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Abstract In order to explore the characteristics of soil microbial communities in rapeseed and milk vetch
intercropping systems and their mutualistic mechanisms, three treatments were set up: monocropping rapeseed

(R), monocropping milk vetch (V) , and rapeseed intercropping with milk vetch (RV). The years of field
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experiments were conducted to analyze the differences in the characteristics of the soil microbial communities
under different treatments. The results showed that: 1) There were significant interannual differences in soil
organic carbon fractions, nitrogen transformation and microbial community characteristics among different
treatments. Compared with rapeseed monocropping and rapeseed-milk vetch intercropping, rapeseed
monocropping not only increased soil temperature, but also increased soil total phosphorus, quick-acting
potassium and ammonium nitrogen, and total nitrification rate. 2) Compared with monocropping, intercropping
significantly reduced the Coverage index of fungi( P<<0.05), and altered the structure of soil bacterial and fungal
communities and significantly enriched the richness of each species of bacterial communities, especially
Cyanobacteria and Proteobacteria. 3) Each environmental factor had a greater influence on soil bacterial
community structure than fungi, with soil moisture and nitrogen being the key factors; There was a significant
correlation between the milk vetch monocropping and intercropping treatments with several factors, suggesting
that milk vetch was the key factor leading to the differences in soil bacterial community structure. 4) The soil
bacterial Shannon index was positively correlated with ammonium nitrogen and negatively correlated with
ammonification rate; The soil fungal Simpson index was negatively correlated with ammonium nitrogen and
positively correlated with ammonification rate. Therefore, the intercropping of rapeseed and milk vetch can

significantly affect the soil microbial community structure, and soil moisture and nitrogen process are the key

factors.

Keywords intercropping; rapeseed; milk vetch; soil microorganisms; soil nitrogen
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The points in the figure represent the mean values of each treatment along the PC1 and PC2 axes, with error bars indicating the standard deviation of

each treatment in the PC1 and PC2 directions.
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Nodes in different colours denote microbial groups that are significantly enriched within their respective groups and exert a significant influence

on inter-group differences; pale yellow nodes denote microbial groups that show no significant differences across different groupings or exert no

significant influence on inter-group differences.
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The lines in the figure represent correlations between communities and environmental factors, while the heatmap depicts correlations among
environmental factors. The data used is a combined dataset spanning two years. Line thickness indicates the magnitude of correlation between
communities and environmental factors, plotted using Mantel’s 7 (the absolute value of R). Colours in the heatmap denote positive or negative
correlations, with shade intensity indicating correlation strength. Asterisks within colour blocks indicate significance: * denotes P<<0. 05, ** denotes
P<20.01, and *** denotes P<C0.001. ST: Soil temperature; SM: Soil moisture; SOC: Total organic carbon; DOC: Dissolved organic carbon;
MBC: Microbial biomass carbon; NO 3; -N: Nitrate nitrogen; NH, "-N: Ammonium nitrogen; GNR: Gross nitrification rate; NNR: Net
nitrification rate; AmR: Ammonification rate; EN: Alkali-hydrolysable nitrogen; AP: Available phosphorus; AK: Available potassium; TN:
Total nitrogen; TP: Total phosphorus; TK: Total potassium. The same below.
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Fig. 8 Correlation analysis between soil microbial community structure and environmental factors-Mantel Test
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Fig. 9 Sequential regression analysis of soil microbial community structure and environmental factors

3 W B APUBK S R FER . R, RS Y
Z B X - SR O3 04 3 A, HE AL A 2 fige AN

ABFTE A F AT R i LA PLBR S R A, TR AR A L & e A DR R )
22 52 £ EARBUAE AR BRIA], AR T 9 LR HLRR 1A Sk SR 07 B Ak & W i DL T
AN b e A W A W B e B R AR, R RTEE PR ALy TR OF Hd o R A

-~



262 0 LN ES I Y NS S 4

2025 4F 45 30 %

HE R A Sk 19 38 o ke 2 e - 498 b Y BT PR A ML B
SR SyA, R R Y Y RS A LT
HH 2 B B A A G M AR g A B
T % 78 AF b 8] B A1 , AT RE 5 G A W 2B ) i ik 1 T
RERE VIR OC o AH 5 = 5 B | VR T IR A
R AR L 33k 2% DR S [) A 308 ok 185 o s 7 i R i
T LR BT R Y, 2023 4F 5 = e LA
18 8 A5 R A W v T IR X R P Dy T A
i 3 28 % g (RS ) o3 14 R 14 i 12 il A A HL IR
T A HLBE D Ik, B AR - e m HLBE & i e MRl fE
AT  AEAEY N LIERFWERREIA—, 7
B 4 F G0 ok S SR 8 W R T 52 B0 5 e, DT
BEAIG T A g rh s S B s Bk AR R ) Y 4
R A B RRAL X 5 Eor R A R —
3, AT RE S R R B4 5 58 pH BE AR , 1 48 0l 4
YEYI T W R o A LR TR P |, 55 25 05 B 1Y) 1 3
g 25 SRR BV A B R AE 2023 4F B £ B i R L B
il A 33 238 2 B A R B A W AR AR R A S A R R
o7 % O % R S A O™ . AHF 58 b 4
A ALK TEAF PR [A] 25 A, 52 B AL R TR 4R By )
B 2 S IS A AR VR RS P AR L R
i A T2 S5 R i 3R L B 2 AT

AT LRI [AE S AR T, T AN 1Y) o 2
MRS TR E 25 M3 2 FEME (B 451 5 Il
MO 2 5 B2 X S5 AT AR — 8 SR R
2 BT AR PR AR A W N 4 1) A2 2 M R B Ak R
JEPLR AR 2R B ET, BT RSN
255 . Bk, A4 5 35 B AIK B 0 BF 7% 19 Coverage
8 K0, T RE SR A A ) P AT B 3 G A A0 D 3 B R Y L
], 35 m w A R 2 R, S 2O Y A A R R
IR ASHIF S A & B0, 4 BR BE VR b ] A TR B 8 A0 B
AR Y W 2 5 4R X2 K GRHE Y 1 AUS B
(18 i 25 AR T W AN B 10 e A AR Y i ELTRIE R B¢
AR R W 2R S R AR R TR TT A 2h
FE JE PR Can i R £ 340 i it 25 H] nar GO ) 3R 38, 7 8048
LN S

A B R T 22 R B 3 A G, R K A AR
T 5 4 TR R I A5 A 1Y OGS I . A PFSE R R,
A 08 e A A R BE 220600 I - K 43 (19 000 /2 i
FE A0 TR 7K B 2 FE I AR AR A OB H -, HL R & Tl A7
TE 8 F IEA R, I, 2K SRR L OAE
FH AT i 8 A0 TR R 7 245 40 728 S 1) 4106, vk 43 3 it

W) - 1 PR CAn - AL B EE B 1220 AR
PR R ] H2 0 R ) R AR 2 R
IR BRI A A B Y A A A TR R R 45
W5 ZAWEH B E A, X RN 5 = e i
fif7 - 58 S BT A A N 2800, B A AR B R
45% , 1 18] 7 b B 3 — 20 38 3 AR R 3 W ) P[] A%
ML, A 4 S A U A B T 32001 X S
AL S YR B R IE A OC . T Petkova
G 2 SEM B AU A F5 5 2 B[R] fE ot
“RE > pH— K o 7 E URON | TA] 42 45 20 TR R v
ER BN AE N 0. 71, A5 & B4 7 Shannon
BRCSESASE R FEEAM, X gt THSA
T ok S T TR ) RN BR AT T T AN R R T
P Ak T 5 U5 R SR w1 Shannon 48 805 240 1k
UM G, X 0] BB O A R T AR
JEEE AW TR R RS ALY AR AR IR
& B E A Simpson 1 £ 5 B A8 A U OC, IXAT fE
S PR Ry B A R T FR R RT RE E ao i b VE F E AIR 1
pH 90 i) %o T 50U Ay L AT 2 AE I B 1))
Simpson i 20 5 24 1k 3 % 1E AH ¢, X 7T fig 2 o &
AAE PR B NH. 38 2o B A6 4F 3% 46 NOs ™, 3K
Sl i b B Chn S Akl B D B S M TR S i R
FETET

4 & it

ik 2 A AW 5T A B, O R AR AR XA el
BUBK 20 53 . 0 28 e Ak DA B AR A6 0 % SR 0E 78 4 B (1]
SR BARCKRE e /Enr DU 1 R
JFE A ERACE RN B A A i R I R R A R
IR e =1 R T i 0 e A e w1 N =N
75 L5 K BEAIC T B 1 Coverage 75 8, I i & & 4
gl NE R IR /R U S [ S o s e o
T T H, PR 5 s e R R B AN TR R TR A 2
SR OCHE . 5 A LG, T T A0 TR R I A5 32 45
B PR 14 52 e 5K, 3L b K 4 AU R S A
T o A4, AN Shannon 48 51 5 # B A & 1E M
K, R R R G LR TE Simpson 8 5
BAS ARG, SR E AR EME, AT, Hh
TRPAE 58 25 e A A X A S A W e i 5 A 7 AR
F R HL A K S R R R B AR S e R
Ve va 2 Ak iy G B



%123

P45« T35 2 AR o S BRI K B W T 9 Y 2 )

263

£ %2k References

[1]

[2]

[3]

(4]

[6]

(8]

[9]

[10]

[11

[12]

[13]

[14]

Islam W, Noman A, Naveed H, Huang Z, Chen H Y H. Role of
environmental factors in shaping the soil microbiome[J]. Environmental
Science and Pollution Research, 2020, 27(33): 41225-41247

Chen Q, Song Y, AnY, LuY, Zhong G. Soil microorganisms: Their role
in enhancing crop nutrition and health[J]. Diversity, 2024, 16(12): 734
Piischel D, Bitterlich M, Rydlova J, Jansa J. Drought accentuates the role
of mycorrhiza in phosphorus uptake[J]. Soil Biology and Biochemistry,
2021, 157: 108243

Jiang Z, Wang Z, Zhao Y, Peng M. Unveiling the vital role of soil
microorganisms in selenium cycling: A review[J]. Frontiers in Microbiology,
2024, 15

JiaJ, Hu G, Ni G, Xie M, Li R, Wang G, Zhang J. Bacteria drive soil
multifunctionality while fungi are effective only at low pathogen abundance
[J]. Science of the Total Environment, 2024, 906: 167596

LiuJ, YuZ, Yao Q, Hu X, Zhang W, Mi G, Chen X, Wang G. Distinct soil
bacterial communities in response to the cropping system in a mollisol of
Northeast ChinalJ]. Applied Soil Ecology, 2017, 119: 407-416

Zhang S, Li S, Meng L, Liu X, Zhang Y, Zhao S, Zhao H. Root exudation
under maize/soybean intercropping system mediates the arbuscular
mycorrhizal fungi diversity and improves the plant growth[J]. Frontiers in
Plant Science, 2024, 15: 1375194

Zhou Z, Wang X, Chen C, Cui Z, Li A, He W, Guo Y, Zeng Y.
Polygonatum odoratum and Vernicia fordii intercropping effects on crop
quality, soil nutrients and microbial community structure[J]. Agroforestry
Systems, 2025, 99(4): 85

QulJ, Li L, Wang Y, Yang J, Zhao X. Effects of rape/common vetch
intercropping on biomass, soil characteristics, and microbial community
diversity:H. Frontiers in Environmental Science, 2022, 10. 947014
HFE. EZR/FIRBFREFRABFSARBFERR(D]. £hRIX
#2023

Hu Y. Study on nitrogen and phosphorus nutrient utilization characteristics
in the astragalus sinicus/brassica napus (green manure rape) intercropping
system[D]. Wuhan: Huazhong Agricultural University,2023 (in Chinese)
XEE, XNT, FE, BEH, AR XS HRXEAERXTRERES
Wxd T EMEMERME)]. EhRil R F 2R, 2023, 42(4): 177-184
LiuZQ, Liu N, LiSJ, Huang G Q, Zhou Q. Effects of root exudates on
soil microorganisms under the intercropping pattern of astragalus sinicus and
brassica napus[J]. Journal of Huazhong Agricultural University, 2023, 42
(4): 177-184 (in Chinese)

E+8. FRERUSHIM]. 3. L5 RERLHE . 2000

Bao S D. Chemical Analysis Methodes of Soil Agriculture[M]. 3rd ed.
Beijing: China Agricultural Science and Technology Press, 2000 (in Chinese)
Nyawade S O, Karanja N N, Gachene C K K, Gitari H I, Schulte-
Geldermann E, Parker M L. Short-term dynamics of soil organic matter
fractions and microbial activity in smallholder potato-legume intercropping
systems[J]. Applied Soil Ecology, 2019, 142 123-135

Zhang Y, Han M, Song M, Tian J, Song B, Hu Y, Zhang J, Yao Y.
Intercropping with aromatic plants increased the soil organic matter content
and changed the microbial community in a pear orchard[J]. Frontiers in
Microbiology, 2021, 12: 616932

Wang D, Yi W, Zhou Y, He S, Tang L, Yin X, Zhao P, Long G.
Intercropping and N application enhance soil dissolved organic carbon

concentration with complicated chemical composition[J]. Soil and Tillage

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Research, 2021, 210: 104979

B, DEE, TEE, EHS, BESE, TR, BLY%. RERKNIENE
MEYEBRNEESFHERSMEFI]. ML=, 2022, 58(2): 49-57
Zhou S, Ma H F, Wang J Y, Ren C J, Guo Y X, Wang J, Zhao F Z.
Latitudinal distribution characteristics of forest soil microbial biomass carbon
in China and its influencing factors[J]. Journal of Forestry Science, 2022,
58(2): 49-57 (in Chinese)

CaiY, Yang Y, JiangJ, Long T, Gu X, Guo Y, Li M, Xie Y. Response of
soil organic carbon stocks and soil microbial biomass carbon to natural
grassland conversion: A global meta-analysis [J]. Science of The Total
Environment, 2025, 965: 178481

Sk, ReL&E, R, TR, BER. BEAZHEME R HEHE
THREEANFMI]. ERRR, 2007(3): 7-9

Zhang Z B, Song L Y, Xiang K, Li X L, Shi Z A. Intercropping with white
clover (Trifolium repens) and plastic mulching effects on soil temperature
dynamics in sweet cherry orchards[J]. Deciduous Fruits, 2007(3): 7-9 (in
Chinese)

An R, Yu R P, Xing Y, Zhang J D, Bao X G, Lambers H, Li L.
Intercropping efficiently utilizes phosphorus resource in soil via different
strategies mediated by crop traits and species combination[J]. Plant and
Soil, 2024, 497(1): 705-725

BT, RiT, HES, BWER, £B, HinE, BHR, BE, Bk, EF
W, B, HE/EERENRAEERRFELERSNORMI]. FEH
BHEMFR, 2024, 46(4): 889-896

QiuJM, WuHN, Huang ZP, He L Q, Li Z, Zhong R C, Han Z Q, Jiang
J, LiB, Tang X M, Tang R H. Sugarcane (Saccharum officinarum)/peanut
(Arachis hypogaea) intercropping effects on root physiology and rhizosphere
soil nutrients[J]. Oil Crop Science, 2024, 46(4) : 889-896 (in Chinese)
FEuk, HMEE. BE, =, TEA. #K/NZEESHKR-/NEREN
THIRAFER SRR RERLRESE, 2021, 23(12): 161-171
Wang L G, Ye C L, ChenlJ, LiJJ, Luo JJ. Flax (Linum usitatissimum)/
wheat (Triticum aestivum) intercropping and flax-wheat rotation effects on
soil physicochemical properties and flax growth[J]. Journal of Agricultural
Science and Technology, 2021, 23(12): 161-171 (in Chinese)

LiZ, TangZ, SongZ, Chen W, Tian D, Tang S, Wang X, WangJ, Liu
W, Wang Y, LiJ, Jiang L, Luo Y, Niu S. Variations and controlling factors
of soil denitrification rate[J]. Global Change Biology, 2022, 28(6): 2133-
2145

E=F, BE. ARERMNBLIEMRELERNSFUERNRMI]. L8
F4], 2020, 57(1): 165-173

Li P, Lang M. Effects of reclamation years on gross and net nitrogen
transformation rates in black soil[J]. Acta Pedologica Sinica, 2020, 57(1) :
165-173 (in Chinese)

XAE, B, WA, ZHEG, TBW, WIE, KE, FHK. BT
AFREEMERBTRAREENSIIRTNI]. MERE, 2023, 44(8):
4575-4584

LiZ, NanZ W, Lin SM, Meng W W, YuHQ, Xie LY, ZhangZ, Wan S
B. Bacterial community structure and functional prediction in lower yellow
river foxtail millet (Setaria italica)/peanut (Arachis hypogaea) intercropping
farmland soil [J]. Environmental Science, 2023, 44 (8) : 4575-4584 (in
Chinese)

EE. AEHEEEEARIFEAE L EFSMAREEEMOZMD].
Kib, PR R KE, 2024

Wang X. Effects of different forage grass intercropping patterns on soil
nutrients and fungal community structure in camellia oleifera forest land[ D ].

Changsha: Central South University of Forestry and Technology, 2024 (in



264 IS [ N SR S 2025 4F 45 30 %

Chinese) 2025, 378: 109279
[26] Zhang Z, Chai X, Tariq A, Zeng F, Li X, Graciano C. Intercropping systems [33] Zhong C, Liu Y, Xu X, Yang B, Aamer M, Zhang P, Huang G. Paddy-

modify desert plant-associated microbial communities and weaken host effects upland rotation with Chinese milk vetch incorporation reduced the global

in a hyper-arid desert[J]. Frontiers in Microbiology, 2021, 12: 754453 warming potential and greenhouse gas emissions intensity of double rice
[27] LiuD, Abdellah Y A Y, Dou T, Keiblinger K M, Zhou Z, Bhople P, Jiang cropping system|[J]. Environmental Pollution, 2021, 276: 116696

J, ShiX, Zhang F, Yu F, Xing B. Livestock-crop-mushroom (LCM) circular [34] B4am. BB ESENENEHRSREZFEATEAFEHETSHEENE

system: An eco-friendly approach for enhancing plant performance and miD]. ZMEEAZE, 2023

mitigating microbiological risks[J|. Environmental Science & Technology, Zeng H L. Effects of simulated warming and nitrogen deposition on soil

2025, 59(17) : 8541-8554 bacterial community diversity in swamp meadows of the Qinghai-Tibet Plateau
[28] skBER, X%, DR, TH. EERENTEENLUR SR ERFLERSR [D]. Lanzhou: Lanzhou Jiaotong University, 2023 (in Chinese)

EREMRIRILT]. B R FEH , 2020, 29(12): 1875-1882 [35] EEF, BRE, BHY. k&L, 5, TAX. FMEDRNEX IR

Zhang X G, Liu P, Ma K, Wang N. Effects of intercropping on rhizosphere SENAEHEHRSEMUE]. EUEFRSEREER, 2020, 26(3):

soil fungal community structure of potato (solanum tuberosum) in southern 502-510

mountainous area of Ningxia[J|. Acta Agriculturae Boreali-Occidentalis Wang X F, Ren T Z, Zhi Y C, Zhang G L, LiJ, Wang Z W. Biochar

Sinica, 2020, 29(12): 1875-1882 (in Chinese) amendment improves ammonia-oxidizing bacterial CAOB) community and
[29] Xiao X, Han L, Chen H, Wang J, Zhang Y, Hu A. Intercropping enhances enhances net nitrification rate in vegetable field soils[J]. Journal of Plant

microbial community diversity and ecosystem functioning in maize fields[J]. Nutrition and Fertilizers, 2020, 26(3): 502-510 (in Chinese)

Frontiers in Microbiology, 2023, 13: 1084452 [36] #thits, ARE, ML, REE, FER, %8, HZi¥E, THE. BEEiE
[30] Petkova M, Shilev S, Popova V, Neykova I, Minev N. Intercropping of oats WEESETEAREREEAMP) SHMEI]. £52. 2019, 39(1D:

with vetch conducts to improve soil bacteriome diversity and structure[J]. 4127-4137

Microorganisms, 2025, 13(5): 977 LinY,HeYJ, HeMH, WaCY, FangZ Y, Han X, XuX Y, Wang S X.
[31] Xue P, Minasny B, Wadoux A M J C, Dobarco M R, McBratney A, Bissett Soil arbuscular mycorrhizal fungal (CAMF) diversity during Karst vegetation

A, de Caritat P. Drivers and human impacts on topsoil bacterial and fungal succession[ J]. Acta Ecologica Sinica, 2019, 39(11) : 4127-4137 (in Chinese)

community biogeography across Australial J]. Global Change Biology, 2024, [37] LiuM, Wei Y, Lian L, Zhang J, Liu N, Wilson G W T, RilligM C, Jia S,

30(3): el7216 Yang G, Zhang Y. Discovering the role of fairy ring fungi in accelerating
[32] LiJ, ZouY, Yang K, Zhu Y, Zhou Q, Shao L., GongJ, Peng S, Peng G, nitrogen cycling to promote plant productivity in grasslands|J]. Soil Biology

Qin T, Tian M, Tian Y, Liu Y, Wang C, Hu R, LiJ. Well-developed root and Biochemistry, 2024, 199: 109595

systems and a nitrogen-rich rhizosphere recruit key bacterial taxa to resist ﬁ,{{. é’ﬁy iﬁ—_ %{F}/&

disease invasion of field crop[J]. Agriculture, Ecosystems & Environment,

F—EER N MV B AE LR KRR BRSO N, R EFEE 2R, S 5ER
[ 98Bl K45 (32260548 .31901476) 3 H 211, 2 5 4w 5 F R EE 156,

WIAEE BT R W RIURSE BB A 0, VRS R R R 2 B VLV A AN i AR ik
3 BN IR R ZE R R AT 2 o AR vh A A B R 2 B RIAR 45 1S, h AR 7
LU MR A EBAT oW S B K AR ESIHEL L E I 2w Sl
F BN AR S T AR 2 R 2 AL IR AR ] B¢ A A R SO Ak S R R BT AR L A
FE R A AP G I 200 VLPGAE 8 1 AE 24 100 JEV A HRT R BRI 10, 2 5 F
RE R E TR RS 0 E R ARSI H S 2. U — /8 IS KR E A
HMEREIC20 40K o BRTTTG AR IR 50 A B0 R 2 — 48 2 2 T, et S 7 A 6 ) 3 03




