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is limited severely by insufficient soil potassium supply. Potassium-solubilizing bacteria can mobilize
insoluble soil potassium, improve soil potassium availability, and promote maize growth. [Objective] To
identify efficient potassium-solubilizing bacteria from maize rhizosphere in black soil, verify their
growth-promoting effects under potassium-deficient field condition, so as to provide elite bacteria resource
for producing microbial potassium fertilizers adapted to the local environment. [Methods] The bacteria
isolated from maize rhizosphere were screened on potassium-solubilizing medium. The taxonomy of the
selected potassium-solubilizing bacteria was identified by 16S rRNA gene sequencing. The ecological
adaptability (acid and alkali resistance, salt resistance, drought tolerance and pesticide resistance) of the
selected bacteria were determined by culturing them on diverse physiological and biochemical mediums. A
two-year field inoculation experiment was conducted to verify their effects on maize growth and yield
under the condition of potassium deficiency. [Results] Three efficient potassium-solubilizing bacteria,
MZ4, KM1 and KM2, were selected. MZ4 and KM2 were identified as Bacillus sp., and KM1 was
identified as Brevibacilluse sp.. All the three strains can tolerate drought stress, acid and alkali stress,
pesticide (imidacloprid), fungicide (azoxystrobin), and salt stress to a certain degree. In the field without
potassium application, the inoculation of MZ4, KM1 and KM2 increased plant height, shoot biomass, leaf
area index and chlorophyll content of maize at the jointing and flowering stages. Inoculation with MZ4
and KM2 significantly promoted grain yield by 9.65%—11.50%. [Conclusion] The efficient
potassium-solubilizing bacteria which adapt to the black soil in Northeast China were identified. These
bacteria can be used as elite germplasm resource for producing microbial potassium fertilizer and
analyzing the mechanism underlying efficient potassium solubilization by microorganism.

Keywords: potassium-solubilizing bacteria, Northeast China, maize, potassium deficiency, growth-
promoting effect
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Figure 1 Daily precipitation during maize growth period in the experimental field in 2018 and 2019
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Figure 2 Growth of the selected potassium-solubilizing bacteria on potassium-solubilizing medium

TE: A: PR MZ4; B: BBk KMIL; C: Wbk KM2. D: KEIER: 4 WEHER
Note: A: Strain MZ4; B: Strain KM1; C: Strain KM2. D: Hydrolytic circle diameter; d: Colony diameter
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Table 1 Solubility index of the strains cultured on the potassium-solubilizing medium for three days

BRIk W& HAR K i e B AR AR B
Strain No. Colony diameter (d, cm) Hydrolytic circle diameter (D, cm) D/d

MZ4 0.54+0.01 1.25+0.03 2.31£0.04
KM1 0.27+0.02 0.79+0.02 2.93+0.15
KM2 0.33+0.02 1.08+0.03 3.27+0.13

TE Bl PR R 22 (n=3)

Note: Data were the means+standard error (n=3)

x2 AEBREERATE PEG KET 3 HKEERRKR

Table 2 Growth status of the 3 strains on the mediums with different pH gradients and PEG concentrations

LR pH PEG ¥kJ&
Strain No. PEG concentration (%)

4.0 5.0 6.0 7.0 8.0 9.0 10.0 0 10 20 30
Mz4 - 3 = AHHF AHHF Sinais s s Sinais AHF s
KM1 - 3 = AHHF AHHF = 4 s = AHF
KM2 W HE SHHF HHE HHE SHHF AHHE AHHE A A

TE: +: BB, +HZIOREMAKBIER; — WHRARRER; TR

Note: +: Strains can grow, more + meant growth better; —: Strains cannot grow; The same below

it £R B I 45 R N3k 3 R, MZ4, KMI,
KM2 55 il i3 20500 7%, 4%, 5% NaCl, 3 ¥k
W R TR R Mm ke 1, Hikh
MZ4>KM2>KM1 ,
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WRIFAIANTN 52 LB, T YT b Eh b A e T P R AT —
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PP AR5 TR AR Y 16S rRNA FE K751
17 BLAST HoXT, #R#4fE XTI, T 2R
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Table 3 Growth status of the 3 strains on the mediums with different NaCl concentrations

Hik = SALANHEE NaCl concentration (%)

Strain No. 0 1 2 4 5 6 7
MZ4 T+ . T+ T T F— i =
KMl - e 4Hr 4 4+ = = =
KM2 - e 4Hr 4 4+ 4+ = =

R4 IRETEIHRARRBRELTHERKR

Table 4 Growth status of the 3 strains on the mediums containing either herbicide, pesticide or fungicide

RGNS L EE Acetochlor Al HLBbk Imidacloprid W I fiE Azoxystrobin

Strain No. 200 400 550 750 4 000 6 500 9 500 12 000 800 1 000 1200 1500
MZz4 - - - - -+ ot ot ot - - -
KM1 - - - - - ++ ++ At e e e
KM2 - = = = 1 = = = 4 ++ ++
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Figure 3 The neighbor-joining phylogenetic tree based on the 16S rRNA gene sequences of the tested strains and their

closely related reference strains

1 #55HF5 8 GenBank U85S FET 1000 K E K 19>50%01 Bootstrap {EFRICT43 3 ML ; F7R 0.020 FIR 2% H TR 22 5+
Note: GenBank accession numbers are indicated in parentheses; Bootstrap values>50% are indicated on branches; The scale bar indicates

2% nucleotide substitution

7~ o MZ4 F1 KM2 4335 Bacillus megaterium NBRC
15308 F1 Bacillus megaterium S2 5 F{:
B, A 100%F1 99.9% , J& T 4 il A R
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790 AR ME Sl 99.8% . J& T A /N AT R
(Brevibacillus).
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PRIRYY 55 BUMEAL XN R b3 CK2 o2 5
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YIi(P<0.05). EMAT S, 5 CK1AHLL, #EFD 3 Bk
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Table 5 Effects of the inoculation with the potassium-solubilizing bacteria on plant growth traits at the jointing and
flowering stage in 2018

Ab B 173 Jointing stage it 223 Flowering stage
Treatment sy AR MERYEEL MR e A=y AR HaRER
Plant height (cm) Shoot biomass (g) LAI SPAD Plant height (cm) Shoot biomass (g) LAI SPAD
MZ4 167+1ab 38.6+1.6ab 2.93+0.09a 51.1+0.3ab 235+1ab 113.0+3.3ab 5.63+£0.09ab 52.2+0.6b
KM1 166+1bc 36.3+1.6bc 2.65+0.08b 49.9+0.5b 234+2ab 108.0+4.3b 5.58+0.11ab 52.0+0.4b
KM2 168+1ab 39.8+1.3ab 3.00+£0.11a 51.2+0.4a 236*lab 113.4+2.4ab 5.73+0.09ab 52.9+0.6ab
CK1 163+1c 33.5¢1.2¢ 2.59+0.12b 49.9+0.3b 232+1b 105.0+3.8b 5.51+0.10b  51.5+0.4b
CK2 170+1a 42.8+1.8a 3.10+0.06a 51.9+0.5a 237+la 120.8+2.8a 5.85+0.06a 54.3+0.7a

T AN TR AN ) A A R 22 57 B35 (P<0.05) 5 ML T IARZR B3 i TR B RXT I CK 1 (P<0.05); T
Note: Different letters in the same column meant significant difference at 0.05 level between treatments; Bold fonts represent significantly
higher than the non-inoculation control CK1 (P<0.05); The same below

CKl1 CK2 Mz4 KMI KM2

4 2019 FHEMAIE XL TH] EREARKRAE AT

Figure 4 Effect of different bacteria on maize growth at the jointing stage in 2019

Fz 6 2019 EEMEMEXNERE DRI ERERKNZE

Table 6 Effects of bacteria inoculation on plant growth traits at the jointing and flowering stage in 2019

i3ii] K74 Jointing stage 22 Flowering stage
Treatment k5 Hh b A i PREBGERC MR e M AP MRS TR
Plant height (cm) Shoot biomass (g) LAI SPAD Plant height (cm) Shoot biomass (g) LAI SPAD
MZ4 116+2a 31.3£1.9a 1.63+£0.09a  52.2+0.6a 264+4a 110.9+4.2ab 5.734£0.10ab  53.5+0.5bc
KM1 114+3a 29.7+1.8ab 1.59+0.05a  52.1+0.7a 263+2a 107.7+3.8b 5.65+0.11ab  53.0+0.3bc
KM2 116+2a 32.5+0.8a 1.64+0.06a  54.0+0.6a 265+2a 114.9+3.0ab 5.79+0.08ab 54.5+0.7ab
CK1 107+3b 26.8+1.5b 1.4740.08a  51.8+0.8a 259+3a 99.0+3.1c 5.56+0.06b  52.4+0.5¢
CK2 118+2a 33.6+1.6a 1.65+0.05a  53.0+0.9a 266+2a 117.1+£3.4a 5.88+0.08a 55.6+0.5a

25 EMBEENERFEMEEMWRR R MZ4 Fl KM2 7E 2018 4" R Ml B2 0 9.65%,
T A R A BRI E 25 R ANk 7 B 2019 443510 10.62%F1 11.50%., R KM1 X7~

EOREER CK1 AL, #5680 MZ4 F1 KM2 76 2018 4F Bt —EHEm, 78 2018 4F-F1 2019 4E7=HE43 53

12019 4F R EHE M T FORKPR ™ 8 (P<0.05), 1 fIT 6.14%F01 3.54%.

HY5H AL X CK2 B~/ o2 5(P>0.05), HFh PR ZE T, 2018 4EF1 2019 AEAUREECRN
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Table 7 Effects of bacteria inoculation on grain yield and yield components

0y 4ib 3 A FERIEL AR KPR B
Year Treatment  Ear numbers (x10%hm®)  Grain numbers per ear Hundred-grain weight (g)  Grain yield (x10° kg/hm®)
2018 Mz4 6.83+0.08a 518+16a 32.3+0.4ab 12.5+0.2a
KM1 6.67+0.22a 510+15a 32.3+0.3ab 12.1+0.4ab
KM2 6.92+0.08a 526+17a 32.6+0.4a 12.5+0.4a
CK1 6.50+0.14a 507+19a 30.8+0.5b 11.440.6b
CK2 6.83+0.08a 536+13a 32.840.6a 12.8+0.2a
2019 MZz4 636+0.16A 517421A 33.3:0.5AB 12.5£0.1A
KM1 654+0.12A 511+22A 32.9+0.6BC 11.7+0B
KM2 630+0.11A 521£17A 34.4+0.3AB 12.6+0.2A
CKl1 642+0.16A 505+£21A 30.9+1.3C 11.3+0B
CK2 648+0.19A 523+2A 35.340.2A 12.9+0.2A

TE: ARRVNGFRE FEE75IFIRTE 2018 451 2019 4FA [l AbBE AR (B 2% 5 235 (P<0.05); NIDHL 7R FOR B35 % T ARILRI X I CK1

(P<0.05)

Note: Different lowercase and uppercase letters in the same column meant significant difference at 0.05 level between treatments in the year
2018 and 2019, respectively; Bold fonts represent significantly higher than the non-inoculation control CK1 (£<0.05)

FREAE S5 NAbBRIAYS JC B3 22 5(P>0.05), {HY
CK1 AbFRAHEG, RN RARAL A 2 47 A0 ok 3
F AR LEROR, 76 2018 4EH1 2019 4E40BiIk4
T 0.59%-3.75%H1 1.19%-3.17%. X FEF.TH,
55 CK1 AL, 2018 A:4:Fh KM2, 2019 4EE:F MZ4
N KM2 ¥ R A B AR (P>0.05). 7E
2018 41 2019 AEHEF 3 BEPE S AR T E 200 38
T 4.87%—5.84%F0 6.47%—11.33%.. 5 % B L CK2
I, 2 AEFEAEAAE CK1 M T k0 B3
WO DA ERL T E Y B T R (P<0.05), JLrh, 7
2018 4EF1 2019 477 Fa 23l 10.94% 1 12.40%,
HORLTEE 43 HIREAL 6.10%F1 12.46%
3 wWihE4R

AR, R R E b A BRIE , BB IERPE T,
BB H 25 BV = BRI U0 ok
MR, T3 A e 2R T AT LT AL 13
MEV ISR, B ARk, SR AR AR
K, s EE e RS R A B AR, X oh
AR H BRI R TR A AR
Y AT R 2 SR e A R ARA E A — R BT
5%, UNAE SCHA S5 R IAE AR S5 1 T Heh P AT i o)

REMI R TER ZF AT B9601-Y2, FIHEE +iErhAY
AR 17.24%, $2m TRAHMR 5 & 68.45%,
[RGB R A P BRAE R ) Al
PR VD4 4 Pl it — I (112 kg-KCVhm?) 46 1F
AR R A K R B S, IR N
17%, Bk AT B T ASBATIE (224 kg-KCl/hm?)
A BRUOL it 7 ok BRAE T A2 B vb e
Hh (GRS 2 I mh AR )it FH A 0 TR B
EUEE FORMEY AR, $E R FORPUREE SRk
i R BRIk 8.4% N XIS I
o7 FH 7R 55 P AR T DA R X R A K
pi A

A= DR AR 1 e 5k A7 A A= W TR R 52
Wi, ANazSqve . RHERAL . AR 2 EE 2N R
o L I P AU i = = ) R P A B S T g A e O =
BRI LA FH ) R 3RO I R 5 1 o AR T 9 38
I AEESE R LB, 3 RRE X T 5 Bl g
FA AR s A it T LR Al m s F A 24 it A bk
TV TR i AN ABURR o RN R R £t — 5 (A T
PE, ZEETEM AT MZ4 F1 KM2 38 S B
Tz ) A 2 oy S HEAE FE R FH H o R 1 & 4
PLHETRRE, 2018 4EHT 2019 41 H Al iR EG 45 %
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BH A it B0 IR X S ) - SR AR iy S 1 B T Rk
(A CEEA™ 11.67%), T HE s I ik 1) i 4
i AP BT R T4 ) A ek 2 B 4 T R KR8 b A B,
B A B A ROR, DR MZ4 A
KM2 J5 35 e 3E T FORA A AN F KA ™ B
hn, HEFEIREE 9.65%—11.50%, 1M HL-5 % MUk AE A%
FRRbBRIC B 25 5%, X ATRE5IX 2 bR HAT SR
NP G, KMI IRBIEE 1/ TRtk MZ4 H
KM2 Z ], {HHGE R PSR s , ATREsZm T HAR AR 3K
R R AT A AR AR 1 X B 0 R
RIRPE T TR MBI, AL, RATBIE IR &
B MZ4 HA P TAA FP- R Th g, I B AW
50% ZUIE I 25 14 X ok A 4 o A AR 47 1 412 A= 3L
B, PR R XT B T 15.07% Y, 1EEA
Mz4 HAT 2R ETiee, (ERRAVSE I &
FH-

fiff B0 BT AR A R A A RTARE vR  ALEE e
BRAWII . ARSI I 3BT K P b i R
KB 2018 4EF 2019 AF (14356 Hr HE R g R 4 i &
KPR R, S4B i R E AR
AR, X 5 F AP —2k. At
2019 FRYEEFRCREAE T 2018 45, XAIREEILT
B 2ROV, 45T 2018 4ERYHEERN, BT TE
HHEE, WATRER T 2019 4RE7E TR IR
MR T 2018 4F, X MMHI A K A T
BRI Beoh, R st EERE SR Xt
- AT AR B R R DA BN T KA R R
B SR SR SF IR T B TR ARG, XA R T
N T iR i R e A= AL

B2, AT RIS A XA Y 3 M 1
BRI FOKR MR PR U B TE , FEAS R IE B S5 1
T, R FORAE R B i B AR A £ AR AR
JeHE MZ4 F KM2, 3% 2 BREFRESTE— @ R |
GE AR FORAE R BRI, B R R A=
NERTE T
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