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Abstract: [ Objective ] Managing soil acidification in farmland soils is of great significance to ensure national food security and
sustainable agricultural development. Microorganisms have important application value in soil improvement. However, the
research on alkali-producing microorganisms and the mechanism of improving acid soil is still lacking. This study aimed to
systematically explore the mechanisms of acidified soil remediation by alkali-producing microorganisms, with a focus on
overcoming the limitations of functional microbial resource scarcity and field application technology gaps. [ Method ] Systematic
screening was employed to isolate alkali-producing microorganisms from acidic soils in South China. Indoor simulation
experiments evaluated its pH elevation capacity through repeated inoculation. Genomic analysis revealed its urease gene cluster
(ureABCEFGD), and field trials assessed the effects of single-dose application on soil pH and crop yield. [ Result ] We screened
109 alkali-producing bacterial strains (65% belonging to Bacillus spp.) and 24 fungal strains (33% Trichoderma spp.). The
alkali-producing ability and stability of alkali-producing bacteria were generally stronger than those of fungi, with Lysinibacillus
fusiformis LW-3 identified as a key strain. Within 15 weeks of continuous culture, repeated inoculation of L. fusiformis elevated
soil pH by 1.5 units, reduced exchangeable aluminum by 23.46%, and decreased hydrolytic acid by 31.80%. Genomic analysis
revealed that L. fusiformis LW-3 carried a complete urease gene cluster (ureABCEFGD). Lysinibacillus fusiformis LW-3 could
ameliorate acid soil by enhancing soil urease and protease activities, metabolizing ammonia, consuming hydrogen ions through
bicarbonate, and reducing the content of active and potential acids in soil. Field application confirmed that soil pH stably
increased by 0.2 units and enhanced Chinese cabbage yield by 11.6%. [ Conclusion ] This study elucidated a multi-pathway
synergy mechanism for acidified soil remediation, including alkali production, enzymatic activity regulation, and acid speciation
transformation. These findings indicate that the strain L. fusiformis LW-3 has good application prospects in acid soil amendment,

providing technical support for alkaline-producing microbiome-driven soil acidification management.

Key words: Soil; Acidification; Alkali producing microorganisms; Lysinibacillus fusiformis; Pakchoi
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Fig. 2 The ability of alkali-producing microorganisms to produce alkali
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Fig.3 Changes in soil pH after one (a) and multiple (b) inoculation with three types of alkali-producing bacteria

XTSRRI, UK R AR O 40.0% (P<0.05),

VRS, (G PERR B 89.0%. ZWRIEFN 3 2.3 EMTWEETIEEEEANTN
PP fe R A N R R REAIG ., ESXTRAH LG, 3 Fhy =il A8 R | G |
1, GDAAS 13472 Wb FRACR e fd:, TIEACHtEmR B RABPRLT 4 R G TR YA TS s R s
SRR RK PR IR B i I AR ( P<0.05), TR ik A T SR 2 P R i G S 35
EXFREAH EE A BIBEAR T 23.44% . 23.46%F1 31.80%  fk. Hif, GDAAS 13472 4R, +IEARAR . Rt |
(FR 1), Mehh, SXTREAHLG, 3 F- AL EE N T8 RS MR TR B e, S50 R e B T
MR AR ST YD EINT 48.45% . 77.46% il 140.79% . 155.68%#11208.33% (£ 2).

F1 8XEMIMAREERLIREERMEBRIRI T

Table 1 Changes in soil potential acid and bicarbonate content following 8 inoculations with 3 alkali—producing bacteria

v EHNEIR B SR SEHRIESR IKFRPERR B ER
o Total exchangeable acids/ Exchangeable hydrogen/ Exchangeable aluminum/  Hydrolytic acid/  Bicarbonate/
freatment (cmolkg™) (cmolkg™) (cmolkg™) (cmolkg™) (mgkg™)
CK 2.73 £0.22ab 0.30 £ 0.08a 2.43 £0.13ab 6.54+0.17a 35.5+4.64b
GDAAS 12522 2.52+0.17b 0.25+0.03a 2.27£0.17b 5.39+0.11b 52.7+11.5a
GDAAS 10355 2.90 + 0.06a 0.27 £0.04a 2.62+0.07a 5.65+0.21b 62.8 £ 4.64a
GDAAS 13472 2.09 +£0.12¢ 0.24£0.01a 1.86+0.12¢ 4.46 +0.38c 49.7 £ 4.64a

e RPN EIME + brifEZE (SD) (n=3), FFIRNFFEER R AR 2257 83 (P<0.05), T, Note: the data in the

table are mean + standard deviation (n=3) . Different letters indicate significant differences ( P<0.05) . The same below.
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Table 2 Differences in soil enzyme activity following 8 inoculations with 3 alkali-producing bacteria cultured for 15 weeks

A o _— ‘ A A O mEmR
Jhk At DAL BERR G RN i A AL S HE N LUK
Qb3 Lysine
Urease/ Alkaline phosphatase/ Sucrase/ Catalase/ Protease/ Cellulase/
Treatment decarboxylase/
(ngg™h™) (ngg'h™) (pgg™h")  (mLghh™) (ngg'h™) (ngg'h™)
(Ugh)
CK 30.4+0.93b 172 £9.35a 458 £50.9¢ 325+041a 0.12 +0.02¢c 8.79+0.46b  0.36+0.002ab
GDAAS
61.7+8.07a 152 £ 11.26b 857 +71.2b 391 +£0.62a 0.27+0.02b 8.84 +£2.19b 0.36 = 0.003ab
12522
GDAAS
69.2 +9.98a 146 = 2.59b 886 +20.8b 3.29 +£0.59a 0.28+0.05b 11.00+0.38b 0.36 £0.002a
10355
GDAAS
73.2+0.6la 151 £9.84b 1171 £ 66.0a 335+0.41a 0.37 £0.04a 14.30+ 0.35a 0.34 +£0.02b
13472

24 FHREBLEKSEGFSESEREERANSFE FEWRIIE K, P20 GDAAS 13472 Wyt K4k
e e E AR T pH FOHLIE, BF5E T GDAAS SRR pH Ml & 83 280 el K 5 7
13472 MIRREFAR R b pH M S EIC R, BB kAR (K 4a~F 4c). Bt E LA, B

9 —
a) 61 b)
5 -
4 -
=
2 L
] L
0 1 1 1 1 1 1 1 1 7 1 1 1 1 1 1 1 1 ]
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Fig. 4 Growthcurve (a), pH (b), and ammoniumion (c) of alkali-producing microorganisms and their correlation ( d )
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LEXJ01000007 Lysinibacillus xylanilyticus DSM 23493 (T)
GCA 016638705.1 1 Lysinibacillus agricola FJAT-51161 (T)
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A:RNA processing and modification

B:Chromatin structure and dynamics

C:Energy production and conversion

D:Cell cycle control, cell division, chromosome partitioning
E:Amino acid transport and metabolism

F:Nucleotide transport and metabolism

G:Carbohydrate transport and metabolism

H:Coenzyme transport and metabolism

090 . I:Lipid transport and metabolism

. J:Translation, ribosomal structure and biogenesis
K:Transcription
L:Replication, recombination and repair
M:Cell wall/membrane/envelope biogenesis

| N:Cell motility

1.00

1.20 O:Posttranslational modification, protein turnover, chaperones
1.30 P:Inorganic ion transport and metabolism
Q:Secondary metabolites biosynthesis, transport and catabolism
149 R:General function prediction only
S:Function unknown
1'50 \ T:Signal transduction mechanisms

. U:Intracellular trafficking, secretion, and vesicular transport
V:Defense mechanisms
W:Extracellular structures
X:Mobilome: prophages, transposons
Y:Nuclear structure
Z:Cytoskeleton
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—ZE CAND) BIRAEYIER IS (c)

Fig. 5 Taxonomic analysis based on 16S rRNA ( a ); circular genome visualization of L. fusiformis LW-3 (b ); pairwise ANI ( % )based cluster

heatmap (c)
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Table 3 Effects of inoculating alkali-producing bacteria on the growth of pakchoi in acidic soil

N B B \ SEHHES,
B INSE S - 52 IR 34 I
Ab P 1.4 pH Exchangeable
Field trial Yield of pakchoi/ Total exchangeable acids/
Treatment Soil pH aluminum/
location (kgmu™t) (cmol-kg™")
(cmol'kg™)
ipE X HE 494.41 +39.58 4.62 £0.07 1.54 £0.01 1.29 +0.02
HF L. fusiformis LW-3 612.45 £ 11.20* 4.79 £ 0.05% 1.17 £0.05%* 1.04 +£0.06*
=D X HE 318.02 +27.99 4.51+0.04 1.40 +0.07 1.09 +0.09
TS L. fusiformis LW-3 393.06 + 25.77* 4.72 £ 0.06* 1.20 £ 0.06* 0.86 + 0.06*

*, P<0.05; **, P<0.01,

iii HE +3 pH 25 1 0.21 N7, +IEss ik ik
BEDPIEIKT 14.4%F 23.6%, AZHNEE SR
BIREAR T 18.9%F1 21.1%. /NSRRI T
11.6%%1 17.9%.

3 W ®

3.0 PRI R IR R R

FR Ak ek R TR A A (B . R TR AED)
PR R CE L, MR £ pH L A AR K
SEK . PRIEFR G AE Y R AR AR AR S T RE, 2
T R A E A R IRPY . RS AEL, PR
BRI =B RE ) S R MR T B, X T RESE T
HEA TSNS ENEmZE S, Rikitm T E
BRI 7E R 1 b ) 5 4 30 A0 P A A e Y B
fE pH R bEEIREE, R AR R I A T R
BIFPH AT 0 32 4 1) 7 B B DA 2T R R 32
XE5HFZE A8 Flin, Zhang FE'I TG
e rh B U T — MR R T B XT-4, 7ETR
BRI, A XT-4 B E S T PR 14 pH.
Hu 25PN 4 JE i A0 B 4 V5 e 4 v 43 25 18
FIRZEMFF B TSBLM, fEBRYE 1 38 rp Fh i i bk
Ji, Cu Ml Pb A MikRELSS G4, [RIAf 4% pH
RN . TR IR - v Ok 2 BRI A R
AT WHO7, ZBUH AT+ pH FH& 0.19~
0.95 I~ HAA o EAh, X R 3 BT 1R , Zhang
02078 pH 3.6~8.7 ARG H H3Ehon#r T AP AN
AR S R A AN PRV . R BRI - b AR s

YRR . AT AR . BT R
IR B AT AT S 0 A A0 PR R S o Rk T L, ZE AT R
FEPEAE TR 4 b LA T2 038 N B AR Y B
RAEF . ZEA0AT B 0 DL 34 nT e 5 000 b i 380%
Tir$ 3 4k 5 ) PN A AT A A ), % s F A B T
FERRFRYE SR F T e R S e M RN A it 1201
BeAh, ZEALFE R R BT A HHE S A0
Gb, oA BRI ORI P R, AT 4
P pH RSP RAE B A H B IT B R T 7 i 1Y
FERbVE RS, BRZMEE TR EmME, =
FE [ 30 31E P2, A 9 3 3k 28 P9 5 H TR SR IE, B
F W L. fusiformis LW-3 B2 Fa & W) r=mipg 71, ol
B E M ERAIHE S ED R, BARIFN
N AT 5

KT WEYR TSN pH BBk T4
BRR BT AN, Y nlE s A
FEMIRY) (IIRE . KMAERS ) AR . 2R
Z RRAEREE Y BT, AT = M AR R BE Y pH. i,
Zhang U 2F fOAT B XT-4 AR IR S 2 %
9, G R 0 PR I PT 43 o K i R R R R S TR
e 7 e o BT R RS R SE e B . ek, BB
XT-4 ] R AP G RRVE AR A RE IR, i iaih K
fife 7 A B P B R b BB R AR AR R
3T BTSN S DR RS, KN L. fusiformis
LW-3 #A 5ERNREEE R % ureABCEFGD, HARSS
PR R T KGR NH, 1 OH, 3% 5 Hu %521
MIBFTE 4 R — 3. MR 2 AT B TSBLM HA 5%
B[RS K 5% (ureABCEFGD ), o4 s i) Ik i 5
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NH,, T NH, Bk f#fd pH FH w2, 52 AR,
AR K= 0KE L. fusiformis AP + 38 kiR
SR WA, X L. fusiformis i Rl I rE A
HCO,TH#E H', X — 3 PR 2N ] % 22 % W2 AL At BTk .
WA LIRS, Nie %P0 % BUE R
MR Y-9 7F - B R E T,

o

|
C
+/ AN
NH? NH, ")

JK# Urea

LW-3 ] i i JIR Mt A 1 PR 3R K i A2 i (NH; ),
T KR B B F((NH, RS AR 2 7 OH ),
AR HO, ATI$ET pHe AN, BRIR SR
AT R T ROV A AR RIK , AR R Y
ABT, Mt — P Em e (6 ).

NH,+H,0—NH, +OH"

HCO, +H—H,0+CO, 1

Lysinibacillus fusiformis LW-3

MR Ffurease

ureA ureB ureC

urcase

ureE urel’ ureG  ureD

2kb

[l 6 Lysinibacillus fusiformis LW-3 FIE7E P~ Bl AL RE
Fig. 6 Potential alkali-producing mechanism of Lysinibacillus fusiformis LW-3
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