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SEM X WERIRMEE E /Y ik 5 F 4

o', Wk 36, ERA', B!, kOB, xipeE', & 2

CLAAR RN R 2B 22 B / Bl AR 25 R G HCE M0 B A S 00 %/ rh—28 B0l & 0L AT RE SR SR AT A ot H7 220 7300705
2. o [ 2 B b e AR A BT /I A R R AR S S SRR, I T T 810008

WE: ARBSERRERRRERFRAER TR, KRG ENRAL R E P 4L 55 (Festuca sinensis), 3 Ho-F- 3
K (Poa pretensis). #2453 (Roegneria purpurascens) He IR i e AL £ 1, AP R A ARE B A A, BEELAHE, B R
Sk EAEE, AR R AREITTADFEL, EREAVW, NI EARIREF L L UREBRANEA®K, &
HHEF H 651~ 14149 ng'mL ', Ak JR ik pH A 2.97~3.79; 16 thiE B R ALEE bk, B F h 371.29~ 538.59
ngmL ™, BARIEFRRI B, 2 4B A H Ak, B RS 91.71~160.20 nmol-(h-mL) ' (C,H,); 14 44 ik £ %
MEIAA B, » ¥ 010~092 pgml ', AN Sk EE. 2h%, HFH 54 052~139.22 2 0.12~0.99
pgml ™, BT ARG OB, EFAE RDARABRRLABOY A, 25 TANFLEL, BHHSPCBL ALET
W AT H (Enterobacter huaxiensis), H4> 11 % /% TR £ I & (Pseudomonas) ¥9 S AR B, KPR %5 £ 69 12 kA 4k
PR AT BA SRR AN, A58 EAMAIR LA M AW 7 A5 3R A KR A3k A

KB SRFEa; MARRLEE,; B8 BR; MWHE; BREL, REDEA

MRRARAERS: A MNEHS: 1001-0629(2022)09-1752-11

Screening and characterization of plant growth-promoting rhizobacteria from
rhizosphere of forage species in an alpine region

CHAL Jiali', YAO Tuo', WANG Zhenlong', HAN Jiangru', ZHANG Wei', LIU Xiaoting', LI Qian’

(1. College of Pratacultural Science, Gansu Agricultural University / The Key Laboratory for Grassland Ecosystem of Education Ministry /
China—America Grassland and Animal Husbandry Sustainable Development Research Center, Lanzhou 730070, Gansu, China;
2. Northwest Institute of Plateau Biology, Chinese Academy of Sciences / Qinghai Provincial Key Laboratory of
Restoration Ecology for Cold Regions, Xining 810008, Qinghai, China)

Abstract: This study aimed to obtain growth-promoting bacteria resources of excellent herbage in alpine regions, and then
identify strain resources and provide a theoretical basis for grassland vegetation restoration and the development of microbial
agents. Growth-promoting bacteria were screened from the rhizosphere of Festuca sinensis, Poa pratensis, and Roegneria
purpurascens in the alpine regions. The characteristics of organic and inorganic phosphorus solubilization, nitrogen fixation,
and hormone secretion of the strains were evaluated, and the superior strains were identified using molecular biology. The
results showed that a total of 14 strains that could dissolve organic phosphorus were screened from the rhizosphere of the
three herbage species, with the phosphorus solubilizing capacity ranging from 6.51 to 141.49 ug~mL71 and the pH of strain

culture media ranged from 2.97 to 3.79. A total of 16 inorganic phosphorus solubilizing strains were identified with

RS HEA: 2021-09-10  FEFHHE: 2022-01-06

EEWB: RFHEHERE S RTE (2019YFC0507703)s H il bl 5 55 5 J5 4 5 A 318 VA R 4% 10 H (GSAU-TSYF-2021-011)
B—1EH: SN (1997, &, HNREIA, FEiEmitA, o507 Mo EY BRI E] . E-mail:1790744295@qq.com

BIEEE: U0 (1968-), 5, HIRKHA, #d%, 1, THR7 e Z R, E-mailyaotuo@gsau.edu.cn
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phosphorus solubilization capacity of 371.29~ 538.59 pg~mL71. A total of 22 nitrogen-fixing strains were screened with
nitrogen-fixing activity 91.71~ 160.20 nmol~(h-mL)71 (C,H,) and 14 strains were found secreting plant growth hormones
with secretion levels of IAA at 0.10~0.92 ug~mL71, and those of gibberellin and zeatin at 0.52~139.22 and 0.12~0.99
ug-mLfl, respectively. After molecular biology identification, a total of 12 strains with comprehensive growth-promoting
characteristics were screened out. The strain SPCB4 was Enterobacter huaxiensis, and the remaining 11 strains were
identified as five different species of Pseudomonas. The 12 strains of plant growth-promoting rhizobacteria identified in this
study exhibited multiple growth-promoting characteristics and provide strain resources and a theoretic basis for subsequent

grassland vegetation restoration and development of microbial agents.

Keywords: alpine meadow; plant growth-promoting rhizobacteria; phosphorus dissolution; nitrogen fixation; plant

hormones; bacterial identification; microbial bacteria

Corresponding author: YAO Tuo

e FEHb X 2 R B A SR X, 1% X
QNI S (I (75 3 L2 | e N 0 e 2
— RHN NGB, 8 FE X B AR S R G B i
W BRI, H T2 90% 19 7] FI F K 48 5 &R
FEAEAN IR B SR AR, X AL oA T R RE VR 454,
S R L K R RS SR S T e, B
AR R R BP0 Bl A B AR S BRE, X2
AR AL P, PR, 0 v T X R AR AR
PrApr, TR T8 3 Bl AR ) AR KR 1 A 250HE it
e Y. B, R ERT S MA LTI DL R
U7 — se i, i H B 2 1wl A2 B A 3 R e
X L7V ) ST A T M B A T e FE M IX L HE AR AL
li) R, (E AT — R B B, LR e AR AR IR AR
Ko AR M VR R 2 Y A K AR e P AL
BT LR ER S FAEYE, HiHE RN, KE
BRI 2 R 40% Kot K40 IR IG5 LAz
77 kN Y, (A B R AR IS T
Fe oy Lo e o L PRI AL, S SO b AR e 1 R T FE
gk 22 Bk, BT T TR IR o S B i O M AT
P 0 SR AN 9 A A FR B - 4y b DY,

MR bR AR A& (plant growth promoting
rhizobacteria, PGPR) 7& — Z5 H & B4, Be 7 H Y R b
E G, HIE I A . o WA R S T e R (R A
YA, M H PGPR AT il 5 A= ¥ B IE B0 7R, R %
B8 L gahfy, o LB FR I BERIR O, KRR R
i FL R B s 4. e 7t R 0 PGPR
Xt 7 Al (Solanum Iycopersium)~ ¥ J\ (Cucumis sativus)
PR 53 R Bk s A s AR AT RR AR 2L T
NG RE, R ICAE Y BRI B S b A

E-mail: yaotuo@gsau.edu.cn

A ol 3 A R 19 75 Piromyou 51 i 38 17
£ K (Zea mays) # PGPR, & B HA F| T H B AH Y
AKKRE . B, ikt R PGPR il 1F i 4 4 B AL
BB 7 B B Ry e TE DX A Wk R BRI TR R
STk, AT T R FE L X RARFL R AR SESF (Festuca
sinensis)s -l B 24K (Poa pretensis). 45 T8 #5 W .
(Roegneria purpurascens) F3 5 07 12 1% I 3% B 4 PGPR,
W Hoaz H T ) 28 e 28 Hby XG0 AE W 1R R, R AR
WPl FESE Kk e B BB E L.

1R Tk

1.1 R

FEmh T 2020 8 H XA BFBAITTEEEHM S,
2 KA b AL T L R B IR AR, 4R 3200 -
3250 m, HiHL {7 E 37°39'51" N, 101°10'44" E, S
MY e T v JR R i 1 A, AP 1R 0.8 °C, 4EF
B F% 7K & 500~ 600 mm. AH # 28 BL A i FE A, R
HFh AL 15 & B (Kobresia myosuroides) . F 3 K
(Poa pretensis), ft-4= 3 2 DL R AR 7 4 5F (Stipa
aliena)s H 4 £ (Festuca sinensis) N E""", R4
HAER SRS B L OR L SRERE O B S R AR, AR
TP A PR ARG B, WA T B B 3485 UK
&, A Bl 9o g 2 5L R EEAT PGPR T #1425 .
12 ExHE

B R o 1T A RE 10 g BROR B
[(NH,),S0,] 0.1 g, &AL (KCI) 0.3 g, LKA B IR -
(MgS0,-7H,0) 0.25 g, 7~ 7K & & AL B (MgCl,-6H,0)
50g AP RS 5.0 g /T WL [Cay(PO,)] 5.0 g
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ZE87K 1000 mL, BEfIE 20 g, pH 7.0,

T G d 7 P (nitrogen free medium, NFM): —7/K
A5 A4S (CaCly-2H,0) 0.02 g, -B/K EREREE (MgSO0,-
7H,0) 0.2 g, R & — 1 (K,HPO,) 0.5 g, — /K &
2 £ (NaMoO,-2H,0) 0.002 g, 5 1t %4 (NaCl) 0.1 g,
R 50g 0.5% R H BB 5 mL, B 20 g ([F
s IR L) B 2 g CF [l R R 7R 5, SR 1000 mL,
pH 7.0.

King’B % 77 £ (KB): & H Mk 20 g, % g & — 4
(K,HPO,) 1.15 g, LKA BRI EE (MgSO, 7TH,0) 1.5 g,
P = 15 mL.

LB} 953 BB 10 g, BRI 5 g, NaCl
5 g, Bl 20 g, ZK1%/K 1 000 mL, pH 7.0~7.5.

1.3 5%
130 PR BR B AR 2 44k

AR AR bR BT A B AR Ry AR, 255 0%
AKHET BT R B E R BR 2 9 3 AN X, RIAR &
1+ 3% (soil adhering to roots, RS). #¥ % % [ (rhizoplan
or surface of roots, RP) Al # 4 2 21 (histoplan or
interior of roots, HP). 73 & 75 i%: 7E 8§ TAE & F +}
HHEMR AN SR g MR R, MASH
9 mL 4 £E /K (0.85%, 2K E) MikEH, 20k
5], 135 RS K IR 107 R s A4 1R 2 H0 s IR TN
—AEH LW PR ER 1 9 mL A BE UK (0.85%, C
K KR T, B RSIEF RP XK 107 Rk
s TR AR R ECH B A AR R i, e
75% Wk KB 3 min, 28 J5 F TG B 7K gk 2~3 Ik, BY
50 W R O O B S A NS A 9 mL AR EE Eh K
(0.85%, CLK ) K&, AR, 193] HP XI5
(107 BRI W HL A% X 40 F 107 6 B W 1 mL,
ANEH 9mL A H K (0.85%, CKH) MRS 7
SYIRAT, 1R E) 107 BB, 12 18 BR R M R VS AR K
HIGIREE N 107 104 107 BB & . R SE AR
Y A A K 1070 1070 107 R W 2 A 9 A B
NFM 35 77 56 A0 ] A i ol 155 72 2 1, AN XK A
R BEAE R 97 5 L & EHE 3K, 15 C 89248+
B9 7~ 10d, FEFA PRI AETE NFM 8575 5 A=
e R ) T kA Al Ak, B A T R R s B I 4
TR IR A v BB 0 AN R T g AT AliAk, BN
VTR, B Ak 5 I AR R T 4 °C %Y.

1.3.2 B AR AR AR e 1 I 5

T bR U e e 2 HE SR . R R ER
KRBT LB Witk sE 32 % b, 78 15 °C. 180 r'min
A N IR 2~3 d, HH EHE LB AR I T ODgg
— 5, WA 100 uL B W A T A 3 mL K [ 4
NFM #5725/ 12 mL MG+, Bk E 3 IREH,
DAAS B2 B8 15 75 B R 6 R, 15 °C K5 9% 48 h J5 ¥ #m ik
FEH AR IR FE, OO0 W TE T #8 4 H 1 mL SR IR
AN 1 mL ZBR, 15 °C K5 9% 48 h. il B 3k F 2% i B
TR A AAE 50 pL i NS GB35 X (Agilent 7890A, 3
[E) A A HERERE A, A0 3% W82 C,H, H g i ) % i
T AR BT 4 Bb, 5 ] O 1

T I T A M 0 s Y S b L N A
i 1 % L 1A VS 1 BT B AR H AR T 20 mL WA
B33k (DK B) T 15 CL 180 rrmin | 41 T HE 3%
10~14 do W ¥53E% 8 mL T 4 °C. 12 000 rmin ' %
N B L 15 min, BUEIE W 1 mL F 100 mL = A,
G N\ NaHCO; Y53 19 mL, B T-#ZFK (180 r'min ')
R 5 30 min J5, #EHHRECIER 5 mL, A S mL
HEPLE AT SomL AR+, €A 5T 30 min.
FH A0 AT WL 53 F A BE TR 2 OD g, TR B 5

TR 20 U0 B P 0 e Y, s e o PGPR
Bk R T A KW A = A, 715 C. 180
rmin | 4 TR R 3E 10~12 do WREU B 50 pL
T AZM _E, N 50 uL Spot Eb 3k, Herbxf B8 50 uL
WPEN 0.01%0 1] 3-TAA, ¥ FEBLE T = iR B 1
ZAF 5 20 min PSR IF 1] BB ARAL o W1 AR Rk
£ B B8 Fk 43 Wb A2 K 25 (Indole-3-acetic acid, IAA) RE
B, F+ER s AR o 5 B B PR AR 40 I TAA {HBE
JIE S, F+RIN o 85« R F s 50 AR 3 v
(high performance liquid chromatography, HPLC) 22
I R W& (IAA. GA3. t-Z) & & . HPLC i %%
Ky« [l %2 # A Agilent ZORBAX Eclipse Plus C18
column (4.6 mm x 250 mm, 5-Micron), it I #H 4 B -
KUK TRTEW =45 : 54+ 1, K KN 254 nm,
930 °C, Wiy 0.8 mL-min ', HEAEE N 10 pL.
0 3 H I BE AR B2 AE T 150 mL KB R iR R 77 5
15 °C. 180 rmin ' fBIR 18535 5do KEEWAE 4 C 55
> 10 min (5 000 r-min ') Y4 _HIE W, I 2.1 2. FE %%
W w4 A0k 4 223 1, W RE € 4% % 2 mL, HPLC
BEAT YT
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W bR 4y B9 9 % 20 1) it B PGPR B #RAE LB °F
B AT IE AL, SR A AREE SR HUA B DNA, ) i
F 5149 27F A1 1492R #4716 S r DNA /751 ff] PCR ¥~
1#1) |7 RifAk %y 2 x Tag PCR MasterMix 25 uL. DNA
R 3 uL 1B A 51404 1 uLy ddH,020 pL. 16 STDNA
7 500 5E B 22 R JE AR A BR A 7] 58 . H il
7 45 B 1E EzbioCloud ] 16S-based ID %4 J& it 1T
7] 98 7 4] EE 48, K ] Mega5.0 B4 DAAT 432 3 Ky 2 iy
IR NS W =k 870 iR N

1.4 HESH

K H SPSS 25.0 # A+ 4 #1 %1 ¥% . K H Duncan 2
ST AS [5) B MR A A 4 e (T . . 2 W ) 34T

Z 3 HT, K Excel 2010 #AEVEA .
2 R 50

SEMXHERREERRES T

W 3 MR IR AL A, JEIRTS 181 MRIE K (B 1),
o3 8 H AR SEARPR 59 #k, A ARE L (RS). IRE M
(RP) AR (HP) BE#EZ 1 o S0 33.90% 38.98% Al
27.12%; Hih LB OR AR Br 64 Bk, o 32.81% 43
F RS, 39.06% 4 & F RP, 28.13% 4 & [ HP; %
W AR R 58 #k, AN[A X 3 (RS, RP. HP) PGPR
MBI 32.76%. 39.66% 1 27.58%. MAKKE, 3
AR B A A= B8 40 AT 35 R B H RP > RS > HP 1) 4
A By o I8 I 3% B 5 9 L 3 4y B BV R A HLBE 52
B, IR TCHLEE 55 8k, & 74 B .

2.1

M [ % Nitrogen-fixing bacteria

O %A ML Organic phosphorus-solubilizing bacteria

30 ¢
O % JEHLBE B Inorganic phosphorus-solubilizing bacteria
.g 25 |
B
<z
.8 20
# o
2 L
e 15
=S
_og 10
£
zZ 5 F
0 | | | | | | | |
RS | RP | HP RS RP | HP RS | RP HP
S S B LR E eI
Festuca sinensis Poa pretensis Roegneria purpurascens
PGPR 43 4ii [X 3%k The distribution area of PGPR
E1 HEERHNERFHEERSHER
Figure 1 Number and distribution of bacterial strains in the rhizosphere of forage species

RS: MR+, RP: RAXM: HP: WHNHZ,: PGPR: MY bRIE 4 H .

RS: soil adhering to roots; RP: rhizoplane or surface of roots; HP: histoplane or interior of roots; PGPR: plant growth-promoting rhizobacteria.

2.2 EHRRESFENE

R AR VA Bl R PR
XTI B B R A B I, 25 AR AR, Al 52
PRI A LR AR A 14 % BB R UF ¥ i CAE R
5 AT ML B R (V66 7, o R R R 1 26.92%: it
B 55 RIETCHLBE R PR G 16 PREAG R IF IV fR LA
TR — 45 R JCH LB BEIR A BE /7, 7 BRI AR 29.09%
14 ¥R VA B HLBE B A BE BN 6,51~ 141.49 ng'mL
(£ 1), Hr ZMBI2 W0 & 2% (P <0.05) & T HAl
I ¥k, 75 141.49 pg'mL ', GMDBI % i & & 1%, A
6.51 pg'mL ', V& 7E 100 pgmL ' PA B E A

221

Wik, 2 5% ZMBJ2 Al ZMBN4, 157 5 E F e E 5
MR bR o BRI PR VA A LB 35 7R W 3 2R 1%, pH 2.97~
3.79. 16 ¥ i# Jo LB B Ak 7 1 & O 371.29~ 538.59
ng'mL (% 2), KKk GPDB3 AR &k, 1% 538.59
pg'mL ', F R & ZPBNI1, 9 533.93 pgrmL 5 B bk
GPDI1 7 B & 5/, 9 371.29 pg'mL ', BBk 76 AL
Tl % 77 W pH N 3.98~4.79, £,
2.2.2 [ Z0RR R R 1 D

o I G PR B S T I e (R 3) KL, R
T R [ U BE TSR], AR [ R 0 0 ik 22 BR AR
B[ 60, [ UBE T4 7E 91.71~160.20 nmol-(h'mL) '
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& 1 PGPR ERBMRAHBEE
Table 1 Ability of PGPR to dissolve organic phosphorus

#*3 PGPR E#RE R #E
Table 3 Nitrogen fixing capacity of PGPR strains

Wtkgm S
Strain code

AR
Dissolved organic.
phosphorus/(pg-mL 1)

pH

ZMBJ1

ZMBJ2
ZMBIJ3

ZMBB1
ZMBB2
ZMBN2
ZMBN4
SMCB3
GMDIJ1

GMDJ3
GMDJ4
GMDJ5
GMDBI1
GMDB3

15.83 + 1.04i
141.49 + 0.48a
93.68 + 8.17¢
63.45 % 0.29¢
11.36 +0.57
69.87 + 0.29d
120.96 + 1.00b
73.33 +2.13d
2635 +0.29h
44.49 +2.19f
33.97 + 1.50g
17.78 + 0.82i
6.51 = 0.29k
9.91 + 0.29jk

3.13 £ 0.06efg
2.97+0.22¢g
3.69 £ 0.09abc
3.01 +£0.05fg
3.31 + 0.04def
3.79+0.27a
3.72 +£0.39ab
3.38 £ 0.05cde
3.46 + 0.06bcd
3.53 £ 0.12abed
3.41 £ 0.20bcde
3.51 £ 0.06abed
3.32 +0.02def
3.21 £ 0.25defg

AFNE FREFRIRA R B Z B 257 835 (P < 0.05); FERF,

Different lowercase letters within the same column indicate significant

difference between the different strains at the 0.05 level; this is applicable

for the following tables as well.

% 2 PGPR B AR A

Table 2 Ability of PGPR to dissolve inorganic phosphorus

[z ¥ ke
Strain code

BTN
Dissolved inorganic
phosphorus/(ug'mL ™)

pH

ZPBJ2
ZPBJ3
ZPBB1
ZPBB3
ZPBNI1
SPCJ2
SPCJ4
SPCB1
SPCB2
SPCB4
SPCN2
GPDIJ1
GPDJ2
GPDB2
GPDB3
GPDB4

417.52 + 12.36de
417.15 £ 15.79de
381.24 £ 11.78f
485.05 +20.03b
533.93 +£24.56a
498.65 + 14.15b
443.85 + 5.54cd
401.40 + 27.90ef
445.36 +24.00cd
470.31 + 24.46bc
468.29 + 21.88bc
371.29 £2.15f
465.39 + 3.17bc
37431 +£21.21f
538.59 £28.75a
385.20 + 16.42ef

4.34 +0.16¢cde
3.98 +0.06f
4.52 +£0.20bc
4.09+£0.11ef
4.04+£0.07f
4.03 £0.06cd
4.19 £ 0.10def
4.79 £0.04a
4.56 + 0.40abc
4.69 £ 0.06ab
4.16 £ 0.10def
4.36 £0.03cd
4.04 +£0.02f
4.40+0.19f
3.98 +0.04f
3.99 +£0.05f

FRG  EAMEIECH)

Strain code Nitrogen capacity/[nmol-(h-mL) ']
ZNBJ1 152.53 +12.58ab
ZNBIJ2 135.74 £ 17.84abcd
ZNBJ3 143.63 + 13.86abc
ZNBJ4 138.96 + 21.72abcd
ZNBIJ5 134.74 £ 21.39abed
ZNBJ6 143.77 + 19.73abc
ZNBB1 121.34 + 8.43abcd
ZNBB2 110.60 + 29.44bcd
ZNBB3 106.88 + 10.80bcd
ZNBNI1 131.27 + 26.22abcd
SNCIJ1 138.46 + 13.78abcd
SNCIJ2 125.55 + 25.42abcd
SNCIJ3 135.63 + 4.70abcd
SNCB2 129.15 + 31.61abed
GNDIJ1 160.20 + 37.14a
GNDJ3 101.35 + 5.66¢d
GNDJ4 139.38 £ 16.02abcd
GNDIJ5 106.62 + 16.08bcd
GNDJ6 132.27 + 4.95abcd
GNDB2 107.42 £+ 46.28bcd
GNDNI1 136.84 + 17.94abcd
GNDN2 91.71 + 60.49d

(C,Hy), F v [ %0 3% 1 7€ 150 nmol-(h'mL) ' (C,H,)
PLE AR Pk, 235172 GNDJ1 #1 ZNBJ1, GNDN2
¥ 0 3% 1 B /N, 9 91.71 nmol-(h'mL) '(C,Hy). M
HH A 2 SR S RS U AR B 5 I R I R A
B %, 1SR AR R D
2.2.3 43 UAICE AR RE PRI 2

Sb bk vaE . B & PGPR 23 W TAA RE 77 5E P 3
Wi (& 4), KIL 14 PRiE bk G W TAA B8 7, ok
ZNBIJ1. ZMBN4., ZPBN1. SNCJ3. SPCJ2. SPCB4 f
B RN RIRR f, AR N . R
1 R R 1 R X 14 Bk PGPR 73 W3 &R & =0 2
R, B RE R IAA, EXRER S BN
0.52~139.22. 0.10~ 0.92 #1 0.12~ 0.99 pg'mL '; J&
W, B Ak ZMBN4 430 78 B 3 Ae ) B ok, B T
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& 4 PGPR EH D WEYIM=EE
Table 4 Ability of PGPR strains to secrete plant hormones

W PR G 5 RESN _ FERGA) ERRIAA) | ES (
Strain code Chromogenic reaction Gibberellic acid/(pg-mL ") Indole-3-acetic acid/(nug-mL ) Trans-zeatin/(ug-mL )
ZNBJ1 ++ - 0.27 £0.03d 0.12 +0.00e
ZNBJ6 + - 0.10+0.01d 0.14£0.01de
ZMBIJ3 + 2.37+0.03bc 0.15+0.01d 0.24 £ 0.00cd
ZNBB1 + - 0.12+0.02d 0.49+0.12b
ZMBN2 + 5.16 +0.63bc 0.17 +0.04d 0.13+0.01e
ZMBN4 ++ 139.22 +17.62a 0.34 + 0.05bc 0.18 £0.01cde
ZPBN1 ++ 0.52 +£0.02d 0.14 +0.02d 0.25+0.05¢
SNCJ3 ++ 12.30 + 1.49b 0.41 +0.06b 0.13+0.01e
SPCJ2 ++ 1.80 + 0.09bc 0.13+0.02d 0.12+0.02¢
SPCB4 ++ 2.99 + 1.30bc 0.92+0.13a 0.99 + 0.04a
GMDIJ3 + - 0.12+£0.02d 0.16 = 0.06cde
GNDJ4 + 1.00 + 0.18bc 0.10 +0.002d 0.15+0.02cde
GMDB3 + 3.70 £ 0.19bc 0.11+0.01d 0.16 = 0.08cde
GPDB3 + - 0.14+0.01d 0.14£0.01de

TIAAR N H; RN+ RoniEh .,

In the color reaction of IAA; “++” indicates dark pink; “+” indicates light pink.

1t i Bk (P < 0.05), % Fk SPCB4 73 i TAA Al T K &
RE 7748 ik, AH EE A B Ak 25 7 B2 (P < 0.05).
2.3 EHEESRESFHEITEMN

AT 30 3% 1 53 AR BE AR o5 A R I v, SR ik
H 12 BRI R PGPR(EE 5), HH1 i #k ZMBJ3. ZMBN4,
SPCJ2. SPCB4 [A] i} H A [H & % B ML % Ll
. o3 ub 3 FIER O BE 11, ZMBI2 15 A WL B 118
3% ; ZPBN1. GPDB3 ¥ 7t ML % B& /1 4% 5% 5 ZNBJ1,
ZNBJ3. GNDJ1. GNDJ4, GNDN1 [# & fg /1 5% i, 45
AW R IR 12 ¥k PGPR AR e 5 4 T, 1R
Jei BBk AE ) A B 70 T ) B L B A R TR
24 LR PGPR EHHIEE

X 12 B4 B PGPR I 7, 48 A Ezbiocloud
BEAT AR 7 51 L X, MEGA 7.0 & RS K B WG,
R ILASHE ST € (1) 12 BR B #E 16S r DNA 2 [ [ 41
55 i ide 2 L e 0 B AE AL BE 35 /5 T 98% (3R 6). % E
gk R B, B Pk SPCB4 N LT I #F B8 (Enterobacter
huaxiensis), 42 11 Bk B bk 35 8 B9 M i Jg , H
ZNBJ3. ZNBJ1. SPCJ2. GPDB3. GNDN1. GNDJ1 A

Pseudomonas piscium; ZPBN1. ZMBIJ3 N Pseudomonas
neuropathica; ZMBJ2 SN Pseudomonas pisciculturae;
ZMBN4 N Pseudomonas bubulae; GNDJ4 K

Pseudomonas mucoides
3 g

AHIT FT R I R AR VA B S R TR pH A A R R
R, 1% 522 Narsian 1 Patel™ #f 57 45 5 —
B, WAk AR x5 Mk A R VA B O BT AT
R, ¥rFehE pH 58 & B0 AR &R R
2 4 P A L R T O B B A5 B 3R A T pH 2
A AFAE RAF A CME . X TR A 2 5
W pH A S PE B 7T, HBLAS [F) I BF e 45 R, s 3L
JE BRI AT RE 5 B AR AE AN [R) I 300 B0 ACBE B o0, Tk
HRERE S, WREBEEN 27 EAIRKR, W
B2 LR SRR TR, IEANRMIERT,
TR RN o AN R T R AEAS [FR] A ] A
HHLER R K K & B, 8O RS BN R P,
PR, AT 9 B PR % 9 A e AR A LR A
TR E S R IR pH MBI, A RE B
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Table 5 Comprehensive characteristics of excellent PGPR strains
sitkge  ARBLBEE TR A FHERGA;) ERRIAATE  FRH(-2)
Strain code Dissolved organic Dissolved inorganic Nitrogen Capla]wlty/ G1bberelhc7?c1d/ Inqole-3-acegllc Trans—zeqt]m/
phosphorus/(ug-mL ) phosphorus/(ug'mL ") [nmol-(h-mL) (C,H,) (ug'mL ) acid/(ug'mL ") (ug'mL )
ZMBJ2 141.40 +£0.48a 307.60 £ 0.19¢f 51.11+£7.52b - - -
ZMBJ3 93.68 +8.17¢ 373.03 +£0.50d 28.06 £ 15.47bc 2.37+£0.03bc  0.15+£0.01d 0.24 + 0.00cd
ZMBN4 120.90 £+ 1.00b 288.50 + 0.29f 37.68 £16.97bc 13920+ 17.62a  0.34+0.05bc  0.10+0.01cde
ZPBNI1 30.44 £ 0.50g 533.90 +£24.57a - 0.52 +0.02d 0.14 +0.02d 0.25+0.05¢
ZNBIJ1 28.68 £ 0.58g 260.10 + 0.66g 152.53 £12.58a - 0.27 £0.03d 0.12 £ 0.00e
ZNBJ3 46.00 + 0.48f 326.17 £ 0.57¢ 143.63 + 13.86a - - -
SPCJ2 47.45 + 0.50f 498.60 + 14.15b 18.50 + 6.79bc 1.80 £ 0.09bc  0.13+£0.02d 0.12+0.02¢
SPCB4 71.70 £0.29d 470.30 + 24.46¢ 14.96 = 0.47¢c 2.99+1.30bc  0.92+0.13a 0.99 £ 0.04a
GPDB3 32.46 £0.22¢g 538.50 £ 28.75a 15.34 +1.49¢ - 0.14+0.01d 0.14 £ 0.01de
GNDIJ1 70.94 + 0.39d 292.09 + 4.58f 160.20 + 37.14a - - -
GNDJ4 - 363.90 + 0.85d 139.38 £16.02a 1.00 £ 0.18bc  0.10+0.00 0.15+ 0.02cde
GNDN1 64.90 £ 0.48¢ 319.49 £ 8.95¢ 136.84 = 17.94a - - -
%6 AR PGPREHLETE
Table 6 Identification of superior PGPR strains
R 5 T EAEY) Iy B AL [ P A FHABLEE
Strain code Host plant Separation site Homologous strain Similarity/%
SPCB4 2K Poa pratensis RP Enterobacter huaxiensis 98.54
ZNBIJ3 HAESESF Festuca sinensis RS Pseudomonas piscium 99.59
ZNBIJ1 HAESESF Festuca sinensis RS Pseudomonas piscium 99.35
SPCJ2 F R R Poa pratensis RS Pseudomonas piscium 99.19
GPDB3 RIEREM B Roegneria purpurascens RP Pseudomonas piscium 99.59
GNDN1 RIEREM B Roegneria purpurascens HP Pseudomonas piscium 99.59
GNDJ1 RIEREM B Roegneria purpurascens RS Pseudomonas piscium 99.51
ZPBN1 HAESESF Festuca sinensis HP Pseudomonas neuropathica 98.78
ZMBIJ3 HAESESF Festuca sinensis RS Pseudomonas neuropathica 99.19
ZMBJ2 HAESESF Festuca sinensis RS Pseudomonas pisciculturae 99.30
ZMBN4 HAESESF Festuca sinensis HP Pseudomonas bubulae 98.88
GNDJ4 KIEHGW . Roegneria purpurascens RS Pseudomonas mucoides 99.19
RP: #f%M; RS: #%+; HP: K.

RP: rhizoplane or surface of roots; RS: soil adhering to roots; HP: histoplane or interior of roots.

BrHA R KRR

4 R 2 5 LT A AR 60 LA 3
SO KR R R, B ARk
SR, TGRSR 2 ik R
BRI ) 5 P STHRBR 4 B9 20 bk L,

W 4 5.23~ 64.87 nmol-(h'mL) (C,H,): Tfj 2% B 5%
M AL R T8 B 3 AR AR B A3 B 3 22 bk ] U Re
JIA0 BB PR, [ ARV M 91.71~160.20 nmol-
(h'mL) ' (C,Hy)o [ %06 % 1 A 7] 3 248 9k 4 1k
PN B Bk (] S50 v 1 A TR, B 2k A U R 2k 2R A
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YR E AR, R RE AR B S A R
FKEZM, A 70 R B A H g SR AIK T R B v SE B A
HREWFY N 2 F R RAR R, A KFERK,
{5 AT 5 ] 60 0 3 A R T A e

Y % (plant hormones, PHs) J& {84 /& 1 Al 5
& BT EAI, EAOKE TS5 I REEY
EKRES. BN, R W KR
(indole-3-a cetic acid, IAA). 7& % 2 (gibberellic acid,
GA;). LK & (trans zeatin, t-Z) Z5 Y 2, XL
VI E YR B R g, JLE 2 5
KR EDN, U™ R E LA R
W B B (Kobresia myosuroides) 2k 5f 22 (Polygonum
viviparum) R br 73 85 (1) B MR AE 28 'C 5597 J5 KN,
Pk 53 W TAA. GA; il Z & & 73 Jill 29 0.24~ 69.98.
0.34~ 68.87 A1 0.11~47.59 pg-mL ', X 18 25 7¢ |7
— FE Hb R FH A ) 77925 43 25 T ik & B (Carex enervis)
HBx PGPR, KB IAA 43l B4 8.20~86.36 pg'mL
GA; 43 Wb 549 26.36~135.90 pg'mL ', t-Z 43 W & A
9.55~141.68 pg'mL s AHF 4TI 5E T 3 F 4 B4 B
AR B A3 WA SR I e 7, R AN [ B PR 43 A BB 3R ol
KA BATAE 2 5, HorP P 2R SR AR R 4 8 1 B
R4 GA; BE 1500, T AR 5 58 FE G W 240 4
3FIME MR I ZE AT o 3 FPHCEAR B 2 5
R B PR 2 Wb R (TAA GA; Al t-Z) &5 518 0.10~
0.92. 0.52~139.22, 0.10~0.99 pg'mL ', F: " GA; 4%
W ST NI AR M F, T IAA 5 t-Z 75 W 25
Ko BSIX P S 1) S R SRR Hb L AR PSR S 8%
FRIRE R R A TR FRIBE Y 15 °C, WK
BAF] T B ko W TAA 5 t-Z, T4 GA; 73 WA
AL

Y E M) 12 BRI B PGPR H, A 11 R AR 5 Mo 4
J& AN 1 BRI AT B R o B B B A AR S S N

£ 3k References:

7, BB T R KR AR R BT B, RS E iR
HARMARE R Z —, 2 HEZ K, I LR
I E S AE 30T R R, K 2 MR R R A A
MR B A, IR RE BT VR AN, AP AL
BAEFE S B TR U Y HTVE 7 2 0 ) o
SV AR G A R BRI H AR LA T
o A e o 8 4 W PR FH 70 BT 24 Wit 25 L AT A
/N Rl iR S S A RN R i R (B E T Ga ot/ kg il
T BT L B A 22 A A Y. AR % R A
K PGPR 22 {5 5 1 J& , JF R K BLZF A iR
J&, TR SRR B RAEAF AR AR A R, Ak
ZF SRR T 52 R VS T, K28 20~50 °C, R
fF 0 0 8 T P 2 A — AR TR I B R A e A G
AEERZHEFATEARK S HAl, E WX PGPR
FRIRIE 50 K AH 5% T 700 7 il BE R L 22 5 AELAF A AN (7] T 77
X IS5 (R AN ] PR el e BT, T DL FE AL
256, MRS 2 UM B85 T i PGPR B PR, PAZE
P2 HE AR AR B e Y, Ak,
N AP T PGPR I 5T 1 AL h AE X VR W AR KA
05 T8 1, T o 5 A 6 A 0 R
/b o ASHIF UG L ) B PR NG IER A R 4 I S, A
AT ] ol 25 0 T R e S L IX R AR T A
UEE XIS

4 4

o B 2 181 AR Ak, 70 & B TR B 59
PR L BRI BR 64 R 28 BEHE I0 EAR PR 58 &,
PR PR AE 3 TR B AR B 38 3 tH RP > RS > HP 1) 73 A7
R . IR AR 2R A W e, JLiIE 12 BRERA 2
AR PR R, A P FOR A B AR,
H 14k A &E & (Enterobacter), 11 ¥k 5 M 56 &
(Pseudomonas), W] Fl T4k A= W B 771) EF) A o) o
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