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Effects of phosphorus—solubilizing bacteria on tomato seedling growth and soil phosphorus availability

HUANG Haizhou', LUO Dan", CHEN Jixiang', WANG Tianfeng', ZHANG Qingfang', WANG Yonggang’

(1. College of Petrochemical Engineering, Lanzhou University of Technology, Lanzhou 730050, China; 2. School of Life Science and
Engineering, Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: A pot experiment was conducted to investigate the effects of phosphorus—solubilizing bacteria Acinetobacter baumannii(B6) and
Burkholderia cepacia (Z7) on tomato seedling growth parameters, rhizosphere soil physicochemical properties, enzyme activity, and
microbial community diversity. The results showed that the application of phosphorus—solubilizing bacteria significantly promoted the
increase in plant height and stem diameter of tomato seedlings, with the combined strain (B6+Z27) exhibiting the best effect, increasing
plant height and stem diameter by 6.36% and 12.35%, respectively. In addition, phosphorus—solubilizing bacteria treatment significantly
enhanced peroxidase (POD) activity and soluble sugar content in tomato leaves while reducing malondialdehyde (MDA ) content, indicating
improved stress resistance in tomato seedlings. In terms of soil properties, the combined strain treatment significantly increased total
phosphorus content (by 4.35%), available phosphorus content (by 10.58% ), and phosphatase activity (by 5.26%) in the soil. Moreover, the
application of phosphorus—solubilizing bacteria significantly increased the Simpson index of rhizosphere soil bacteria, indicating enhanced
microbial diversity, and led to a higher relative abundance of Proteobacteria, Acidobacteriota, and Bacteroidota.
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T, 2 kAl A2 7 I P58 75 Gt | A 3 SR s
DA FERRAC S — R AP . A AR PR AR TR T B
PRI Py 2= G H A A8, BATAMUBE % e
BERPI A A A AT B T s L

LIRS E RO BRI A KRG RN R
RSB TR B B BT, AL
oK 1 BRI AR, , Al AT 3 4R BRI B 22 57 9 A7
&R BSOS A K BT
BBl A e e A R A A DLW S TCA Lt , 436 Wi
TEER b AAZ AR T, AR PR P RE B AR B 1358 vh
IEWERRER &, B B OBCR RS E JR LR, AT
PEHEREY) AR B W o3 A B BT, S Aol
ARG R RARHE T SR, IR ORI
AT e BT 52 TR

VRO P R A R A I R A 0
A 5 A Mg G TR, IR AR AR
B8 o SR, A ] Vs B3 118 A 25007 DAL T A 22 S5 T A A
o, ELVE 2 T R A0 B A e A ML) 1 AN T, AH O
WA A R o EADTIEZ AT, B TR PR 13
FEA AT T BE U Y0 R 07 8. 7E NBRIP 35 85
FRAE b MIRR T REGETE ] B 10 28 B W ) o i T
TG F5 BR300 2 0 I BEROCR | Acinetobacter
baumannii (4] AN S FF 1 ) B6 I Burkholderia cepacia
(A e B R P ) 27 AT B B IR B RE 1, 2R, A1)
XA AL A R AE AN TS AR o DRt , AR 9 e B
S AT TE Bo FMA v 45 ZK TR TR 27 33X P ol ¥ w08 1 A
SIBETERT G, B TEVEAl X 28 4 B A G R B 0
R TR 1R AR B A R T A A 2, USSR
CH: T A 5 SR AR A AR A S S R

1 #REFE

1.1 iRIEHH

AR 5T 8 FH SE i A B OKR AR B - 3 A B A 5 Y
12 NS B6( GenBank 255 : OR975656) Fl{f1 52
FERTE 27(GenBank B 55 : OR987444) 1 A S5 ]
FRO e ditidh A e ke 157 R0 - R A
HlA 2 M4 I (36°03748"N, 103°44 ' 20"E) .
1.2 Bk &

AR T 80 CHE IR VKA Hh B I8 I MR A LB
St b HET TG AL Bl R A LB AR R D A
30 °C. 180 r-min™ Z5 4 N IR ¥ 55 9% 2 R ODew 294
1.0o B0 AR, FHJCH K vk 2 235, HEH
BATImEK . o nliil g Be M 27 (S , 1%

P 1%) WHARTY

121 8 Fe R A5 3 B6+Z7 54 W, 5 S i v vk
FE A 1X10° CFU-mL™", 5 PATR R Al e B — 3.
1.3 R it

AR R 2182 em. F H42 12.9 em . 5
16.2 em BIAEAANE R = N AT 25w o 18k 158
LREHLE T, A5 CK(TEHK) (B (B E AN ST 14 B6
W) 27U s JRTE A 27) F B6+27(B6+27 A T
WO ANHEIE B A 3 AN T 1248, HALFD
T2 K Wk, F 75% CBEA 5% YR SR N VA TR
M5 min, R K 3~4 G T2 . FlF53 i
BB, 43 0 T 2 A o i

A IR Ak B EH 43531 FH B6 L\ Z7 1 BO+Z7 TR B =
HFF 1 h, CKH TR /KRHL . Ab B ) Fh 7 FH 5%
T 7% B IS ER AT KA U8 4K Y K B B SR L A L
10 K7, N A 10 mL ICHR K , B T 28 °C M JE 60% A
TARFE R SR . RN FETC K PR EF IR
24 h W EI0 5 — Rl A AF L, ARAR 88 3 Fh B2
W R FRUE, ESEMEL 10 d, T & IR K

FZ180.15 g-kg ' CO(NH,),.,0.15 g-kg™' K.0 F10.1
g kg™ POs B PRAERC LA T RN A 38 B 0 5 1 8
AT PR 1002071 3 A 2F 10 d IO TF A1,
W2 h G R TAEZE , B2 kg 10, BT
N TAMER B 28 C K 16 C, B K 12 h KK
12 h, 12 JF 60% , Y ISR 5 000 Ix 5508 F 1597, @ W15
Ko RN 20 dJF , BEATE 3 MR FAGE B A i, AR
ALY, B (25 R REZH CK i I JC TR 7K ) | Bk 25 i it
1110 mL BAH R K (ODew~1) o 555540 dJ5 R
1.4 BEmHHEEBRNERFE

R 1 R ZE LR B A R S T R R A A S R
E o ZEHL R EHLEE RS R ROE . AL
RO E iR R B I T SR e T R i T R
(em?) =M x i FEx0.700 70, SR FFR I 2 4 J7 322 0
AR AR B8 5 o, T 5T i R RS TR I e R
Fb 800 5 AT VPR B i, SR 5 3
FEM R AR O A R R B FZ RV (TBA
)W E 7P R, R JCOK B E v
Mok R A ALY B AL (SOD) % PR 44
A A 2 DO R W YA IR LA (NBT 35) 5 , 1L A4k
it} (POD) T 1k SR FH 71 6 A M 0 0 5, 2o 4 Ak & g
(CAT) i 1 SR FH i 0 v 0 5, il 1 348 J5 g (N RO 2R FH
ik e b g
1.5 TIEE M RFNEE AT E

-4 pHAECR H pH 31 E | HL 52 25 R A HL 3384
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e . 34 R LR BRI, 2 &
K NaOH #5 il — #H 26 P0 He 2200 5 , A LIS 7% ok
R R 2 e I S e R RO B R
FH UK BE D |, R0 7 it R P iR AN 1 -
HBEBU I . 44 NHI-N AT NOs-N 75
K KCUR R o - 18 R H e i
BRI A 3R 5 Luo S HIFFE T ik i — 3K
1.6 TIEME SHEMST

{81 Ff] ALFA Soil DNA Extraction Kit i#71 &4 H 1
HEREAS DNA, 24859 341F (5’ ~CCTACGGGNGGC-
WGCAG-3")F1806R(5' ~GGACTACHVGGGTATCTA-
AT-3") P HE 41T 16S rDNA ) V3~V4 X, J5 4L
% NEBNext® Ultra™ DNA Library Prep Kit for [llumina®
P o R HEA T PR R A, 58 S DA e E = YT &
HiSeq #47 AL (] ARS8 SLH R AT BR A FD) o
1.7 #ESH

{8 Excel 2021 52 B R AEAL AL 22, £ 48 LA
PIE + bR v 22 2% o B IBM SPSS 27.0 i#E47 B4 A
F7 0, BAGIX A4 95% (a=0.05) . i F Origin
2021 5E MEIE 25

2 GHRESW

2.1 BBEXEMMFEFEMFRKNZM

UNEE 1R AN [R) A A PR R [ A B s T
FeAnFhF BT &K . AN EALBRAL 0 ZE K HEP o Bo+
Z7>77>B6>CK. Jiti I AN [7] B Vi 34 e A% 41 0 7 it A1
A Hi Bo+27 R ok B iR R | 5 CK
FHLE, ZF K B T 5.73%(P<0.05) .
22 BBEXEMLDEHERKNTM
2.2.1 HERKAER

2R, 5 CKH L, B6+Z7 . B6 A1 27 b B 4H
B A i 0 1 B N T 6.36% . 5.30% Fl 4.64% (P<
0.05) . TEZMJ7 T, A1 F CK, B6+27 .B6 Fl1 Z7 Zb B
ZH A4 BB RN T 12.35%. 10.76% F1 10.56% (P<
0.05). BLAM, ZEM 7 A B S8 B AT B 1T, 5 Ab 3
5 CKZM T 25

R ABENEMMNFHEZEMF KM
Table 1 Effects of phosphorus—solubilizing bacteria on

germination and sprout length of tomato seeds

e AT 1% FE
Treatment Germination percent/% Sprout length/em
CK 66.67+5.77a 3.14+0.21b
B6 76.67+5.77a 3.20+0.21ab
77 70.00+10.00a 3.26+0.22ab
B6+77 76.67+5.77a 3.32+0.21a
)HE :EJI_F]'J%MF;K ] /N BRI AR AN [ b B ) 22 53 5835 (P<
0.05). RIAjs

Note: Different lowercase letters in the same column indicate

significant differences among treatments (P<0.05). The same below.

222 FYIAL R

WNFE 3 BRI Ab R A4 78 8n 40 i T4 s R R
BB, BRI N T TR
B6+77 Fl B6 4b ¥ &5 CK ¥4 i 3 3 fin T 35.59% (P<
0.05) , 1M 27 kb FRLH A5 R A i 2%
2.3 AR E 4 B A RIS IRAI RN
2.3.1 FHanghmi v i s

W22 4w, A8 T CK, B6+27 .27 F1B6 4b 320

F3 AEAEXSEMNTHRR R
Table 3 Effects of different treatments on dry matter accumulation

of tomato seedlings

b3 M b HR T
Treatment Shoot dry weight/g Root dry weight/g
CK 0.59+0.09h 0.22+0.02a
B6 0.80+0.08a 0.22+0.01a
77 0.65+0.04ab 0.23+0.01a

B6+77 0.80+0.10a 0.23+0.01a

x4 B AHEEEU-g)

Table 4 Enzymatic activities of tomato leaves(U-g™)

fb (RN 27/ Ok 10 &7/ B Uk ¥ ) AR 5t
Treatment AL T i R R

SOD activity ~ POD activity ~ CAT activity ~ NR activity

CK 13.86+0.82a  9.03+0.06b  11.79+0.55a  9.45+0.29a

B6 14.14+0.94a  9.47+0.12a  11.82+0.55a  9.48+0.22a

77 14.41£1.25a  9.37+0.31ab  10.77+0.82a  9.53+0.29a

B6+Z7  14.68+0.82a  9.63+0.12a  11.84+0.78a  9.64+0.20a

R2 ABELETHENSEEKER

Table 2 Growth indicators of tomato seedlings treated with phosphate—solubilizing bacteria

Qb P Treatment Pk Plant hight/em 254 Stem diameter/mm I Leaf length/cm -5 Leaf width/cm I # FH Leaf area/cm’
CK 15.10+0.52b 5.02+0.08b 4.99+0.40a 2.96+0.30a 10.37+1.60a
B6 15.90+0.65a 5.560.27a 5.00+0.25a 3.03+0.28a 10.62+1.00a
77 15.80+0.50a 5.55+0.25a 5.02+0.38a 3.00+0.24a 10.50+0.78a
B6+Z7 16.06+0.67a 5.64+0.17a 5.030.22a 3.05+0.22a 10.7740.77a
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T4l it i SOD & PR 4 A4 R T 5.92% .3.97% Fi
2.02%. 5 CKAH L, B6 F1 B6+Z7 Ab ¥ £ M F 1) POD
TEVE R T 4.87% M1 6.64% (P<0.05) o Bi 27 &b
FRA, oAt 0 v Ak BRI EETE T A4 H A9 CAT
TGP HEAh  TERS IR R J5E i NR TG Pk 5 T8, & hn e ik
PEAREST CK A — @ PR 3R T
2.3.2 FHLE R AR ERER AT TR
FIA R

W5 i , Wk AT R 1 BT A AR
TBEZES, 5 CKAE,B6 HI B6+Z7 AbFRL fy i
AL PR A 0 T B AR T 3.329% 1 4.06% (P<
0.05),7Z7 /b PR Wt N T R B ERAKT
4.60%(P<0.05) .
2.4 TEFHRBR L IEIBIL M R FIEGE M

W 6 s, 5 CKA G, e b B35 - 380 pHAE
L TR (E A TS, ISR B (B2 5R

RS MAMEE MadE TatEaIR_BaE
Table 5 Chlorophyll, soluble sugars, soluble proteins and MDA
content of leaves
MR AR AR AT A
4bFE  Chlorophyll  Soluble sugar  Soluble protein

[ty o

AN AR RS 5 5 1R, B6 A B6+Z7
AR FRAHNTF CK B &8 hn T 20 & &, iR 4.35%
(P<0.05) , ¥ & B & 48 CK 4 43 5 B & 3 m 17
10.06% #110.58% (P<0.05) . 5 CKAHEL , B6+Z7 AbHf
A T T R I M 4 IR S B 5.26% (P<
0.05) , M HoAth b FREH XoF - SFERAE R S 1 RE AN B 2

FH M W 2 2 BT 8 7R T - S8Ry 0 e i 4 1 4
i (B A RH S (TR 1) o 3 &0 i 1 Ak v 1254 5 AP
(R A5 Tl ) P - S Ml 2 il 1% 2 450 I 2 TE A G (P<0.05)
M b fif 5 AP S IE A OC (P<0.05) , M fif i
5 AK(HUAUH) 2 25 1EAH G (P<0.05) , T Al gl v A=
FEAn 5 (S IREG ) Z R A R B3 . v
SOD i PE 5 AK i 2 1EAH G, NRI&HE5 TN (£ %) #l
NO;-N(HAE) it 2 1IEAH 5 (P<0.05) .
25 TEREMBEESHYE

W 2a FE 2b 7R, F it 41 B AR PR 4 3814 Simp-
son 18 BUAE AR AL BN AE 7 d 2 25 57, BO Ab P A 1=y
B6+77 F1 Z7 b BEYR 22, CK b PR A . Chaol $5 5045
Ab SR B 22 5. PCoA 23 (18] 2¢) B, i Ak
PR5 CK 210 35 4 5, 2 W s Wl v it FH S s 17 1
SRR MR TR 2

Treatment  content/ content/ content/ MDA contint/ . — 4 AR ST
(g (mgee! (mggy  (wmol-L) Wk 3a fi7s , Bo+Z7 AL BRAL H , AR TE 1R[] (Proteo-
CK  2.04+0.02a  2.71+0.04b  99.67+2.52a  0.87+0.02a bacteria) (AR 4 BE 75 , 1A 1 32.02% , H CK AR
B6  2.04:00la  2.80:0.05a  101.33+6.03a  0.84+0.01ab 11.69%. FRIT [ ] (Acidobacteriota) 75 jii I J5 A Fr 1
77 2.04:0.02a 2.75:0.0dab  100.67+5.69a  0.830.02b Jin, B6.Z7 Fl B6+Z77 2 43 5 % CK ¥4 i T 7.58% .
B6+Z7 2.04:0.01a  2.82+0.04a  102.33+4.51a  0.84x0.02ab 0.66% H16.00% . WIFFEI](Bacteroidota) 7 B6 .27 Fil

F 6 EFIRPR LR R AN A

Table 6 Physicochemical properties and enzyme activity of tomato rhizosphere soil

#6545 Indicator CK B6 77 B6+Z7
pH 7.89+0.03a 7.88+0.10a 7.87+0.08a 7.88+0.04a
HLSF%/(uS-em™) 406.67+2.52a 400.67+4.04a 401.33+1.53a 404.00+4.58a
2R/ (g-kg™) 0.84+0.02a 0.85+0.01a 0.86+0.02a 0.88+0.02a
A/ (mg-kg™") 8.17+0.02a 8.22+0.04a 8.17+0.05a 8.19+0.02a
A A/ (mg-kg™) 24.33+1.05a 24.66+1.93a 24.74+1.03a 25.37+0.85a
2/ (g-keg™) 0.69+0.02h 0.72+0.01a 0.71+0.02ab 0.72+0.01a
B (mg-kg™) 26.94+1.19h 29.65+0.55a 28.78+1.81ab 29.79+0.79a
2/(g-kg") 18.12+0.18a 18.16+0.25a 18.13+0.02a 18.17+0.24a
B/ (mg-kg™) 116.62+2.33a 117.14+3.19a 117.81+1.35a 117.84+2.43a
LT/ (g-kg™") 35.25+0.77a 35.05+0.72a 35.81+0.24a 35.38+0.85a
JORBE G/ (mg - g7+ d ") 0.95+0.02a 0.95+0.01a 0.96:0.01a 0.96+0.02a
RIS/ (mg- g™+ d ™) 0.76+0.02b 0.79+0.01ab 0.78+0.01ab 0.80+0.01a
1 A A S P/ (mL - g ' -h ) 0.47+0.02a 0.48+0.02a 0.47+0.02a 0.48+0.02a

T AT R A )G R 22 53 3% (P<0.05) .

Note: Different lowercase letters in the same row indicate significant differences (P<0.05).
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Figure 1 Correlation network diagram of tomato seedling growth index and physiological index with soil properties

BO+Z7 41 i AH X 5 BE 43 S CK#2 7+ T 17.00% 10 AR HE S R T T Rz SR AH e 43 B
20.89% F112.67%. (Fl4), Z5REH]RFTFHT 1520 (TP) GHEAE(AP)

W& 3b s, T R (Lysobacter) FIGS AL B2 IR T2 T8 75 1 222 32 2 IEAH G (P<0.05) s UFF B T T AR
J& (Nitrospira) 751t N 5 3946 38600 . VAT 1 s 78 55 TP AP FIBH IR It 15 1 522 5 2% 1E A1 56 (P<0.001) 5 1
B6. 77 Fl B6+77 41 By A 32 BE 4y W32 8 T 55.76% . LA ] (Actinobacteria) 5 TP AP FEFR G M 5
36.00% F149.12% ; i AL MR € 147 )& 75 B6 .27 F1 B6+27 41 FHA(P<0.001) , TEJEKF-BIAR S Hr b I AT
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