D
{E AT 0. 659~0. 796 Z [1] , Ay i fiif 5 B Fp it ; 55 —

KRBT SAREARCEH 40%) , DAY A 0.510~
0.658, 2 H 45 Mt € AL 5 25 = K HE M 4 DA
(20%) D fH 7E 0. 301~0. 509 Z [f] , Ky 55 Tif F€ 54 ; 45
UK BEAL & 2 DNREA (10%) , D {4 0. 171~0. 300,
Sy W i AV TR BEORR TR AA RE  E  2E S PPN T R 4 R
J5, WY TS [ b S B UR A I 9E BE ) B R 4 A
FRAE
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Table 5 The classification results of cold tolerance for 20 Medicago falcata germplasms

255 Grade K Amount

¥4 5 Material number

D1{H D value iif 244 Cold tolerance

I 6
11 8
11 4
v 2

MH’MMYMIS)’MS
M."E’Mlz

M-l’Ml YMI()’MZ()’MIXYMG
MU’ME%’MZ’MIS*MIG’MT*MISEMH

=>0.659
>>0.510
=>0.301
=>0.171

i Strong
R 45 Moderate
55 Weak

P55 Extremely weak

20 25
Bd T T T T T

S

[T
W
S
O

MRS
Material number
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Fig.9 The hierarchical clustering of cold tolerance system
for 20 Medicago falcata germplasms based on the comprehen-

sive evaluation index D
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AR IR W 38 % RN R 38 A B AT T
(SS) i 2 BR (Pro) Fl AT 5 P 2 11 5598 38 1 15 W) ot
YEFE A0 M N5 0BT, AR SR BTFERE ). ARBESE
WL H) B I B B A 20 14y 35 46 1 4 RO Y SS A Pro
SRR IR AR T LR A5 R 5T R A A 2
SCE D o 33X 5 2R A7 48 0 R T RSO AE i F
AR — 3, i — IR T AR R M T SS Ml Pro 58
PR 3 R 4 2 TR PR A8 B R 22 4l K
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FhT LM AFE 7 G T E PR 05 5 T M 5 M Y SS & i LU
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JE oA LR AT AR — B, ECETRBR TR
AU gy R B ERIR W0 R i 2 M R A
1 Fh T 2 AR 2 19 SS A Pro, LA 58 [ B Y Tiif €
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S5 L 5 WA B TR R R 3 VR T LR DDA OG- B
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S ECH R e MRS . Zhuo X AL H A
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Fik  E AL AERF Pro & &b, W T 48 1) 51 58 19 Tiif €
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