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Abstract; In order to investigate the effects of different rhizobial strains on Medicago sativa Linn. in Cu-
and Cd-contaminated soil, the growth indexes, major nutrient element contents, and corresponding heavy
metal contents of M. sativa inoculated with rhizobial strains SM14-3, SM3-2, SM1, and SM13-2 in Cu-
and Cd-contaminated soil (mass fractions of 20 and 2 mg - kg™ respectively) were compared, and the
Pearson correlation analysis was conducted for these indexes. The results show that in Cu- and Cd-
contaminated soil, the Cu and Cd contents in above- and under-ground parts of M. sativa uninoculated
with rhizobia but applied with nitrogen ( positive control) are both significantly ( P<0.05) lower than
those of M. sativa uninoculated with rhizobia and not applied with nitrogen ( negative control) , the growth

i B HE: 2024-02-01

ES£WE . WIIEBHE R RHALRE5 H (2022ZHCG0030) 5 AR i RH7 35 H (2023-YF08-00004-SN) ; £ BH 7 8 s 0F &35 H (2022NZ015)
PEE B/ AR (2003—) , Lo, WA AR} BN F 8 4 Jm 15 e H 3R E s S oe .

O3 (ZVEH E-mail ; xiumeiyu@ sicau.edu.cn

SRR MR, £ IR, EEH, & ARBRERE A Cu Fl Cd {5 3P EfE R [ 1], R 5IR S35, 2024, 33(4) : 30-38, 49.



PRI, A5 SRR B ARG Cu AT Cd 554 L3P TS B2 R 31

indexes and the N and P contents in above- and under-ground parts are mostly significantly higher than

those of the negative control, while the K contents in above- and under-ground parts are mostly lower than

those of the negative control. In Cu-contaminated soil, the Cu contents in above- and under-ground parts
of M. sativa inoculated with SM14-3, SM3-2, and SMI1 are all significantly lower than those of the

negative control, and the plant height, root length, dry masses of above- and under-ground parts per

plant, N and P contents in above- and under-ground parts, and K content in under-ground part of M.

sativa inoculated with four rhizobial strains are mostly significantly higher than those of the negative
control. In Cd-contaminated soil, the Cd contents in above- and under-ground parts of M. sativa
inoculated with SM14-3, as well as the Cd content in above-ground part of M. sativa inoculated with
SM3-2 and SM1, are all significantly lower than those of the negative control; the dry masses of above-
and under-ground parts per plant of M. sativa inoculated with four rhizobial strains are mostly significantly
higher than those of the negative control; the N, P, and K contents in above- and under-ground parts of
M. sativa inoculated with SM14-3 are significantly lower than those of the negative control, while the N,
P, and K contents in above- and under-ground parts of M. sativa inoculated with SM3-2, SM1, and
SM13-2 show different variations. In comparison, in Cu- and Cd-contaminated soil, the indexes of M.
sativa inoculated with SM14-3 and SM3-2 are generally better. The correlation analysis result shows that
among indexes of above-ground part, Cu content shows an extremely significant ( P<0.01) negative

correlation, a significant positive correlation, and a significant negative correlation with N content,

P content, and plant height respectively, Cd content shows a significant negative correlation with plant

height; among indexes of under-ground part, Cd content shows extremely significant negative correlations

with dry mass of under-ground part per plant and root length. It is suggested that the test rhizobial strains

have promoting effects on the growth of M. sativa in Cu- and Cd-contaminated soil in general, and hinder
the absorption of Cu and Cd in soil by M. sativa to a degree, in which, SM14-3 and SM3-2 exhibit the

prominent effects, and they can be used as candidate strains for efficient and safe production of M. sativa

in Cu- and Cd-contaminated soil.

Key words: Medicago sativa Linn.; rhizobium; heavy metal contaminated soil; correlation analysis;
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Table 1 Effects of different rhizobial strains on growth indexes of Medicago sativa Linn. in Cu- and Cd-contaminated soil (X+SD)!

AEHE Treatment

T RE SN TV 1Sy S R
T4 JE s HiEUE N IiS %j/c.m HRE/em Dry mass of Dry mass of
Heavy m etfll Sﬁljfn Nit?ogetn Plant height Root length athove—g‘rmljlnd u‘nder—gmlljlnd
contamination application part per plant part per plant
# SM14-3 - 34.37+1.36a 19.60+1.25be 2.23+0.09¢ 1.51+0.17¢
# SM3-2 - 27.43+3.01b 33.47+1.10a 5.07+£0.37a 4.31+£0.40a
* SM1 - 21.83+2.26¢ 19.53+1.39¢ 2.95+0.14b 2.64+0.31b
# SM13-2 - 12.50+2.29¢ 13.49+1.20d 1.33+0.15d 0.57+0.07e
* — + 19.77£1.95¢d 22.97+0.90b 2.83+0.25b 1.84+0.02¢
* — - 15.77+2.57de 21.27+3.18bc 1.55+0.37d 1.05+0.12d
20 mg - kg™! Cu SM14-3 - 16.93+1.10be 30.00+2.51a 4.33+0.20a 3.96+0.57a
20 mg - kg™! Cu SM3-2 - 14.86+0.95d 19.86+0.25bc 1.90+0.02¢ 2.03+0.17b
20 mg - kg! Cu SM1 - 21.51+1.10a 28.87+1.89a 2.34+0.39b 2.23+0.15b
20 mg - kg™! Cu SM13-2 - 15.37+1.18cd 19.80+0.26he 1.37+0.25d 1.19+0.10¢
20 mg - kg™' Cu — + 17.07+£0.31b 20.17+0.76b 1.01£0.10de 0.80+0.03cd
20 mg - kg™! Cu — - 14.11+0.30d 17.05+1.15¢ 0.72+0.06e 0.62+0.05d
2 mg - kg™ Cd SM14-3 - 9.97£1.05b 9.80+0.46d 0.55+0.03be 0.35+0.03¢
2mg - kg Cd SM3-2 - 10.20+0.40b 17.46+2.45b 0.31+0.01d 0.38+0.02¢
2 mg - kg Cd SM1 - 8.26+1.47bc 12.70+1.10¢ 0.33+0.04cd 0.35£0.03¢
2 mg - kg™ Cd SM13-2 - 7.30+1.00¢ 10.37+1.52¢d 0.33+0.02cd 0.34+0.03¢
2 mg - kg™ Cd — + 21.90+1.49a 24.83+1.60a 2.69+0.26a 1.53+0.40a
2 mg - kg™ Cd — - 8.54+0.25bc 11.54+0.75¢d 0.76+0.09b 0.75+0.06b
Do, TEAEISYE No heavy metal contamination; —: R ILEFPRIE T Uninoculated with rhizobia; —: /it &1 Not applied with nitrogen; +: Jits &

Applied with nitrogen. [F]F1HAR[R/ING S8 378 AH 8] 8 43 J& T5 44 1 58 v 45 8] — 48 b5 72 AS [5)ARR B 78 R (6] 22 53¢ W 3 (P <0.05) Different

lowercases in the same column indicate the significant differences ( P<0.05) in the same index of M. sativa between different rhizobial strains in the same

heavy metal contaminated soil.
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43.13% , i3 SM3-2 il SM13-2 5 i AR K s [
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MRS T Ry TR Hoh R SM14-3 B 1S
BARE L T R T T AR G f R, 43 51 328.71%
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Table 2 Effects of different rhizobial strains on N, P, and K contents in Medicago sativa Linn. in Cu- and Cd-contaminated soil (X+SD)"
AbFE Treatment N &H#/(mg-kg™') Ncontent P &HH/(mg-kg™') P content KFH/(mg-kg') K content
TRWE e WRMR WL T o 1 W o 13 HT
Heavy metal Strai Nitrogen Above-ground  Under-ground Above-ground  Under-ground Above-ground  Under-ground
contamination ram application part part part part part part
#* SM14-3 - 9.87+0.31d 11.11+0.23a 2.28+0.09¢ 1.56+0.15ab 2.99+0.15a 1.45+0.20a
* SM3-2 - 13.42+1.49¢ 9.13+0.31c¢ 2.43+0.10bc  1.42+0.15b 2.30+0.06b 1.35+0.11ab
* SM1 - 15.36+1.01b 10.29+0.54b 2.66+0.06a 1.41+0.11b 2.30+0.06b 0.96+0.15¢
* SM13-2 - 20.93+0.25a 4.90+0.43d 2.35£0.11bc  0.36+0.06d 2.37+0.20b 0.34+0.06d
* — + 14.28+0.65bc¢  10.02+0.06bc 2.50+£0.09ab  1.83+0.29a 2.89+0.11a 0.96+0.06¢
* — - 13.14+0.29¢ 9.89+0.09be 1.94+0.10d 0.83+0.11¢ 2.96+0.10a 1.09+0.17bc
20 mg - kg™! Cu SM14-3 - 13.83+1.93b 9.87+0.14b 1.87+0.11d 1.50+0.20ab 1.94+0.06b 1.29+0.10b
20 mg - kg™! Cu SM3-2 - 13.29+0.28b 8.19+0.09¢ 2.29+0.08ab  1.40+0.30ab 2.07+0.10b 1.25+0.11b
20 mg - kg™ Cu SM1 - 15.92+0.14a 7.73+0.31c 2.44+0.02a 1.74£0.11a 2.37+0.10a 1.94+0.06a
20 mg - kg™! Cu SM13-2 - 13.37+0.17b 11.41+0.88a 2.40+0.04a 1.58+0.18ab 1.94+0.15b 1.22+0.06b
20 mg « kg™' Cu — + 15.89+0.74a 9.56+0.42b 2.07+0.14¢ 1.31+£0.13b 2.53+0.06a 0.63+0.15¢
20 mg - kg™' Cu — - 11.01+0.90¢ 2.58+0.31d 2.20+0.12bc  0.87+0.03¢ 2.50+0.11a 0.70£0.10¢
2 mg - kg™' Cd SM14-3 - 9.87+0.09¢ 1.85+0.15¢ 1.50+0.08d 0.51+0.05d 1.58+0.10e 0.24+0.06e
2 mg - kg™' Cd SM3-2 - 20.23+0.38a 10.30+0.45a 2.19+0.10b 0.97+0.14¢ 3.51+0.20a 1.02+0.06b
2 mg - kg™ Cd SM1 - 10.77+0.89¢ 10.77+0.20a 2.49+0.06a 2.30+0.07a 2.99+0.15¢ 1.45+0.15a
2 mg - kg™' Cd SM13-2 - 10.42+0.22¢ 5.26+0.30d 1.87+0.10¢ 1.12+0.19¢ 3.32+0.06ab 0.66+0.06d
2 mg - kg™' Cd — + 15.19+0.89b 8.87+0.66b 2.10+0.17bc  1.38+0.10b 2.30+0.11d 0.80+0.17cd
2 mg - kg™' Cd — - 15.79+0.22b 7.11+0.68¢ 2.34+0.17ab ~ 1.05+0.10c 3.10+0.06ab 0.96+0.11bc
Dow . TEEIBITYE No heavy metal contamination; —: FFEFP AR B Uninoculated with rhizobia; —; ANt % Not applied with nitrogen; +: it 2

Applied with nitrogen. [F]Z1HR[R]/NG S 3 7 AH 7] 7 43 J 15 44 338 o B 4 7] — 48 b5 72 AS 5] AR 181 7 K 1] 22 57 8 3% (P <0.05) Different

lowercases in the same column indicate the significant differences ( P<0.05) in the same index of M. sativa between different rhizobial strains in the same

heavy metal contaminated soil.
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A E 75 B N AT P i DA R b R K &
A THE T 7.35% 211.11% 40.08% H1 94.12%
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Table 3 Effects of different rhizobial strains on corresponding heavy metal contents in Medicago sativa Linn. in Cu- and Cd-contaminated soil

(XxSD)V

AbFE Treatment Cu &H/(mg - kg™') Cu content Cd &H/(mg - kg™') Cd content
o m T g bk Tt U L M BB H R b R TR
Heavy metal Strai Nitrogen Above-ground Under-ground Above-ground Under-ground
contamination ram application part part part part
20 mg - kg™! Cu SM14-3 - 2.64+0.27¢ 10.89+0.72¢
20 mg - kg™' Cu SM3-2 - 4.03+0.72b 15.14+3.09¢d
20 mg - kg™! Cu SM1 - 3.93+0.28b 17.15+1.39¢
20 mg - kg™! Cu SM13-2 - 5.35£0.92a 30.13+1.98a
20 mg - kg! Cu — + 3.29+0.44bc 12.98+1.41de
20 mg - kg™' Cu — - 6.19+1.07a 26.14+1.59b
2mg - kg™ Cd SM14-3 - 1.34+0.07¢ 12.42+0.24e
2mg - kg™ Cd SM3-2 - 1.21£0.11c 17.40+3.22hc
2 mg - kg™ Cd SM1 - 1.69+0.48¢ 19.34+0.31b
2mg - kg™ Cd SM13-2 - 3.87+0.31a 30.00+0.07a
2mg - kg™ Cd — + 1.12+0.28¢ 4.89+1.53f
2 mg - kg™ Cd — - 2.77+0.84b 14.82+0.48cd

D —. RAEMAHIEH Uninoculated with rhizobia; —; ANJii% Not applied with nitrogen; +; Jifi%{ Applied with nitrogen. [f]31] FF A [F]/NG FE 78 M TR
B4R TE Y 3 hE 1E TR — 48 45 76 7R A AR 8 T8 78 Bk 8] 22 53 .3 ( P<0.05) Different lowercases in the same column indicate the significant

differences (P<0.05) in the same index of M. sativa between different rhizobial strains in the same heavy metal contaminated soil.
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A& 3 Cd 7 o Sk 2T B 6 B T R Cd
e T P R R SM Y 7S R Cd
Tl T AT R, i R Cd SR A T
B X R 2Pl SM13 -2 (9 8 78 Hb L Al 38 Cd &
TS dR e, HL TR B B0 45 h 39.71%
F1102.43% , SFHMEXT AR EE , #:F SM14-3  SM3-2

F4 CuFRIBEPEESIERENEXREY

FISMI BE 4 30 cd S EW T E, HER AR
F s MHZFRIX 3 AR T AR AR Y B A T 3K Cd & e L
KedEAh SM13-2 9 1 7 [ Fsth T30 Cd & w34 B 3
FHi o

2.4 XMW

2.4.1 CuiF#EEFHFHAFRAGALESH X
Cu V55 P EAE AN Cu N P K &8 MAHCAEK
BFRIEAT AR GRS 0T, 45 3R (3R 4) RWT. H 4 Hh 1 3
HARbRT, Cu FEYS N &8 2R (P<0.01) fA
K, 5P EFRHERE(P<0.05) AR, I Shkm T
FEHACP FHSREE R EAMECGK TE 53
PRl b1 5T i 52t 3 GO O 5 bR b T B A A
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Table 4 Correlation coefficients between indexes of Medicago sativa Linn. in Cu-contaminated soil"’

b b ERFEFREI A SC RS Correlation coefficient between indexes of above-ground part

EfsLN

Index Cu & it N & & P g K &4 ARk i P
Cu content N content P content K content Dry mass per plant Plant height

Cu &1 Cu content 1.00

N %% N content ~0.65 1.00

P %3 P content 0.50 = 0.16 1.00

K &1 K content -0.25 0.28 0.02 1.00

HRRT B Dry mass per plant -0.43 0.20 -0.39 -0.56 * 1.00

PR Plant height -0.51 = 0.25 -0.56 * -0.35 0.93 == 1.00

. T ERFEFRIE A E R EL  Correlation coefficient between indexes of under-ground part

Sl Cu & N P AR K 4R b AR ik
Cu content N content P content K content Dry mass per plant Root length

Cu & Cu content 1.00

N %5 N content -0.41 1.00

P &1 P content -0.44 0.74 == 1.00

K % K content -0.08 0.27 0.76 * = 1.00

Rk i Dry mass per plant -0.42 0.35 0.52 0.51 * 1.00

HRE Root length -0.42 0.37 0.62 s 0.67 s 0.85 s 1.00

D s, P<0.05; #* . P<0.01.

242 CdF#EEFEHFHBFRAGALESH X
Cd 15 HIEPETERAN Cd N P K &1 JAH A K
BFRIEATAHCME 3BT, 45 3R (3R 5) RWT. H 4 13
Hhatat,Cd S ESHE R R E MG K FE5 N
FracR P R A IR A G MR R IR S R .

TR R EARDG, A TSR, Cd &
5 LR T R T AR A R A U DG 5 N
RSP &FE K SEARKENEZFIEMX;P &
B K et B A ARk TR
B AR 5L i 3 IR ARG
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Table 5 Correlation coefficients between indexes of Medicago sativa Linn. in Cd-contaminated soil')

FER

Ho 48 PREI AT JC R AL Correlation coefficient between indexes of above-ground part

Index Cd &8 N & P E& K &4 bkt B B
Cd content N content P content K content Dry mass per plant Plant height

Cd &1 Cd content 1.00

N 1 N content -0.31 1.00

P % P content 0.39 0.24 1.00

K % # K content 0.39 0.48 = 0.84 1.00

BRI Dry mass per plant -0.36 0.19 -0.32 -0.31 1.00

## Plant height -0.53 = 0.26 -0.36 -0.30 0.94 * 1.00

. R ERFEFR B A OC R EL  Correlation coefficient between indexes of under-ground part

o Cd it N it P i K i ST Lk
Cd content N content P content K content Dry mass per plant Root length

Cd % Cd content 1.00

N %1 N content -0.06 1.00

P &4 P content 0.12 0.72 #* 1.00

K %3t K content 0.083 0.92 *3 0.70 3 1.00

FARRT R Dry mass per plant —0.67 s 0.23 0.06 0.05 1.00

HREK Root length -0.61 % 0.54 s 0.18 0.31 0.78 = 1.00

D s, P<0.05; #% ; P<0.01.

3 it FrsEp

F 98 & B, AR T N H RS (2 0 G R M A
54 AR BRI RE A RX BEL B S R 4 W S A A
P E SRR Y G T 4 JE e i Al ) 3 AR
FAP2 3R R TRIAR R o % SR M A PN 4 A
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4iKt®X 1 Supplementary table 1 ( Continued)

B b A

Element

deficiency

W ICR MR/ (ol + L71)

Microelement concentration

{reatment FeSO, - 7H,0 Na, -EDTA H;BO; MnSO, - H,0 ZnSO, - 7H,0 CuSO, - 5H,0  MoO, KI CoCl, - 6H,0
CK 100.00 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
N 100.00 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
P 100.00 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
K 100.00 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
Ca 100.00 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
Mg 100.00 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
S 100.00 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
Fe 100.00 100.00 30.00 0.10 1.18 5.00 0.10
Mn 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
Cu 100.00 100.00 100.00 100.00 30.00 1.18 5.00 0.10
Zn 100.00 100.00 100.00 100.00 0.10 1.18 5.00 0.10
B 100.00 100.00 100.00 30.00 0.10 1.18 5.00 0.10
Mo 100.00 100.00 100.00 100.00 30.00 0.10 5.00 0.10
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