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8.85-10.00 #) LB 32 /i EA47F, = IAA #8705 4 10.10. 7.74. 17.44 mg/L, & AIFERE
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AT AR, 3 MR TAFENFIRE 5.45%. 16.36%. 13.64%. *TARKGRIFENF A
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Screening, identification, and growth-promoting effect evaluation of
salt-tolerant rhizosphere bacteria of Leymus chinensis

ZHANG Xudong, CHEN Yongcheng, LIU Chaorong, HU Tianyu, CHEN Ying, SU Lihe,
BAI Yunfei, LIU Hui, MA Chunhui’

College of Animal Science and Technology, Shihezi University, Shihezi 832000, Xinjiang, China

Abstract: [Background] Exploring salt-tolerant rhizosphere microorganisms is of great
significance for improving and utilizing saline-alkali land and for alleviating plant salt stress.
[Objective] To screen plant growth-promoting rhizobacteria (PGPR) of Leymus chinensis
planted in saline-alkali soils, analyze their growth characteristics and plant growth-promoting
effects, and explore their effects on seed germination of L. chinensis, thus providing a scientific
basis for the development and application of PGPR. [Methods] The strains were isolated from
the rhizosphere soil of L. chinensis. The salt tolerance and pH adaptability of the strains were
tested in LB media with different salt concentrations and pH values. The ability to produce
indole-3-acetic acid (IAA) was determined by the Salkowski colorimetric method. The
molybdenum-antimony colorimetric method and CAS medium were used to assess the abilities
of the strains to solubilize phosphorus and produce siderophores, respectively. The strains were
identified based on morphological, physiological, biochemical, and 16S rRNA gene sequencing,
and the dominant strains with plant growth-promoting effects were screened. Seed germination
tests were conducted to verify the plant growth-promoting effects of the strains. Pot experiments
on the interactions between strains and L. chinensis seedlings under salt stress were carried out
to determine growth and physiological indicators of the seedlings under different treatments.
[Results] Three efficient multifunctional strains with plant growth-promoting effects were
screened out: Rossellomorea arthrocnemi Z7, Rossellomorea aquimaris Z25, and Cytobacillus
oceanisediminis Z49. They could survive in LB media with salt concentrations of 0%—-9% and
pH 8.85-10. Z7, Z25, and Z49 showed the IAA production capacity of 10.10, 7.74, and 17.44 mg/L
and the inorganic phosphorus-solubilizing capacity of 107.80, 128.52, and 95.95 mg/L,
respectively. Among them, strain Z25 produced siderophores. Compared with the control group,
77, 725, and Z49 increased the seed germination rate by 5.45%, 16.36%, and 13.64% and the
root length by 17.86%, 31.79%, and 27.14% respectively. Inoculation of the three strains
reduced the MDA content and increased the content of antioxidant enzymes of L. chinensis
seedlings in Pot experiments. [Conclusion] Strains Z7, Z25, and Z49 are multifunctional
bacteria that produce IAA, solubilize phosphorus, and tolerate saline-alkali. They can serve as
excellent strain resources for the development of bioinoculants and improve the utilization rate
of saline-alkali soil.

Keywords: saline-alkali; plant growth-promoting rhizobacteria; Leymus chinensis; indole-3-acetic
acid (IAA); phosphorus solubilization
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- ARV AR 5 R Ml AR 7 ) S BRI ]
Kz —WN PR 10%A9 7 A H AR 374 H
PRI A ™, 5 X ™ i N RIS 35%. K
e TSR A ENERZ —, #hiit
BHACA 3.69x107 hm?, 5 4 [ Al A 4 1
TR 5.01%, 3w Ak 32 25 + A= )y
PR E T, HEEMZBEE RS pH
TH S5 FE ) A0 B B 2 7 A A, DT A A
WA, BEIREY 5B, Ehai i o R 4
WA WEME . MU S o R e R A T ek
RIS XTI RAFTE A B 5, 2 Z B R
BYSEI , 25 T o - 5k i — k5 e S IR R, A=
Pyl K vk R AT DS T 3R Oy, et
BRI TR Z R0, Wl AR I fe T i i B
Yy, fREA PR A AR, T EOR Bz B O
o HETAEY e Ry 32 2 1ok A A=
T s L ) S5 0 R A b A A T K

FEYIAR BRAi 4 41 B (plant growth-promoting
rhizobacteria, PGPR)J& Xf # ¥) 4= K %5 WAL
AR, HARHEEY IR RS54t Wk
Y. SRR T . IR AR Y L JTRE
GEff SN FEASE XA e i — 2R A P I
AU — MRS ACAE . AR, TR A
NERL, TEIGINVEY ™5 . e m AR Bk 45y
T B A EE AN HME, R PGPR /RN A
JE R0 AR B O 4 500 2 R BRAR A 1 BF Y A
Mo DAMREY, MWAFREY AR g i
it ok 9 PGPR, A] L 1o 3 58 Al 1) 95 i85 1A
WEES) . BUGEIGE ROR RS YA R 4
SEZ AP, R 02 g £R W38 XTAE P LR R 52
i = A ) A R AP R B AR AR B
BCAT UL, AR BRI AR TR0 AR P 76 390 58 45 14 38
NRES S A KA B HAEEMEMN. A, 4
A e — 2R, Z2HMRET TFE
RAEY AR R G NEIO kRN, X HEA
AT R i 17 #AEY PGPR W%
TRAZPRARRTAS R o

“EEL(Leymus chinensis)h AR Al i H g B

AKEYY,  J BRI K i 2 300 4 76 [ 0 o i) o i
(1) 2 SRR S e SR U], JLE kAR . AT LA
1€ pH 8.5-11.5 AL Bl B 7776, AR Eh A4
N SR IRECAT AR, A R 2 EFR, LA,
FHE AR &M RER . R
Wi S RE L, AT ] R 5K & BRI AR 19200
Hp ] R O A A R R K T G R A
o, T A R ) A R ) R AR R
B, RITHET LI >, B & e R il
DR SE IR~ B A it ER B ST B AR, LA ZhEh i
o TR B S S Ao R I AR 5 AR PR
A A FCA 75X, o] AT G ) A
FEF UG, ASHETE AR B b T AR 11 = AR B
3 B R AR RO B, T — R AR
HAAL . 3 S e PR AE WL R SR o SR
Je HEA TR & S AR IR IR UE , DU R Eh A
1) ) B A o 700 B4 O i A S B AR B U

1S

1.1 #m

P BR[O B2 B R U 5T P
AL I T R E L R [ A XA
147 18 %(44°37'17.026"N, 86°0'57.672"E),
BEICK SVIE B 28, ERAR R BIEAR R A K
FIZHHEYRER, BERIEEER, LR
FAEARBR L, KR AN AR RS A B A TE P 4TI
RO, ISR = & .
1.2 EFE. FTELFINE

LB i3 H Tk midk, SN NaCl
VA VRO O R T R TR RR . ML [ AR SR S
MR [E] 4 55 37 5L 2 MR 22 TR AR fR ke o, oL
Wl R A 55 35 S A L R R 5 % i i N 7
PRAGBERE J1 o LB BAREFRIE | LB MRRG R
TEHUBE AN B B I 0 . A WU 2 B 55 92 2L CAS
BEFR B, T 8 R Tl Y A A AR A B
OS] AR B JCATL M VR AR B % 3 P A s B A L
BERAARE IR L, IR A YR A BR A A
Salkowski Ft (0, IiE i i HE AR 9L SC 25 21 Jy
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Bedil ; Salkowski G, #EIH CigrA PR A BR
ol L-EBEER, NS AE R A R A F .
MR EIRIR G 2, WS R U
B MKy, Ry A s
WA R ] ; PCR Y, SensoQuest A BRT¢/T:
N

1.3 EHFERERE

FREL10 g MR FR £ Jm A 90 mL JCE§ 7K, 28 °C .
120 r/min R HiFE 4 h 15 107 LHERBR ., &%
SRR 1| mL WA 9 mL T K)iil &
1072107 B . WICAS 16 B B R A T &
5% NaCl, pH 8.0 (NaOH #47)AYifif £h 58 LB ks
R, 30 CHEIERF 2 d. hBUES LSRR
WIRTS , 76 LB PR bl daift 5 %,
AL bR T 5, FE AR H =101 i H
B, —80 °CIRAF# I,

1.4 R EL IR AE 0 E

W5 95 3 4 TR AR B AP FE NaCl &5 8 1%.2%
3%. 4%. 5%. 6%. 7%. 8%. 9%If pH A%
) LB [EfAEE SR, IEAE 30 °CHEFRAH 1 &
B 1d®,

DLAS A RR 2 BB A K 1 e R R vk b Stk
PRSI pH 452 8.0, 8.5, 9.0, 9.5,
10.0. 11.0. 12.0, 30 °CHEF=AAMIE 598 1 d>),
1.5 FERFRHAEIHEENE
1.5.1 FERERBEINE

W R S A T CAS 53556, 28 °CfF| &
FEFR 5 d, WLESTRR SR LR 75 ) BAE (E k A 2
R, A A (o B R R AR TR R P
1.5.2 4305 MR Z B (indole-3-acetic acid,
TIAA)BE NI E

WM RIS A L-AERRN LB Wik
FiHh 30 °C. 120 r/min 3575 3 d. 10 000xg &5
> 10 min, B EiEW 5% 5 A9 Salkowski Ho (o
WIRAT, WEOEHCE 30 min, DARIERE RS IR
ST RRLE . BREAR AL @R A HAT 43 TAA BE
FIWITEEE, FHDE ODs3ol™!, R4 TAA F5ifEfh
I TAA WE

1.5.3 FEBERENEMMNE

W0 2 T 2 M 1) B R B R T A ML
B S OB AR IR 5L, 28 °CH & Hi
5d, WEEMRE B GBS HE, RERRR
5375 B DB B A (D) 5 A iR LA (d) MR T
T8 H(D/AYE B R/ INK BRI AR ) i R 0 004 TR
1.5.4 MR HEENE

SEA RIS RE U B TR AR R T T R RE
()5 B E , K ODeoo N 0.9 YRR R 44 1%4%
ol 2 A B A AT R A 5 7 R R T AL A B
FiHrp, 30°C, 120 r/min #5355 7 d IS HURE, R
FHARSEDT H 72 0 1 5 2 1261
1.6 BEHRHILEE
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WA B MRAE LB AR =5 B R 3 d
S AN TR BE P2 DNA s iy 48 ) £ 3 B
FLRZH DNA, H4NEEHE Y 27F (5'-AGAG
TTTGATCCTGGCTCAG-3")Hl 1492R (5'-GGTT
ACCTTGTTACGACTT-3")iE17 PCR §" 1, HAk
JL R 28 e A SCHR (2413004 T, 3 38 7 3%
2 A B R PR A B w70 )T o
W AT A3 89 16S rRNA FE[K ¥ 51 7 BLAST 7E4k IR
55 %% (https://blast.ncbi.nlm.nih.gov/Blast.cgi) # 17
[ P L X204 o 1 F MEGA 11 3 Ah i3 R 55
REM(EBREIE S 1 000), WEHIHEFTHE
Y
1.6.2 EHREBELELEE

WA AL 4 4R BT D v B AR EA T AR B A
2% 5E o
1.7 FEMFHELRIE

PEICR/N—30 . FPRLIE I E R,
T5% RS TH UE 1 min, TR /KIEPE 4-5 WG B
5% NaClO YW ALFE 2 min, To R K IEVEZ U8,
W5 FhF7E ODeoo M 0.5 IR B HIZ i1 2 h 1E N
AhERAL, B IR KIZHIE ST AL, 7ERG SR
ML A2 TCR AR, AL 50 RifhF, REdlis
HA4NEE, TdESITEFE, 20d ESITA
R ORK . WK%,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



332 (YIS Gk

Microbiol. China

1.8 EHMIFEYEHE KM E MR
=AU

BEge L5 3:1 IRAYE KIESE Ak
1E75(10 cmx14 cm), #AE4L 0.4 kg, RIEHE
Flr 10 A0 FIRAC PSR SE B RN F, FRANE K
J&, BEMLEEC 5 BRKE—M%, RI5mE
B VAR ) R A3 SN 10 mL RR(Z7
725, 7Z49), CK dfn&arny LB Wik, &A-ak
PS4, MR 1 d 545K A 100 mmol/L
#1200 mmol/L £ NaCl I X 2 5 4 i k4 7 i
SAAFR, 4N 80 mL NaCl 5%k, 1] 48 h jiti
hn1 URERE W, et 3 WERAW, A HERER
FERZN 3.07 g/kg F1 6.72 g/kgl?¥?), CK Bl 45
HICH A E K. MBI T 2 R EE
EHL, RIGHURE . DE A K A g bR, Hip
N % (malondialdehyde, MDA) 7 & K F i
HoZ gkl g, 1 A Ak W (peroxidase, POD)
it 7 R A QR B i 0 52, B8 Ak AL
(superoxide dismutase, SOD)f i K F NBT ifs 5t
B, of 4k = W (catalase, CAT)EFIE K FH =
e TR A 5 T 0 01,
1.9 HIEAE

SIS AT A B R A Excel 2019 4, i
SPSS 27.0 FAF 4T B4R AL RN 437

2 ERE54M

2.1 TEREMRAY IR EE R

WIS 5 WA B A RS 40 iRIE B
H] 5 HLBETE R 5% NaCl 19 LB 53558 FAE K1
Fitk. NaCl¥E N 1%, 2%. 3%. 4%. 5%.
6% H pH AR, Frf wmbRA KRG RLE, 4
NaCl #E L 6%, ZE MM A 1 B
BN ESE S E R b7 R o | e o n e 2 e B2 Y
T4, A 20 BRI W TE 9% NaCl H pH A48
B LB 5385 EA K. eAh, A 17 BREEWLE 5%
NaCl H. pH fH N 8.85-10.00 £k F 477G, R
PRoc I 4 ALTE e 15 BRI ER DR AE 1 AR 1Y
PIRE, L5 S AR R

2.2 R EREARE NS

WL PR TE CAS B g L U 16 7= A 8 e ik
Bk, Lk d 2 MREA R EAREE I
Fk . HA Rk 280 nIEE kR (DAY KT 2
(F 1), HATEEHA B2k BE
2.3 E¥EDH TAA BE IR AT

Xof Ui 27 1 P B 0 2 5 1) B R R A T
W TAA BB E N E, A 12 SRR HA S
W IAA RE ST . HP kR 749 Bitatin, H4
PRI B0 2L 5

XT TR BRI TAA BE I iEATE |, 455
MAS TAA HeJETE A 1.32-17.44 mg/L (3% 2),
Hr R bR Z49 il %, A 17.44 mg/L.

R1 ERTREIRAEE

Table 1 The ability of strains to produce siderophores
Item Strain Z25  Strain Z80

7 U el A 32.83+0.78a 32.83+0.78a
Transparent zone diameter (D, mm)
Wk BHAE

Colony diameter (d, mm)
] P FE %L Soluble index (D/d)  1.75+£0.05b  2.70+0.15a

18.82+0.16a 2.43+0.22b

ARG PR R AN R T - 1 b5 22 57 . # (P<0.05) . Tl
Different lowercase letters indicated that there were
significant differences in each index of different bacteria
(P<0.05). The same below.

R"2 EKRTHIMRCEKRE
Table 2 Indole-3-acetic acid (IAA) concentration
produced by strains

AR 5 n5| Wk £ 2
Strain code Indole-3-acetic acid (mg/L)
Z1 3.51+0.04h
zZ5 3.08+0.031
77 10.10+0.08b
721 5.44+0.21f
725 7.74+0.13¢
Z31 1.32+0.01k
733 7.92+0.06d
749 17.44+0.18a
757 4.79+0.19g
763 3.52+0.03h
z77 2.67+0.01j
780 9.08+0.02¢
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24 EHRBEBENEMHNELER

T 2o Wl P 0 i s TR A T A PR TR A, O
Ve 12 BREA R TCHLBERE I TR AR, B55R 5 d
JiH D/d 7E 1.05-1.85, 4. HA7 B4y nY i JoHLak
REJ1(# 3).

ik 4 AR ELA A HLBERE T T, 3L D/d
£ 1.30-2.60 (5% 4), HfGAVIBERE &S .
2.5 BEHBBENEENESER

2R HCHE TR PR TS ER B e 7 B 4% i 41 Ak T e
FIGE, Btk 27, 225, 749 ¥R B R ER
BREE ST . A3 TAA. FEBEER, Rtk z25

*®3 EHRBEITHLBGEE

Table 3 Inorganic phosphate solubilizing ability
of strains

witk  EWEER % HLAR AR R
Y5 Transparent Colony Soluble index
Strain  diameter diameter (D/d)

code (D, mm) (d, mm)

Z1 6.85+0.031b 4.54+0.051b 1.51+£0.010¢
z7 6.30+0.070cd 4.69+0.031b 1.3440.007ef
725 5.60+£0.045f 3.44+0.045d 1.63+0.008b
733 5.94+0.061e 3.21£0.031e 1.85+£0.001a
745 3.5740.092h 2.71+0.036f 1.32+0.019f
749 6.46+0.053c 5.13£0.070a 1.26+0.007g
752 7.09+0.070a 5.16+£0.090a 1.38+0.011de
757 4.88+0.070¢g 3.53+£0.091d 1.3840.016d
763 6.17+0.143d 3.84+0.122¢ 1.61+£0.022b
766 6.18+0.045d 4.56+0.074b 1.354£0.013def
773 4.79+£0.051¢g 4.56+0.095b 1.05+£0.010h
Z77 5.72+0.110f 3.76+0.087c 1.52+0.064c

x4 EREBAEIEGE

Table 4 Inorganic phosphate solubilizing ability
of strains

Wk @EUIEER W% A CIREEE =
%5 Transparent Colony Soluble index
Strain  diameter diameter (D/d)

code (D, mm) (d, mm)

75 8.65+0.06b 5.70+0.15b 1.52+0.01d
77 11.01+0.18a 8.45+0.11a 1.30+0.01¢
725 7.63+£0.15¢ 4.55+0.11c¢ 1.68+0.02¢
749 5.49+0.18d 2.11+0.07d 2.60+0.02a
763 3.13+£0.11e 1.65+0.06¢ 1.90+0.03b

W EA T ERERRRE S, 3 WRTE 2 v i
SR, HILBEBGX 3 MREE T T 25
XFPTRE R 3 R B Al AE 0 2R AT
i, HfE LB & %18 107.80, 128.52,
95.95 mg/L, ¥JHAG &5m 1 i JCHLBERE 1 (1 1),
BEAh, I I R AR A TR pH A, R BN
BRI AR Y & BT pHL (5078 LA R BRI T %
PR TR A P SRS A VAL DL R A
Feds A £, {30 3.85-10.66 mg/L (% 5),
H i Z 2wk 249, i85 10.66 mg/L,
X5 D/d R —3.
26 EMEEER
2.6.1 BEFKEIEELI 16S rRNA EENF
&R
XiF T O e Y 3 Bk B R AT AR HLAE AL S
(3% 6). JTMH ] MEGA 11 818 41 [R5
ARG EBRE 2). Wik 27 HEmAR %

47 G 1 (Rossellomorea arthrocnemi) A L F

1 EH#RES pHERRE ARKXET
R 3 BRIAJCHLE & i 22 57 8.5 (P<0.05), Al
/NG FRERIR pH R AR ZE 57 .2 (P<0.05).

Figure 1 Inorganic phosphorus concentration and
pH reduction. Different uppercase letters indicate
that the inorganic phosphorus content of the three
strains is significantly different (P<0.05), and different

lowercase letters indicate that the pH value is
significantly different (P<0.05).
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*®5 ERBANBRE

Table 5 Organic phosphorus concentration

Wtk s APLBRRE
Strain Organic phosphorus concentration (mg/L)
z7 3.85+1.36b
Z25 5.62+1.35b
749 10.66+0.89a

&, 18 99.161%, ZEATEAFRIE A FAE AL RE
P, WERKE 27 7 Rossellomorea arthrocnemi.
[ b, Bk Z25 % Ak S ZEm by G
(Rossdllomorea aquimaris), #ikk 749 %5E HRVEDT
FUPIHLIR 2T 1 (Cytobacillus oceanisediminis) .
2.6.2 FERRMMEEEXNMFIALXHIEN
M 3 I, MET CK, #HMEK 225
M Z49 J5, FEM TR ZFHRE 3A). kKFR
(K1 3B). & 2455l 3C)¥ I8 4 =5 (P<0.05),
Horh & S R 5 18.48%F1 16.93%, K& 2%
PR E 16.36%F 13.64% , & F T8 505 3% 5
36.92%7F1 34.46%, Wtk 27 5 CK 4AH 25
ANEE ., Wbk 27, 225, 749 Fh1i5 g5
T CK (P<0.05) (K1 3D); A4S TRtk 27,

*®6 FMEEMKEREWIAE
Table 6 Physiological and biochemical tests of
selected strains

Item Strain  Strain Strain
Z7 Z25 749

TEM K f# Starch hydrolysis  + - +

FrERRER R - - +

Citrate utilization

THEWE 42 1 + - -

Sucrose fermentation

EARNIYIN - - -

Peptone hydrolysis

JRE W Urease - -

2 fioh X 56 + +

Contact enzyme test

ilidliie + - -

Gelatin liquefaction

R ER 40 i + + +

Nitrate reduction

2T i - + +

Methyl red test

V-P % V-P test + + +

435511 e 78 PRS2 0B S0
+ and — indicate positive reaction and negative reaction,

respectively.
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2 FrEEHRET 16S rRNA ERFIIMWENRFLEN A Wk Z27; B: Witk 225; C: Rtk
749, FES NP AR GenBank 253855 43 31 s U 2R bootstrap fH(1 000 IREE K ); bR
AR B

Figure 2 Phylogenetic tree based on 16S rRNA gene sequence of the selected strains. A: Strain Z7; B:
Strain Z25; C: Strain Z49. The sequence in parentheses is the GenBank accession number of the strain; The

branch node number represents the bootstrap value (1 000 repetitions); The scale represents the evolutionary
distance.
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_ | S b b ]
= g -
z 40T g 3
& £ 60} E3F
g £ g
L —1
on 30 £n =
£ K i
= o 40+ g£2F
i = %D q‘-)'
g 20+ = O
3 g
& 20 1k
10}
0 1 1 0 L 0 1 1
77 725 749 CK 77 725 749 CK Z7 725 749
D a0 E 5 L
£ b
18 a a 5 51, c
T a b I b : T
16 F 4}
3.0F
i b £ =
P o £ |
E 12k T E 3k 3 2.5
= 20 £
a3 10 L 5 20
& & =
5 8 S 2f g 1)
= 5]
6 73]
1.0k
4 1+
5 0.5F
0 L ! 0 ' 0.0 . '
CK 77 725 749 CK 77 725 749 CK Z7 725 749

B3 BEWHNEEMFHEALANEE A KFH; B: KIFE; C: KFHE: D: HHHELG E: @K,
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Figure 3 The effect of strains on seed germination of Leymus chinensis. A: Germination potential; B:

Germination rate; C: Germination index; D: Vigor index; E: Seedling length; F: Root length. Different lowercase
letters on the column indicated that the difference between different treatments reached a significant level (P<0.05).
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Figure 4 Photos of Leymus chinensis plants after
different salt stress treatments.
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Figure 5 Effects of inoculated strains on the growth of Leymus chinensis seedlings under salt stress. A:
Aboveground fresh weight; B: Terrestrial dry weight; C: Underground fresh weight; D: Underground dry
weight. Different uppercase letters indicate that the difference between different treatments under the same

salt concentration reaches a significant level (P<0.05), and different lowercase letters indicate that the
differences among different salt concentrations under the same treatment reach a significant level (P<0.05).
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Figure 6 Effects of inoculation with strains on antioxidant enzyme activity and malondialdehyde content of
Leymus chinensis seedlings under salt stress. A: Catalase activity; B: Superoxide dismutase activity; C:
Peroxidase activity; D: Malondialdehyde content. Different uppercase letters indicated that the difference
between different treatments under the same salt concentration reached a significant level (P<0.05), and
different lowercase letters indicate that the difference among different salt concentrations under the same
treatment reach a significant level (P<0.05).
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