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Abstract: [Objective] To study the effects of different water and fertilizer conditions on the
biomass of safflower and the phosphorus and microorganisms in the rhizosphere soil, and isolate
the strains with high phosphorus-solubilizing ability from the rhizosphere soil samples, so as to
provide a theoretical basis for the reasonable water and fertilizer management of safflower and
excellent strains for the research on safflower growth and rhizosphere microenvironment.
[Methods] The safflower plants were treated with phosphorus fertilizer at different gradients,
and the plant biomass was determined at the rosette, jointing, blooming, and seed maturity
stages. At the same time, the microbial community composition, total phosphorus, available
phosphorus, and phosphatase activity in the rhizosphere soil were determined. The strains with
high phosphorus-solubilizing ability were screened by soil shaking and dilution coating methods
and preliminarily identified by comparative analysis of 16S rRNA gene sequences. The
phosphorus-solubilizing abilities of the strains in different media were determined by the
molybdenum antimony colorimetric method. Furthermore, we inoculated the dominant strains
by using the root irrigation method and dilution coating method to analyze the abilities of the
strains to colonize the rhizosphere and promote the growth of safflower. [Results] W3-P2 water
and fertilizer treatments were conducive to the biomass accumulation of safflower. As the
application amount of phosphorus fertilizer increased, the available phosphorus content and
phosphatase activity showed a trend of first increasing and then decreasing. The effects of water
on soil total phosphorus, available phosphorus, and phosphatase activity were correlated with the

http://journals.im.ac.cn/actamicrocn



550 QIN Shuwei et al. | Acta Microbiologica Sinica, 2024, 64(2)

safflower development stages. Bacteria were the dominant microorganisms in the rhizosphere
soil of safflower, with the highest counts of 3.017x10” CFU/g and 3.021x10" CFU/g at the seed
maturity stage in the water treatment and phosphorus fertilizer treatment groups, respectively,
which were much higher than those of fungi and actinomycetes in the same treatment group. Five
efficient phosphorus-solubilizing strains (accession number C1: OR493125; C2: OR493126; C5:
OR493127; C6: OR493128; C7: OR493129) were screened out from the rhizosphere soil of
safflower. All of them had the ability to solubilize phosphorus and lowered the pH of the medium
with inorganic and organic phosphorus as the only phosphorus source. Strain C6 had the
strongest ability to solubilize phosphorus, with the amounts of phosphorus solubilized in the
inorganic phosphorus media of tricalcium phosphate, aluminum phosphate, ferric phosphate, and
calcium phytate being 380.00, 269.32, 7.15, and 48.16 mg/L, respectively. It solubilized
18.19 mg/L phosphorus in the medium with organic phosphorus (lecithin) as the only
phosphorus source. C6 was identified by 16S rRNA gene sequencing analysis as Pseudomonas
sp. and ClI, C2, C5, and C7 as Sinorhizobium sp. After inoculation of 2% suspensions
(10° CFU/mL) of the dominant phosphorus-solubilizing bacterial strains C1, C5, and C6 around
safflower plants, the cell count remained 10° CFU/g on day 21, and C6 demonstrated stronger
colonization. The strains increased the leaf number, plant height, stem diameter, stem weight,
and root length of safflower at the blooming stage, and the C6 strain group presented stronger
effects, with the indicators above being 122 tablets, 115.96 cm, 12.49 mm, 43.36 g, and 21.17 cm,
respectively. [Conclusion] Water and fertilizer management affects the available phosphorus
content and microbial community structure in the rhizosphere microenvironment of safflower
and promotes the growth and development of safflower roots, thus directly or indirectly affecting
the biomass of safflower. The irrigation at 3 000 m*/hm” and phosphorus fertilizer application
375 kg/hm” were suitable for the growth of safflower. C6 is an efficient phosphorus-solubilizing
strain, capable of decomposing insoluble organic and inorganic phosphorus. Pot experiments
showed that C6 could colonize the rhizosphere of safflower and significantly promoted the
growth of safflower.

Keywords: safflower; rhizosphere microorganisms; phosphorus-solubilizing bacteria; biomass;
phosphorus-solubilizing circle; phosphorus fertilizer
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1.1 fiEthrss
1.1.1 HEHELTIE

LIACSR TN : Bl 45, LR AT A

+ B A S5 U (44°19'34.4"N
85°59'44.1"E).,

LA B 8. b R 285
(46°12'3.9"N; 82°58'57.9"E).

SREIE . ZMEIE T ERIRGIER)
1.1.2 FEEFRE

BEBR A5 LI R 2 3 (g/L) . WA 10.0,
WiBR%% 0.5, NaCl 0.3, KC1 0.3, MgSO, 0.3,
FeSO, 0.03, MnSO, 0.01, Ca3(PO,), 5.0, pH 7.0,

LB WA FE(g/L): BEHEERY) 5.0, &
1% 10.0. NaCl 10.0, pH 7.0,

FERERRAS AL RG I 3 (g/L): F%IHE 10.0.
WilR%% 0.5, KC1 0.3, NaCl 0.3, MgSO, 0.3,
FeSO,40.03, MnSO,40.01, Ca,P,0;5.0, pH 7.0,

% T R 65 O LA 15 5% BE (e/L) - 4 4 b
10.0 . #if24%% 0.5.KC1 0.3.NaCl 0.3, MgS0, 0.3,
FeS0, 0.03, MnS0,0.01 ., ZHBEARES 5.0, pH 7.0

MR A5 TCHLBE RS S H(g/L): HZHE 10.0
WilR%% 0.5, NaCl 0.3, KCI 0.3, MgSO, 0.3,
FeS0, 0.03. MnSO, 1.0, #H&%5 5.0, pH 7.0,

YIRS A HLBERE 7R3 (/L) HAHE 10.0,
WiBR%% 0.5, NaCl 0.3, KCI 0.3, MgSO, 0.3,
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FeS0,0.03, MnSO, 1.0, BREAE 5.0, pH 7.0,
1.1.3  FZERFIFLEE

FEREER Y . MR . NaCl W B ZEBR Gt
IRBHE N F BilREE . KC1, MgSO,4. FeSO,.
B . CaPy0,. ZHWEIRTS . AHIRES . INHENR .
BAR S . WA TRBAER . DU I R RNl i — S I
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WA T AR R A WeBRER I 7 KT
PN e 23w | w1 1B S B o T

BB AFHET . FRAE 153 mL H,SO4, %R
JAZ] 400 mL ZE08Krh, fiide, SFRRARIR AN,
PR EEA AR S 10 g VA TIRIEZS 60 °CHY
300 mL H,O 7, SRR, FlJEH HaSO4 I
G BEIAHR BT o IMA 0.5%18 A BREAE
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o), WFRR R GRDR o I R  BH R
1%, HifR 2.75 mol/L,

FHBRTL R . FREL 1.50 g PLIRIMARIA T
100 mL FHERIAF i, VA IOA RO,
H P AL BE

5 mg/L WARIER I : B 50 *CHET IO BERR —
24 0.439 4 g, JINA 100 mL Z&iE /K1 5 mL ¥
WER(BTE), MZEMAKERS 1L, BRPWRE N
100 mg/L, A AT I IAGRAE o W B3R
10 mL F 200 mL 7550, Mgk 245, W
FEN 5 mg/L BEPPRERTR, MR ALY,

PR IE TR A6 A R S0 A BR S w] B2
PR B TAES . mEKES . BT
RN AKALR ORI B A AR RHER
FABRA T [HIR RS 552560 B _F 0 SR
il 1A PR ]

1.2 A[EEAEHE E A8

AR IE] . =R 30%/EILAE, EE
40%, WIHEW] 30%.,

IK O3 AEHL: HEASE I BEK 3 K, S BITEE
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IKEANRIEIE R EE, W1-P2, W2-P2, W3-P2 Al
W4-P2 A AR R B AR R BE A R KRR B, HLAR
Jiti AE £ K 3 L3R 1
1.3 TEHREE

SRAEIFIA] : S5 JREH0 | fRCI]  AEFnA
B . RRUCRFER R LS 10-15d [7], %8
KB 4-7 d ],

RAE A SFRE i AR . B2F 10:00-12:00,
P S TS ORI, B 21 A6 AR B b e 1 45
FHE PR B LT AEAR F 38R0 T o [F]—4b g
TIHERFEFIRG IS, %R 2 e N K%+
48, —n 4 °CIR A7, MT T IERRSG A4 R A H
LME, B—0rd 1 mm FEENAT, AT
W . MR (available phosphorus, AP)&E Ak M
FRE o AR A E bk . i g, 2R TR
05 FH ELHEI i, SRS AR AR i R AR A, 78
SERE A TR AR A P I (IR . AR
T,
1 BELEAE

Table 1 Phosphate fertilizer treatment program

Number Treatment Water Three material phosphate
(m*/hm?) fertilizer (kg/hm?)
W3-P0 3000 0

W3-P1 3000 187.5
W3-P2 3000 375.0
W3-P3 3000 562.2
WI1-P2 1 000 375.0
W2-P2 2 000 375.0
W3-P2 3000 375.0

0 N N AW N~

W4-P2 4000 375.0
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PR 20 min, LRJFETE, #E 30 min; I
B WA A 1077 AR BR IR B, TR H AL
fil 107, 107, 107, 107° Ay TRk, ¥
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P TR 7 o 1A A0 24 T Wl B R A (R TR AR 40
alifk 3 X, WS W R S LT 75 KN | B AR
HOBE TEREIE),
1.7 = #kBY 16S rRNA EE N E

FH 41 T 3 R A 42 O R (0 A B ) A3
FIFEHAE Y DNA, ffif] Tag DNA &Y
Po1h 16S RNA JE K, Fii A5l 4% SF
(5'-AGAGTTTGATCCTGGCTCAG-3") #il 1492R
(5'-CGGTTACCTTGTTACGACTT-3") 474" 44 .

FI 1.2%B AW BE I 64 T HL UK AN, PCR 7))
I, JEA 514 8F Al 1492R #4707,
A5/ 751 4E NCBI I H BLAST 47 Hexs, T
S H PSR = iy 8, 1 MEGA 11.0
BRAF A o) AP #2725 (neighbor joining method)#4) 4
R kB,
1.8 HHEMLLEZNERMKAEARIERE
Y S B RE
1.8.1 FRAEH L pY 25

A3 ERATEL 5 mg/L B (K.HPOL AR ER IR
0.1.,2.3.4,5,6.7.8,9, 10mLF 50mL
i, ISR 2 R, InASE
AR AR 34 3, VA BRI A
(BRTREM V7 W B AR B VA TR ) . A 5 mL FHER 4T i
i, FEEE MBI ER, AR .
FE5], BCE 30 min, RUEER 15 °CUL . FEJE
K8 700 nm A0 HARER WA OEEE, LA
FCEENIAEAR, BRI (mg/L) IR AL bR, i i
PR
1.8.2 ALBMHNE

P RFINE AR RS TR LR SR 8 000 r/min 5.0
JE B EIEROE RS E 50 mL AR, FZEE
IR 2 RARRRZ 3/5 b, Jin A$R /R ) — i 2 1
2-3 0, A 100 g/L ST 1 i = NI 2
s, A 5 mL SHBEHUR (R, FE51)ENZE
PEKERS, THUE 30 min, AZS FIVE TR NS R
TIALER A, NIRRT e , R
9700 nm Ab, WG EE, X IR E 2 A
A5 AE R, A St I VR e o
1.9 EHRNLAENEENREERAAR

B3 121 °CK I 3 K, 2 JRE 545(12 cmx
10 cmx8 cm)iE [ 5 Bk, TELLACAEAR A Bl 4T 2%
(BT B0 A R P 4B B(10° CFU/mL)
AR BEEAG I R A AT 0, 7. 14, 21 d 4@
TEARPR AN H o [RIB R AL bR | 25
ML MRS
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1.10 HEH R

XPEL I AR A5 R T gt S A, S AR
JH excel 3, it 731 FH GraphPad Prism #47
K A92: 6| A1 ordinary one-way ANOVA 73#7
J7 2253 At 1 SPSS 17.0 ettt , /NG
TR R 22 5 W3 (5% K, PR R 2
FORERARE, MR RIEF 0.
X BRI 16S rRNA FER P41 7E NCBI |1y
BLAST X}, T #[R¥F 519 H] MEGA 11.0 14
HAZKEW

2 EREM

21 ARIKEBMLAEEMERIF I

W3-PO AbBE7ELT A K B A A ik o FD 25 4
4390k : 8.5, 72.1. 83.9. 83.9 cm F10.37. 0.86.
091, 091 cm, 5 W3-PO ZbFHARL, it e
Jo , LA IRk RO ZEHLEA S 2, R I A
W3-P2 b PR A i 2 4351 : 16,3, 112.4.116.0 cm
F10.56, 1.00, 1.00 cm (& 1A, 1B), UiBHBEAE
AT HELL AR A . W3-P2 b 3B I it 2
w®E0, 9415, 56, 70, 73 A, mitZ T
HAALFRZ , eI AFD T U, W3-P1
5 W3-P0 AbFEAH LM 53O W 2= R, 3
i 44 TR 43 Fr . 59 R 58 Fr(BT 1C). 414k
T2 A ) AR A it A e 32 P i S 2 AP
HAFURAE I TC 0 AE AL BE(W3-PO) Y LT AE AR B K,
Zr50A . 15.4 em A1 19.1 em (K 1D), £L4EHRAY
it 5 AT B AEA A & B I AR L 3K, UK
RE AL PR f5, MR A Y B, W3-Po
SEPRAREEE AT E 50 . 0.8, 3.2, 34, 63¢g
1008, 093, 097, 1.42 g; W3-P3 5 W3-P0
b A LU 7R AR e B A T E AR R, 43
e 17 g H10.25 g5 HoAth 3 N KH R W3-P2
A PR Ay M - 5.4 .8.2.9.7 ¢ Al 1.28,1.83,
2.11 g (Kl 1E. 1F),
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TELAEAF Z BN, W3-PO AbHELHZT I8N
MR 12,2, 39.3, 45.1, 48.1 cm, %L
R 9,42, 54,66 Fr, 255007 029, 0.26
0.43, 0.40 cm; 5 W3-P0O Ab3AHLL, W3-P2 4b3H
R E, BRm2 16.3.84.0, 111.6, 115.3,
B 50 15, 56, 69, 73, RN 0.55,
0.86. 1.09. 1.10, HyKJE W4-P2 kb3, FFHA&A
PR Z A2 S R (K 2A-2C), 1EEEEH, M
W1-P2 3| W3-P2 403, FifiZE /K 4338 R4 e, i 2%
Bafm, 439k 101, 14.1. 14.1 cm, T W4-P2
SEFREIP LI K AT, H 12.6 cm, (HIEH
f 3 NEERHY, Wa-P2 ARK B &K T HALK
BERE, 439k 182, 19.6, 20.1 cm (€ 2D).
PRIEJEBISN, HAY 3 ANk B R R & R T
& W3-P2 A HL I 2 R T LA AR F, 43 )
5.40. 8.22. 9.62 g f12.15. 3.18. 3.74 g, H&
J&= W2-P2 Fl W4-P2, A {L i — 3 (€] 2E . 2F),
2.2 AEIZKAEXT LA RFR L IR SRR E Y
A

it Sl N J , 4l AT ROl 110 5 e 34 (. 25
i, 2B 0.49 g/kg FF & 1.24 g/kg, AWM
9.10 mg/kg FH & 15.8 mg/kg, TIEHAHE S
Jit ol ek R A M R L AR DG, Bl A 1 o v
I, ABAELTAE A A U vy B30 Ak B S At 5 e
A, W3-P3 ZbHiS W3-P2 4b B SO 5
B ERRARE 3A. 3B), WERREGHE METE 2w AL
O S B AL I W3-P2 Al W3-P3 b H R &t
AN, 43 9M 66.3 .74.6.80.3 ,77.4 nmol/(d-g)
623, 75.8. 78.7. 71.5 nmol/(d-g) (& 3C).
LA PR I AR T M E R R 2N
3.021x10" CFU/g, HUC AR B, B B0 AN
B/0(# 3E-3F). FlEBEIEHERIG, ANF &
A AR PR AN R R BN, W3-P3 4k
PR AL, 8 6.424x10°, 1.555x107,
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2.098x107, 2.971x10" CFU/g (% 3D), i E #1E
T S ENAG AR S R AR A R B, TE AR I AR 1
A, W3-P1 EEEGE S W3-P0 Jo i #1k2%
S, A BICA 5.348x10°, 6.532x10° CFU/g Fil
5.333x10°, 6.613x10° CFU/g, Ak 7 mHALb

>

~
W

Plant height (cm)

— N LIn
OO O

Stem diameter (cm

Leaf number

1
Figure 1

FEEAEREAE F XL E Y E BRI

FRIAT 5 AR 3B) . FESE R A, gk
PR H 1E W3-PO fiei, 439k 4.6x10° CFU/g il
2.54x10* CFU/g, JB&AE 1 A Ah 1 B 2 301 43 501 7
W3-P2 fl W3-P4, I~ 2.76x10° CFU/g Al
3.85x10" CFU/g, 3 HAEHA AN E R £ 255K 3F).

w)

Root length (cm)

=)
Z 10
=
208
o
2 6
g 4
& 3
g Tl
& (2
%'\‘b% %@%@ sx‘b%e . %'\‘b%
o&%ex& 6&\ JUX (‘&\ Afz;“)‘\

Root dry weight (g)

Effects of different phosphate fertilizer concentration treatments on safflower biomass. A: Plant
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Different lowercase letters represent significant differences and the same lowercase letter is not significant.
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Figure 2 Effects of different water gradients on safflower biomass. A: Plant height. B: Number of leaves. C:
Stem thickness. D: Root length. E: Root fresh weight. F: Root dry weight. Different lowercase letters represent
significant differences and the same lowercase letter is not significant.
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Figure 3 Effects of different phosphate fertilizer concentration treatments on microorganisms and phosphorus
that in safflower rhizosphere soil. A: Total phosphorus. B: Fast-acting phosphorus. C: Phosphatase. D: Bacteria.
E: Fungi. F: Actinomycetes. Different lowercase letters represent significant differences and the same lowercase

letter is not significant.

TR H TE B A 0 R D B 0 A A ) Y 22 Ak
B, FERERE TR W2-P2 Fil W3-P2 43
AENT R, h 3.265%10° CFU/g F1 4.293x10° CFU/g;
TSR TR R P BCAIAE W1-P2 Ab PR H
3.358x10" CFU/g, HANWITE W3-P2 1%k H &%
AR 5.76x10°, 2.071x10* 1 2.762x10* CFU/g
(¥l 4D—4F),
2.3 TEAE-ZITE-tRBRAGHE RS T
ANFBENER AL TR, £ AW 2 (8] 24 R 1E

FHE, MEMEAE 0.25-0.97 2], WK S5HTHE
FHOEME N 0.73, 5 Hfth A= Pyt (A /N T 0.4,
R fif 5 A 2 5 HAt A P A e M g v, AR A
HGZRML R BRI AR S A DG HETE 0.95-0.97
ZIEI(E 5A). ANFKBREEAIT, SEYRZ
[ IEAHE, FHOCPETE 0.57-0.97 Z 8], R
fitf B FN T H ARG femr Ry 0.97, SARKARLE, R
fiek FF AN AR T H Al A W 4 A S T e (
5B). ARG EEFUKBLBEANIE T, 205 Hsk

http://journals.im.ac.cn/actamicrocn



558

QIN Shuwei et al. | Acta Microbiologica Sinica, 2024, 64(2)

WEAIAHSCTESY M 0.60 F1 0.21, 45 B
FYARIENE S o 0.52 F1 0.05, RS S R i
FIFH S TEST 3R 0.89 1 0.92, THRIUHE S ik ik i
FIAA SR = (] SA L SB)o AN[) B B AT AK o
WEHT, A S BRI A5 0.98 A
0.91, HHE 5 ML B A G2 0.84 Fl

0.78 , FL A -5 2 TR I AH S 4 43-51 Ok 0.83 F110.81,
BRKRE 3 MidA Y2 I B AR, S
R R AR Fe s (] SA L 5B). £ B FTIR,
A BERUE Y 2 VR ELA A DG, AR
T F A AR 5 At R 38 A A OGP B 1y, 188K
3t LU Al Xt A 4 AN A 2 1R S e B G

A D
10, zWI1-P2 % 350, % W1-P2
= a a a  BW2-P2 5 350] cba 5wips
2osl ab b =W3-p2 2 = W3-P2
n b % % % 8 W4-P2 @] 250+ ba @ -
3 7 Y % i W4-P2
06 L% 7 7 7 o 200 ba c d
§ 067 / % / S Ts0f ¢ ,
2 7 2 7 Z 150 %
7 7 7 7 X dlilé %
= 7 7 7 7 %
Z2 047 ? . % S 98 o m s
cXEN L R LEERLEER E 5 1EERIE R
g, 258 ZIEH 2158 7 g% ZUEE 72188 7
S 0.

v 15 % W1-P2 _ a
£ a a bba ba.2W2-pP2 e 80 b1 zw1-p2
2 12t b b d 8 W3-P2 S B 0 W2-P2
S deBa1 L TBL Zllgm » 8 W4-P2 = 60 d 2 W3-P2
2 olynEH 7IIEE 7 ? © d . 8 W4-P2
a5 é % é é S 40 % g
-t 7 7 7 7 = 5012 7 7
= 7 7 7 7 ‘& 20 7 7
CHEY / / / & % /
~<& ~<& ~<& ~& ~& ~& ~& ~<&
= =4
C F
~ 100 04, a . #WI-P)
& a  z ¢ BW2-P2
s= %7 oD L b /m -
CER / . 2z 02 - b
SRS % % o © —| = V =%
22 40 % 7 0 H %
8 7 o £° =i 7
= = 7 7 5 X% =
~z 20 g g <= SE
g, R EE 47 =i
o o o o 4

4 EIKEEE R LIIEAR IR L IR 8 R 4 B 220

Figure 4 Effects of different water gradients on phosphorus and microorganisms that in safflower rhizosphere
soil. A: Total phosphorus. B: Fast-acting phosphorus. C: Phosphatase. D: Bacteria. E: Fungi. F: Actinomycetes.
Different lowercase letters represent significant differences and the same lowercase letter is not significant.
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