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Biochar regulates the soil bacterial community structure to affect
phosphorus availability

JIAO Yang', LI Ying', ZHU Jianqin', LI Jing', SUN Lina', ZHANG Di"?, LI Yimeng', WANG Jihua'"

1 College of Life Science and Technology, Harbin Normal University, Harbin, Heilongjiang, China
2 Heilongjiang Agricultural Economy Vocational College, Mudanjiang, Heilongjiang, China

Abstract: [Objective] To explore the mechanism by which biochar alters the soil bacterial
community structure and thereby affects the availability of soil phosphorus. [Methods] This study
employed metagenomic techniques to investigate the soil bacterial communities and microbial
functional genes involved in the phosphorus cycle after the application of biochar at different
doses (CK: 0 kg/hm?, T1: 300 kg/hm?, T2: 600 kg/hm?, and T3: 900 kg/hm?). [Results] The
application of biochar significantly increased inorganic phosphorus, microbial biomass
phosphorus, and alkaline phosphatase activity, which showed the increases of 21.75%, 699.39%,
and 34.00%, respectively, under T2 treatment. Furthermore, the application of biochar changed the
diversity and richness of soil especially bacteria,
Actinobacteriota, Acidobacteria, Chloroflexota, Thermoproteota, Gemmatimonadota, Nocardioides,
and Sphingobium. Soil pH, water content, organic matter, inorganic phosphorus, microbial biomass
phosphorus, and available phosphorus were important factors influencing soil microbial
communities. In addition, biochar significantly increased the abundance of the organic phosphorus
mineralization-associated gene phoD, T2 increased by 9.28% compared with CK, and the
abundance of phoD was significantly affected by total phosphorus, available phosphorus, and

microorganisms, mainly enriching

microbial biomass phosphorus content in the soil. [Conclusion] The application of biochar can
enhance phosphorus availability by regulating soil bacterial community structure. The findings
provide a theoretical basis for the application of biochar in improving phosphorus availability in
farmland soil.

Keywords: application of biochar; soil bacterial community structure; phosphorus availability;
mechanism

BEREMY AR AT RS EZE RN, H
Yy N I o, (H A4 95% DL By
e AR 0 ¥ AR R P T 5 A7 4 it FH
JIES R B 7 0 P 2 A B IR 0 T, (R
FAUH 10%-25%, FCHB o3 B4 A I3 W BfF [
P TCERI AP, Kt B LA 2 S B R
B - 48 B AR 25 AR L K K IR a3 A 45
T+ HEwk v] 43 i A HLB% (organophosphorous,
OP) A1 TCHLH (inorganic phosphorus, IP)WjC%’@M .

>4 actamicro@im.ac.cn, 7 010-64807516

For 1P R A AR I B ORI R
o R R RO B - SRR 5T iR 7 iR R Y
KR

H W) I R AR IR 37 ) w5 B 2 2 A o
73, BAREBK, fLBLRSERAY, bt
e 1 LS R IF L SR AN AL KRR R
WY, AEP T4 i R A, A T
(1) $i 1 pH, FRIRBER WM E ;s (2) Kk
(g FLBRZE K AT el Bk U A, A e



£ 5 | MAEYER, 2025, 65(8)

3367

B9 HLIT (soil organic matter, SOM)HE h 351k
Az WAk RO RO PR, O A R R A
S e S5 A KM I Y TR
WrpEEZOAER], A LB A T o
YR 1P, X —ad A8 32 AR R A W 40 1k 1)
Fia U SR A W o 1 ol S Rl A X A o R
vk T AR M B ME B R B (alkaline
phosphatase, ALP) &l 53 fc Jy )12 WO B IR il , LG
TP T B I e - A MLEE e U B
Y AL e IR T IR M dm A EE Y, AU phod
phoD 1 phoX, H:r phoD j& ALP fr HAC R M
(14 3 I i FH AR ) e T 34 58 phoD F& IR R
EHT ALP 36 PENCPY B e & phoD FEH
() 5 A= W R AR 1E ALP 43 W 3F 57 Ak A3 ALY,
FC A B2 B A0 35 i 28 B 1] (Actinobacteriota)
fie £R. i B 1] (Pseudomonadota) 1 TR +T B [']
(Acidobacteriota)?' !,

A B G kA [R50 R A o 1) R R
FE 1 43 BT 1 338 4 % (total phosphorus, TP), # 54
¥ (available phosphorus, AP). JG#/l # (inorganic
phosphorus, IP) #1713 4= % i B (microbial biomass
phosphorus, MBP); >R F 7 4k X 2H 5 AR 5 B4
T Re L I ARG MR B, AT s
YIZERE . BRGNS LR R, A
W5 5 AE ) AN [R] 5] 3t A= ) v R - 33l A vk
MISZIR . A YT LR IR A TR APE T, A&
A ) i QR ] 3 ask VA A W FR I AR W S P e
TS e - A P AILR]

1A

1.1 RIEXER SR

e A TRV MG R T (45°52710"N,
126°3320"E), 4F V¥R 5.5 °CLL, 7
MK 569.1 mm. & 4 MEYIEHE: CK
(0 kg/hm?). T1 (300 kg/hm?), T2 (600 kg/hm?).
T3 (900 kg/hm?), A /NX K 3 m. 98 0.5 m,
B3 WHEE . 2022 4F 5 H 3G K G5 A B

5517, #ERpET — kM EGE . R (N 46.4%,
38 kg/hm?). B R B (K,0 51%, 45 kg/hm?). B
MR 8% (N 18%. P,0s 46%, 150 kg/hm?), P,Os
Jiti FH R 69 kg/hm? A= ¢ (T R ST B MR
ARAE)MEATERT: K3 1026%, 2 A
(total nitrogen, TN) 8.51 g/kg, 4 W (total
phosphorus, TP) 2.34 g/kg, 44 (total potassium,
TK) 2.34 g/kg, P,055.53 g/kg, K,0 19.15 g/kg,
FHHLBK 510.90 g/kg, pH 8.1 ifq.
1.2 H#mEESNE

KL R 0-20 cm K2 11, %
R MR TR AR RSN S BRI AT, B4
F3 0y WG4t 0.5 mm & 0.15 mm
i, FHT R A BT -80 °CCIRAFEH T 2 5
DAL Ty 5 4 °C IR A7 T B M B 1R il 3% 1
I
1.2.1  TIEFMHAINE

eSS AEE I R A BRI L
e AR I SR FH T B AR R -
Ptk ; OB E R SMT 734k; +
158 pH ffi ] pH ASGI5E 5 T35 /K R FH s s
T S W R I R R B R R
RGNSVl
1.2.2 KERFTIBMAEEZELEMINE

FRERASCLH I 10 g, RBRZTE & T LW
B0, HTUWKRARGERE, T LB IRF LD
BHE AR A BRA R HEA T - 3R A B DNA B4
5 SCPEREE, ff 458 DNA {57 & (Omega 2
A B A 3 rp B W S 4 Y DNA FEAS
R Lo B AL, DNA ¥ A8 ] Quibit 4
PTE, I 1% IR BHEERE F UK Kz DNA Jit
o BB BT ) DNA TAE T 4 °CIR-AF
EAEI T —20 °CLR-AF . 2&TF Illumina NovaSeq 5
W F 5, RITSREA SRR, H
Illumina NovaSeq Nano DNA LT i ¥ & A4t P 5
HEZE LN 4L 0 5 DNA, B HBEALFT W e it e
FB, WEAIEKEMIEASCE, FIAH Hlumina

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



3368

JIAO Yang et al. | Acta Microbiologica Sinica, 2025, 65(8)

NovaSeq - 5 X I 38 SCFE 47 0l oAb 2
R AN P AR RO, 2R T Kaiju
PA S NCBI-nr (https://www.ncbi.nlm. nih. gov/) 5
& /£ (https://www.ncbi.nlm.nih.gov/) X reads J¥ %)
PEATWIRR RS, IR R R E B S TR R
PR LB reads 7 ANECH BEAT ST OB, A
FIABEFE A AL PRLH - P AR RIS TR L 1
49, B, B JE . R 2ROKF B R B AR X
FHEER.
1.2.3  TIRBBIATNREEEANE

T NCBI-nr £d EXT 25 FEA Y reads J7 41
PEATYIRN S I RE RS, R A AEAS Y g o R 32 IR
S NESI IR TIUE - 3PS N A o 71 o 3 7 e | TP 9Nk S
B & 3Ry 5] 5 KEGG (Kyoto encyclopedia of
genes and genomes, KEGQG) (https://www.kegg.jp/
kegg/keggl. html), PCyc (phosp horus-cycling-
database, PCyc) (https://githubcom/Zengliaxiong/
Phosphorus-cycling-data base) % #i & £ 17 DI g 11
Fe L WBAAH OCBE R0 W T RE o AR 4l KEGG
PCyc $U4la e 1 B R AT & FEAR Y DI RE T RE
50300, UMEE—250Hr,
1.3 BEES

AT SPSS 27 73 Hridie %dls , i Duncan 32
XA [ 500 £ 25 ) oAb B S 1) b R A 4
P Tl G 5 M S A A W W A TR S B Ay
225t WEMSYHT, T Origin 2021 42 il H
WRIET @ SPSS 27 Xof - e it 5 (o A W i A
IRFEH FE FE 04T Spearman AHICHE 0 HT, 1T H
REFN P {H. H R LIEANE R 2
PEFEEL, F2E T Bray-Curtis 5 25317 £ 65053
7 (principal component analysis, PCoA) &2 NMDS
SAT . 18 TCAY 70 T (redundancy analysis, RDA)
J5 e 4 B Jo 55 A TR T A Z R SG FR o A
K2 Rt BRI W) = F £ (https:/www.
omicstudio. cn/tool) S Ik £ i 2L A 2 - 15 (https://

www.genescloud.cn/home) 52 i o

>4 actamicro@im.ac.cn, 7 010-64807516

2 ERE5997

2.1 E¥RiEMEX BRI
2.1.1 ¥R EX TIRBA MRS
Tt A R F) i AR o e, - e A T R
R EAA, T pH, E&KE . A ML (soil
organic matter, SOM) % 8 i A= 47 o it fill 1 18 35 i
ek 22 (& 1A-1C). Hrr, T3 TS /KEKR CK
om0 54 5 CK A, T2, T3 +3 TN
E AT BN 7.04% F19.67% (& 1D); 13 TP
P RN AR 1E), Hip T2 4
TP Fafflt; 3 TK a2 5(E 1F),
Tt AN [R50 e P e i, R A o i
WAL T WK 2). BEAE A At hn & m
4, 1P 5 MBP B9 & B8N, AT CK,
T1. T2. T3 ) IP & & 4 7l ¥ i 18.04%.
21.75%. 4.57%, MBP & &4 H3 1 374.90% .
699.39%. 199.96%. AP 5 TP Ay fkiash—3x,
BRI
2.1.2 E£¥REMEN IEEE MRS
ALP J&A ML (bl F v i) S kg, 229
Rt N X ALP 36 PRS2 dn & 3 s . ALP
T P B A 0 Bt T 2 e TR T R R g
S HaAfb—2, Hrb T2 9 ALP iE
# CK $271 34.00%.
2.2 EYIRIEMEX T IEMEE RSN
Al
221 EYRiEMEN TIEYIM S HE TR
=AU
HALPRP) o ZAEVETEEL, 4245 Chaol FIHEVR
4 & JE (Observed species ). 7% 2 4 (Simpson
5 Shannon)., Bf7% 144 FE (Pielou evenness). Ff
75 W) PP 75 55 FE (Goods coverage) Y77 7E i % 22 57
(F 1). T1. T2 f¥) Chaol F5%UF1 observed species
B A= 4 e it -, R T CK; T
Simpson 1§ ¢ 1 Shannon 45 %¢ 2 3 & T H At
VO



iy % | WA 2ER, 2025, 65(8) 3369
A B C
;\; 16: a st c b b a 60 a
< 14¢ 71 = 5 ab  ab
512} 6l ggo 501 b
s 10 =5t o & 40f
5 ii ab E 41 S5 30f
5 6f b 3t S5 20f
= 4f 2t = °
a 2f b It 2] 107
0 0 : : 0
CK T1 T2 T3
D E F
o 25¢
a h=1 a a
2 L0} a a 5 ] 5 ab
g b b S 10} 2 g0l 0 ]
52 06 £2 be ¢ é&ﬁ 15
°zE 1| 52 0.5 23 10}
=22 04 g =@ S a
o= < £ 2.8
s 02} & == sl
E :
0.0 = 0.0 - = 0 - -
CK T1 T2 T3 CK T1 T2 T3 CK T1 T2 T3

1
Figure 1

EMARFIEEMRELIENS/KE, pH. SOM. TN, TP, TKHNEE
The contents of water content, pH, SOM, TN, TP, and TK in soil after applying different doses of

biochar. A: Soil water content; B: Soil pH; C: Soil organic matter content; D: Total nitrogen content in soil; E:

Total phosphorus content in soil; F: Total potassium content in soil. Different lowercase letters indicate significant

differences between treatments (P<0.05).
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Figure 2 The contents of IP, MBP, and AP in soil
after applying different doses of biochar. Different
indicate significant differences

lowercase letters

between treatments (P<0.05).
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®1 AMARFEEMIRELRABRESHMIEY

Table 1 The soil bacterial diversity index after adding different doses of biochar
Treatment Chaol Goods Simpson Pielou evenness Shannon Observed
index coverage index index index species
CK 16 336.13b 0.998 3a 0.987 4b 0.639 6b 6.13b 14 470.67b
T1 16 751.44a 0.998 2b 0.998 9a 0.647 Oa 6.21a 14 764.67a
T2 16 764.63a 0.998 2b 0.984 0c 0.636 1c 6.11c 14 743.33a
T3 16 140.68b 0.998 3a 0.983 5¢ 0.635 0c 6.08d 14 390.00b
ARING FHRE I AL HR] 22 57 18 5 (P<0.05).
Different lowercase letters indicate the significance of differences between treatments (P<0.05).
A B Lo Stress=0.000 098 2
8'82 | * CK ‘ * CK
ol Tl 0.87 Tl
0.05+ T 0.6 T
0.04 T3 ’ T3
£ ool |
aaeull 02+
2 oo1] " 2
S 0.00¢ = 00re
S -0.01 & —0.2
A~ —0.02 +
~0.03} 04
—0.04 —0.6
—0.05 08
—0.06 £

~0.02 0.2 0.06
PCoAl [43.3%]

—0.06

—0.8 -0.4 0.0 0.4 0.8
NMDSI1

B4 SAMARFIEEYREHEEZRIPCoA ST TIFINMDS 731

Figure 4 PCoA analysis and NMDS analysis of microbial communities after adding different doses of biochar.

A: PCoA analysis of microbial communities; B: NMDS analysis of microbial communities.
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Figure 5 Analysis of species difference of microbial community after adding different doses of biochar. A: The

total number of species in the soil sample; B: The number of species in each treated soil sample.
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Figure 6 Horizontal classification of dominant bacteria phylum in soil after application of different doses of

biochar.

L #F W 1] (Bacteroidota). # . M & [
(Gemmatimonadota) . TSALIRTER | ] (Nitrospirota)
K A A ] (Methanobacteriota), IR 4l A
I TAY R AR X = 5 R T T8 95.38%., X454k

G L 1.00% B4R AT B 3R 5 2547
B, BRIFFRETIAN, HADLANGE 1 7E & b B b 3
FE7E 35 25 5 (P<0.01 5 P<0.05), Hb, 4k
BT ZFRAMRA ] SRIEHEm ] SR R

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



3372

JIAO Yang et al. | Acta Microbiologica Sinica, 2025, 65(8)

[ AP HBE B T %) = 32 i A= 0 it o 14 34
PRGN, BRAFET ]S B R T F R Ak
R Z A

WE 7 fros, FeJE o 2RKF B, EEAR
P H JE S K TR JE W @ (Bradyrhizobium)
UBA5189., 25k K& (Nocardioides). PSRFOI .
B I8 W B (Sphingobium), Vv 3E + T H )8
(Ramlibacter) . 2 5 & (Novosphingobium) .
3-1-20CM-4-69-9, SCGC-AG-212-J23 Lk I
Azonexus, “EATHIEYIAEXT B 5S40 R E 1Y
27.51%. K RIEOTZLRE]) . SR HE (o-12
EwEHN), WELTEIE . 3-1-20CM-4-69-9
SCGC-AG-212-J23 . UBAS5189 1) =F £ bifi = ) o
it fin e B SEnmEE n, REARJE RS . PSRFOI
QISR R AN ) R S R N T =R

g W % b B SRR A WA T Y DG B R B
XF 11 %] J& /K F # 47 LEfSe (linear discriminant
analysis effect size, LEfSe) 3 #7 (&l 8A). *f CK.
Tl. T2. T3 48 R #r &% (LDA>3.37), CK A

100
90 |
80 |
70
60
50 F

40+

Relative abundance (%)

30 F

20

10

0
CK T1 T2

E7 HAMARFEEMRELIRMBEERKT K

26 MHRICHI(LDA>3.37, P<0.05), FE/EY
KBGO 1] (Pseudomonadota)
Blastocatellia 24X . ¥ J& # H (Rhizobiales) . #%
@ ¥ = B (Xanthobacteraceae) . KT EH
J& ; Tl A 47 4 5 id ¥ (LDA>3.37, P<
0.05), EZRMAYEMQE . MLRIT].
v - 2% ¥ B 9 (Gammaproteobacteria) . Jil % & W
(Actinomycetia) . 111 3¢ [K T H (Burkholderiales)
NERFT 1 H (Propionibacteriales); T2 A 23 A~Fp
LY (LDA>3.37, P<0.05), it
5. NCI0 ). Methylomirabilia 4 . WitF# H
(Caulobacterales) . £LEFF1# H (Rokubacteriales) .
CSP16 k5 T3 AbPFRF 2 PHRIEYI(LDA>3.37,
P<0.05), FEZMAYIREEE AC69 8. Wit
e S AP Gy i Sl R s NIE i s
Y€ (] 8B), CK WML ] . Blastocatellia
. REwEH ., HEFERSEREEN; T1
IR v-BIE RN . o Limnocylindrales .
Actinomycetia WEEEEAEH; T2 " NC10 17

B g Bradyrhizobium 1 Others
g UBA5189
B g Nocardioides
W g PSRFO0I
I g Sphingobium
W g Ramlibacter
1 g Novosphingobium
W g 3-1-20CM-4-69-9
W g SCGC-AG-212-J23
W g Azonexus
g TA-21
W g JADGNWO0I
W g CF-167
g Gp7-A46
W g DSRY0!
m g CF-39
W g THII77
W g ZC4RG19
g_Phenylobacterium
m g AC-69

T3

Figure 7 Horizontal classification of dominant bacterial genus in soil after adding different doses of biochar.
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Figure 8 LEfSe analysis of soil bacterial communities after adding different doses of biochar. A: LEfSe analysis

of soil bacterial communities; B: Taxonomic branch diagram.
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Figure 9 Analysis of species differences at phylum level (A) and genus level (B) after adding different doses of

biochar. A: Analysis of species differences at the phylum classification level; B: Analysis of species differences at

the genus classification level.
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biochar. A: Phylum level species abundance cluster analysis; B: Genus level species abundance cluster analysis.
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Figure 11 Redundancy analysis of soil bacteria phylum level (A) and genus level (B) after application of

different doses of biochar. A: Phylum level redundancy analysis; B: Genus level redundancy analysis.
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ERENE BT, Hb S 5B Ibag 3N CK BN 9.28%., JCHL#E A it 5 X ppa 1 ged
phoD - FEREA= 9 s it N B2 B L THE R RERY ARG 3 B B A 9 % i Jon 8 ) 28 i 5L B - T
BE(E 13A), T2 H phoD FERPIAXT F R F N REMBEEE 13B, 130), 1H ppx A X}

P4 actamicro@im.ac.cn, & 010-64807516



£ % | BEER, 2025, 65(8) 3377
A B C
S a S a b S
5 0010} 8 2 ab g 00157 be ¢ : 3 0010} a a2 a
= = = b
< S 0010} < ‘
5 = 5
= 0.005 < < 0.005
2 £ 0.005} E
= = =
& 0.000 & 0.000 & 0.000
CK TI T2 T3 CK TI T2 T3 CK TI T2 T3
D E F
S 0.015 ¢ Somsl b & b S 0.010 [
3 L . 3 3 b a
£ o010} : gomw E b 2 b
5 g 0015¢ S 0.005 |
< < <
o 0.005} b 0.010 | b
= z E
g g 0.005 |+ &
Q o Qo
£ 0.000 & 0.000 & 0.000
CK TI T2 T3 CK TI T2 T3 CK TI T2 T3
G H I
g 0.010 ¢ g 0.040} 1 ab a 3 00707 . a ab a
3 a a a a o 0.035 | c 5 0.060 b
Q Q Q
g E 8.8;2- 5 00507
= = U r = 0.040
0.005 | I
2 2 8-8%‘5)_ 2 0.030 |
2 2 0010/ 2 0020}
< = 0.005 | £ 0010}
& 0.000 & 0.000 & 0.000
CK TI T2 T3 CK TI T2 T3 CK TI T2 T3

%13

TEAEIF B4 Y% BRI e EE BN FE

Figure 13 Relative abundance of functional gene of phosphorus cycle after applying different doses of biochar.

A: The relative abundance of the gene phoD; B: The relative abundance of gene ppa; C: The relative abundance

of gene gcd; D: The relative abundance of gene ppx; E: The relative abundance of gene pst4; F: The relative

abundance of gene pstB; G: The relative abundance of gene pstC; H: The relative abundance of gene pszS; I: The

relative abundance of gene phoR.
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Figure 14 Correlation analysis between the relative
abundance of phosphorus cycle functional genes and
soil physicochemical properties after applying
different doses of biochar. *: P<0.05; **:. P<0.01;
**%: P<0.001.
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