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Abstract: [Objective] To isolate efficient phosphorus-solubilizing strains from soils in the
permafrost region of the Qinghai-Xizang Plateau and provide strain resources for the activation
of unavailable phosphorus in the soil of the Plateau. [Methods] The selective media with organic
and inorganic phosphorus were used to isolate phosphorus-solubilizing strains from the soil
samples collected in the permafrost region around the Tanggula Pass of the Qinghai-Xizang
Plateau by the plate streaking method. The phylogenetic tree was built based on the 16S rRNA
gene sequences to identify the strains, and then the phosphorus-solubilizing abilities and stress
tolerance of the strains were determined. [Results] Five strains belonging to Pseudomonas were
isolated, including three inorganic phosphorus-solubilizing strains (i5, 16, and i19L) and two
organic phosphorus-solubilizing strains (Qb and Qo). After 7 days of incubation in shake flasks
at 30 °C, the content of available phosphorus in the supernatants of Qb and Qo was 534.8 mg/L
and 723.7 mg/L, respectively, which was significantly higher than that (166.9-210.5 mg/L) in the
supernatants of 15, 16, and i19L. The available phosphorus content in the supernatant of Qo was the
highest (519.7-683.0 mg/L) among the five isolates under different concentrations of PEG6000.
The phosphorus-solubilizing abilities of Qb and Qo were stronger than those of the other strains
at 5 °C and 10 °C. [Conclusion] Qo outperformed the other strains in terms of tolerance to low
temperature and drought stress, serving the development of microbial fertilizers and vegetation
restoration in alpine regions such as the Qinghai-Xizang Plateau.

Keywords: Qinghai-Xizang Plateau; permafrost region; phosphorus-solubilizing strain; low
temperature stress; drought stress
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1 AHRERSERABE
Figure 1

2 IRMBENRZLEN

Phosphate solubilizing circle of five phosphate solubilizing bacteria.

Figure 2 Phylogenetic tree of five phosphate solubilizing bacteria. Numbers in parentheses indicated the
sequences accession number in GenBank. Numbers on the branch points represented the level of bootstrap
support from 1 000 replicates. The ruler indicated 2% changes in sequence evolution.

silesiensis) A3 HHBIEE I 99.65%; i6 FRkS5 KK
1B 5.3 1 (Pseudomonas migulae) NBRC 103157
AL X 99.29%; i9L T #k 5 Pseudomonas
crudilactis UCMA 17988 A ik 99.29%, Qb
f Qo Ktk Pseudomonas cyclaminis MAFF
301449 HLE 43510k 100.00%F11 99.79% (K 2).
5 PRAGWETY 16S RNA JEEFHCIRZE
GenBank ¥4 . i5. i6. i9L. Qb F1 Qo &3¢
S35 OR591261, OR591260, OR591262 .
OR591263 il OR591264.
2.2 BERAE IR YT

PR RRTEAS [R5 3R IR 8 F i A K i & an &l 3

Jin. #E 30 °CHY, 5 HREBERZEE I 12-22 h
Ja dE AR E (K 3A). 7E 10, 15, 20 °CHY,
i6. i9L. Qb Ml Qo 7EXZFE 50 h J5 ¥k AFa e 1
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M Qo HEARIFRE M RATFEREFF 100 h, i5
75 BEEE 3% 140 h 2247 i AR W (B 3E). iF
ATREWIN 5 MR ODeoo fH HL L5 R 2
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i6 1 i9L Y ODeoo fH , 7E 30 °CHf WAL T i5.
i6 Fl i9L A9 ODggo fH . AFRIFEFRIEE T, HEA
Fa s B9 Qb Fl Qo Y ODgoo E1E 15 °CH % 1
(I 3).
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Figure 3 Growth curves of five phosphate solubilizing bacteria.
2.3 fRBERMEBEE O i6 Fl i9L (P<0.05, &l 4B). MBItk fERER ok

WILEBHERHMITAE I, 15, 6 MIOL &, bk i5. i6 A 9L i hA Ak & iy
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Qo (Bl 4A). 5 thE M EI5W pH 2 LMl (534.8 mg/L)FI Qo (723.7 mg/L) b i&K o A3 R
H4.8-5.8, Qb Fl Qo FIHWM pH BEMT 5. &FH(& 40).
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Phosphorus solubility in
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Figure 4 Phosphorus solubilization ability of five phosphate solubilizing bacteria. A: Phosphorus solubility
index. B: pH. C: Available phosphorus content. The different letters indicate significant differences in
phosphorus solubilization ability among strains at P<0.05 level.

24 BRIV BIBEMHEREESE
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IR AR . FLR . TR, FFER. N R .
FEEETR . BRHAMR . ThORIRFNE TR . FREE P il
SAPERAY N Qb>i6>Qo>19L>i5, SRR, &
MR | LR FIE A R 2 A O AL B 400 1) T2 B2 L
BRA 4y SRR . TN R . WA IR MFLER IR A
BLIE TR 20 8 1 AT HILRR A 53 o AH A BT 4 2R i
N, BRI VR A R O A RN TN R

TR I E EAKP<0.01, Kl S5).
25 TEWETEHKNBBEEST

AR EE PEG6000 TR iria b BE R, Qo I
T TR A OB S R R (P<0.05, % 2). BEFE
PEG6000 % & (38 N, 5 Rk R8T L35 W A 2L
BESEREEIHTREES, SKERN 5%
PEG6000 #Lt, 25% PEG6000 AbFE R i5. 16,
Qb F1 Qo I I W A R 5 4 BRI T 48%
51%. 44%F1 24% (3% 2).

® 1 IRMBBERSWD 1 HENRSE

Table 1 The contents of eleven organic acid (mg/L) secreted by five phosphate solubilizing bacteria
Items Strain

i5 i6 9L Qb Qo
Oxalic acid 369.5+12.2a 381.7+7.3a 315.0+31.6b 196.843.5¢ 211.0+£2.0c
Malic acid 269.6+10.1e 1 444.1+48.1b 1 336.7+35.8¢ 1 766.942.6a 1014.9+47.8d
Tartaric acid 222.8+10.7b 186.1+£36.4c 42.0+6.6d 444.7+2 .8a 436.0+7.7a
Lactic acid 94.8+2.7e 487.245.9a 397.844.2¢ 413.5+1.6b 122.0+3.5d
Quinic acid 93.8+80.1a 62.4+56.8a 30.1+1.5a 23.5+1.6a 15.4+0.8a
Shikimic acid 43.3+0.4a 33.9+0.3¢ 38.0+1.1b 8.4+0.4d 6.6+0.1¢
Malonic acid 18.9+2.8d 52.4+0.9¢ 52.7+4.8¢ 597.5+32.3a 509.9+5.9b
Citric acid 14.80+2.56¢ 74.90+£10.21a 6.6+1.5d 38.0+1.8b 9.8+0.4d
Succinic acid 2.6+0.2d 25.0+1.6b 14.3+4 3¢ 11.1+1.6¢ 84.9+1.2a
Maleic acid 0.57+£0.01¢ 1.98+0.01a 1.43+0.24b 1.62+0.08b 0.55+0.01¢
Fumaric acid 1.22+0.06a 0.82+0.01b 1.15+0.18a 0.49+0.02¢ 0.19+£0.01d

Total organic acids

1 131.9+63.6e

2 750.6+148.6b

2 235.8+32.8d

3 502.6+34.0a

2 411.1£56.6¢

The different letters indicate significant differences of organic acid contents among strains at P<0.05 level.
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Figure 5 Correlation analysis between available phosphorus and tartaric acid (A), and malonic acid (B)
content.

®2 IMMBEATEIRE PEG6000 LB THIMR#E
Table 2 Phosphorus solubilization capacity (mg/L) of five phosphate solubilizing bacteria at the different
concentrations of PEG6000

Strains 5% PEG6000 10% PEG6000 20% PEG6000 25% PEG6000
i5 459.0+12.6Ab 302.3+23.5Bc 271.5+16.9BCc 238.8+17.5Cbc
i6 341.5£19.9Ac 231.8423.4Bd 182.8+12.2Cd 167.0£15.9Cc
i9L 193.1+14.1Ad 185.6+35.1Ad 159.5+27.6Ad 198.7+11.7Ac
Qb 588.8+50.9Aa 543.0+£25.4Ab 414.24+9.8Bb 327.5£39.3Cb
Qo 683.0+115.1Aa 640.1+47.9Aa 593.2+6.8Aa 519.7£116.6Aa

Different lowercase letters in the same column indicate the significant difference in the available phosphorus content among
strains under the same PEG6000 concentration at P<0.05 level. Different uppercase letters in the same row indicate the difference
in the available phosphorus for the same strains under different PEG6000 concentrations at P<0.05 level.

2.6 AEIEFERE TEKNBEHEE DT
Wk 3 fos, A HLEEE Qb 1 Qo 7E 10 °C

BRI W h A SO i L = TIX R R TE

HAbIE TR T FIH W A R & 7 (P<0.05),

PR 1OL FITE K 16 43 AITE 5 °CHI 15 °CRE SR |E
TH WA O 5 i demy , TR FRIRE T B
THR P AR R AN, BRE S FE S, 10 M
15 °CHEFREF i A Rk & A, (Hig

R3 IMHBHMEEAERE THRBHRE
Table 3 Phosphorus solubilization capacity (mg/L) of five phosphate solubilizing bacteria at the different

temperature

Strains 5°C 10 °C 15°C 20 °C

i5 328.0+3.2Aa 329.6£12.3Ab 328.6£1.5Ab 305.9+0.9Ba

i6 264.3+65.1Bb 283.3+7.3ABd 344.5+9.3Aa 301.8+21.9ABa
9L 343.5+16.6Aa 307.0+5.6Bc 312.6+7.6Bc 303.9+0.0Ba
Qb 354.3£13.9Aa 371.7£10.8Aa 311.6+8.6Bc 261.7+7.1Cb
Qo 356.8+8.5Ba 375.8+11.6Aa 274.1+1.8Cd 275.6+7.9Cb

Different lowercase letters in the same column indicate the significant difference in the available phosphorus content among
strains under the same temperature at P<0.05 level. Different uppercase letters in the same row indicate the difference in the
available phosphorus for the same strains under different temperature at P<0.05 level.
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KRR LN E RS e s
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PR b 5 A RO O I A R T R
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