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of phosphate solubilizing fungi. Two kinds of biochar were prepared using pyrolyzing sludge and rice straw at 400 C and 700 °C in

anaerobic conditions. A strain with phosphate—solubilizing ability, Aspergillus niger, was screened from the soil, and biochar was used as

the only phosphorus source while culturing Aspergillus niger for the study. The results showed that the release of phosphorus from sludge

biochar increased from 0.73 mg- g™ to 78.55 mg- g™, and from straw biochar, increased by more than 50%. The pyrolytic temperature of

biomass had an important effect on the release of phosphorus in sludge biochar. The release of phosphorus from sludge biochar prepared at

700 °C was 46% higher than that released from sludge biochar prepared at 400 °C, but no obvious effect of pyrolytic temperature was

exhibited for rice straw biochar. The speciation of phosphorus released from biochar was pyrophosphate in the absence of Aspergillus niger,

while orthophosphate was the dominant species in the microcosm experiment with Aspergillus niger. This study indicates that Aspergillus

niger can promote the release and transformation of phosphorus in biochar, which can elevate the levels of phytoavailable phosphate in soil

and further improve the application of biochar.

Keywords: soil; Aspergillus niger; biochar; release of phosphorus; transformation of phosphorus
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RN BA Z LA R L Th BRI o B 57 A A A ik
SRR, A A e A A 2 R A R B 2,
JRZ BT R R A AR G R e
SEOTI AR p R A T B FLB A A UE e
VAL, AR A v ) B 88 5 S ff i, DR T X #8589 e
A e 1) I B BE 11 A T G Wy i W R
AE T S5 AR B B R, A ) S5 O e Pttt B2
2 R ) ¢ BRAL P o g A S 2SR s )
FAEPAAFAEARTTEHER , S FEME A A W 5 ik i
W AR TR AR S AR W ¢, 2 A LI BRI, B
W) 26 A AR W 5 4 G 3 TR RS T () BA iR 3l R R Y
HYIERE AW RIS, AW o IR 35 i . pHL
FL SR A A P AR T 3R 5 R 1 52 B A O R 119
HELAN AR NS A B MR T REA
e R G SR R AR, R B Y 2 1 R i Bk T
LI AA DA E WA S I BEL R BT DL F G
& B T I AN R B RR R ), BlAE B P  E
&l

YRR — M) E SRR B A WA RS SRR
AL ] R P R AT B o SR, Al S A
i B HAA RN PR ok, BT R A
RGSHEE AT AR, ROERUE Y IR RE A 1
HH R R T P A 45 2 i A DA R AR ) WSO P ) T
TR TERRIVRIR I E DI DI REZE T RRRBUE Y A A
BUBR n]REAS T L B A LB AL S BERR AR, 74N
I EBRAE RO O $ s iR & i Ao 1
TYIRIBEREFRRDL . RIS, R WA A ke
PRI TR Il R TR 5 ] T A LR 20 el
TREE W R T DA SR B ) PN I A LR 1K
WABE 798 TR WA A0 G, AR AL R 0 AR e P R L SRS
JE , WY AR AL AU IR o 2 B R R AE ), (HLIT

1% WHART]

HTERUCZ G SR LTS i ffidiee 1

A=) e Rt - SRR 2 7 A3 1) o R e RO o 5 AR
W i 1) DRk 2 B N A TR R, V5 KT U MUK RS
FFE B O A Km0, LLE TR FORHR & i A= 9 <
BEOC o A S, BRIR R LA
YIAE L ) e R I R TE N R I e IR R AR i
HOBE T A | AR 2 K 2 I A A I R 1 T o T 2
AR A g e ) - HESR S BRCBE T R, T AT R0
A A S it Y, ARG M A Ko BRI 3 A 40 75 e, (B A5
TER I, AW e v i 32 2k AR W A RO IR Y
B, 4N Al/Fe BERR R FIAS R & #0902, A WESE
U, B AR B A M RE A8 A A BILIR , (2 0 M
EPEREIR SR A0, A TR T BE S dk A= W e B Y
RE, T4 R 3R R A RS R S R AR
H AR 3 i 5 32 B vh T KSR - ek 25 T A
Wy il R TICY, O6 T R BRI AR W, G LR i
P BB B IRS A 1) L P X A 1 e v 1 R I S A
TR SZ AT A o R IE , B 9% A Bl st 2 xR ) A
Yy s B I R S TE A TG AL R 52 M, X FAE R S8 A=
Jo G U5 A A A A g ol R s R i A AR W e L
HEEE L.

A FE N A 398 T 3 S — R AR LB, 40 il A
400 CHI1700 CF il 45 1 P Fh A= 4 5 ke Y5 (it BT e
FKFEFEFE) W LE W o, I LAAE Py o — B 5355 %
AR LAY, I o ok R P R R VR I AR AL R B
SIRTBE R AETETEAS TRV IR B U E WA AE BRI A
BRI S TR AL LR .

1 #MEEFE

1.1 ##l
111 A 3gEke b,
i 1 ffe e L B ) L3RR T 2020 4 5 A REEH



255 TR 5 B BRSO 5 TR S 1917

B E T MR (115°4731"~115°47" 34" E, 28°39
47"~28°39"49"N) , R FH“S™ A 5 KAt , REF)Z 0~
10 em T HEFE &, POBHE [BIS2 560 2 5 8 T k46 4 °C
(E
1.1.2 kgt

NBRIP ¥ {4 15 3% £ 45 %5 b5 10.0 g, MgCl, -
6H,0 5.0 g, Ca: (PO,),5.0 g, (NH,),80, 0.1 g, KCl 0.2
g,MgS0.-7H,0 0.25 g, 78 1% 7K 1 000 mL, 3 pH 4 7.0~
7.5, 121 °C K I 20 min, NBRIP [& {4 55 3¢ % . 7¢
NBRIP ¥ A K5 37 5L Atk Fm B Ng ¥ 2%, 121 CK
20 min, PDA 550 485 200 o, #4120 g, 3R
18 g, ZK 17K 1 000 mL. A= 9 /¢ K5 5 3 - % NBRIP ¥
G IR B (Y Cas (PO B 0 A 1) e, HEA AN AE
e R #7398 2 NBRIP WA S 72 5L 1Y Cas(POL).,
HAAAE
1.1.3 A=Wkt

ARG B TR BH Y5 K AL B IR VS Y, R 30 min
Jo . F B, AR5 7E 7 000 remin™ T B0 15 min, 3
FVEW L WA TS5 U, SR 5 TE 60 C Y HEAE AR
12 he S et TR TS VS J5 2 60 H i .

PR FEREFF U M T, B9 1L 3~4 em /NBE I A
PRBILIE R , R Je K A5 2 RS FEA 3L 60 H T -
1.2 LI AH*
1.2.1 flwEiAE ) 0 o3 e K i ik

R 1 A IR S A R B RS TR A T
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KN, i 1 L e Rl T2
1.2.2 G % E

(1)t FL A DNA A

H4 SR PR TE PDA 35 55 JE i b, 42 B U
2 DNA 430 S v B (B 2R T AR TR FDD
o A R O R 4H DNA, 729 T 20 CIRAF

(2) firb Wi EL TR TS L[R2 40 ) o

AW % SR A LA %l 5 1°7ITS 1 (TCCG-
TAGGTGAACCTGCGG) Fl 1TS4 (TCCTCCGCTTATT-
GATATGC) #: 17 PCR ™3 , 973 7™ W) T 4 CIR A7
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S MR AR , B5 R RS e 36 .
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Wit . FERE SRS 2 B oK bk AR M e, bk
B A /INBORE . RIS WREE LR e, FRVA R T T
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TR & 035 e 2R W e K AE RS FEAE W B, 4 i R
SBC FIRBC.

(2) AW He I RAE
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LN E S . BEah BI AR U8 5 T AR A I L 1
SR HVARR B 73D 6 BE 1 I 5 Wl 5 6, BRIV R 45 30 G
Bl o RE AL B2 AE [R5 B A5 i A 25 iR
BT AL A A A0 TR RN A IERERRER 5 i, B RSk
PR LR AR W P il B0 5 ) el b3 BT 4 Bl
THAAT 2, SRR RRER 105 1S SR R0 5 IERERER
T2 A RS BB B RS
2o M IR AT HEY), D H 0 A5 R R

I i O A R o BRI 28 5 T R
G

2 HRESW

2.1 ERMEYNFHIESEE

FIFH NBRIP [ {85 752 56 V- M 25, 3K 15 4 bR BE P
e R W P A TR ), A FE | BRI R 3 BRI L X
4 Fh s A= 0 43 AR LB R R R B p 5 9% 7 d U
DU R TR b ) T VA PRV, 25 SR I b B Y
BT BE TR L I5 5] 586.0 mg- L', G 5 T o Ath 3 i
WA (R fE 110 R 22.6 .14.9 34.0 mg- L) . #i%
U B AR AT 4% 0 PSF—1, X R A7 1E— 2 (0 0 7 2 3
R RIS

FH Blast 72 J¥ K5 18 Fk PSF-1 3 [H ¥ 1] 55 NCBI %%
Pt e R I AT T LR A B, G5 SR s, PSF-1 9 ITS
)5 B8 (Aspergillus niger) ¥ 51 HAT 15 i [R5
PE, MU 53K 99%. A MEGA 7.0 T RELAE
PR EE (B 1) AR TE S AL RN ITS J 8 % HE , %

PSF-1 A%
22 EYREIERER
3% 1 A] %1, BC700 [ b 2 T AR L BC400 = , 1
R A 0 D5 1 - 2 FL AR 32 I T B S AR TR . R
A e RS FT A P b 2R BV K, P L AR IR
Fisle Y. MALRBUN RIS I E Yk & TR FF
AW e, BCT00 55 F BC400., 3% 3 I i 25 It T &8 T
= AW LA LIE R e AR LR = RAL .
23 BEHERETEYRBEHMIERERpHWT K
4 T A W B 3R e RBC700 55 97 JE 49 IR IR 28
TR, A 3 R R IR LN SR . AERE SR R
o RS AAAE T 4 R0 A i 55 SRR R Y pH Y KR
TRE(E2) o SN, 4 R 23810 pH 7656
6 d i IE BN AR . 5 ARG IR BRI pH 3055 — A

R EMRNILENSH

Table 1 Parameters of pore structure in biochar

- BET H & HIf SRR g flte
S, uul BET specific Total pore Average pore size
ampie area /(m*+¢™)  volume/(cm’+g™") /nm
RBC400 41.1 0.004 0.4
RBC700 64.5 0.037 2.3
SBC400 20.1 0.098 19.4
SBC700 40.3 0.151 15.0

T : SBC400.,SBC700 43 1L 400,700 °CF il £ (975 Ve £ 9 4k 5
RBC400 .RBC700 73 {£ 3£ 400,700 °C N il # RURSFF A= ¢ . R )

Note: SBC400 and SBC700 represent sludge biochar prepared at
400 °C and 700 °C, respectively. RBC400 and RBC700 represent straw
biochar prepared at 400 °C and 700 °C, respectively. The same below.

92 | Aspergillus carbonarius NR 111094.1
100 Aspergillus sclerotioniger NR 077192.1

92

I:Aspergillus thericus NR 119514.1
94

Aspergillus sclerotiicarbonarius NR 1660

— Aspergillus brasiliensis NR 111414.1
99 82 Aspergillus niger MH511143.1
99 'psr-1
Aspergillus heteromorphus NR 103606.1

90 Aspergillus ellipticus NR 103605.1
98

Aspergillus helicothrix NR 138281.1

.01
0.0

Aspergillus fumigaius NR 121481.1

Aspergillus iranicus NR 156297.1

100 Aspergillus alabamensis NR 166027.1
99— Aspergillus terreus NR 131276.1

Bl 1 Bk PSF-1 EF DNA-ITS FHIRIREMZN R E L TR
Figure 1 Phylogenetic tree of strain PSF-1 based on rDNA-ITS sequence homology
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2 L
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B F% 0] Incubation time/d
Jr 884 CKARRA LR M & 25 I I R 1]

“~CK” represents the experiment without Aspergillus niger.
The same below

B2 BEMEMEREYRIEFRE pHEN

Figure 2 pH of biochar medium after Aspergillus niger inoculation
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Y& FH T B B ik i 7T 3k (78.55+1.06) mg-g ', HE 5 T
RBC700 fi (3.64+0.05) mg-g'. B EHEMT,
SBC700 1 i F& ik & 2 3 = T SBC400 (P<0.05) ,
SBC700 1E 32 d B (1) S Bt B SBC400 15y 46.0% o
1T 8 1 25 7 A R e O 8 X s 2 0 o 9 52 1) AN
3,32 d BF RBC700 G B B i & [ RBC400 {3 /& i
5.23%,
25 EHEBEGEETAYRPBHOESEL

N T R R A T Ak bk S AL, A
WFFEMNE T 2 B 355 % 0 R H SBC400 B i AN [R] T
AMwE SR, PP AR R, LR M S A AR,
SBC400 BT 1Y) B 32 22 A FE W IR , (R W2 BT o7 LE 431/
F20% (Bl 4a) . TERRMIEAATE T , SBCA00 Bk i)
T BN IE#ERR (& 4b) , 5535 1 diF, SBC400 1A & iE
WA TR o G 1Y 44.9% , K5 5% 2 d I IE BETR o B W Y
88.3% , 1597 32 d G AR Z T IE IR L ik B 1 97.2%
LR T BB R B P e TR R BRI, 55 7 d
I35 B = 18 (1.78+0.96) mg- g™, SR 5 1645 8 d I [
Kz (0.01£1.00) mg g™, JFLL WA JE IR R EL 1 &=
/NI EE LT B R BRI R AR R R
BERRER 1Y 5 i i /0 T3 (1305 (P<0.05) , X A g /2
Sy R BRI R TP R SRR Eh W AL 5 TR W
— H/MIE R UL — &R i fE PR Eh e R h A
FIHF A B K25,

3 itig

AT DN A 38 F 5 2 HH — AR e A5 TR B PSF-
1, %858 MR 2R (Aspergillus niger) . 22 & —Fh i
WERE J1 B VS Wi TR M, AE S R el R, Bl PR 2

~

[ (b)FEFF A4 ¢ Straw bioc*har

—- RBC400

-+ RBC400-CK

—A- RBC700

-~ RBC700-CK

0 5 10 15 20 25 30 35
B2 FE 0] 8] Incubation time/d

B Released P/(mg-g™)

B3 BHBHFETEYMRFBNERE

Figure 3 The amount of total phosphorus released from biochars with Aspergillus niger
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2,571 (a) TN %S Without Aspergillus niger
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O E Y1 Phosphate in Aspergillus niger
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30+
20+
0TS 16 4
B4 FE0F 6] Incubation time/d
IER R £ Orthophosphate

B Released P/(mg-g™)

B4 SBCA00 FRBERIRE MR H A0 2E
Figure 4 The amount of released P from SBC400
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