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Abstract: [Objective] Green manuring is considered to be an effective strategy to achieve sustainable development in
agriculture. It plays key roles in ameliorating soil fertility, improving fruit quality, and enhancing resource use efficiency.
China is the world’s largest strawberry (Fragaria > ananassa Duch.) producer, with strawberry cultivation taking place
mainly in greenhouses. However, many field management practices, such as long-term monoculture and irrational chemical
fertilization, reduce the fruit yield and quality of strawberries. Therefore, it is important to investigate the effects and
mechanisms of green manuring on strawberry yield and quality in greenhouses. [ Method] Three gramineous green manures,
i.e., maize (Zea mays L.), sorghum [Sorghum bicolor (L.) Moench], and sorghum-sudangrass (Sorghum > sudangrass), were
selected to carry out a field experiment from 2017 to 2021. There were four treatments: fallow farmland-strawberry (control),
maize-strawberry, sorghum-strawberry, and sorghum-sudangrass—strawberry. Samples were collected in the full fruit stage of
strawberries to determine plant growth and physiological parameters, in addition to fruit yield and quality attributes.
Rhizosphere soil chemical properties, bacterial community structure, and metabolome were also analyzed. [ Result] The
different green manure treatments promoted plant growth and yield formation, and improved the fruit quality of subsequent
strawberry crops. The most prominent effects were observed for the corn green manure treatment, which increased strawberry
plant dry weight, root growth, and leaf chlorophyll content (SPAD value) by 53.4%, 21.0% - 94.7%, and 7.8%, respectively,
compared with the control treatment. Also, fruit yield per plant was markedly improved by 44.6% in the corn green manure
treatment, along with the increase of nutrient contents (total sugar: by 13.9%; vitamin C: by 14.4%; and soluble solids: by
12.8%). Soil pH, cation exchange capacity, organic matter content, and nutrient availability (N, P and K) were also strongly
increased under the corn green manure treatment, while sucrase, phosphatase, and urease activities were enhanced
simultaneously. Green manuring mediated an increase in the diversity and abundance of rhizosphere soil bacterial
communities, coupled with a distinct enrichment of potentially beneficial bacteria, such as Flavobacterium, Variovorax, and
Pedobacter. The increase in the abundance of potentially beneficial bacteria might be related to a considerable increase in the
relative abundance of carbohydrate metabolites (e.g., sorbose, mannose, and fructose) associated with green manuring. A
remarkable decrease in the relative abundance of lipid metabolites (e.g., palmitic acid, stearic acid, and oleic acid) alleviated
the autotoxicity of strawberries. [ Conclusion] Gramineous green manure-mediated shifts in specific metabolites in the
rhizosphere soil improved strawberry yield and quality by recruiting potentially beneficial bacteria and alleviating
allelopathic autotoxicity. Maize green manure is a better option compared to sorghum and sorghum-sudangrass green
manures for greenhouse strawberry production.
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cmol kgl, &G E 1.29kgl, &5 8 09gkgl, &5 & 18.4gkg?t, WA S & 42.3 mgkgt,
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B Er B R A L ke, SR 2 5 R FH R s v e (81, B SR s ] VA ME [ TR & 2R H
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HEJIREE (SUE) V5P,

005 g HIEMES, M THRBESEENT. F Fast DNA Spin Kit for Soil i{f|& (MP
Biomedicals, USA) #ZHt3E DNA, FFd AL 7 bt (Thermo Fisher Scientific, USA)
W oE Br #2 B DNA 1 T & M W B . 4 B 16S rRNA 5| W JF % SN 338F :
5’-ACTCCTACGGGAGGCAGCAG-3’#1 806R: 5’-GGACTACHVGGGTWTCTAAT-3’, PCR § 14 16S
rRNA E:[H 1) V3-V4 532 XY, B2 ElioE s, FIH Nlumina &l &l 7 & Miseq PE300 147
¥ o BRI AR 200 SR A6 HE il BEAFAER) PCR ¥ I 5745 1%, R2IRALTH, 118 97%AHIME
XAERB Y] (ANEHRTFHD A7 BRI LRI S, WA I 5Imds 28465 K570 (OTU)
REFEH], 155 OTU. F R 4.1.0 #/F(R Foundation for Statistical Computing, Austria), 3£ Bray-Curtis
PE B EEBHT AR B2 4E R E 0 (NMDS), ANOSIM 656 F T DA% 7 [7) A 18] (R 374 45 7y & T AT
EREZE . H Mothur BT E A& N o-Z FEEFEEL (Shannon F1 Chaol). AR e it #1051 73
MRl Ri K/ (LEfSe) J7¥2:, 3T Kruskal-Wallis FIEC KT Wilcoxon #46, [X 43 AR ALBE R 4 & 40
et ZeMEHDN M (LDA) #3797 (4 loguo #4t) >2 Bl e Hie B i i s

HEL0.5 g LIRS, A TIEAUH . ARSI 1 mL HEE-RNEE-K (3:3:2 VIVIV) #
B, =IEE 3 min 5 B TUkKE F#EA 20 min, T 4 °CF 12 000 g mint &.0 3 min. _LiEWR
R BRSO, A 0.02mL WHR (10 pgmLD), FMAKT, B TEHRTHAT. A 0.1 mL H4
fiz b mE (0.015g-mL™), F 37 °C FA54k 2 h, B 0.1 mLBSTFA (& 1%TMCS), 37 °CJx /)% 30 min
BRNFTAENB R . BATEERERESE L mL, 0.22 um AHUAHE e 3E, T GC-MS 5l
KM Agilent 8890 “HH X 5 5977B ik {X#E& (Agilent Technologies, USA), Xf45MlEIHEAT
GC-MS ¥, {8 DB-5MS {3 4E (30 mx0.25 mmx=0.25 pm, J&W Scientific, USA); HEkEE 1 L,
S 5l BACNRS HEIEON 1.2 mLmint; HFEFEFFHE, 40 °CF 1 min, 20 °C mint Ff
JHZ 100 °C, 15°C mint FHEZE 300 °CHARHF 5 min; L4k, B FIEAIY S ATIE 2 51 A 280 °C.
230 °CAHI1150 °C; HLE LK 70 eV EFREA T o ra . KN MWDB H &/ (Ga%rdE /R4
VIR AR, B8O BB R EE P, SHACEYIRIEAT E 1 e B0 o XIRE S AT (9 3 54343 #r (PCAD
R 4.1.0 A, MR REME (P <0.05) FHAFEM R4 (FC, FC = 158 < 0.67)
Keiiik 2 AU . i H MetaboAnalyst 5.0 Chttps://www.metaboanalyst.ca/), & Fisher ¥t 56,
wof 2 AR AT AR N SR A R e (KEGG) BT, T3 R 541 % 8 /K7
LB X 4% 1 Cytoscape 3.7.1 34 (https://www.cytoscape.org/) SEHl. I R4.1.0 24, 3ETEBX
QPR SRR, 8 SR (Mantel’s test) PRAl LIRS RME . RUZEMIEEE A k. R4S
FAAK, PR WMBIRRR AR A G (999 (X E ).

1.5 BUEALTE

ARGt i R 4.0.0 B4, RASRBRIZ T Z 70 B Ml LSD & 3E1T 77 270 it (ANOVA) %

HELE (P<0.05 #ANZEREE). A R4.1.0 il Origin 2021 ¥} (OriginLab Corp., USA) {EF.
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H: CKOARINARH-EEAE, MA REK-F%E, SO AmB-H4E, SSAmFE-RA; HREMREL AR (h=6); TF/NETFE
ARFRAEL 2 (8] ) 22 Fak B T B35 /KF (P <0.05), F[A. Note: CK, fallow farmland-strawberry; MA, maize-strawberry; SO, sorghum-strawberry;
SS, sorghum-sudangrass—strawberry. Error bars indicate the standard error of the mean (n = 6). Different lowercase letters above the error bars indicate
significant difference among the treatments (P < 0.05). The same as below.

K1 AFZILAEE T R R, B MRS
Fig. 1 Growth, yield, and quality parameters of strawberries treated with different green manures

2.2 RAEBFENEESRITIRUFFE

5 CKAHEL, MA. SO M1 SS ALFIN 43 pH 737 2 25590 11.1%. 4.1%A1 5.1%; CEC 73l
N 19.1%. 14.2%411 18.2%; SOM 7%l 25 1411 16.7%. 15.1%41 13.4% ([ 2a-4 2¢). MA,
SO FlI SS ALFEF 43 AN 735l %: CK 225101 20.8%. 13.2%741 12.3%; MA ALRER i35 AP 4%
CK w2111 23.4%; MA A1 SS AREE R [ -3 AK 735540 CK I 2 1411 18.4%H1 16.1% (&l 2d-& 2f).

BEAh, MA. SO I SS AbEE N )13 SSC 73l CK w4 43.9%. 27.1%A1 12.8%; MA 4t
HR ()13 SACP # CK 31411 18.8%; MA. SO Fil SS 43 13 SUE 43 7jl# CK &1
210.8%. 55.4%7#1 48.3% (& 2g-K 2.
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¥ 200+ +H & 10t % 10}
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B2 RIFEIZEATAEER T ) e 4 E
Fig. 2 Soil chemical characteristics under different green manure treatments
2.3 AARFIRELEHFIRFRDIRMEIFELEH
AP RIL%E R 4 3214 OTU, Hid, CK. MA. SO i SS 4bF NARBR T3 OTU %k
Iy 5N 394, 247, 158 1 257, A AEILE M OTU #1971 (K 3a). T NMDS 5 —F14
THERE, ANFAEE S B A RE S R B, R A [F) Sk IE AL P A 6% DA 45 0 TR A VR A5
(ANOSIM P =0.001, & 3b). 5 CK AL, MA il SO 4B 401 #7% A Shannon F1 Chaol F5% %
1N, SS AL R Shannon il Chaol Fa#n, EAEZE (& 3c-K 3d).
Y FEVE P AR A B R LB =B S A )8 (Sphingomonas) (11.9% ~ 13.1%). Hr & i H i i

http://pedologica.issas.ac.cn



+ B R
Acta Pedologica Sinica

(Novosphingobium) (5.9% ~ 6.3%) Al k)& (Flavobacterium) (0.8% ~ 7.5%) A+ (K 3e).
SR AEALIE O T AN R TR B A AL R, LEFSe A EDWLHE SR VR T B B AR AN A AL 3R T A7 B R 1 22 i (1
3. Fln: 5 CKAHLL, =Magfeabsi b v 25 7 AT E)E. g (Variovorax) FIEHEEEF
Wi JE (Pedobacter) FRIAHXFFE, MA ACPEARCR IR, =M AR =5 e 7.5 £, 1.8
&R 5.0 ff5. HEAh, MA LB R WAHIGEE (Meiothermus). G (Pseudoxanthomonas).
H 3L 8 (Methylobacillus) IR 8 (Allorhizobium) #% %2 2 & 55 SO AbH B3 (0 5 i 5 )&
WG B . Mg AR FE B (Haliangium) 1 Dongia #% 2 2% & 4: SS A T 8% B &

(Sphingopyxis). 75 J& (Streptomyces) HI AR B @ ik B2 & 4 .
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Fig. 3 Characteristics of rhizosphere soil bacterial communities in response to different green manure treatments
2.4 RAMFRELEFRFTIRRE

AHFFILEEE 96 Fh bz A, BAEARSE. mOKEY) . AR (& 4a). T PCA
RIS —FNEE YRR, AFAEE NIRRT DLA R 8, RIS RISIE AL P RIS i3 13 1 A 21
Ji (& 4b). =RhaEAb B T i) 2 AU DU RO & 8 IR3E 15~ 20 ff, Hri1~2
it B Cannglk-3- L BR-5- AR G ), 14 ~ 18 MR (CAAZEARIER . R 13- MR AN I R
-2-FRFEER): BRAKAE S 5~ 12 8, b 3~ 8 ALl CAnSRE. (LALREAIH ERRED, 2~ 4 M

(I 4-F2 R R -2-R %) (18 4o). MA KB R RV B R %, Jy 57, Hb 14 FE#E

W, 43 FhiRE T M; SO AR MR ZE AU 35 M, Horb 3 MEE I, 32 MR T SS 4
Bz RASYAT 38 B, b 14 FE 2 I, 24 MEZE TR (& 4d).

KEGG &HENHTERY], AFRLKACAFTS, ISR B Q. AAIE 7R B A2 &
WA R EFE (P<0.05, K 4de): FHEATH b sEE b, = MhEREAb Rz &2 5L A6

http://pedologica.issas.ac.cn



+ B R
Acta Pedologica Sinica

(51.5% ~ 89.4%). H&&Hl (52.4% ~71.9%) FIEPE (99.6% ~ 129.5%) HIAHXTFLE (B 4); Al
FNE TR AR G I i i, = Fh &g HE AL B ) 25 PR ARER AR (37.1% ~ 71.5%) . JH1ER (70.1% ~ 78.2%)
A 13- ZRRIGER (77.9% ~ 85.2%) [AHXTF R, MA K3 R fig 2 1 AE X 3 Pt 56 25 PR A1 44.2%

(B 4g). FERARGRACE Y ORI UL F R SRR R BN R o JEIRE 28 7 R B, 84X
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Fig. 4 Rhizosphere soil metabolome affected by different green manure treatments
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