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Abstract: Objective To screen high-efficiency phosphate-solubilizing bacteria (PSB) in the rhizosphere soil of Fritillaria taipaiensis
and provide data support for the development of microbial fertilizers. Methods Rhizosphere soil samples were collected from ten
production areas. Strains of inorganic phosphate-solubilizing bacteria (IPSB) and organic phosphate-solubilizing bacteria (OPSB) were
isolated and purified. Their phosphate-solubilizing capacities were evaluated qualitatively and quantitatively, and the strains were
identified based on physiological and biochemical characteristics as well as 16S rDNA sequencing. The effects of selected strains were
further verified using pot experiments. Results A total of 42 IPSB and 31 OPSB strains were isolated. Quantitative analysis showed
that among the IPSB strains, WP2-2 exhibited the strongest solubilizing capacity, increasing available phosphorus by 231.30 mg/L,
followed by WP7-2 (211.05 mg/L). Among the OPSB strains, YP3-1 showed the highest phosphorus solubilization (28.57 mg/L),
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followed by YP5-1 (22.30 mg/L). Strain WP2-2 was identified as Serratia plymuthica, WP7-2 as Bacillus cereus, and both YP3-1 and

YP5-1 were also identified as B. cereus. Pot experiments revealed that inoculation with these PSB strains altered the total phosphorus

content in bulbs and fibrous roots, and also influenced the total alkaloid content in the bulbs. Conclusion The strains WP2-2, WP7-

2,YP3-1, and YP5-1 show great potential for developing specialized microbial fertilizers for the cultivation of F. taipaiensis.

Key words: Fritillaria taipaiensis P. Y. Li; phosphate-solubilizing bacteria; rhizosphere soil; separation and identification; inoculation
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Table 1 Source information of rhizosphere soil samples of F taipaiensis from 10 different origins

M5 SRFEH A S R /m
1 B RAGE B X = AP RE (A N31°36'26.07"/E108°49'18.75" 1783
2 VU T TG IR X AT N32°35'10.06"/E106°13'17.34" 1760
3 LA THERE 2 PG N27°31'04.91"/E100°35'39.14" 3372
4 HIRTT AR 2 2 T4 N31°24'57.64"/E109°56'53.72" 1612
5 HER A OB 2 AR ZHN R N31°41'14.08"/E108°56'52.59" 1562
6 HRTT AR B4 2 B L 275 N30°46'07.21"/E109°36'33.99" 1538
7 WAL BB 2 K e 4R X N30°08'13.18"/E109°47'21.21" 1926
8 R AT M EE TR A A R LS4 5 N30°45'47.47"/E109°36'38.96" 1915
9 B VE 48 E XS T K ELIE R N34°03'25.82"/E107°23'40.79" 1625
10 R AR R AN X — 2 N31°37'32.05"/E108°57'20.71" 1769
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1-WP1-8, 2-WP1-4, 3-YP6-1, 4-YP5-1.
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Fig.1 Morphology of partial colonies
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Table 2 Phosphorus solubilizing halo, colony diameter, and solubility index of inorganic phosphate-solubilizing bacteria
(Xts,n=3)

Wtk HEEEA/em  fEBEE E S /cm AR Witk WIKEAR/ cm  fEBEE E%/cm AT PEIR L
WPI1-1 0.57%0.04 0.85+0.03 1.51+0.06defghij  [WP7-1 0.80+0.03 1.13+0.12 1.43 +0.19fghij
WP1-2  0.48%0.04 0.80+0.03 1.68+0.12cdefgh 'WP7-2 0.3040.03 0.65+0.06 2.19+0.22ab
WP1-3  0.70%0.03 0.871+0.03 1.2440.07hij WP8-1 0.55+0.06 0.78+0.02 1.46 +0.16efghij
WP1-4 0.50%0.03 0.75+0.03 1.514+0.08defghij [WP8-2 0.85+0.06 1.124+0.09 1.3140.02¢ghij
WP1-5 0.57%0.04 0.85+0.03 1.51+0.06defghij [WP8-3 0.47%0.04 0.88+0.02 1.934+0.18bcd
WP1-6 0.60%0.08 1.03+0.13 1.73+0.09cdefg 'WP8-4 0.4340.06 0.80+0.06 1.90+0.23bcde
WP1-7  0.43%£0.07 0.85%0.05 2.05£0.25bc 'WP8-5 0.75£0.06 0.88+0.04 1.194+0.10j
WP1-8  0.25%0.03 0.631+0.03 2.58+0.21a 'WP9-1 1.03+0.04 1.16+0.10 1.1240.06j
WP2-1  0.75%0.03 0.95+0.10 1.2610.1hij 'IWP9-2 0.70%0.03 0.7940.05 1.1340.04j
WP2-2  0.70%0.03 0.97%+0.09 1.38+0.08fghij \WP9-3 0.47%0.04 0.70%+0.05 1.51+0.09defghij
WP3-1 0.60%0.03 0.934+0.12 1.5410.12defghij \WP9-4 0.9340.09 1.031+0.13 1.1040.04j
WP4-1 1.224+0.06 1.45%0.06 1.19+0.02j 'WP9-5 0.63£0.06 0.77£0.06 1.22+0.06ij
WP4-2  0.52%+0.09 0.88+0.04 1.79+£0.25bcdef 'WP9-6 0.83+0.04 0.97%0.07 1.16+0.07j
WP4-3  0.55%+0.06 1.05%£0.06 1.94+0.2bcd 'WP9-7 0.37£0.04 0.43£0.04 1.171+0.06j
WP4-4  0.83+0.04 1.03£0.07 1.2410.02hij 'WP9-8 0.40£0.03 0.55£0.03 1.40+0.16fghij
WP4-5 1.12%0.03 1.724+0.09 1.5440.04defghij 'IWP9-9 0.5240.04 0.85+0.08 1.65+0.08cdefghi
WP4-6  0.47%0.09 0.631+0.09 1.4010.16fghij IWP9-10 0.4340.07 0.4940.10 1.1240.03j
WP5-1 0.43£0.07 0.534+0.12 1.2140.08ij 'WP10-1 0.554+0.09 0.77%0.07 1.4240.10fghij
WP5-2  0.43£0.04 0.724+0.09 1.6610.13cdefghi  [WP10-2 0.7340.06 0.9340.06 1.28+0.05¢ghij
WP6-1  0.65£0.08 0.824+0.07 1.26 +0.04hij 'WP10-3 0.4240.04 1.05+0.10 2.53+0.11a
WP6-2  0.57£0.04 1.13+0.13 2.00+0.19bc WP10-4  0.52%0.04 0.7310.06 1.42+0.01fghij

WP Y TCHLIEAN B, WP AT 1~10 R 1 RIS S . [RFIPAR T RERORTE P<0.05 RRF LR EE, TH.

WP refers to inorganic phosphate-solubilizing bacteria, and the numbers 1—10 following WP correspond to the site numbers in Table 1. The same applies

below. Different letters in the same column indicate significant differences at P < 0.05 levels, same as below.
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Table 3 Phosphate solubilization halo, colony and their diameter ratio of organic phosphate-solubilizing bacteria
(Xxs,n=3)

FPR  BVEEAR/om fEPEE EAS/em  ATETER S PR W EAS cm MEREEI EAT/om  AETETEHC
YP1-1 0.26£0.02 0.8310.03 3.19£0.30cdefgh | YP5-1 0.54£0.03 1.30£0.03 2.41£0.101hijkl
YPI-2 0.21£0.03 0.771+0.08 3.791£0.17cdefgh | YP6-1 0.37£0.04 1.07£0.04 2.96 £ 0.22defghij
YP1-3 0.35+0.06 1.04£0.10 3.01+0.23defghij| YP6-2 0.48+0.04 0.90+0.03 1.89+0.18klmn
YP1-4 0.1940.02 0.73+0.07 3.8710.59abc YP6-3 1.224+0.02 2.384+0.04 1.96 4 0.06klmn
YPI-5 0.39£0.04 1.23£0.06 3.18%0.16cdefgh | YP7-1 0.50£0.03 1.371£0.42 2.66 1 0.67ghijk
YP1-6 0.9540.06 2.534+0.04 2.68£0.13fghijk | YP7-2 0.57£0.05 0.81£0.03 1.42+0.12mn
YP1-7 0.27£0.04 0.64+0.12 2.30£0.13ijkl YP7-3 0.5540.05 0.7740.04 1.4040.05mn
YP2-1 0.26%0.01 1.21£0.02 4.6610.10a YPS-1 0.36£0.02 0.79£0.07 2.22£0.19jklm
YP2-2 0.31£0.02 1.24£0.02 4.04£0.23ab YP8-2 0.41£0.03 1.34£0.08 3.31£0.10bcdefg
YP3-1 0.6310.07 2.3240.14 3.72+0.25bcde YP8-3 0.381+0.02 1.2240.06 3.2240.04bcdefgh
YP4-1 0.55%0.04 0.78+0.02 1.44£0.09mn YP8-4 0.43£0.05 1.47£0.09 3.44£0.28bcdefg
YP4-2 1.07£0.07 2.6210.07 2.47£0.10hijkl YP9-1 1.28+0.02 1.50£0.05 1.17£0.03n
YP4-3 0.3040.03 1.0410.05 3.50%0.17bcdef | YP9-2 0.2610.03 0.8140.10 3.1340.06cdefghi
YP4-4 0.47+0.04 1.36 £0.05 2.95+0.35efghij | YP9-3 1.24+0.03 2.14+0.05 1.72£0.01lmn
YP4-5 0.30£0.03 1.10£0.08 3.6510.18bcde YP10-1 1.43£0.04 1.85£0.03 1.29£0.04n
YP4-6 0.31£0.06 1.12+0.15 3.74+0.26bcde

YP NEE UG, YP JEHIECT 1~10 R | FREHMERS .

YP refers to organic phosphate-solubilizing bacteria, and the numbers 1—10 following WP correspond to the site numbers in Table 1
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x4 MENBAERAHE. BHEBUREERpH(X£s,n=3)

Table 4 Phosphorus solubilization capacity, phosphorus increment and supernatant pH of inorganic phosphate-solubilizing

bacteria (X £ s,n=3)

Htk BB L) HBEE/(mg L) pH WAk ABEE(mg L) EBEE/(mg L) pH
WPI-1 91324313  77.63%3.13n0  4.01£0.04rst WP7-1 03405151  02036%1.51st 4.85+0.04h
WP1-2 11590180 102.21%1.8jkl 4.1740.03pqr WP7-2 224744863  211.05+8.63b 4.3140.01mnop
WP1-3  70.62+3.82  56.93+3.82q 3.9240.02stu WP8-1  056.54£2.59  042.8542.59r 5.1840.09g
WP1-4  125.65+2.75 111.96%2.75ij 4.8440.05h WP8-2  185.92+1.69 172.23+1.69¢ 3.6940.03wx
WPI-5  84.00%1.14 7031%1.140p  4.47+0.04kim WP8-3  144.19+1.69  130.50+1.69gh 4.14%0.07qr
WPI-6 114974395 101.28+3.95kI  4.62+0.02jk WP8-4  181.06+3.17  167.37£3.17¢ 3.8240.03uvw
WP1-7 101524503  87.83£5.03mn  4.22+0.030pq WP8-5  176.13£2.17  162.44%2.17cd 3.6340.02x
WP1-8  164.8942.14 151.20%2.14de 4.09%0.01qrs WP9-1  32.92+1.13  019.23%1.13st 6.2540.04a
WP2-1 185364209 171.67%2.09¢ 43940.011mn WP9-2  79.18+275  065.49%2.75pq 6.11£0.03ab
WP2-2  244.99+566 231.30%5.66a 3.8120.02uvw | WP9-3 13459122 120.90%1.22hi 4.32+0.02mnop
WP3-1  160.06-2.88  146.37+2.88¢f 3.6920.01wx WP9-4  111.05£1.84 097.36+=1.84kIm  6.02+0.13bcd
WP4-1  39.95+1.04  26.26%1.04s 5.9340.03cde WP9-5  120.54%3.53  106.85%3.53jk 4.5440.07jkl
WP42 2321175 9524175t 6.1020.01ab WP9-6  139.70£1.01  126.01%1.01gh 5.62%0.11f
WP4-3 158491540 144.80%5 4ef 4.8540.08h WP9-7  108.55%£1.69  094.86%1.69Im 4.6410.04ij
WP4-4 39844241 26152415 6.1020.04abc WP9-8 7354102  059.85+1.02pq 5.78+0.04ef
WP4-5 159324241 145.63+£2.41ef 435+0.04mno | WP9-9  80.26+335 066.57+3350pq  4.88%0.02h
WP4-6  140.19£4.02  126.50%4.02gh 4374+0.03lmno | WP9-10 138.55+1.66 124.86%1.66h 4.8740.03h
WP5-1 184761228 171.07+2.28¢ 4.5940.02jk WPI10-1  52.02£2.02  038.33+2.02r 4.8020.05hi
WP52 1064142296 092.724296lm  5.91%0.07de WP10-2  58.00£3.61  044.31£3.61r 5.8540.06de
WP6-1 2926149 015.57%1.49st 4244+0.02n0pq | WP10-3 150.05+4.52  136.36+4.52fg 3.8940.03tuy
WP6-2  109.33%4.17 095.64%4.17km  3.73£0.04vwx | WP10-4 167.01£1.79  153.32%1.79de 4.1140.07qr

RS BENBHERENSHE. EHMER EERpH(Xts,n=3)

Table S Phosphorus solubilization capacity, phosphorus increment and supernatant pH of organic phosphate-solubilizing

bacteria (X £ s,n=23)

W WERE/(mgl)  MBERE/(mgl!) pH Wtk WBEEE/(mgl)  EEE/(mg i) pH
YP1-1 22.26%0.26 16.13£0.26d 3.41£0.10hij YP5-1  28.43%0.18 22.30%0.18b 4.70£0.04¢
YP1-2 08.30%0.34 02.17£0.34klmn 7.04+0.08a YP6-1  10.02£0.23 3.89+0.23jj 3.35+0.08jj
YP1-3 06.911+0.09 00.78£0.09 3.48+0.07ghi | YP6-2 7.75+£0.37 1.62£0.37Imno 3.93£0.06efg
YP1-4 07.01+0.32 00.88+0.320 3.85+0.23efghi | YP6-3  13.53%£0.25 7.40+0.25h 3.58+£0.05ghi
YPI-5 08.53%£0.26 02.40£0.26kl 3.81£0.25¢fghi | YP7-1 16.81£0.17 10.68+£0.17f 6.74£0.09a
YPI-6 08.34%0.54 02.21£0.54klm 4.16%£0.20def | YP7-2 7.23+£0.34 1.10£0.34mno 3.5310.14ghi
YP1-7 07.17£0.06 01.04£0.06n0 3.5410.04ghi | YP7-3  13.34£0.60 7.21£0.60h 4.5340.10cd
YP2-1 08.47%0.68 02.34£0.68kl 42940.27cde | YP8-1 17.82+0.17 11.69£0.17f 4.1940.08def
YP2-2 17.85%0.56 11.72£0.56f 3.40£0.07hij YP8-2  19.31£0.12 13.18£0.12¢ 3.47£0.03ghi
YP3-1 34.70%£0.34 28.57£0.34a 2.91%0.10j YP8-3  10.74%0.16 4.61%0.16i 3.6010.09ghi
YP4-1 27.07+0.25 20.94+0.25¢ 3.81£0.04efghi | YP8-4 7.82+£0.37 1.69£0.37Imno 3.70£0.33fghi
YP4-2 09.80£0.15 03.6710.15ij 3.641£0.09ghi | YP9-1 9.83+£0.27 3.70£0.27jj 3.65+0.22ghi
YP4-3 15.41£0.23 09.28+0.23g 3.74%0.08fghi | YP9-2 9.41£0.10 3.28+0.10jk 3.6210.08ghi
YP4-4 13.47£0.34 07.34£0.34h 3.51%0.15ghi | YP9-3 8.99+0.29 2.861+0.29jk 3.53%0.13ghi
YP4-5 09.761+0.12 03.6310.12ij 3.54£0.07ghi | YP10-1 10.02£0.31 3.89£0.31jj 6.18£0.10b
YP4-6 08.561+0.25 02.43+0.25k1 3.90£0.24efgh
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Fig.3 Heatmap of physiological and biochemical characteristics of inorganic phosphate-solubilizing bacteria
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Fig. 4 Heatmap of physiological and biochemical characteristics of organic phosphate-solubilizing bacteria
1o 75 KT B Enterobacter ludwigii; WP2-2 J& T 1 B. aryabhattai; WP8-1. WP10-2. WP7-1.
Wb FH KE S, plymuthica; WP8-2.WP1-4.WP9-  WP1-7. WP1-6. WP4-5. WP4-6. WP8-3. WPI-
9. WP9-2, NERZEMATH Bacillus mycoides; 8, NHZ # Pantoea agglomerans; WP4-2. WP6-
WP10-1. WP10-4. WP5-2, WP1-3 J& TRJ IR 2.WP9-10.WP1-2 NESERES A S 1 Acinetobacter
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Fig. 5 Phylogenetic tree of inorganic phosphate-solubilizing bacterial strains
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A DB R RS8R B W IR oL an i 6,

YP7-1. YP4-1. YP9-1. YP1-3. YP6-2. YP2-2. YP1-
5. YP1-6 J& T V20 E R IRWE Burkholderia
cepacia; YP5-1. YP3-1. YP10-1. YP7-2. YP6-1.
YP9-3 J& TEIRZEMUAT B B. cereus; YP2-1 AT K
[T # Enterobacter asburiae; YP4-2. YP8-1. YP4-
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fEA LA B AT LU 2] 4 NASFERE, 7000 240
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WAt & J& Enterobacter NEFF & Acinetobacter;
Z5E LIRS R HLERE 71 A0 E , YP3-1, YP5-
1, X 2 PROCIA R PR B AR ZE MM B. cereus.
3.5 FREMAE A RIRNREAVERERE A

a7 B, e H 1 2 BR AR TS A LIS B (WP2-
2 F1 WP7-2) Xl —45 LAANET 4 Fhighds i v i
R 7 AR SR R > W A > W R > IR B
W E AR SRR IEOR U, WP2-2 X8k folf ANl PR FO VS
fFRE 19T WPT-2, fEREAA, WPT-2 IRE 98
T WP2-2, 2 #REETEREIRES H R ILEE AL, [F]
I, BRI I R I B A MR R B 7R 5 pHL (7
1, BEEAIE, pH RS HEANE.,
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Fig. 6 Phylogenetic tree of organic phosphate-solubilizing bacterial strains
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