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Effects of Combined Application of Biochar and Acid-tolerant Bacillus Subtilis on Red Soil

Acidity and Microbial Diversity
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Abstract: To clarify the effects and mechanisms of biochar combined with acid-tolerant Bacillus subtilis on red soil acidification
amelioration and biodiversity improvement, this study conducted an incubation experiment to investigate the dynamic changes
and interrelationships of soil pH, nutrient content, and microbial diversity after co-application of maize straw biochar and
acid-tolerant Bacillus subtilis Bs-m9. The results showed that the combined treatment (biochar + Bs-m9) significantly increased
soil pH by 0.36 units, reduced exchangeable acidity and exchangeable aluminum by 24.6% and 9.6%, respectively, and increased

organic matter by 64.1% within a short term (day 6). Under long-term treatment (day 60), exchangeable aluminum further
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decreased by 19.8% compared to the control, while organic matter and available phosphorus exhibited stable enhancement.
Microbial community dynamics analysis revealed that short-term treatment temporarily reduced bacterial richness and Shannon
index compared to the control, but these metrics significantly reversed after long-term treatment (60 days), increasing by 11.62%
and 3.60%, respectively. This reversal of bacterial diversity decline drove the directional succession of oligotrophic phyla,
including Acidobacteriota and Chloroflexi, with specific enrichment of the WPS-2 functional group (15.68% and 67.2% higher
than the control on days 6 and 60, respectively) and Basidiomycota (55.2% and 207.1% higher than the control on days 6 and 60,
respectively). Redundancy analysis indicated that bacterial communities under the combined treatment were initially driven by
organic matter (R?=0.46) and total phosphorus (R*=0.61) on day 6, but shifted to exchangeable aluminum dominance (R*=0.79) by
day 60. Fungal diversity remained regulated by dissolved organic carbon throughout incubation (R*=0.81-0.45). In conclusion,
the combined application of biochar and acid-tolerant Bacillus subtilis mitigates red soil acidification in short time, enhances

microbial diversity, optimizes community structure, and demonstrates promising potential for application in red soil remediation.

Key words: Red soil; Acid-tolerant Bacillus subtilis; Biochar; Microbial community diversity
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AT R R A T R 2 B LT AR AR LI
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VLI, & Tt = s, R 17.6 C
AERREIK R 1766 mm, SRAEHL A S AR ARSI THHE |
FER AL SR 6 ol A R B T UL AR
+o BRSNS PR R IR AT DL A B L A
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AIFEA AL N pH 4.64, AHLE 16.0 gkg, WM
AHHUE 157 mg/kg, & 0.814 ghkg, 4 0.343 g/kg,
440 8.94 o/kg, WA 80.8 mg/kg, A AKHE 11.2 mg/kg,
B 15.1 mg/kg, CHAMERR 4.40 cmol/kg, Z&HbE
%5 4.16 cmol/kg.
1.2 HiXEFNEYRK

P A H 2 AT P T A P (Bacillussubtilis 168,
Bs-wi) KM R A B 2 FR T B TR 18 (4 Bs-we LR 41 %8
AFFE], Bs-m9) Y AL HE T A4 . Pk FA b
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2.1 AEAIE R 1 IR Y M R A B

2.1.1 BEFREE 6 RON[EALFEXT e Ak M B i 52
| B3 6 K, SXICKMIEL, EYFERS
Bs-m9 T (BNC)A HIL i 35 2l 1 21 s fb v ot
(P<0.05): 133 pH M 4.44 FHi = 4.80, T 8.11%:;
SRR FNAS 4 M B 5 1 43 IR AIR 24.6% FiT 9.6%;
SOM 7 M\ 15.37 g/kg 34 % 25.22 g/kg, FHim 64.1%;
DOC HiE R 1.73%; TN, TP Ml TK & &0 0T &
14.1%. 16.2% 1 9.3%; AN, AP, AK &&5357t
1 22%., 86.3% il 138.3%. [fi 8—Jitifill Bs-m9 Wik
(BN)ALBE pH AT 55 4.73% , 38 Btk 40 & B3N 7.7%,
TP [k 5.23%, TK [%K 5.01%, AN F+# 3%, AP
WA 7.7%, AK FFiE5 14.4%.

2.1.2  HEFREE 60 KA [F] AL T - s A M o 1 52
M REFRES 60 K, AHALT CK, BNC AbEEXS4I4E
PRAPE T Y o AN FFEE 2% . BNC Ml BN b3+
e pH F2E T 4.56, [ HLjiti A= 1 ot s (C) b 38T B
2.0%; BNC AbPEAZH MR & 8 N 4.61 cmol/kg F& %
3.76 cmol/kg([ 1 18.4%, P<0.001), ZZHLMEFR &
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BTN Al TP & 85370341 14.8%(P<0.01)F1 10.2%
(P<0.05), TK [ 29.0%, BN 4ZbHHEEA 13.7%; BNC
AbEE AP R AK FEEATITEIE 99.4%(P<0.001) F

134.2%(P<0.001), @& T BN AbHH(AP {3 9.2%,
AK 3491 22.2%), BNC 4b¥ AN /> 7.1%, 1fii BN
Qb B AN I8/ 1.4%.

F1 BFE 6 RARAET HIRBEUMER

Table 1  Soil physicochemical properties under different treatments after 6-day incubation

Ab ¥ pH SOM(g/kg) DOC(mg/kg) TN(g/kg) TP(g/kg) TK(mg/kg)
CK 4.44%0.10c 15.37£0.93¢ 172.67+15.18¢ 0.78+0.02c¢ 0.42+0.02cd 9.99+0.59b
C 4.69+0.05b 24.62+0.45a 158.33+1.16f 0.84+0.03b 0.47£0.01ab 8.54+0.51¢
Bwt 4.63+0.14b 15.80+1.18b 309.00+21.07a 0.79+0.04c 0.44+0.00b 9.33+0.26bc
BN 4.65+0.10b 16.00:£0.79b 185.00+13.23d 0.78+0.01c 0.40+0.01d 9.49::0.58b
BwtC 4.34+0.02d 23.93+1.93a 245.33+34.15b 0.86+0.03ab 0.46+0.03b 6.64+0.38d
BNC 4.80£0.03a 25.22+1.25a 175.67+16.26¢ 0.88+0.01a 0.49+0.02a 10.92+1.52a
PGB AN(mg/kg) AP(mg/kg) AK(mg/kg) LML R (cmol/kg) APk (cmol/kg)
CK 100.33+2.52d 6.64+0.70de 227.67+34.03d 4.55+0.66¢ 3.23+0.57b
C 106.001.00c 9.98+0.30d 526.67+14.74a 2.89+0.19¢ 2.40+0.18¢
Bwt 111.67£12.10b 18.3£0.72b 180.33+1.53¢ 6.09£0.18a 3.48+0.43a
BN 103.33+3.21cd 6.130.15¢ 254.3343.51¢ 4.24+0.07b 3.48+0.24a
BwtC 123.67+15.04a 26.73+1.58a 439.67+9.07b 4.97£0.32bc 3.3+0.51ab
BNC 122.33+2.31a 12.37+0.58¢ 527.67+10.79a 3.43+0.34d 2.92+0.42bc

[E: SOM, AHLB; DOC, AlEMEANLE; TN, &% AN, HAU; TP, &#k; AP, AXWE; TK, £ AK, #AH. &

BRI AR s RFNEUR/ NG B AN R 36 7m Ab B ] 2% 57 8 3 (P<0.05). T,
Fz2 EFF 60 XARNET HIEBHER

Table 2  Soil physicochemical properties under different treatments after 60-day incubation

Qb pH SOM(g/kg) DOC(mg/kg) TN(g/kg) TP(g/kg) TK(mg/kg)
CK 4.56+0.04a 14.07£0.55¢ 250.67+48.04a 0.88+0.03¢ 0.44+0.01b 13.24+1.21a
C 4.47+0.09b 25.70+0.72a 252.00+42.93a 1.16+0.03a 0.50+0.02a 10.79+0.40b
Bwt 4.56+0.04a 15.20+0.96d 152.00+3.61b 0.81+0.03d 0.45+0.03b 8.87+0.32d
BN 4.56+0.06a 16.17+0.68¢ 245.33+9.29a 0.87+0.02¢ 0.42+0.01c 11.43+0.88b
BwtC 4.44+0.04c 23.63+2.12b 132.00£6.08c¢ 0.88+0.01c 0.42+0.03¢ 8.67+0.13¢
BNC 4.56+0.02a 23.03+0.49b 238.67+15.01a 1.02+0.03b 0.49+0.05a 9.40+0.20c
POBL] AN(mg/kg) AP(mg/kg) AK(mg/kg) TR (cmol/kg) AR MEHR (cmol/kg)
CK 141.00+9.85¢ 8.37+0.25¢ 251.67+5.51¢ 4.61+0.10b 4.20+0.08b
C 117.67+2.89d 17.70+1.81a 576.67+23.18b 3.68+0.86¢ 2.85+0.65d
Bwt 168.33+4.73b 7.35£1.07d 279.00+7.21d 6.23+0.06a 5.35+0.07a
BN 139.33+8.08c¢ 9.14+0.34c¢ 307.67+23.12¢ 4.71£0.20b 4.29+0.23b
BwtC 183.00+7.21a 9.85+0.31b 624.33+23.46a 4.41£0.08b 3.60+0.11c
BNC 130.67+8.39¢ 16.77+1.26a 592.33+17.62b 3.76+0.10c 3.37+0.05¢

2.2 AEIACEN TIEHEY SRR

220 KiFRHE 6 RORIFIALBENT + IRt Y 2 REERY
KRS 6 K, ONIRIAL SR AN TR TR ZREERY
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(P=0.001). AN[FI4HTE 1AM XS F e i 5 25 57
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Fig. 2 Soil fungal diversity and relative abundance at the phylum level under different treatments on day 6
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Fig. 3 Soil bacterial diversity and relative abundance under different treatments on day 60
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Fig. 4 Soil fungal diversity and relative abundance at the phylum level under different treatments on day 60
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Fig. 5 The effect of soil chemical properties on bacterial and fungal community composition under different treatments on day 6
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Table 3 Variance partitioning of soil chemical properties and bacterial and fungal diversity based on RDA analysis under different treatments

T b W 6 KX FEFREE 60 K
Eiile) H E2iiN) H
R? P R? R? P R? P
pH 0.204 0.201 0.355 0.037 0.170 0.251 0.247 0.133
SOM 0.457 0.004 0.124 0.380 0.433 0.011 0.052 0.731
DOC 0.040 0.772 0.807 0.001 0.183 0.225 0.449 0.006
TN 0.364 0.022 0.169 0.233 0.459 0.009 0.002 0.982
TP 0.614 0.001 0.351 0.042 0.158 0.291 0.020 0.869
TK 0.091 0.505 0.216 0.144 0.172 0.226 0.581 0.001
AN 0.248 0.130 0.275 0.081 0.193 0.168 0.273 0.069
AK 0.262 0.104 0.600 0.001 0.430 0.008 0.065 0.614
Ex-H 0.371 0.011 0.241 0.101 0.475 0.009 0.068 0.641
Ex-Al 0.022 0.858 0.728 0.001 0.790 0.001 0.062 0.598
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Fig. 6 The effect of soil chemical properties on bacterial and fungal community composition under different treatments on day 60
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