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Phosphorus solubilization effect of saline-tolerant
phosphorus-solubilizing bacteria and its effect on soybean
germination

LI Qingqing, ZHANG Rui’, GAO Yanting, ZHANG Hongjuan, LIU Kehan

College of Water Conservancy and Hydropower Engineering, Gansu Agricultural University, Lanzhou 730070,
Gansu, China

Abstract: [Background] The amount of phosphorus available for direct absorption and
utilization by plants in the soil is limited, and the traditional methods of applying phosphorus
fertilizer can lead to environmental pollution and problems such as damage to soil structure and
function. [Objective] This study aimed to investigate the salt tolerance and phosphorus
solubilization mechanism of Bacillus megaterium and Providencia rettgeri and their effects on
soybean seed germination, to lay a solid foundation for inoculation and colonization of plant
rhizosphere in saline-alkali soil. The problem of phosphorus deficiency in crops is expected to
be solved through the phosphorus-solubilization effect of phosphorus-solubilizing bacteria in
rhizosphere soil. [Methods] The inoculation with needlepoint, plate method, liquid culture
method, and box germination experiment were conducted to analyze the salt-alkali tolerance,
phosphorus-solubilization effect, and promotion effect on soybean germination of two
phosphorus-solubilizing bacteria strains. [Results] Both B. megaterium and P. rettgeri could
grow in environments with salt concentrations ranging from 0—10% and 0—6%, and pH values
ranging from 7.0 to 12.0. The D/d values of B. megaterium and P. rettgeri on plates reached
2.17 and 2.05, respectively. The value of dissolved phosphorus in the liquid medium reached a
peak on the 4th day, which were 355.53 and 272.17 mg/L, respectively, and the pH value of the
culture medium decreased from 7.5 to 4.61 and 4.81, respectively. The phosphorus solubilization
effect of B. megaterium and P. rettgeri showed a trend of “slightly increasing at first and then
continuously decreasing” with the increase of NaCl concentration, and the pH value showed a
trend of “slightly decreasing at first and then continuously increasing”. The best phosphorus
solubilization effects were observed at NaCl concentrations of 0.4 and 0.2 mol/L, respectively,
with the peak solubilization value of 364.35 and 285.58 mg/L, and the pH value of the culture
medium decreased to the minimum value of 4.28 and 4.73, respectively. B. megaterium and
P. rettgeri both increased the germination rate of seeds and elongation of the embryonic axis and
radicle. Compared with the control group, in normal environments, the average germination rate,
and the embryonic axis and radicle elongation rate of soybeans after soaking in the two bacterial
solutions were 2.70%, 10.10% and 9.00%; in NaCl-treated environments, the corresponding value
were 5.40%, 19.40% and 20.30%. [Conclusion] Both strains have strong salt tolerance and
phosphorus solubilization effect and can promote seed germination, providing a theoretical basis
for the inoculation and application of phosphorus-solubilizing bacteria.

Keywords: Bacillus megaterium; Providencia rettgeri; tolerance; phosphorus solubility; soybean;
seed germination
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Figure 1

A: ERZFHFE; B: IS BB
Colony morphology diagram. A: Bacillus megaterium; B: Providencia rettgeri.
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Figure 2 Effect of tolerance of two strains of bacteria. A: Bacillus megaterium. B: Providencia rettgeri.
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Figure 3 Analysis of salinity tolerance of two strains of bacteria. A: Salt tolerance map of Bacillus
megaterium. B: Salt tolerance map of Providencia rettgeri. C: Alkali-resistant map of Bacillus megaterium. D:

Alkali-resistant map of Providencia rettgeri.

4 EHRETREBHMRE A B ARG EE S S RO U BRI RERCR ; C
D iy AN [t 18] 15K 25 AT AR DO T A b YT AR

Figure 4 Phosphorus solubilization effect of strains on plates. A and B: The effect of phosphorus
solubilization by Providencia rettgeri at different times on inorganic phosphorus plates; C and D: The effect
of phosphorus solubilization by Bacillus megaterium at different times on inorganic phosphorus plates.
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Table 1  Phosphorus solubilization by Bacillus
megaterium and Providencia rettgeri in solid
inorganic phosphorus media
73 WAt WeEREER WK EA  Dd
Strain Incubation Diameter of  Colony
time (d)  dissolved diameter
phosphorus  (d, mm)
ring (D, mm)

SPN &1 3 12.50 8.17 1.53
FFIA 7 20.33 11.00 1.85
Bacillus 10 26.00 12.00 2.17
megaterium
RILEP R 3 11.67 8.00 1.46
el 7 18.33 10.67 1.72
Providencia 10 22.50 11.00 2.05
rettgeri

500 - Bacillus megaterium 180
a . B Providencia retitgeri ’
?ED « —a— pH (Bacillus megaterium)
g 400 X --o—- pH (Providencia rettgeri) 6.0
= T
£ é%:%%;//’
S 300t
'l 7 1402
s =
S 200
? 12.0
2
2 100
o
8 10.0
=i
=%}

0 2 4 6 8

Time (d)

B 5 EXFAFEMERESBEHELREE
FrE EIABYIRA pH S ARE

Figure 5 Phosphorus solubilizing effect and pH
analysis of Bacillus megaterium and Providencia
rettgeri in liquid media.
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—-— Linear fitting of Providencia rettgeri
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r=—0.986, P<0.05
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Figure 6 Correlation plots of phosphorus solubilization
and pH of Bacillus megaterium and Providencia rettgeri.

x 2 EXFANEMEREZHRENEEER
ERENEEY

Table 2 The viable counts of Bacillus megaterium
and Providencia rettgeri mirabilis after incubation
in shake flasks (CFU/mL)

BfE] CK BRSO A % s
Time (d) Bacillusmegaterium Providencia rettgeri
0 0.00 0.29x10° 0.33x10°
2 0.04x10% 1.29x10° 1.11x10°
4 0.07x10® 3.23x10° 2.93x10°
6 0.09x10% 3.95x10° 3.59x10°
8 0.08x10% 3.09x10° 2.78x10°
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H A R B AR 43501 26.39 . 23.67 mm,
5 X} BRI AH U3 530 R 19.40% . 20.30%.
TEIEH MER AR T, 4 2 Wk
FIBE R, HORZER R . AR A MK B
FH R (P<0.05), KT 2 B ak 1R 34 AT A o ik
PRI T 5 R

3 Wi

3.1 AEIEKE R T

T AL S B ERSS . TR,

FAOFAER LT, AR GXTIRAATER  ERGREY AR FEERFEZ -,
Q Bacillus megaterium  —a— pH (Bacillus megaterium) 280
? 400 - B Providencia rettgeri ~ --e-- pH (Providencia rettgeri)
:/ 9 _/,-‘——"‘"‘ 17.0
3 " U
£ 300 _—7 s 16.0
Q 7/
2 - 450 &
| % l ' ' Hin )
2 14.0
'8' O L LA A L4 WLl Vvl A4 (A A4 1AA 20
£ 00 02 04 06 08 10 12 14 00 02 04 06 08 1.0 12 14

NaCl concentration (mol/L)

7 NaClLREMEARFHAFEMEREZHEHEAHEN pH EF0
Figure 7 Effect of NaCl concentration on phosphorus solubilization and pH of Bacillus megaterium and

Providencia rettgeri.
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Sterile water Culture medium

Not treated with NaCl

NaCl-treated

&8 NaClihiET 2 HkEX R I iFLREN

Bacillus megaterium

Providencia rettgeri

Figure 8 Effects of two strains on soybean germination under NaCl stress.

3 NaCl BT 2 HREX H I iF A WAVIEIR
Table 3

Indicators of the effect of two strains on soybean germination under NaCl stress

Ab PR R Jkh JRzE JRAR
Treatment Germination ~Embryonic Plumule Embryonic root
rate (%) axis (mm) (mm) (mm)
K2 NaClIRFEAL PR JCTE /K Sterile water 90.00£1.67b 43.22+1.57b 9.39+0.54a  41.45+2.27b
Not treated with B33 Culture medium 88.89+£0.96b 30.55+1.07¢ 2.40+0.33b  12.00+0.33c
NaCl concentrations |5 24 T 3 Bacillus megaterium 92.22+0.96a 47.44+126a 9.22+0.19a  45.00+1.00a
W2 B Providenciarettgeri 92.78+0.96a 47.72+0.79a  9.39+0.35a  45.33+1.34a
2 NaCl ¥REALI TR K Sterile water 86.67+1.67b 22.11£1.71b 2.06+0.10a  19.67+0.34b
Treated with NaCl %35 Culture medium 87.78+1.92b 17.67+£1.00c 1.50+0.00b 7.17+0.84c
concentration H K241 % Bacillus megaterium 90.56+0.96a 26.55£0.69a 2.00+£0.33a  23.22+1.02a
W2 BT Providenciarettgeri 92.22+0.96a 26.22+0.39a  2.09+0.14a  24.11+2.17a

15 Bt 5 A )N B R ORTE IR H 25 0 S NaCLARBEZRPE T, SRl R ARG, 0 i A 20 R SRl . IR2F . AR AY I

BB TE T K AL P22 Sk 8] 5% 53 /K - (P<0.05)

Different small letters after the same data indicate that the differences in germination rate and lengths of embryonic axis, germ
and radicle of soybean reached 5% significant level (P<0.05) when inoculated with different dephosphorylating bacteria under

normal and NaCl treatment conditions.

fta A P A IR RE S ok R ARG 1, (AEhIAEE &
SR BRI AR A B AR, AN, it RS S RO
HE A Y M ER BB A B ), R Bk R R
B AR A K R BB . AR E o
P o B2 0 0 B PR P TS R B, AR A5 SRR
B, N [A] NaCl e 85 3738 I 2 BRI A K Bl NaCl
WREEF pH B Y3 K34 S B Je 18 K W/ N Y

faF, X HELPY MR E B R ZE AT
PR RN B EG A 2 8 T BT 114 TS 6 e 114 2 A e 3
— 3, ARG R RWETEIRBIE, 24 NaCl
WHENT 0-6%ZIHE, B R ZFAAF i A KR DL
BT, 3 NaCl YR EESZI /N s 24 NaCl R 4 T
8%—10%=Z [0], bR A= 1 52 NaCl ¥k B2 gk,
Al 4 REWMEAK, 4 RAEEMEER,
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AR 8 d W, BRZFAFTHEAEERMEIE N 10%F1
pH il 12.0 MG, JF Higddd:
K pH HA 7.0-8.0, #2450 F a0
FKERBME KZFMFFEIE 8% Eh vk B T ¥y mr 4
K, R@EHWwEMN pH 550N 4%—6%FI
6.0-7.0, SRS KIKA—8 . ABFIL
RBH, FHIGED B IE SRRl 0-6%F1
pH (B} 7.0-12.0 BYPEE MR 4K, 78 NaCl #
JER 2%—4%I5E T, 5% NaCl ik EERZ g/, 4
NaCl ¥ JE R 6%, #i 6 KiZFTAER, 56 K
VR IR A, 13X M R R A b 7
PMFIE & PUZ A RRLE NaCl ¥ &k 9%H1 pH
10.0 (FREE FARATAE K Z5EA—3, FTREH T
N Tt R B (9 1 72 B FR AR R], AF
FER AR Sk
3.2 A RIEMIABEEES pH BEREKD
A

HR B - 18 v FLAT 5 Wl 25 SR A Tl A A o 21 ¢
%, FEA B EE (Pseudolnonas) . ZF LT
& (Bacillus) . 71 15 J& (Arthrobacter) . [ % &
J& (Azotobacter) . % # I J& (Enterobacter) %Y,
BREVEERP RS R B, B R SEAOAT o EE B 5%
B AR, s D/d HiEF 4.5,
RIS ST LI, BOKEAIFF R 7E NBRIP 15
T LIRSS 4 RIS i85 188 pg/mL;
LM I 5T R B, T G B BT R T
HIAF] 200 mg/L, IEHEEEGAR] 2.3, X H5AME
R —3, AW 2 WREEBERE ) 2%t
WSRO S I 5 5 T RE B, R
B4 R, BRI G2 Eos W i 7e
AR R 75 3 P 1 VW iR B0 (E 355.53 mg/L
F1272.17 mg/L, 7ETCHLBEE AR F7 3 -t L B
B A7, B59RET 3 K, D/d (R KR
e, 2 BREE M D/ FHE 10 R4 F1E%] 2.17
M 2.05, PVEHECTBRGY LB, fEE R IR

S D/d (HE B E W IEAMACH:, D/d H#
K, BB TR RS, X5
ARWFIELE L —E

fiFe e Tl 2 0 110 R B L B 3 AT A ML R TR i
Vi F AN B A A1 Narsian Z2UO8F 58 &K B,
Vs w R R B R SRR pH (HA B
AR, AP EE R, W 2 bRV i
SSRGS N, SR pH (H S Bk
WG BT, 5 4 REEFRA R pH
A F R/ IME 4.61 F14.81, TR A 2R KA,
JIT LA 53 B0 R 2R FRFT 1RV B 1 5 15 SR A
57 pH A 2% 3 771A 5E(P<0.01), 7 RG24
BRI SR pH (HE B #E UM
7 (P<0.05),3X 5 Narsian £ fUfF 55 4518 — 2.
X AT e S BTV B R T B AR A I A LR, T
AV FE A% 8. SEaENE
T, XEAE R IREh VS M, B A5 Y
T, MRFEAL pH (P,

B K ZE A B AN B FC A 2 gl s 0T B 7 7
TE AR, JCHURE R 57 3 v I TR R I Wl A ] 1Y
JE R Z R D B R H, BRI PTG AL
FH 6 KikFIEME, 43514 3.95%10° CFU/mL FI
3.59x10° CFU/mL, %4516 5 X k% 2 U2 5%
4 RSB B R S W R P R R R DA R B 1
M2 —3, A MEEYIE R AR,
3.3 NaCliKE X R EA e DA pH T
d:0-A10

o T iR 8 TR ) iR R 0 — o R R A
FH, B s e N R SR T s i RE ) A
HEE X, AEEPI R 7 R EA — it
BRRFAE R N AE B, A MLBE S RGBS i e 40
MEEF] 342.20 pg/mL 1 143.61 pg/mL, HkkAE K
IeiE NaCl Bl 5%, MR B 450 5 114) 7 ok m]
1E NaCl e  30% M pH (L l 13.0 B935S F 4
K, RIVHAR A IEERIRE . AR EE R R
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B 2 kA 5 TR 7E S [R) NaCl ik 5 1 TG L 1 3 ik
RO X pH (E332 5200, 2 PRAG#E R 78
NaCl ¥ 0—1.4 mol/L 55T 34 HA A Bk
J, VAR NaCl ik B2 i) 38 K 2 S s 38 K 5
SEREARAYE S, HiRdk pH H R SEm s/ N5 +F
gepi Rk, X HEWMEM ] a2
1 #F i J& (Bacillus sp.) . Z 255 A 3 #F @
(Acinetobacter-cal coaceti cus) F1 iz - 1 1% 2% 1
(Candida-parapsilosis) I iIF R 451848 — 5, 5
FRRA TR P AR R . T P RRAEER e T 5 R 5
PIFRBERCR , B R AT R AN 7 Qs 2 s T 1A
43 BIAE NaCl ¥4 0.4 mol/L #1 0.2 mol/L A JC
PUBS SR I PR i, 159556 4 K, Vi
T3 BEA (Y 364.35 mg/L 1 285.58 mg/L, iX
52 SN R ZE AT (B megaterium) .
B % B T iR (P. rettgeri ) IRFFE 451831, 78
0—1.4 mol/L NaCl 4514 T HA RBERE 1, Wimia sy
SR 156.69-412.19 mg/L Fl 59.00-427.27 mg/L,
{HIE NaCl ¥ B2 K, W B aiOR 2352 34 .
3.4 NaClBE T 2 KEXNEIHEARFMN

AR SR P A K, S AR A 20 DY
P, MR AN P PR TR
ERIRBE AL S A AT &, AR P R
KBRESR, SEMMTBERK, FiF1E 118
B R SEFR T RN RO 2t P2
FHAR K 2R SEBG A 9Y T #E1E 5 2540 B2 NaCl #¢ &
WEBREATT, MBI X AE A R R R R
i) , AT % B NaCl e BE 254l 46 £ Fh 710 %
FRFPBIZEK, HEMAE RS, AR+
2R SRR R B Ik B B 2 ROk P
(P<0.05), iX SAWIFE I IR 78 1E i FHER B8 PR 5T
B R 2 LT R RN A B R i TR R B
SR P Z5 e — B0, R BRI N L R
ZERMZER . AW THE NaCl AL
T, 2 RAR B R X B R AR I G A A

KA IRCR ,, WHFa KRR, EhIPhia 2l
B NL )RR R AR B A, X ZE R
TR E R, X5 1R & FEI R A e —
B, PTREHT TR IRAR PR A A X Eh T
WU BRI, B R ZF AT B M G 2
BRI I A B AT R 2R SR IR AR
A S B A7 A 5 22 5, TR AR B TR T 0
Jo B S R 2R S R PR AR A A ke BR A
FHEC Y B, BRI 5 X I A TR
BERES, XGMEHEN ERMEE
Sitp e TR X D 2 o 7 2 AR 1 SR R I SR 2
WFFEIIAEE— 2L, URSE T AR X R A 2R
Lot AR A AR R I v

MR BE T B T ORI, A
AT B AR T 52 M AV B RE ) 55, i HL
5 IR A A R SR, T
S BRIEATAER RE SR, BREFAATA .
T 2 OB TR R S0 A PR R R B R4
AT A2 P8 | s I RASOR B e A 2R RCR , BAE AR
PRIE o ) E B AR SOR AT o it — 2P 9T

4 Zi

ABFEIE 20 E R ZFHAT I . I 2
BT MIEESE, ST T P T R RE |
ROR . ARKE . WEiEYS pH ([HRCHR K
W R, RGBT .

(1) B R ZFAUAT I3 A 75 G 2 g W i 1%
A BRI ER B, 3 AITE 0-10%F1 0—6%HYER
e FN pH {E°h 7.0-12.0 RS Rl DA K,
pcid AR BE 25 pH (Bl 7.0-8.0 Z [,

(2) B RZFEHAFF B TR (2 BT 24k
FAUREEE, R RRAMTE 4 X
I B IE(H 355.53 mg/L 1 272.17 mg/L, &%
Bt pH {H 2K & UAHC(P<0.01), FHE
Wi 5 pH {H 2 1 & 1A 5¢(P<0.05), PI& MG
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WEERFRSE 6 RBXARK, mMRKMEN
3.95x10° CFU/mL #i1 3.59x10° CFU/mL.,

(3) B RZFAAF A8 G 2 B8 1 i 78
0—1.4 mol/L Y NaCl ¥ & ¥ d5 vh 35 HA i B
F, NaCl #4354 0.4 mol/L 1 0.2 mol/L H}
WBERCR B, Rk B8 364.35 mg/L
F1285.58 mg/L, B3 5% 41 it i) pH {H % 2 5o/ 4.28
1 4.73,

(4) B KZFAAT A G 2 8 1 14 )
FhF R ZER . IR E R AR, &
2% NaCl AbFEFIZE NaCl ZbHIIAEE T, AT X
2, 282 BRIRTR I T35 23 Sl . iR
MR R AN 2.70% . 10.10% . 9.00%7F1
5.40%. 19.40%. 20.30%.
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