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Abstract: [ Objective ] The global wolfberry (Lycium barbarum L.) industry is undergoing a paradigm shift from traditional

Ningxia-dominated production to multipolar cultivation systems across Northwest China. In this transitional context, developing
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sustainable soil management strategies becomes imperative for maintaining agricultural productivity and ecosystem resilience.
While cover crop intercropping has emerged as an advanced agroecological practice demonstrating dual benefits in fruit quality
enhancement and environmental stewardship, conventional field management approaches; particularly long-term monoculture and
chemical fertilizer overapplication, continue to compromise both the yield and phytochemical quality of wolfberry. This study
systematically investigates the rhizosphere engineering effects of wolfberry/forage radish (Raphanus sativus L.) intercropping
coupled with organic fertilization, focusing on its mechanistic impacts on soil microbiome restructuring and metabolic
reprogramming. [ Method ] This study investigated the effects of wolfberry (Lycium barbarum L.) /radish (Raphanus sativus L.)
intercropping with manure on edaphic microbial communities and metabolite profiles through a split-plot field experiment
(2019-2021) in arid northwestern China. It also considered the effects of cover crop planting patterns on soil microbial
community structure, metabolite composition, and yield of wolfberry orchards. Three organic fertilization regimes (0, 6 660
kg-hm™, and 13 320 kg-hm™) were applied under two planting systems: monoculture (M) and intercropping (I). Using Illumina
high-throughput sequencing technology, quantitative PCR methods, and liquid chromatography-tandem mass spectrometry
(LC-MS), microbial information and metabolites were measured. The correlation between soil physicochemical properties,
microbial diversity, key metabolite components, crop yield and its differential metabolites, microbial diversity index, and
environmental factors under different planting modes was analyzed. [ Result ] Compared with the traditional wolfberry
monoculture, intercropping significantly enhanced soil multifunctionality, increasing surface soil electrical conductivity (EC) by
29.66%, organic carbon (SOC) by 47.80%, total nitrogen (TN) by 39.09%, available nitrogen (AN) by 46.23%, available
potassium (AK) by 36.64%, and microbial biomass nitrogen (MBN) by 22.56% compared with monoculture (P<0.05).
Additionally, intercropping enhanced soil microbial diversity, with the bacterial Shannon index increasing by 4%and the Simpson
index decreasing by 43.04%. Metabolomic analysis identified 867 metabolites, including 84 differentially abundant compounds
such as lipids, organic acids, phenylpropanoids, and carbohydrates. Among these, two key metabolites were positively correlated
with yield enhancement. Consequently, wolfberry yield increased significantly by 6.36%. [ Conclusion ] These findings indicated
that cover crop intercropping improved soil microecological conditions, induced specific metabolite shifts, and effectively
enhanced wolfberry productivity, demonstrating its applicability in sustainable wolfberry cultivation systems.

Key words: Lycium barbarum; Forage radish; Cover crops; Organic fertilizer; Microbial diversity; Metabolome
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x1 BEMAYABET LI 1% REFHE

Table 1 Characteristics of Soil physicochemical properties under cover crops and organic fertilizer treatments

BD/ EC/ SOC/ TN/ AN/ AP/ AK/ MBC/ MBN/
Ab ¥ pH

(grem™®)  (pS-em™) (gkg') (gkg') (mgkg') (mgkg') (mgkg') (mgkg') (mgkg')

MO, 9.06+0.04a 1.46+0.01a 124.65+6.01b  9.37+1.94c 0.99+0.25a31.90+2.17b 32.84+3.47a49.64+4.22b  116.93+38.64a 32.18+2.56¢
MO, 9.11+0.01a 1.45+0.01ab 143.27+6.01b  9.33+0.95bc 0.94+0.22240.61+3.24ab 34.27+2.92a71.89+14.45ab 142.15+12.24a 40.85+0.59ab
MO, 8.92+0.14a 1.48+0.02a 120.61+11.29b 8.84+0.99c 0.42+0.17a29.00+5.05b 28.93+4.15a56.77+5.36b  141.23+23.14a 39.46+0.47b
10, 8.99+0.07a 1.42+0.01bc 151.23+27.92b 11.55+0.49ab 1.27+0.35a  48+11.74ab30.18+4.84a79.10+6.67ab 144.35+4.54a 48.10+3.91a
10, 9.02+0.01a 1.42+0.00c 163.59+8.57ab 13.64+0.85a 1.54+0.16a52.71+3.38ab 39.95+3.17a83.69+13.47ab 156.66+9.18a 46.87+1.77a

10, 8.90+0.05a 1.45+0.01ab 207.85+23.74a 13.06+0.89a 1.29+0.19260.49+12.07a 39.43+£3.94a94.40+12.44a 152.39+27.67a 42.91+1.94ab

A ns *% *% ®%k *% *% ns * ns EX T
B ns * ns ns ns ns ns ns ns ns
AxB ns ns ns ns ns ns ns ns ns *

[E: BD: LMEATE; EC: HS¥; SOC: THHEAMM; TN: 2%; AN: ARA (BESFMMER ); AP: AR AK: #
R MBC: BUAYAYaik; MBN: BUEYWAYEA . MOy: HAEARHEI; MO, : HAEM M =EAYIL; MO,: SR m=EA
HUIL; 100: BEREFAEATEAL; 10,: BEEMAEMG AT A HUL; 10,: BEsEFENG S RAPUL; A FiREEI; B: ALK ;
AxB: EBSIEEMLEEN, FFIAR/NG FRERR A RAL B 225 .3 (P<0.05); * P<0.05, ** P<0.01, *** P<0.001, ns:
Jo i # & L, F[E. Note: BD: Bulk density; EC: Electrical conductivity; SOC: Soil organic carbon; T'N: Total nitrogen; AN: Available
nitrogen ( ammonium and nitrate ); AP: Available phosphorus; AK: Available potassium; MBC: Microbial biomass carbon; MBN:
Microbial biomass nitrogen. MOy, MO,, and MO, represent L. barbarum monocropping with zero, medium, and high levels of organic
fertilizer, respectively; 10, 10;, and IO, represent L. barbarum/R. sativus intercropping with zero, medium, and high levels of organic
fertilizer, respectively. A: Cropping system; B : Organic manure application; A x B: Cropping system x Organic manure application. Different

lowercase letters in the same column indicate significant differences between treatments ( P<0.05) . * P <0.05, ** P<0.01, *** P<0.001,

ns: not significant. The same below.
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letters indicate significant differences between treatments ( P<0.05) .
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Fig. 1 Alpha diversity of soil bacteria ( a-d ) and fungi ( e-h ) under different treatments ( a, e. Ace index; b, f. Chaolindex; ¢, g. Shannon

index; d, f. Simpson index )
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10, AL BT, MIAC 7™ 2 38 B fe LK KIRAEREZR B 3 N-FEIH 2R 2 18] 77 1 2 3 IE A %

R2 HFARPRES R

Table 2 Classification of metabolites in samples

75 Bl Ko i kb
Serial Number Category Quantity Proportion /%
1 Mg B A2 4> T4k &4 Lipids and lipid-like molecules 374 43.14
2 R4 Not available 134 15.46
3 A HLER B H AT 4% Organic acids and derivatives 92 10.61
4 HHLZIHRZ51L AW Organoheterocyclic compounds 69 7.96
5 HHLE LAY Organic oxygen compounds 64 7.38
6 RIFEEF AU 1L A% Benzenoids 49 5.65
7 RN KEISFI B2 Phenylpropanoids and polyketides 34 3.92
8 A . B ERZEUY) Nucleosides, nucleotides, and analogues 18 2.08
9 W S AT A ¥ Alkaloids and derivatives 16 1.85
10 HHLAE LAY Organic nitrogen compounds 10 1.15
11 t&251k& % Hydrocarbons 3 0.35
12 AW LE Y Organosulfur compounds 2 0.23
13 HHL1, 3 #E1EY Organic 1, 3-dipolar compounds 1 0.12
14 APl Z L&Y Organohalogen compounds 1 0.12

@ g FERIAEYE Model overview - E Y Permutation testing
= 40 a) oMO, & 0351 p) g B 0479 R=0.02814). 0’=(0.-0.166 1)
S 30 SMO.E 03 ¢ 8 kIRt
= oF ol0,” 2 £ 0.2
2 20 olO, 3 0.25¢ = 0.1
g olO, = g 7 _ 4
g 10 \ 22 8 02 g Or=sgk CooTmEemTT
2 B 4A4--

,];;:( 0 o 230'15_ dt: 0.1 qEE Y
= °°, % = i —0.2
& -10 R ° o & 0.1 B2 0.3

_ o = 2
& 20 2 0.05 & 04 gz
ﬁ_m 'RO g-05p ¥
1 302010 0 10 20 30 40 F g 104y Compl H M Comp2 0 01020304 0506070809 |
® BTN Component 1 (21.3%) 4y Component BTG IR (9 HUE The value of permutation test

e R, BORURIERRREE; QF: BIRUWHIINEE . Note: R’: Model interpretability, Q°: Model predictability

K2 BT A4S A (HMDB ) FE AL AU Y fii fre D — 3 B0 04 (PLS-DA) 157381 (a), BIRIEGIER (b)
g (c)
Fig. 2 Partial least squares discriminant analysis ( PLS-DA ) of sample metabolites based on Human Metabolome Database ( HMDB )( a ), score

diagram (b ), model validation diagram ( ¢ ) replacement test diagram
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Fig. 3 Partial least squares discriminant analysis ( PLS-DA ) between different treatments

10, vs MO
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4 9 0, vs MO, 35 b
35 3 .
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. B3 Liup (49) 25 . 5 1-up (29)
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E] ) . . o 1% FiHdown (12) 8 ° @ [ #E T iHdown (11)
< : RN VIP s FENERGVIP
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e 11 1 e12
1 e21 024
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ok : ol :
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4r o)
35
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123 1 ifup (109)
T 25 . o B Enosig (570)
Y ® & T ifdown (10)
& EEERGEVIP
215 -0.0
1.1
1 22
e33
0.5
03 > 3 4
o log,FC: EEURALIE, —1g (P value): Giil2#Ki%{H . Note: log,FC: Fold change value, —lg ( P value ): Statistical test value.

K4 TR He B ] Y 22 S AR 20 A

Fig. 4 Differential metabolite analysis between different comparison groups

% (P<0.05); ERFEEFA (Shannon ) F8%05 EH =
#% (Simpson ) F5%. 16-FIERMEAFTEAZREIRRNE . NP2
FEREI T ENAX (P<0.05); FEFEmesS —+

B IR . N-FEIHERR A BAAC = B 2 W IEARG (P
<0.05); AN, Ak TS N RIHERR . ML R

[RIFER P 25 IEAH G (P<0.05),
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£ 3 10,vs MOy 10, vs MO, 10, vs MO, SbEE i 2 B4 i1 49
Table 3 Differential metabolites in the treatments of 10y vs MOy, 10, vs MO;, and IO, vs MO,
PO
5 5 it di bk
Treatment
Serial number Category Quantity Proportion/%
group
10, vs MO, 1 Jig B A 5> F 450 Lipids and lipid-like molecules 30 35.71
2 K 4r24bA W) Not available 21 25.00
3 PR K HAG A% Organic acids and derivatives 13 15.48
4 RN BESSFIZR B2 Phenylpropanoids and polyketides 6 7.14
5 A HLZIE LA Organoheterocyclic compounds 5 5.95
6 IRIRLE R AL A ) Benzenoids 3 3.57
7 H W S LA AW Alkaloids and derivatives 2 2.38
3 HHLEAE Y Organic oxygen compounds 2 2.38
9 122514 % Hydrocarbons 1 1.19
10 A MU ALE % Organosulfur compounds 1 1.19
10, vs MO, 1 flg BERIZENE 43T 1L-& ) Lipids and lipid-like molecules 27 47.37
2 K53 2E ) Not available 8 14.04
3 A HLLFFZ1LE ) Organoheterocyclic compounds 4 7.02
4 IR Y Benzenoids 4 7.02
5 HHLEAA Y Organic oxygen compounds 4 7.02
6 A LR e HA7 449 Organic acids and derivatives 3 5.26
7 IR LSS A FZE Phenylpropanoids and polyketides 3 5.26
8 A Wil K HoATT A 9 Alkaloids and derivatives 2 3.51
9 . BHERZEIY Nucleosides, nucleotides, and analogues 2 3.51
10, vs MO, 1 A8 B 2SR 4> T-1L& %) Lipids and lipid-like molecules 66 42.31
2 K 432:4kA W) Not available 23 14.74
3 A LR K HAT A9 Organic acids and derivatives 23 14.74
4 HHLAIRZEML A Organoheterocyclic compounds 11 7.05
5 KL A4 Benzenoids 9 5.77
6 RN BEZSMIZR B2 Phenylpropanoids and polyketides 9 5.77
7 HHLEAA Y Organic oxygen compounds 9 5.77
8 H W S LA AW Alkaloids and derivatives 4 2.56
9 Bty . BHERZEIY Nucleosides, nucleotides, and analogues 2 1.28
3 i ® i, JFREIRT A E (R 1), HERWRE

B AR Al i LR IR, YR b
JE, N e W B Z AR RO REE I, PR
Feor A B AR R AR AR RS T L L
Z5it, MEBESRVEIR S T R A B HAESR

JEAE M MMRAR S 8 H AR A B9 R o i e
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Fig. 5 Heatmap analysis of metabolite variable importance in projection ( VIP ) expression
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06 10, vs MO AIKEGG & #:/0H1 10, vs MO, 41KEGG & /0 H7
’ ) KEGG Enrichment analysis(10, vs MO,) 0.6 ) KEGG Enrichment analysis(10, vs MO,)
S P P value
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i #£ [ Enrichment ratio
(=] =3
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s
=]

0.1

0 4142434445464748 49 50515253 3455 56575839 60
R Metabolic pathway

. [ 6a, iH 1. Melanogenesis; 2: Thl Fil Th2 Z0fd31k; 3. Thi7 ZMsrtk; 4. ARRZGAWNSFHOMMEFEM; 5. 2RKREEXE
B, W EAER; 6: T AN K55 EH; 7. Dopaminergic synapse; 8: SRIEST BN TRP HIE A JETE; 9. EGFR % 2R i B 10 il 37 i
#Zitt; 10. Systemic lupus erythematosus; 11: PD-L1 expression and PD-1 checkpoint pathway in cancer; 12: BBUE; 13: JHARACHE; 14:
Amoebiasis; 15: Shigellosis; 16: Parkinson disease; 17: NF-« B i 5l i#; 18: ErbB {558 H; 19: MM AEMREHIE) EIP W46
20: FEHYIRAH A A K. E 6b, i@ 21: Pancreatic cancer; 22: Systemic lupus erythematosus; 23: Asthma; 24: JHHRICIST;

25: Leishmaniasis; 26: Amoebiasis; 27: FEAEAASCHEES; 28: Fce RIESEEE; 29: GnRH {5 53@H; 30: Fcy R A-SHFEMEH;

31: BRI SR 32: BENERE D155l : 33: cAMP(F'55@#K; 34: MAERMERCIR-ZAMEAE; 35: BERMIIE R R4t

36: HHMBEASFCIS; 37: $EMRAR; 38: IRBNDITRRAEY & s 39: ABLE DURRR A ; 40: ISR, 5] 6¢, JB#% 41: Pathogenic Escherichia
coli infection; 42: Systemic lupus erythematosus; 43: Kaposi sarcoma-associated herpesvirus infection; 44: Asthma; 45: [HARACH; 46
Leishmaniasis; 47: Morphine addiction; 48: Alcoholism; 49:. FHWE - EEEE; 50, HWE - HAfb; S1. AW - ;s 52, FEIEBEIREENL
B (GPL) #EEWE M 53: MHIRAY AR - BRRTIMSFERRT; 54 HimBEIeag; 55: WhRRMM,; 56: o -WRRRAHE; 57:
WA DUGERRACHT; 58: KREEMEREY G 59: WHITNEMRKRERES; 60: MHAEEERIA-ZAMHEAER . Note: Fig. 6a, Pathwayl:
Melanogenesis, 2: Thl and Th2 cell differentiation, 3: Th17 cell differentiation, 4: Natural killer cell mediated cytotoxicity, 5: Growth hormone
synthesis, 6: T cell receptor signaling pathway, 7: Dopaminergic synapse, 8: Inflammatory mediator regulation of TRP channels, 9: EGFR
tyrosine kinase inhibitor resistance, 10: Systemic lupus erythematosus, 11: PD-L1 expression and PD-1 checkpoint pathway in cancer, 12:

Glioma, 13: Choline metabolism in cancer, 14: Amoebiasis, 15: Shigellosis, 16: Parkinson disease, 17: NF-kappa B signaling pathway,
18: ErbB signaling pathway, 19: Biosynthesis of various plant secondary metabolites, 20: Biosynthesis of plant secondary metabolites. Fig. 6b,
Pathway21: Pancreatic cancer; 22: Systemic lupus erythematosus; 23: Asthma; 24: Choline metabolism in cancer; 25: Leishmaniasis;

26: Amoebiasis; 27: Pathways in cancer; 28: Fc epsilon RI signaling pathway; 29: GnRH signaling pathway; 30: Fc gamma R-mediated
phagocytosis; 31: Fat digestion and absorption; 32: Phospholipase D signaling pathway; 33: cAMP signaling pathway; 34: Neuroactive
ligand-receptor interaction; 35: Phosphatidylinositol signaling system; 36: Glycerophospholipid metabolism; 37: Sphingolipid metabolism;
38: Secondary bile acid biosynthesis; 39: Arachidonic acid metabolism; 40: Purine metabolism. Fig. 6¢c, Pathway41: Pathogenic Escherichia
coli infection; 42: Systemic lupus erythematosus; 43: Kaposi sarcoma-associated herpesvirus infection; 44: Asthma; 45: Choline metabolism
in cancer; 46: Leishmaniasis; 47: Morphine addiction; 48: Alcoholism; 49: Autophagy - yeast; 50: Autophagy - other; 51: Autophagy
- animal; 52: Glycosylphosphatidylinositol ( GPI ) -anchor biosynthesis; 53: Glycosphingolipid biosynthesis - globo and isoglobo series; 54:
Glycerophospholipid metabolism; 55: Linoleic acid metabolism; 56: alpha-Linolenic acid metabolism; 57: Arachidonic acid metabolism;

58: Steroid hormone biosynthesis; 59: Retrograde endocannabinoid signaling; 60: Neuroactive ligand-receptor interaction.

Blo L 22 AUy L 4 A B2 BRI (KEGG ) H 93 % & 4

Fig. 6 Pathway enrichment of differential metabolites in the Kyoto Encyclopedia of Genes and Genomes ( KEGG ) database
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