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Abstract: [ Objective ] This study aimed to investigate the effects of different types of microbial agents applied during
the jointing stage of wheat in a wheat-maize rotation system on soil properties. [ Methods] Field experiments were
conducted from 2022 to 2024. Four treatments were set up: a water control (CK) , application of auxin-producing
microbial agent (BS), application of microbial agent (PM) , and application of biocontrol microbial agent (BSA).
The impacts of different agents on soil chemical properties, bacterial community structure, and wheat yield were
examined. [ Results] In the 0—20 cm soil layer, the application of various microbial agents significantly improved

soil chemical properties compared to CK (p<20.05). The PM treatment had the most significant effect on increasing
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soil alkali-hydrolyzable nitrogen and available phosphorus content (p<<0.05) , with increases of 22.60% — 29.61%
and 21.63% —37.51% , respectively, and a significant decline in pH (p<C0.05). There was no significant difference
in available potassium content among treatments. In the 20—40 cm soil layer, available phosphorus content in the
PM treatment was significantly (22.05%) higher than that in CK (p<C0.05) , while there were no significant
differences in pH, organic matter, alkali-hydrolyzable nitrogen, and available potassium content among treatments.
Compared to CK, the application of all microbial agents significantly increased the «-diversity index of rhizosphere
soil bacteria (p<<0.05) , with an increase of 0.73% — 7.43%. The application of microbial agents significantly
affected the relative abundance of dominant bacterial phyla in the soil. Ninety days after application (p<<0.05) ,
compared to CK, the relative abundance of Proteobacteria in the BS, PM, and BSA treatments increased
significantly by 2.70%, 5.42% and 3.71% (p<C0.05) , respectively, while the relative abundance of
Gemmatimonadetes in the PM treatment decreased significantly by 4.75% (»p<C0.05). The relative abundance of
bacteria with biocontrol and growth-promoting functions in the rhizosphere soil of all microbial agent treatments was
higher than that in CK, while the relative abundance of the pathogenic Nocardioides, which has disease-inducing
effects, was significantly reduced at both 15 and 90 days after application(p<<0.05). Compared to CK, wheat yield in
the microbial agent treatments increased significantly by 8.28 % —20.43% from 2022 to 2023 and by 5.70% — 16.23 %
from 2023 to 2024 (p<<0.05) , with the PM treatment showing the most significant effect. [ Conelusion] The
application of microbial agents during the jointing stage of wheat effectively activates soil nutrients, enhances

bacterial diversity and the abundance of biocontrol and promotive functional bacteria, and increases wheat yield, with

the application of Paenibacillus mucilaginosus PM12 being the most effective.
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Table 1 Basic physicochemical properties of the tested soil

+2%E/cm pH HHLF/(g-kg ™

2R/ (grkg D WA/ (mg-kg™ D AW/ (mg-kg™ ) B/ (mg-kg D

0~20 8.11 16.53 1.22
20~40 8.03 11.71 0.95

60.30 17.74 107.21

49.20 13.66 85.46
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Table 2 Variations of soil chemical properties under different microbial agent treatments

pH HHUFE/(gkg D A/ (mg-kg D AR/ (mg-kg D HAE/(mg-kg D
Fy 4b 3
0~20 cm 20~40 cm 0~20 cm 20~40 cm 0~20 cm 20~40 cm 0~20 cm 20~40 cm 0~20 cm 20~40 cm
CK 8.4740.20a 8.234+0.20a 12.81+£0.05a  7.76+0.64a 63.78+0.19d  41.41+£0.72¢c  16.75£0.73¢c 13.51£0.69b  90.90+10.87a 83.65+6.28a
2029— BS 8.29+£0.03a 8.28-£0.02a 13.03+0.17a  7.904+0.86a 71.46£0.12c  42.0240.88bc 19.624+0.47ab 14.49+0.80b  94.534+16.61a 90.90+10.87a
2023 PM 8.25+0.07a 8.22+0.0la 13.17+0.09a  8.0540.21a 78.20£0.09a  45.48+0.34a 20.38+0.80a 15.92£0.91a 101.77410.87a 97.42+4.98a
BSA  831+0.02a 8.30+0.14a 13.15+0.41la  7.964+0.76a 76.65£0.50b  42.78+0.16b  18.34+0.35bc 14.04+0.13b  98.154+6.28a  87.28+6.28a
CK 8.14+0.02ab 7.92£0.01a 14.93+1.75a  9.724+1.45a 96.77-£11.74b 85.50+12.50a 12.174+0.70b  6.77+0.80a 121.98423.21a 83.99+11.61a
2023— BS 8.17+0.03a 7.94£0.02a 15.71+0.67a  9.7640.51a 117.86£13.98ab 88.03+1.86a 15.67+0.35a  9.13+1.81a 127.0448.77a  96.65+8.77a
2024 PM 8.08+£0.04c 7.87£0.11a 16.02+0.54a 10.564-1.43a 125.42+3.42a  91.67%6.39a 16.73+1.08a  8.82+1.30a 134.64415.82a 81.45+8.77a
BSA  8.10+0.03bc 7.88+0.02a 15.84+0.75a 10.1141.14a 121.96-11.08a 90.10+11.19a 15.36+1.94a  8.75+1.17a 129.57415.82a 101.71+-15.20a
CK 8.30£0.09a 8.08£0.10a 13.87+0.85b  8.744-0.90a 80.28£5.81b  63.46+6.61a 14.46+0.30c 10.140.34b 106.44415.71a 83.82+8.43a
BS  8.2340.02ab 8.11£0.0la 14.37£0.41ab 8.83£0.65a 94.66£6.93a  65.0241.22a 17.65£0.11ab 11.812=1.28ab 110.78410.10a 93.77£9.49a
™ PM  817£0.05b 8.0540.06a 14.6040.27a  9.314-0.64a 101.814-1.69a  68.573.26a 18.564-0.93a 12.37£1.02a 118.211-13.22a 89.44+2.99a
BSA  8.20%0.0lab 8.09£0.08a 14.49£0.17a  9.04£0.28a 99.305.35a  66.44£5.54a  16.8520.93b 11.3940.63ab 113.86£4.92a  94.5045.13a
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Table 3 Alpha diversity indices of bacterial communities in wheat rhizosphere soil under different microbial agent treatments

RI3 TREMEVEFNGETNERIFIEANE o SHEMEREH

it 1 i R) /d b 7 ACE Chaol Shannon
CK 4 414.53460.40Bb 4311.944+52.14Bc 9.81+0.07Ba
BS 4 456.56411.85Bab 4 402.934+22.94Bb 9.76+£0.01Ba
o PM 4 559.764+9.75Ba 4474.104+5.68Ba 9.75+0.01Ba
BSA 4 515.974+110.23Bab 4 508.074+29.61Ba 9.75+0.03Ba
CK 4 364.474+13.41Ba 4 255.934+15.53Bb 9.6240.02Cc
) BS 4 606.654244.95Ba 4 470.274152.04Bab 9.7340.03Bab
o0 PM 4452.91+115.70Ba 4 396.824+116.91Bab 9.6940.06Bb
BSA 4 682.32+260.81Ba 4 572.00+130.00Ba 9.75+0.01Ba
CK 5800.70£59.21Ab 5657.88+87.35A¢ 10.08+£0.02Aa
BS 5951.19+25.99Aa 5891.01+22.98Aab 10.104+0.02Aa
. PM 5823.18+£70.21Ab 5749.48+113.52Abc 9.9940.05Ab
BSA 5969.87+76.91Aa 5941.58+30.54Aa 10.074+0Aa
CK 4 859.90427.34b 4741.924+21.61c 9.8440.02b
i BS 5004.80+75.45a 4921.404+52.38b 9.87+0.01a
PM 4 945.28+55.81ab 4 .873.47449.57b 9.81+0c
BSA 5056.05+98.04a 5007.22+43.03a 9.86+0.01ab
iRl Edir * - Ko
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Fig. 2 Beta diversity analysis of bacterial communities in wheat rhizosphere soil under different microbial agent treatments
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FERTTRMZE M MM X FE LR E X7 . W
FJiti A 90 d J5 , BS .PM Hl BSA &b B4 CK A8 JE Hi 1]
AR BE 43 ) B T 2.70% . 5.42% F1 3.71% (p<<
0.05) , PM 4 B % CK 2F 50 B 1) AH X 3= 5 5 25 f
I 4.75% (p<<0.05) , T 4% &b 35 (] & FF 74 17 AH X5 = B

It o

(©)90d
100 100 100 R —
S 75 S 75 S 75 = =
% 50 % 50 % 50 = =
E 2 m 25 = 25
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Fig.3 Composition of soil bacterial communities at the phylum level under different microbial agent treatments
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HY L4 AT, 45 it FH T 700 Ak SRR B 3 b LA A
Bii A2 AE T 6l Y 40 B AR X BE T CK i E A U
VE FH ) BUR B 251 R X8 (Nocardioides) 18 Jifi FH &
15,90 d A= B ¥ B 3 R AR (p<<0.05) . 7E it FH
15dJ5,5 CKAH, BS 1 PM 4b 2 55 A5 20 i 5 )& 41
Xof 42 4 9 B E 4R 5 6.06 % Ml 24.24 % (p<<0.05),
BS F1 PM &b 2 25 50 7 & AR X 32 B2 4 ) 3 4
14.29% F128.57% (p<<0.05) ,BS Fl BSA kb 31 2 ¥
R [ JE AT 3 B 43 ) 3 AR 45.45 %0 #127.27 %
(p=<<0.05). 7EJif 30 dJF, 5 CKA L, PM 4b #f ¥
JIE B 0 T Je R R S S R e 4.23 %0 (p<<0.05), BS
A PM Ab HZF B 50 B JE A OO E B E R
10.00% #113.33% (p=<<0.05) , 4% F 7 kb B2 3% [
WJm A X B E R 12.25%0~37.50% (p<<
0.05), FEHti 90 dJ5 , 5 CKAHEL , BS Al PM 4b H #
Ji 5 Hf B AR X TR B 4 ) W 4R 15.220% F
17.83% (p=<<0.05), BS 4b Hf 2§ ¥ g 1 g A0 Xt F B
FHEE 25.00% (p<<0.05) , 4% B 71 4b B A5 P B R
A IR A X R 4 0 B3 4R 38.89 00~
55.56 % M121.43%~57.14% (p<<0.05) , 3% R [CH
Ja& AR 2 R AR 12.50 % ~43.75% (p<<0.05) .
23 WEYEFNEFERBAREZNZI

H1 26 4 mT 0, 0 41 003 o A R AR T ok R
HA W E R (p<C0.05) , B 7 JE RN /N A RUREEL
TR B T b 5 A = A R R (p<<0.05) , AL

RIELHAEM . G5 2 a P34, /N 22 & it 7 570 Ak 2
B CK AT 25 R Ak Ok 25 T b 5 R ™ o 4 i) B 3 4
Jb 7.90%~20.05% . 10.95%~19.98% . 5.37%~
8.94% F 6.97%~18.29% (p=<<0.05) , H: Hh PM 4t
ROR A

5

c P : -
4r 3 m g a A
=) a b a a b
é | aac ¢ a - g E ll;
‘HE( 3 : b be bdial : ab a
i“i b ab
5321 2 a b ab a ab
c b be a a
b ab
1F
0
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15d 30d 90d
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Fig.4 Function—based classification of bacteria
24 ERSHH

SR T 2873 0 B % S A S P T L A R R U 4
¥y 547 AT 2R 5 PR (GRS FIER 6) L I 24 &
JESr B R > 1, R0 BT R R I8 B 73,6400, B
HAWAFE . B, T LAk 24 E = REN
AT R bR T R ZR B R HOR R b B AL 25 5 15
G HEJF s 2K PM>BSA>BS>CK, & B A [#]
Ak B A S A S R GRlCAE R T A R AR
il BT R T A7 AE 22 5, LA PMUBCR e, CK e 2%
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Table 4 Effects of microbial agent type on wheat yield and its components

Ay fb 3 A R E /(10" hm™) TR E /A THHE /g 7=i /(kg-hm™)
CK 444 .47410.72d 30.454+1.92b 43.11+0.24c¢ 5861.00£26.59¢
BS 492.2547.70c 32.93+1.15b 44.58+0.75b 6 346.45+32.79b
20zz2023 PM 557.81+16.44a 36.9840.81a 45.59+0.62a 7 058.19447.33a
BSA 517.80£8.39b 36.95+1.60a 45.1740.29ab 6 412.77490.55b
CK 525.58+13.88¢ 31.52+0.48b 44.12+0.84b 6 078.97+98.05¢
BS 554.47+10.18b 35.82+2.19ab 47.33+0.83a 6 425.59+66.06b
20zs—2024 PM 606.70+14.53a 37.3743.09a 49.43+1.45a 7 065.87+94.69a
BSA 567.8148.39b 36.13+3.24ab 48.38+1.30a 6 485.16420.24b
CK 485.0241.67d 30.9840.80c¢ 43.62+0.46¢ 5969.98+58.12¢
" BS 523.36+£8.82¢ 34.38+1.56b 45.96+£0.73b 6 386.02422.97b
PM 582.25+0.96a 37.1841.65a 47.51+0.65a 7 062.03+64.23a
BSA 542.8048.39b 36.54+1.35ab 46.78+0.78ab 6 448.96+36.69b

ﬁiﬁj\ ok ok ns ok ok ok

i ZFE A [l ok Kook ok sk

Ay X B 7 Y ns ns ns ns

x5 ﬁii%g%ﬂ%ﬁ!i‘fiﬁ%ﬂiﬁﬁsﬁﬂiﬁﬁ?&ggﬁmﬁfﬁm 3 -L-\-J- .L/k\'
FEENS TS REIER

Table 5 Principal component score coefficient matrix of
soil chemical properties, bacterial community
structure, and crop yield under different microbial

agent types

e FEH1 FE RS2
pH —0.78 0.22
A LB 0.50 0.33
CY(E=) 0.93 0.13
A Rk 0.90 0.12
AR 0.49 —0.37
ACE 0.26 0.92
Chaol 0.40 0.89
Shannon —0.61 0.63
Jid s 0.92 —0.26
FRAE(H 4.20 2.43
TUBRR /% 46.66 26.99
KBTI/ 46.66 73.64
F6 WEVEFNLBN T BN ZUER AEHELEHAREY
FREESINSRIAR

Table 6 Comprehensive scoring and ranking of soil chemical

properties, bacterial community structure, and
crop yield under different microbial agent types
b3 EWal  Elm2 LZete HeFe
CK —3.04 —0.92 —1.67 4
BS 0.07 1.20 0.36 3
PM 2.27 —1.47 0.66 1
BSA 0.70 1.19 0.65 2

3.0 HMAeEMEFXLERSEE

FE /INZE T 0t B A 0 TR L O SR 4y R
BOBOA TR, o PM AR BRACR A (2, 5
R LLF SO g A R — 2, Bt U E W R R S £
A AL S o AL B R T o B R R TR R
BN DR & it O B RS A L
JoT RIS RS oy AR T it A N S R A i R
FE T BE U3 P B 5 b T R 2R B AR F 5T bkt
0N R S e B S AT o o S (U S R I R S S
T6LFF TR R A% UE By 28 KT B o L b A R 2E 90T R B
o HAR I R 2, 6 05 8 1 5 b 0 VS P B A Ak R R
Py ] WS A O T A DT 1 58 A 2 X Tl 2 0 TR
ARk 3RS T G R R 2 2 LR TR U L i ol R
() BE 1, BE W% 38 o H A BHYE 2h 5 e HE b gl A AR Y
A RCE o DE A 2 AT A S A HE AR AR 25
AR RE AR R R 1 L 2F 4k R Rk 2
fi CTAAD , DL il 55 i i 1) A 10, DA DR 47 VR ) f
ZHRHUE . OB R R B A 25 R RE E T B AR
FA BTG BTG AL R R A 0, AT DL WA
LR 2 50, O 38 3 R i 2 & RN 4% & 5 0L 55 DA ik
iR £ 8 ) v R TR T R AR aE L A A W W ORI L A
TV 28 A 400 AR 2R 1% 1 2B I 4

PR A7 5 I S 3R W I R 2 AT B AR $E T A
Fel 3855 3 v A 2SR O T AR U A ZE R TR RS R 2 4
FEB . ASBEFE & B, PM AL 38R v bR 2 28 F0 T 14
PM12) 23 4 8 5% 79 8500 e £, BSA Chly B2 28 60 FF 14
NCD-2 5 3 Ky 2E AT 1 BA-2) F1 BS O 5 28 f 1
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TG PEZH o3 B o R BR A5 SR R TR 0 1 o 0 R

32 WAEYEFANEERSEENZE

AR R B, AR R A T 5 ) 9 3R A0
N, O 1w A) 4 52 ) VR ) 00 AR K BRI BB A
ARG F W, 5500 BEAR LE Bt AR W R0 15.30.,90 d
J& YT RE B G N AR PR A B 2 AR . ok SR A
W 5% 22 W1, it FH 28 96 FT B T DL o728 SRR BR 1 58 6L
A REVE BT A TR RN R 0 22 R S U AR YRR Y AR
WY, Rk B 2F AT TR S, AR TR 2 AR
TR A Pt ey, BB A TR it B ) A A K AR R
- S A TR Y R R E S, OF ARt S 90 d ik
PN . AR R, AN TR L 27 % W6 A Bk
53 BE AR Br 4 58, 5 5 R A 3 (R A 40 TR AR B
B, T 20 TR B R RN S I, A W A T R R
1o e W TR R0 it P 55 A 4 R Ak 4 TC B D4 X -
38 0 TR R T A B ARGE Te)

PN E T 7 A AT =T = N |
WEE N A8 B I ] (Proteobacteria) | R #F & ]
(Acidobacteriota) Fl 2 BLHfL T | ] (Gemmatimonadota) .
50 R E it 0 Bk 2 0 B8 R) 90 d R PME Ak B I 25
2R ZEFE i 1] (Proteobacteria) Al X 3 FF |, FEAIG 25 80 i
T '] (Gemmatimonadota) A8 %f =F J& , 3= 22 [/ S I %R
FERZE AT W AE T b AR K A, Bl R SR
S TS TR AT A R A T AR 2 R R R L i
B 1 3 073X AR Ak, DA T AR A5 5w A # . AR
AW PLIR F L A 22 8 55 o a0, AT el A
R 7 TR VR TT A A L TS R A R B (X 2 B R
VA = R AN RS2 e o VR A 28 2F ST TR AT e
PR B A 2 A ) T L A T 2F M T T A B
AR T B 1) 40 B T il L B A e R ) 9 BRI 2R
BA 6L TR 1T 4 PR RE X S BE 5 3 R IR HE AR A AR A 3G AR
RO, BB AR PR OR BE AR TR T4l R T S A
IS 0l 2 T NP 2 e TS o e | o o) i
HAEL B ) AR Bl O A 4 R A s S AR AR

MR B 4 8 4 R K CF R & L B IR B T
(Sphingomonas) W 5= L6 G 5 7 1 o5 85 R FI05| Bk &
g, XA A K B A AR EE R B EE
(Flavobacterium) E A ACC I & B M, 606 & i
KR R R M 2R SRR s

J& (Pseudomonas) [F)FE B AT ACC i Z B8 7% 14 , 2 i ok
B BLIE R 5 Wk 2, TR AN AT 22 e AR B 2E L
W& (Gemmatimonas) BA Z MY ie etk , 645 8 i B
L A/l 4 fige R 8 52 2 A LIS, 7 A AN [R) S 1
AW G SR Y AR s RS
(Nocardioides)J&=— M EUR # R . ALK Ed BS,
PM il BSA 4b B 5. 25 55 i 45 I8 B0 18 )& | 2 5 0
Ja& Al B TR R AN B AT TR R Y A R S R A P )
fiff L S AR 3R W R N AR A B R, DT S 2 ek
e /NZE AR VIR o T R A e R T 6% 9 A T Y
AT BE R A 5 15,90 d i 25 B I, 2% BH 581 790 04 it FH
AR - A ROIR B, AT R ARR /N 22 T A o 3 1 XU
33 WEYEANNMNEERKEZERFENHEIT

A 5T 45 R R W, A it FH 1A W AR fE 65 2
HENAE (AR R B IR R T . RS N A ) T
Je L /N7 WA AR BRI TR EE R e Y
PR Tb X2 i T AR W T N S A 2R AR R TR P G
AR SR R T, Be S ELEEAE T L 88, iR A
LY IF B h 2 Bl 75 B iR T 2%, DA B3 - 4
BT, B SR A W P S TR AR T W BT AR
M, B9 A 2 AR A 0 80 i it 1 =X 380 %o 4 7
AR AHESE 45 A B AR RN
PM B R 2 28 F AT B PM12) > BSA CHli 72 28 1 T
P NCD-2 Hl ik 52 47 25 fUAT 1/ BA-2)>>BS Ol 5 2F 1
FERD o Rt BR — T T o B R 2 28 AT T RE 8 4
PR VAR R D0 A IR YR IR A
AR TR AR 5 —Jr 0, VR A28 2R F AT 1A
A7 K AN R G Y, SR M SO 2 B Y B 4
T3 AR KRR TR AR AL 1L, DA S /22 A K B it
RAF B K R RIR B S R R 2 2 A B X A
I3 FLAT W B A0 T4V D T SE 22 5% B, 6 A2
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BB BTIRESE R T S A B 5T R IR 2R AT
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W, S5 AW G R AN R, — J7 AT RE S AN Rl 15 EAE
A%, R T R 5 a3 A B9 AR ) 0 25 5
IR ZE JE 5 I — 5, A2 S SR R A A TR R 1
M), 5 A 0 26O T P 2 TR L R K B ERAIR
B A IR Y T, 0 R EROR A T Bl 52 B R A
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AEY R . 24105 b 4 158 57 03 T i o B0 E R
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