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Isolation and function analysis of phosphate-solubilizing bacteria
with psychrotolerance and saline-alkaline tolerance

GE Ziyi, WANG Siyu, SU Xu, GAN Shiyun, JIANG Xintong, HUANG Yuwei, MENG Jun"

Key Laboratory of Biochar and Soil Improvement, Ministry of Agriculture and Rural Affairs, National Institute of
Biochar, Shenyang Agricultural University, Shenyang, Liaoning, China

Abstract: [Objective] To isolate multifunctional phosphate-solubilizing bacteria (PSB) exhibiting
psychrophilic adaptation and saline-alkaline tolerance in response to the ecological challenge of
phosphorus limitation in saline-alkaline soils in cold regions, evaluate their phosphate-solubilizing
efficiency and environmental adaptability, and preliminarily investigate their phosphate-
solubilizing mechanisms. [Methods] We used an inorganic phosphorus-selective medium to isolate
bacterial strains from saline-alkaline soils in Baicheng, Jilin Province. The phosphate-solubilizing
capacity was quantitatively determined through the molybdenum-antimony colorimetric method.
Taxonomic identification was performed through morphological characterization and phylogenetic
analysis based on 16S rRNA gene sequences. The phosphate solubilization conditions were
optimized via multi-parameter gradient optimization. HPLC was employed to quantify organic acid
metabolites. Phenol-sulfuric acid assay and crystal violet staining were employed to characterize
biofilm formation and extracellular polysaccharide (EPS) synthesis. [Results] The isolated strain
Pseudomonas psychrophila MPP2402 demonstrated broad-spectrum environmental adaptability,
maintaining stable growth at 5-30 °C, pH 7.0-10.0, and 0.2-0.8 mol/L NaCl. The strain achieved
574.66 mg/L soluble phosphorus (14.8% increase) under optimal conditions: 15 °C, pH 7.0,
0.4 mol/L NaCl, 1% inoculum density, and 5 g/L. Ca3(PO4),. MPP2402 may exert the phosphate-
solubilizing effect through the secretion of organic acids such as succinic acid (51.53 pg/mL),
oxalic acid (22.84 ug/mL), tartaric acid (15.11 pg/mL), and malic acid (5.93 ug/mL), which worked
in concert to solubilize phosphate. Additionally, the strain utilized EPS to construct a biofilm
barrier and regulated the viable count in adverse environments such as low-temperature and saline-
alkaline conditions. [Conclusion] The successful isolation of MPP2402 establishes a foundational
resource for developing efficient saline-alkaline tolerant microbial agents and improving soil
nutrient management in cold-region ecosystems.

Keywords: phosphate-solubilizing bacteria; low temperature; saline-alkaline; organic acids; biofilm
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MEA BRI AL R 22 . L8 pH . FhESEN
FHRm T Ho | IR T RE 4R AN R AT
Lol A B ARIRIR S o IR Aok
fF, PRHI A A0 TR AT REIR &2 05 1, (HIX — i BRI
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1.1 #&EE&E

TR ST 2023 4E 11 HRE A EMKRE A
I T R el (BRI PR R LR 1), RAHBEL
TS ORE BEAE 0-20 cm 28 )2 1 398 35 i BopERY
FEME T IOREAS T, TERIAIE Tyl sL g e,
BT 4 CUKFET, HLE2Li5T .

1.2 EFxFE

LB % 3% £ (g/L): B & 11 10.0, NaCl
10.0, BERFEEERY) 5.0, BifE 18.0-20.0 (R IAK:
FEHATN), pH 7.0-7.2, 121 °CKH 20 min,

To WL 35 35 B (g/L): 5% B 10.0, NaCl
0.3, KCl 0.3, MgSO4 7H,O 0.3, (NH4),SO,
0.5, MnSO,-4H,0 0.03, FeSO4-7H,0O 0.03,
Ca3(POy), 5.0, THE 18.0-20.0 (& A& &5 5 & A
hmy, pH 7.0-7.5, 115 °CKJ 30 min.

1.3 BEBENIEREE

B 10 g 3% T 90 mL LB 1 52 W+,

30°C. 180 r/min 5535 3 d; L) 5% bk s

=1 DIREARIBUMER

Table 1 Basic physical and chemical properties of
soil
ERE| G
Items Content
4k Total phosphorus (g/kg) 0.30+0.05
AL Available phosphorus (mg/kg) 9.83+0.21
44 Total potassium (g/kg) 19.73£2.27
TR Available potassium (mg/kg) 208.00+1.00
2K Total nitrogen (g/kg) 0.37+0.02
4% Total carbon (g/kg) 5.01+0.20
pH 9.80+0.16
EC (uS/cm) 1 105.33+28.86
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FF2k H Ezup HE2UAH R L K 20 DNA #3050 &
FEHUDNA, #1750 TSP, KRR
16S rRNA JF¥ 51l % A GenBank %% 4% £ , JH
BLAST /7 5 84 B rh i e 90 it A7 Leoxs, i
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e, VEBUARETEB(DId)=1.5 By 4N HEVE Ky ik
w o T alifb iR, Hidb, MPP2402 1Y D/d {Hh
1.75+0.07, FILH R0 0 EWERE 1. MPP2402
7E LB ARG FR 5L BT R, RIEDCHE
e, NEET, NEW., P anir, BEh
a2t [RBAPERT IR, JoZFAE A 1), HA B AR A
EGRINFER 2 s,
2.1.2 fREEBESINE

MPP2402 28 A [] 46 B 48 I 35 37 (7 d) Bon
(K 2), HALHRELE 5-30 °CHY T IR 70 [ N 4
FriEw R AR, H I W35 0 L I i
NAFEE . WAL, AT PRV B AR B R
(0-3 HEIGKEH, BFHEARENG-7
B NREES . (HRFEENZ, 15 °CH MPP2402

A B

145 3 K3k 2 W H (500.62 mg/L), 3% & T
5 °C (374.82 mg/L). 30 °C (362.47 mg/L). iXFh
AR il 8 ) AR X R B, MPP2402 HA fieid
SR UL B2 T PR DX AR % R RFALE
2.1.3 16S rRNA ERF%E

BT 16S rRNA KE [H 7 41 4 A, Bk
MPP2402 (GenBank %5 5% 5 4 PV664474) 51E %
IR it 8 (Pseudomonas psychrophila) AU =
ik 99.93% (K&l 3), #t— A SR AEL
FFAF LA & B . MPP2402 5[] J 4 X B bk ——
M L 2 B (Pseudomonas putida)® . 4% 40
1R PA MU T (Pseudomonas veronii)?* FI1 5L IR FG A B
MU (Pseudomonas umsongensis)PO 5 2% [ FH
PEMFREDIEAS . AR HRE D R . SR

&1 FEX A EMPP4EBEEB R SYFE. A: MBEE; B: JEEAFE; C. HE2Z[CYLE (1 000%);

D: ZFffYL(a(1 000x),
Figure 1

Phosphorus solubilizing circle and morphological characteristics of Pseudomonas psychrophila

MPP2402. A: Phosphorous solution ring; B: Morphological characteristics; C: Gram staining (1 000x); D: Spore

staining (1 000x).

2 FEA R BEEMPP24024 TR 4 (L 4SE

Table 2 Physiological and biochemical characteristics of Pseudomonas psychrophila MPP2402

W30 H Test items ZE R Results || 201 H Test items 25 Results
A & B RS Glucose fermentation test + TER K 78 Starch hydrolysis test +
FLBE A RS Lactose fermentation test - filfiR Ehi4 )i 5 Nitrate reduction test -
THERE & B% 1056 Sucrose fermentation test - 3|3 Indole test +
2 2EME A UG Maltose fermentation test - L2135 Methyl red test -
T E AL SR Catalase test + PRI Citric acid test +

+o FHMERO; - BITERONL.

+: Positive reaction; —: Negative reaction.
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Figure 2
Pseudomonas psychrophila MPP2402 at different

temperatures. In the same culture time, * indicates

Phosphorus solubilization capacity of

significant differences between treatments (P<0.05).

Fiff F P By A 1R & R FH BE 0 B P 55 T SRRRAE
{8 G B 3 R AT BT 25 5 (3R 3). LR LTIR,
MPP2402 154 B S TR & 2 S
2.2 HEm L
221 EHFEE

WK 4 s, R ERRMIE MPP2402 1%
W fig 22 LR ) (IR P o I, R
15 °CH1 20 °C B fif B BE J1 B4, 4y il ok
504.74 mg/L 1 494.81 mg/L, —H LB ELH.
TCHLBERE F2 T pH [ & 4.64-5.73, SmBR M.
X R W] MPP2402 TEV i Cay(PO4), 1 72 257
TRV, SECAED pH EFEAL, 1 H R
A R T s R S R . EHAR RN,
5B A 10 °CH % B 808 155 (2.49x10° CFU/mL),
B Hf# B 6E 11 408.16 mg/L, WBFHMLT 15 °C
M., LEEHEE, 15 CCEIH «IE 4% B @50 i
PR, AR AR A S SR A IR B

99 ’szeudomonas psychrophila strain E-3 (NR028619.1)

62 Pseudomonas psychrophila strain (MPP2402)

56

57

54

———
0.0050

100 I—Pseudomonas tremae strain CFBP 6111T (AJ492826.1)
l—Pseudomonas congelans strain P 538/23 (NR028985.1)
Pseudomonas salmasensis strain SWRI126 (CP077083.1)

95 I:Pseudomonas Sfluorescens strain ATCC 13525 (LT907842.1)
Pseudomonas salomonii ICMP 14252 (LC486834.1)

ﬂdomonas putida strain ATCC 12633 (NR114479.1)
Pseudomonas sessilinigenes strain CMR12a (CP027706.1)
Pseudomonas germanica strain FIT28 (MZ758888.1)

95 {Pseudomonas moraviensis strain 1B4 (NR043314.1)
90 Pseudomonas glycinae strain MS586 (CP014205.2)

Halopseudomonas nanhaiensis strain SCS 2-3 (CP073751.1)

E3 A RBEMEMPP2402RESELE B . 159N HGenBank Bk 43 S S BUEAC FE 2 T1 0007 T & Hh
FER) A EPR(A ST HB U R B R 45.0.005 08

Figure 3

Phylogenetic tree of Pseudomonas psychrophila MPP2402. GenBank accession number is in

parentheses; The branch point value represents the self-expansion support rate (percentage) based on

1 000 repeated sampling; The scale bar represents 0.005 0 substitutions per nucleotide site.
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®"3 FERRBMEMPP24025[E BIESIEXNMAIFL SR E B (LHHELLER
Table 3  Comparison of morphological and physiological and biochemical characteristics of Pseudomonas
psychrophila MPP2402 with those of the type strains of related species in the same genus

FHIE g &N o] MR AP RRME SR IER R

Characteristic Pseudomonas psychrophila  Pseudomonas  Pseudomonas Pseudomonas umsongensis™"
MPP2402 putida™® putida™®”

VR RHIE 0, REDEH R R RN [RIE , TR

Colony characteristics Yellow, smooth and raised The middle of the colony is
surface raised, rounded, yellowish

ARl 5-30 30 30 28

Growth temperature (°C)

B - - - -

Gram stain

TERY K RS + + -

Starch hydrolysis test

LB SANE s - + - -

Methyl red test

M I + - + -

Indole test

AR R R + + +

Glucose fermentation test

i A A AR + + + +

Catalase test

Frig I + +

Lactic acid test
+: BHMERON; - BHPERON .

+: Positive reaction; —: Negative reaction.

A B
600 r—Soluble phosphorus content —e— pH
*

(98]
[l
(=}

[ 3 Viable bacterial count —= pH

15.8 15.8

~ =)

= E

£ s00f \ ) 5 s = 250( \—1— los

= <
rémi £ 400 s —{ T 2‘2‘ = 2001 " - 2421
13 1s. "z 1s.
ﬁgwo— 150%E &= 5150t 150 %
” s 2| 148 L 14.8
w & 2001 | 46 £ 100F 146

& 2

2 100} 144 £ 50t 1 :-;

j T e =] .

: 42 c

5 10 15 20 = 5 10 15 20
T/OC T/OC

B4 BEXMELSBEMEMPP24O2TAMBMSERTERNEN. A: FEA B HEMPP2402 0] 7P
it MpHIEZEM; B: WEV IR MPP24027F R4 N pHIE 2 1k

Figure 4 Effect of temperature on soluble phosphorus content and viable bacterial count of Pseudomonas
psychrophila MPP2402. A: Changes in soluble phosphorus content and pH value of Pseudomonas psychrophila
MPP2402; B: Effects on viable bacterial count and changes in pH value of Pseudomonas psychrophila MPP2402.
In the same culture time, * indicates significant differences between treatments (P<0.05).
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222 EFRpHE

H % 4 Al 01, MPP2402 1YW RE 1 Bt 4
fpH Fhm RN EBE, E¥ 4 pH h 7.0
I fif W BE )1 5 1 (504.05 mg/L) . ¥ 1 BH 2
PRk, W HE pH g 10.0 I I T A
(3.30x10° CFU/mL), #14f pH A 7.0 B3 2 5
i (1.35%10% CFU/mL), 156 WA 3% 7 %5 04 8 in & fig
AR S SRR T R R RS R SRR,
MPP2402 1t pH 7.0-10.0 i LB 5% 37 K ¥ fig
. Hr pH 4 9.0 Bf, MPP2402 Fi5#5 1 Kk
SO AR, AR 2 TS R 80, 3%
iR GRU R aG AN HE AS STIR N i SERNT ) s W)
10.0 B, & TRBCEARRAR, EAI4ERE— & G 1k
25 Tk, MPP2402 PRI 2 B pH & W Pk
(pH 7.0-10.0), J& TiikisEY(#E 5. Kl 5).

iR 3dfE, WP pH EA BT R
(4.35-5.47), XGREZMATHERMEYE, M
MWEENENTE , pH EHA BT m#a . d—24r
Mrg s, Kigefany pH (AR B A A8tk 34
H—EMME. T LW, G %IE
FRRE R . ANEE RS E PE RSB L, DA RSB
NG R, BERELL pH Sk 7.0 1 45 1R 4k 2k I &2
B

x4 AE¥IEpHEX S R 2 EEMPP2402 7]
BN EEE RSN

Table 4 Effects of different initial pH values on the
soluble phosphorus content and viable bacterial count
of Pseudomonas psychrophila MPP2402

WithpH  AEVERES R TEREAL pH
Initial pH Soluble Viable bacterial
phosphorus count
content (mg/L) (x10° CFU/mL)
7.0 504.05+20.11 135.0011.53  4.35+0.11
8.0 461.42+12.64 149.67+11.93  4.46+0.09
9.0 400.84+20.14* 230.33+13.20  4.82+0.04*
10.0 198.49+8.58* 330.33+£5.51*%  5.47+0.08*

* RN A PR 22 57 I 3 (P<0.05)

* indicates significant differences between treatments (P<0.05).

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

*5 T FEpHEXIER RERMEMPP24027FE K
R
Table 5 Changes in the viable bacterial count of
Pseudomonas psychrophila MPP2402 at different pH
values (x10° CFU/mL)
pH  1d 2d 3d
7.0 406.67£15.28 456.67+£25.17 526.67+5.77
8.0 376.67+£25.17 453.33£15.28 506.67+20.82
9.0 266.33+£7.09* 393.33+20.82*  416.67+15.28
10.0 261.67+6.66* 353.33+20.82*  256.00+8.71*
*FTRAb P 22 55 I 3 (P<0.05)

* indicates significant differences between treatments (P<0.05).

2.2.3 1EFRiR NaClikE

¥ MPP2402 43 Jill #: b T R [\ vk B
(0.2-0.8 mol/L NaCl)f¥) TCHLB 5 2 15 5% 3 d,
HHRe e B K B EA —E ukae 11 (K 6).
b NaCl kBT S, fmne ) R BE A= S
FEAA R, 1 pH (I 2 AH R # ., 5 LiRgs
REHELFE, A RRFRRP R pH HH/)N
T 5.00 F 9 HL, 4 MPP2402 4 T 0.4 mol/L
NaCl B e J) fe s, A 558.60 mg/L, [F]
IHEE T ) pH (EEAIK, o 4.44. PRk, AT
& HOMTHER A -

T T P AS [) e B NaCl BR 88 R ik 5211
A TR FE ) NaCl 2R3, MPP2402 75 i vk
NaCl £ iy A= KR 0L 32 B8k 835 i A il
WK BN, EYEa i . X —45 R
FW, R MPP2402 HA&Tihfe 1, Hidmn
NaCl ¥ BEA 2% HAE K ™= A= T RIS
224 ‘AEEME

TEXI IR pH 7.0, 0.4 mol/L NaCl i 214 F i
TITICHLME RS R 5L, T2 MPP2402 A [a] 322 Fh 42 %o}
HARBERE ST . WA pH ERYSZI . Qi 7 B
7N, MPP2402 1Y fif i e 1 e G HE A i 3 i 2
RS b, BERPiE R 1% F 3% B ik
E S48, 439K 572.96 mg/L 1 563.24 mg/L,
HoF LB EEER

MPP2402 ()15 B B AR 3 E TS, (=
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pH 7.0 pH 8.0 pH 9.0 pH 10.0

El5 &SRB AEMPP24027H F 3 R E
Figure 5 Tolerance effect diagram of Pseudomonas psychrophila MPP2402 (x10” CFU/mL).
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Figure 7 Effect of inoculum size on soluble phosphorus content and viable bacterial count of Pseudomonas

psychrophila MPP2402.
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*6 A BRBMEMPP2402TEHBRIMARSE
Table 6
produced by Pseudomonas psychrophila MPP2402

Types and contents of organic acids

A Types Content (ug/mL)
SELLR Malic acid 5.93+0.50

R Oxalic acid 22.84+0.97*
14417 Tartaric acid 15.11£0.64*
¥R Citric acid 0.00+0.00

B ¥AMZ Succinic acid 51.53+£3.80*
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Eligene =S NE Tl N Iy Y=l <k PR S
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Figure 9 Schematic diagram of the chromatogram of organic acids.
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AO: After optimization.
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