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Abstract: As an important grain production base and the main maize-producing area in China, the
black soil region in northeast China can utilize multifunctional plant growth-promoting
rhizobacteria (PGPR) to convert nitrogen and phosphorus into plant-available forms through
nitrogen fixation and phosphate solubilization, thereby reducing chemical fertilizer input and
promoting crop growth. [Objective] To systematically screen efficient multifunctional strains from
the black soil in northeast China and evaluate their effects on soil fertility and maize growth under
20% nitrogen and phosphorus reduction through low-temperature (16 °C) germination and pot
experiments, thus providing excellent strain resources for developing microbial inoculants adapted
to the black soil region in northeast China. [Methods] Functional strains were isolated from rice
rhizosphere soil via selective media and identified by 16S rRNA gene sequence analysis. The plant
growth-promoting traits of the obtained strains, including nitrogen fixation, phosphate
solubilization, and indole-3-acetic acid (IAA) production, were quantitatively determined.
Furthermore, maize seed germination and pot experiments were carried out to systematically
evaluate the effects of these functional strains on seed germination under low-temperature
conditions (16 °C), as well as on soil physicochemical properties and seedling growth indicators
during the seedling stage, on the basis of which the potential of functional strains in improving soil
quality and promoting crop growth was comprehensively evaluated. [Results] Two PGPR strains,
Niveispirillum sp. YM6 and Bacillus sp. A03, were screened from rhizosphere soil and identified
by 16S rRNA gene sequence analysis. Functional characterization revealed that strain YM6
exhibited both nitrogen fixation and indole-3-acetic acid (IAA) production capabilities, while
strain AO3 displayed both phosphate solubilization and IAA production capabilities. Under
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low-temperature (16 °C) conditions, inoculation with both YM6 and A03 achieved the best
performance in promoting seed germination, with a germination rate of 49.00%, a germination
index 51.44% higher than the control, and shortening of 0.18 d in the average germination time,
demonstrating a synergistic growth-promoting effect superior to both single-strain treatments and
ternary combinations. Pot experiments further demonstrated that compared with the reduced-
fertilizer control (CK-R), the ternary combination YMG6+AQ03+ZP (Penicillium bilaiae)
significantly increased the maize plant height, total biomass, total chlorophyll content, and soil
available phosphorus and ammonium nitrogen by 12.73%, 82.60%, 66.30%, 29.94%, and 30.03%,
respectively. Notably, the binary combination YM6+A03 showed no significant difference from the
full-fertilizer control (CK-F) in these indicators but increased them by 9.08%, 63.54%, 32.81%,
21.51%, and 15.31%, respectively, compared with CK-R, outperforming all single-strain
treatments. These results indicated that YM6+AO03+ZP exhibited a significant synergistic
enhancement effect, capable of maintaining or even improving crop productivity under chemical
fertilizer reduction. [Conclusion] Single-strain inoculation exhibited limited plant growth-
promoting effects. The binary combination YM6+A03 under 20% reduced fertilization maintained
crop productivity comparable to that of CK-F, whereas the ternary combination YM6+A03+ZP
significantly outperformed CK-F in promoting maize growth while improving black soil nutrient
status, holding promise for the development of region-specific microbial inoculants adapted to the
black soil region in northeast China.

Keywords: compound microbial inoculant; seed germination; nitrogen and phosphorus absorption;
maize; plant growth-promoting effect
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SEAL AR Y S W B 2822 Z IR 5T UE S
TR E I RE R MR AU AR 5 Hansen 5121 Bi
TEARNE 7 A 58 P i G HE R0 3K 5 85 (Penicillium
bilaiae) 1 & B ZE f AT B (Bacillus simplex) W] i) 3%
fie /N2 2K ;. Dobbelaere FEPEST, 78 I
S RUE AT $ P 2V [ IR B (Azospirillum
brasilense) X 7\NA2 Fl 5K A FE AR FIAR 222 B HH
BARAROR; HEEPIRGE, BRI AR
SFAUAT B (Bacillus tequilensis) G iR . 22K
Kigbr i e LR BEPIFRE R, &
fil %% (Penicillium decumbens) B4 W . () it B
TEH, REWS W ERTF FoREEE . T8, 1A
B DL R

A MAR PR L o | ik A

W . 7= 05|Wg-3- £, 12 (indole-3-acetic acid, TAA),
[#6] (2 B (0 TRk, ol TR T A X0 6 ik X
T AT A K i R e N, It
FE AR A8 7% it FH PRS0 K AT T A 52,
DU R AR A5 1 R A A= B 70 8 i i FH
BEUL R BRI A

1 AR5

1.1 ##§
1.1.1 i HEm

R L ORAE A R TT AR TR T (44°49'45"N,
127°325"E) K AR s o 7oAk i 8 L [ B e
AT R 5111 EL(48°0736"N, 125°49'12"E).
IR TR B 5 VA S ROSCHR (2915 vA
B, LA ERT . pH 7.6, 4 #(total
phosphorus, TP) 669.6 mg/kg, I % # (available
phosphorus, AP) 99.0 mg/kg, I %{ A (available
nitrogen, AN) 76.7 mg/kg, J.Bk (total carbon, TC)
212.6 mg/kg, *+ A ML (soil organic matter,
SOM) 167.7 mg/kg.

UK TR ARG HE 958, W [ AR
MO
PO 7 PR o N A S

(Penicillium bilaiae), 44~ ZP, W H hEFRE
BE A ISR BT, A R R KRR & DA &
FEAR ARG )X R TR R o
1.1.2 EZET AL

Wi — 28, B EAEEGA R A F
WA . e . HERmE. e, L
e R AR R A BR A F) s BRIz, dt
WA RBBHCARA R R, b R4
R A BR /N F] ; Bradford idF & . 4R L RIZH
DNA $#HU5&, RBAEMBH L) ARA
H]; 2xM5 Semi-Fidelity PCR Mix, Jbit4 %
YR TR A W]

S PR SR, Vario 3R] EARAT
WA T, LR AR R R A
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A TP, FEECHRARAR; &
A GC-2014; = 0L, Eppendorf
SE Al ; k84, Bluepard A7,
1.1.3 FEEFRHE

LB 55373 (g/L)P: R 10.0, BERR
5.0, NaCl 10.0, 3il§ 15.0, pH 7.0£0.2, 121 °C
KH 20 min; TERKGFRI(L): HEEE 10.0,
KH,PO; 0.2, CaSO4:2H,0 0.2, CaCO; 5.0,
NaCl 0.2, MgSO,-7H,0 0.2, FiJig 15.0, pH
7.0£0.2, 115 °C°K B 30 min; A3 757 [& 2 15 75 5t
(g/L)PY. B A A1 0.500, FRBEREE 0.200, &
1b4h 0.100, HEEEE 10.000, FEEREHREM 1.000,
MIER4T 0.025, R 15.000, pH 7.0+£0.2, 121 °C
KT 30 min; 2 K Débereiner 1% 9% %5 (/L) P
MR 10.000, SESER 5.000, K,HPO4-H,0 0.100,
KH,PO, 0.400, MgSO,-7H,0 0.200, NaCl
0.100, CaCl,-2H,O 0.020, FeCls-6H,0 0.010,
Na,MoO4+2H,0 0.002, Fifig 15.000, pH 7.0+0.2,
115 °CK B 20 min; JTCHUBEE (/L) %
B510.00, BiFREE 0.50, FEREEREUY 0.50, ik
B 0.30, FALAT 030, BRBREE 0.30, FifR 2k
0.03, FiMR%hE 0.03, WEARTS 5.00, /& 15.00,
pH 7.0+0.2, 115 °CKEH 20 min; YEPG 1537 3&
(g/L)PY. FAHE 10.0, HE AN 10.0, BEEEHRER
¥ 5.0, BEHE 15.0, pH 7.0£02, 115 °C K A
20 min; R2A Broth 53 3 (g/L) . JH T kTS
R FR AL IR AR AT BR A ]
1.2 EHDEHIE
1.2.1 TEREYEHRIBESEUSRE

EBEZWIIEFREL 5.0 g HHERES, SIA 45 mL
EEFK, 30°C, 200 r/min 23R, B 10 mL
TR, A 200 mL JCHLEE . AR E A
LR TCAREFREE T, 30 °C. 200 r/min 477 & 4
48 ho BHJG DL 10 f580 B E SRR B 2 1077, B
107-107" 4% 100 L WA X R4, RRBRIE 3 1K
I, 30 °CRI'E G 48 h, TR NG, #k
BUE 25 g R aifh, RAGAR 7Y &
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M. SEBbEGEAEAE 25% Jei Hlih, T-80 °C
M TR
1.2.2 E#k 16S rRNA EFENFLE

W 400 05 AR A B R AR PE AT Al Ak s R, LAl
6 J5 1) TR T A, R FH 2R T 51 ) 27F
(5-AGAGTTTGATCCTGGCTCAG-3") Fl 1492R
(5'-CTACGGCTACCTTGTTACGA-3")%} 16S rRNA
FE AT PCR 73S . ROWARZR(20.0 uL): 2xMS5
Semi-Fidelity PCR Mix 10.0 uL, F. F#51%
(10 pmol/L)4% 0.5 uL, ddH,O 8.0 uL, Fifz DNA
1.0 L, P IEFEF . 95 °C 3 min; 94 °C 25 s,
56-59°C25s, 72°C30s, 330 MEH; 72 °C
6 min. PCR ;=48 1% Bn 5 B 5 i H bk A DU
Ja, 2B ER A YR R A FR A w1
fr 15 7 51 5 EzBioCloud %4 #iE /% (https:/www.
ezbiocloud.net)FE AT HL X130, DU o HE T R A =X
[EL7 38
1.3 (BEEHNFESIEELE
1.3.1  ERA K AN

HUS uL PREE 43 ) i 3 T IO e 1Al
30 °CHEFE 72 ho WEESTR P8 A= KA 100 S i2s P Bl ™
AL, WA R R TCA LB A e

BOEE 50.00 mL &.045, 0 A A SRR £
Fr fE I W (5 pg/mL) 0.00. 1.00. 2.00. 4.00.
6.00, 8.00, 10.00 mL, Ml A 5.00 mL 1% (4
G NZE K B2 50.00 mL, R4S IL
DT R G R A A S R, LR
Wi (mg) W REARAR . ORI AL bR A E
2o BRI g B B R TRAR LA 1% IR a4
FhEITCHIBE SR, 30 °C, 200 t/min 535 72 h
JEBUFE, 8 000 r/min .0 10 min, H{ 2.50 mL I
W, A 5.00 mL 4186 B AF], ZIBKEASE
50.00 mL, ZEJREE 30 min J5 F ODqg I E
WA s[RI pH e H 35 pH.
1.3.2 BB R RE SN

K A JE B e BTG P . 1
XHEACRBR AT UG 7%, 420 1% MR e
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Bk $2 Fh 3 2 B Débereiner 15 35 3L, 30 °C .
200 r/min ¥55% 24 ho ] 0.15% 2{ K Dobereiner
2 [ A 55 5 L (5 0.15% Bfg), 433 4 mL T
10 mL IR, B5FR AR & 7 A R Y
40%; FFIEEFR W L 1% AP S 18 HFh 3|
2 R Dobereiner [ R FR 5 h 2 HAR 228
MJE, 30 °CHE 24 h, WEMZE, Hpin] 24l
THRIEFF R B E R EA 1mL 10% L5k,
30 °CH{HE 30 min, >R HE KA E oAl 5 1
Porapak N ARG £ 4 A= i i, dERESS . Al
L AR B E N 120, 60, 150 °C, WA
M 25 mL/min, #EAERE 100 pLo DIFIIREEA Z
PR SR ZE 05, AN R R 97 3 X R
BERA 1 h 100 pL HSEASTAHEATE, Rl
S HURE I (8] e & A W AR . LA 20 R T 3 M
(acetylene reduction activity, ARA) %% 7~ [&] % il 1
PE, IHEMAKX IR,

: (M

AP, ARA MEEBHEPE, nmol CoHy/(min*mg
protein); A4 K CMGVETHARASAUAE ; Vi AN
SRR, Ay SRR BERESE 3 44 9 1 nmol
PRUE CIRVETIRY ;. Crpy WEERIE, ¢ NI
A 1]

TE M2 4% Bradford 257 &x i BN A2 -
1.3.3 B~ IAA BEHARVNE

K Salkowski F o BB H bk TAA (1)
IYINRETT o KT B TAA BAYE AR &
0.2 g/L 4% R 1 R2A Broth WK I; 3R 5L,
30 °C. 200 r/min ;3% 48 h J5HURE, 8 000 r/min
B0 10 min, B B Salkowski Fb (B FE AR
Fe 1:2 R4), % E 30 min, F 530 nm Rl
EWEEE, ARYE TAA brifER 2T T TAA WREE .
1.4 EHFEAE

BRI ke 1) 45 0 1 0 52 R 5 58 SR,
NPT PR . B A03 5 YM6 43l 58 LRI k4%
FiF LB FAR g, 30 °CHi5% 48 h; ELIA 54
FEEPURES . ¥ ZP RIZRFERN T 1A YEPG -

Merp oy, 25 °CHigR 3d, fFETEAE KRR UMR
B A8 RN 43 P A03 1 YM6, 30 °CHj
F% 48 ho AR 5 2 G 28 Ak 2 A5 s B ] B
8 IR B R S AR DU EH
1.5 BT EREVEE XIS
1.5.1 WEYEGHESHFLE

O B TR R ) A BRI R AR TR LB SR 26
REge, WRBCATETELL 1% MEER 83 A 50 mL
LB Wikl 323, 30 °C. 200 r/min 3535 24 h,
T ODgoo 5% 1.00 B, L 50 mL & T 5
OEH, 8000 r/min B0 5 min, X FEEH
TCHE K HEE 3-5 Ik, IMA TR /K ERREA, 1
HEH B E 2 ODgoo M 0.10£0.05, &M, H
PR TR T - OB PR RR R 21 YEPG WA 85 SR 5L
F1, 30°C. 200 r/min %35 5d, 8 000 r/min &.0>
5min, F5& LIEEHIE KWL 3-5 &, EE
17 IR & 1x10° CFU/mL, PLIAE Ry 40
FERAH FTAMTH 1% KRR BRIZ I TH
B 30 min, JCRVK PRSI IKSY, 5 AR,
1.5.2 It

A 5% 1 T i A Ak R 2
Iro PP IR R R ILE 26, Jis 5 4>
RbFL. ANEERXTIR(CK); 433 ER4E Niveispirillum
sp. YM6 # Bacillus sp. A03; BAHF YM6+AO03
(1:1RFLLH); &2 & 3R YM6+A03+ZP (1:1:1 {4
MU, ZP N Penicillium sp.); R MALFRE 3 A4
YR, BEEEAE 100 kB KR

AR TR H e 2L T, SR E A
HE(100%) FH8 AL 20% 2 K. ik 6 44k
. 4B S5 A R GC b CK-F (3 5 1R 45
0.20 g/#% . JRZE 020 g4 . EALEF 0.10 g/4h);
TR 20% A4 B O R GE A CK-R (3 8 R 5
0.16 g/#% . JRZE 0.16 g/#h . EALE 0.10 g/4%);
A 20% $ERP A03 10N R+A03; B EIE 20%
2R YM6 12 R+YM6; Il &l B 20% 4 Fl
YM6+A03 i R+YM6+A03; Jl i 20% H2f
YM6+A03+ZP it 5 R+YM6+A03+ZP, 4> Ab
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PR 3AEYES, MEERER 3 R KT
1.53 EXRMFEELIRAL
V- TH B 5 R TR AR TR A 2 h (O iR
A TCE AR, B I A 2 38 1w 6 I
o BUM R IR, JRAMBBUZEL, A
10 mL AH I BB O BRZE I U K, 294
P 100 RiRh -, HEIE(EEES). BT
TEOCRERE A, BRI 16 °C, YEEI 12h
JCHE/12 h AR, FIXHRE 70%. A H 2B
Il sk A R (VAR >2 mm & ZFFRiE),
PRI 7 d HE K AOREE . WA SR bR E
NPT,
REHR=(R R TR S TE)®100%  (2)
SF-14 % ZE S [B] (mean germination time, MGT)
AR 2R, R ARG)FTR.
MGT=> (nix )/ n; (3)
Kb om W REZFMRTE, 6 &2
(RED -
% 25458 %1 (germination index, GI), ZE&TEH
REEWE 1, A AR @R,
GI=> nilt; 4)
Kb m W REZFMRTE, 6 & 2]
(RED -
1.54 ERZRIFMRE
Ve B4R 19 om W RMEIE RGO, K
TR A, 1 2 mm G5 T 1.6 ke,
kS RS R BeiE K, VAT .
TR AP &, #E AT AR
BT AT )R 2 h, BUREITT 2
FM O B, A 3R EKFT, F
FH[(25+2) °C]. JEJE A 14 h JEHE/10 h ARG 4%
PR 5-7d, FREMERIET, PRAEE 1 R
kbR, €WiG45d ERmPEK 250 mL, 1
W 7dJE, MEAHEA B 10 mL AR
(ODg09=0.10+0.05), L} AL H4H 4 538 fifi 10 mL
LTI (1x108 CFU/mL), Xf BZH N4 o i
K, YRSEREFEERERNG 35 d RHBURENE &84T

P4 actamicro@im.ac.cn, 7 010-64807516

155 ERETIREERNE

PR AEATE AR E SR DA 7. O
TN £ 25 FE A AT R AR A K A v A 1 T R
YEbkE ;s gt Bgeskim Ll Lo 2RIt i
B VR B R R AR 8 U IRV BRAR PR
3, R EES IR, 5T 105 °C
AT 30 min, 70 °CHLZEfH 5 FRE, R
TESM N TE, A ORRICR AR
PR BUB E 0T BT A 2 mm 4122, RS FREL
02 g #HT 15mL #0048, A 8 mL 80% M
i, e SRR EN e lia,
80% MNERAME 2 10 mL, 784042, 5000 r/min
B0 Smin, BB, DL 80% PN R A 1A
F, IHE 470, 646, 663 nm P AR 2 2
BN AR b M-SR a OGE ., Mg
FZEI S N & & &% Lichtenthaler 11 Wellburn!*?
TR

gAML . pH R AT
KR, K+ 1:10, 30 °C. 200 r/min {8 AR
% 30 min, ##% 30 min, SR pH TR E";
B ZS AR 1.0 mol/L KCl VR4, %M+
b 1:10 Bl $& A &, T 30 °C. 200 r/min {8
3R 30 min, REEMWLE 0.45 pm JEFELLIES
K 4 A 3h K 543 AT S0 s Y s A kol R
0.5 mol/L kPR S SN WIR 1., 4R B L@
AT REY, FEHR L 1:20 PR HRA R,
£ 30 °C., 200 r/min fH{EHRY; 30 min, REEWZS
0.45 pm JEMETPES, B 1 mL BVEW, A
SmL SHEAPLE AR, ZIFHKEREE S0mL, &
N 30 min J5, T 700 nm ZMEWOGIE, S5 A8
Bttt T R 5 1
1.6 BESHH

% J11 SPSS Statistics 27.0 #4784 48 1 4
Br, BEMEAKCEIR N P<0.05, 4118 2 5K 5
& )5 22537454 Duncan 21 FLAS L IEAT .35
PR, {8 GraphPad Prism 9.5.1 4K
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2 EREH

2.1 ZIMEEEMRD B SiFik

AFESET 55 (Penicillium bilaiae) iy %} FEEEFE
AR B - 358 rh s 43 5 8 1 2 PR AL Z T
PR . Wbk ZP 5 A03 7EJCHLMER; 3R 3L 1Rk
B ARKITE s o e, 32 B A8 1 R
TCHLBERYAE S, T YM6 Joedste; [k, bk
A03 F1 YM6 2 B i | Wk £, 1R (IAA) 75 L HE JT
ZP WKy TAA B 1),
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Figure 1 Phosphate solubilization and indole-3-acetic acid (IAA) production by strains YM6, A03, and ZP.
x1 TEERNRERD
Table 1 Plant growth promotion potential of isolated strains
Strains Phosphate solubilization/(mg/L) ITAA/(mg/L) Nitrogenase activity/[nmol C,H,/(min-mg protein)]
YMo6 Not detected 24.43+2.03 40.54+1.03
A03 15.27+0.77 1.57+0.16 Not detected
ZP 251.62+3.08 Not detected Not detected
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Figure 2 Phylogenetic tree based on 16S rRNA gene sequences of strains. Numbers at the branches indicate

bootstrap values (only values =50% are shown); GenBank accession numbers are in parentheses; The scale bar

0.05 represents evolutionary distance.
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Figure 3 Antagonistic effects between strains. A: ZP and A03; B: YM6 and A03; C: ZP and YM6.
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Figure 4 Effect of different inoculation treatments on maize seed germination at 16 °C.
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Figure 5 Maize seed germination index (A), germination rate (B), germination time (C). Different lowercase
letters indicate significant differences between different treatments at P<0.05.
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Figure 6 Effects of different treatments on maize growth.
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Figure 7 Maize plant height (A) and leaf number (B). Different lowercase letters indicate significant differences

between treatments at £<0.05.
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Figure 8 Aboveground and belowground biomass of
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maize plants (A) and total dry weight (B). Different

lowercase letters indicate significant differences between different treatments at P<0.05.
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Figure 9 Determination of chlorophyll content and carotenoids in maize leaves. A: Chlorophyll a, b; B: Total

chlorophyll, carotenoids. Different lowercase letters indicate significant differences between different treatments

at P<0.05
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