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Effect of Phenolic Acid Accumulation and Microbial Community Response in Strawberry

Continuous Cropping Soil

YANG Tongyi, ZHANG Li, WANG Xiujie, DONG Xiaona, JIA Qiangian®
(School of Environmental and Chemical Engineering, Jiangsu University of Science and Technology, Zhenjiang, Jiangsu 212003, China)

Abstract: [Objective] Continuous cropping obstacles (CCOs) represent a critical constraint on the sustainable development
of the strawberry industry, with core mechanisms involving soil phenolic acid accumulation, microbial community imbalance,
and functional degradation. Although existing studies have demonstrated close correlations between phenolic acid autotoxic
substances and microbial community changes, the dynamic evolution patterns and causal relationships of phenolic acid-
microbiome interactions at the field scale remain unclear. Thus, this study aims to reveal the dynamic changes of phenolic acids,
enzyme activity responses, and microbial community structure evolution in strawberry soil under long-term continuous
cropping conditions. Also, the results will clarify the driving mechanisms of phenolic acid-microbiome interactions in CCO
formation, and provide theoretical basis for developing precise regulation strategies. [Methods] Greenhouse strawberry
continuous cropping soils (0, 2, 5, 15, and 18 years) were selected as research objects to measure soil physicochemical
properties, enzyme activities (urease, catalase, acid phosphatase, and sucrase), and phenolic acid contents (p-hydroxybenzoic
acid, ferulic acid, and p-coumaric acid). lllumina MiSeq high-throughput sequencing technology was employed to analyze
bacterial and fungal community structures, and redundancy analysis (RDA) was innovatively combined with structural equation
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model to construct causal networks of phenolic acid-microbiome-soil function interactions. [Results] The results revealed

that long-term continuous cropping resulted in significant soil acidification (pH decreased from 7.35 to 6.20), with continuous
accumulation of phenolic acids reaching 247.3 mg-kg* at 18 years. Soil enzyme activities exhibited “increase-then-decrease”
nonlinear dynamics, peaking at 5 years of continuous cropping (urease activity reached 1 527 U-g*-h), followed by a
significant decline at 15 and 18 years. In addition, microbial community analysis revealed that continuous cropping led to a
23.6% reduction in bacterial Shannon diversity, a 43.3% decrease in the bacteria/fungi ratio, and an increase in the relative
abundance of pathogenic fungi (e.g., Fusarium). Redundancy analysis first confirmed that p-coumaric acid (p-CA) was the
dominant factor explaining bacterial community variation (18.9%), while ferulic acid (FA) was the key factor explaining fungal
community variation (21.2%). Structural equation model further revealed that phenolic acids affected microbial communities
through dual pathways of direct inhibition (path coefficient = -0.85) and indirect regulation (via soil acidification), with
phenolic acids serving as the direct dominant factor inhibiting bacterial communities, while fungal community structure was
primarily directly regulated by soil acidification. [ Conclusion] This study elucidated the formation mechanism of CCOs
through the “phenolic acid accumulation-soil acidification-microbial imbalance” cascade, revealing the specific effects of
phenolic acid as key factors at the field scale. These findings provide a theoretical foundation for developing green prevention
and control strategies for CCOs based on microbiome regulation, offering technical support for the sustainable development of

the strawberry industry.
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and available potassium, respectively. The same below.
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Fig. 1 Soil pH (a) and soil nutrients (b) in different continuous cropping years
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Fig. 2 Changes in soil enzyme activity in different continuous cropping years
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Fig. 3 Variations of soil phenolic acids in different continuous cropping years
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Fig. 4 Impacts of continuous cropping on microbial community structure in the soil (a. Shannon index, b. Ratio of relative abundance of
bacteria to fungi, c. Operational taxonomic units (OTUs) of bacterial, d. Fungal OTUs)
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Fig. 5 The top 20 relative abundance of bacteria (a) and fungi (b) at the genus level

2.4 HIEET-HEEER KBRS

RDA s i, LI 7 ST IRV S5 MR B Sk Gk (B 6, 3B 1. 4 HEV% RDA
FETR R 1 AR 10 32.6%, Hi p-CA (R2=0.189, P<<0.01). #EHEEF (R2=0.097, P<<0./5) Al p-
HBA (8.5%, P<<0.05) SR AR ZEAM G AR, HEEHVA S M IEVE R 2 I
BB, 7F CK-5 a BBy, MW fE S T IRi ik 2 IEA DG Mi7E 15a ~18 a BB, 4Nt
HHMIR &R 2 RE K. HETK RDA SR | 848 51 37.7%, H+ FA (R?=0.212, P=
0.01) Fl p-CA (R?=0.079, P=0.05) HH VAL R EMIK . SAHFEELL, HREBFEEEE
JE S IR & ERFEIEA S, (HE pH BICRMIEM G (CK-5a) A MMM (15a~18a),

http://pedologica.issas.ac.cn



+ ok
Acta Pedologica Sinica

a) b)

1.0

< 15a
-

15a

g -
i g Sa
5] =] pH p-1TBA
< o —— ¢
5 « A 5, 0 FA
@ Sa [e) Ap AN
T34 p-CA
O
2
-]
S <

RDA 1 (25.8%) 10

i RDA 1 (20.5%) 10 o

K6 EMEHEP AR (@) MEE (b) BEILRIHT (RDA)

Fig. 6 Bacterial (a) and fungal (b) redundancy analysis (RDA) in different continuous cropping soil
#* 1 &£T RDA M EMEE F AR EREEE T LR R

Table 1 Explanation rate of soil environmental factors for bacterial and fungal community variation based on RDA/%

R [R T Environmental factor 4% Bacterial R2  Fi& Fungal R?

p-CA 18.9** 7.9%
SuU 9.7* 6.2

p-HBA 8.5% 5.1
AP 4.4* 4.8
FA 3.8*% 21.2%*
pH 2.5*% 3.3*

VE: **EIR P< 0.01, *%F/8 P< 0.05. F[E. Note: ** indicates P< 0.01, * indicates P< 0.05. The same below.

Spearman A TR T OCEEAN B R CHEXTEEERT 15) H g CHXTFREERT 10) 5 EEHE T
IR (R 2). M EE (Bacillus). B ik B (Pseudomonas) %54 & b 5 IKREE. L5
Sl YE 2B E A, Mk JIE 8 (Fusarium) 5 p-CA. FA &8 83 EAHG. FEMEAEREN
#&, p-CA 5 8 Ml J& (L35 Pseudomonas. Janthinobacterium 25) £ 5 2& fidHo%, 1M FA S8 )
J& 2 B3 IEA R,

Fz2 TIEMRANMEYERENEENTRE REHEXANK

%% 2 Spearman correlation coefficient of soil properties and the relative abundance of microbial genera

W E Y& Microbial genus  pH soc AN AP AK p-HBA FA p-CA  UR CA AC Su
TR I R
043  -049* 026 -041  -0.22 -050* -0.50* -0.49*  -0.07 011  -0.07  -0.09
Kaistobacter
RN R B

0.21 0.18 0.13 0.20 -0.13 -0.02 -0.06 -0.01 -0.13 -0.03 -0.21 -0.16
Phenylobacterium
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ZEHUFT1# & Bacillus 0.23 0.31 -0.18 0.24 0.00 -0.19 -0.23 -0.18 0.50* 0.60* 0.37 0.42
DA101 0.87* -0.53*  -0.37 -0.35  -0.58* -0.89* -0.88* -0.89* -0.42 -0.06 -0.53* -0.47*

HHS AR R B R
-0.56* 0.52* 0.65* 0.61* 0.47* 0.64* 0.66* 0.64* 0.04 0.06 0.11 0.08

Mesorhizobium

KRB
-0.64* 0.22 0.35 0.21 0.65* 0.64* 0.61* 0.62* 0.01 -0.23 0.02 0.01

Paenibacillus
FRIEAT & Methylibium 0.77* -0.25 -056* -0.36 -0.62* -0.77* -0.77* -0.81* -0.17 0.06 -0.24 -0.22

DR R
-0.54* 0.18 0.52* 0.40 0.47* 0.60* 0.61* 0.59* -0.28 -0.38 -0.15 -0.18

Rhodanobacter

BOMRE

0.82* -0.61* -0.56* -0.57* -0.78* -0.86* -0.85* -0.87* -0.28 -0.06 -0.36 -0.31
Janthinobacterium

WE4F B % Cupriavidus 0.00 0.04 0.27 0.38 -0.03 0.11 0.13 0.12 -0.48* -0.37  -043  -0.42
DI A/ S &
Sediminibacterium

Faecalibacterium

-0.21 0.05 0.72* 0.23 031 0.24 0.28 0.26 -0.22 -0.10 -0.18 -0.21

-0.52* -0.14 0.40 0.10 0.26 0.49* 0.49* 0.52* -0.18 -0.46*  -0.12 -0.12

KA E J& Aquicella -0.72*  0.45*  0.65* 0.43 0.75*  0.74*  0.73*  0.70* 0.57* 038  0.68* 0.63*
HAT R
0.18 0.17 0.14 0.17 0.06 -0.18 -017  -0.18 058*  0.79*  0.49*  0.52*
Flavobacterium
SRR R
0.58* 041  -049* -039 -047* -067* -0.67* -0.66*  -0.26 020 -017  -0.22
Balneimonas
N & Pirellula 0.71* 039 029 -028 -051* -0.76* -0.71* -0.71* -0.15 0.18 023 -0.20
S R 1

-0.02 0.23 0.16 0.11 0.16 0.01 0.00 -0.01 0.53* 0.53* 0.64* 0.57*
Steroidobacter

% 0 )% Pseudomonas  0.59*  -0.09  -0.05  0.02 039 -0.56* -0.62* -0.62* 0.03 034 -014 -0.05
W B R R Arenimonas 0.46* 0.11 -0.11 0.04 -0.17 -042 044 044 0.43 0.69*  0.35 0.36
H AL E TR IR
Methylotenera

0.42 0.12 -0.47*  -0.10 -0.31 -0.38 -0.36 -0.39 0.21 0.42 0.12 0.19

Yt )& Fusarium -0.80* 0.42 0.38 0.44 0.69* 0.76 0.76*  0.76* 0.51* 0.23 0.66*  0.57*

& Penicillium 0.78* -0.53* -044  -051* -0.53* -0.73* -0.76* -0.71* -0.58* -0.34  -0.71* -0.61*
H k& Cordyceps -0.05 -0.15 0.41 0.17 0.36 0.04 0.04 0.01 0.05 0.09 0.03 0.00
F5%J& Chaetomium -0.30 -0.04 0.14 -0.15 0.40 0.15 0.19 0.19 0.44 0.26 0.42 0.44

Bre" T8 Neosartorya -0.63* 0.09 0.34 0.20 0.48*  0.67*  0.69* 0.71* -0.06 -0.39 0.08 0.02

2.5 EAEREIST B ARER SN AL

LR JTREAE T RE T AR AV S5 44.0% 10 AR AN LR ER 45 31.0% 4% (B 7). Rkl
YR, AT A RS R B e RHRR AL, A28 Rl L e .
RPHTRM: (1) AR PRS0  HR 2 F R L B A A R Be (Bt A R H09-0.39), 1 5 FL T A
A B BRI (AR RECN 0.17); () HAFFERLEE MR R (H2RECN-0.95),
BET 55 20 T VR S5 A AR ORHK s (3) R Al S AR AT (B2 R M09-0.100 MRS (i
1R ARHON 0.46) AMAFAEREK.
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Fig. 7 Structural equation model (SEM) depicting the effects of continuous cropping
31

3.1 BB RBIENZFIES IR 7 (&

AT R I EEAE T IE R I R AN R R I AR MBS REE RN R Y. (B 3), 5 DA ki
AR, 1R IS AT ANCSIE H 1Y)« TRRR AR 2R BB 80 BRAR = BE W) A o IR PRI 100 mg-kg I R
53 UL RO B I R IR, e B P A 0 8 SR A 28 0C ) G T B (L o i 1 g A
AT B O, YRR M BT 100 mg-kgt (15 a &E/E) I, TAEMIBERSE M KA AL, %
BRAE 5 5 R E T B 2, (BT 38T 150 mg-kg = BB 19, 2 WA [E) 1 47 56 7 R 1) i e
TELED PR 1

AW FUIE K I p-CA Fl FA FE SR Hh (1) L9 B FE AR A BRI b r B, %2 18a I 1A% 61.0%, 1
p-HBA LLGIMIARN R % (B 3). iZ &k Xie 25 IE 15> FHLHI AR ——p-CA BEARF 145 54
W, TR e RENE, M FA AT ReAE 5B 1 BRIF A 200 S5 s 3G 5 . IX Py B 2H R ) BN
AL AT e T EBUMAE D REVE I B OB R 2R . R RSN SRIRR I p-CA X BB E A
FOHIAE RO, (HFEH AT, p-CA ifi -5 J] w =F B 52 B IEAR DM, X b2 7 ml fedi T 1R
I8 T BB BRI 52 M, 0 Yin SEUVE IS 3 s 2 IR SE IR JJ B ABC iz Br 1 R IAMLE] . X
TR A E ] 5 = B E R4 i R IR — 3,

3.2 EAER T E M E VR REBR SN AL

AHTTUR I p-CA M FA B[F] R AL WEERRIS, H170a 3% 7 A M AR AL (R D). X
TRy S PE R AT BEUR T — A S SR AT ZE 57 (A FA R SRR S5 6D S R N R A ) AR A o3
. p-CAME NI RERE, o2 A RN T LR m, o fEr g™ 4
FRESSE (R F=4), W20 R v 7 AR IRV R 0L, T FA [R5 R, T RE A L AR E L
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ARSI, Bk ] B B R R S M R AN I SR FAT, R, ERBR AN R AE K
PO, R I A AR A SR FE RIS SR CLESATAT . AR AP T CEEFEIR—~
Py R AN 2 3R —~ R IR TE A IE SR . MR B KT 100 mg-kg ), TIERAEYIAE
BRGEEAGMES): B ZBRE, WY 2 PR B O E 2R TR (B 4b),

3.3 WAV REMAENESERSEEERBIZERR

KSR (515 ) IRE) LIEFAMIX R AE T HRACIEE AR, FURFIE 9 40 B/ 0 B 3= FE LU T B 43.3%
(K 4b), EERGH “YE 57 MG “ BT 1 EIMH R . thaiik
W PERE B A 25 (0 Bacillus. Pseudomonas) FIFENR-59% IR B B (4 Fusarium) FIFFEEE4E, #n
HE TS KRGS ThRER ™ HIB L.

274y Chen ZEIAR I “ = [ BOBEAY 7, 15~18 a FEME LI OB =M (>8 a), Bl “H&EYW
R R ST REM A BRI R SRR GO TR AL P B, TEBRIN R, saliiiofi B R RB RO
M LA AR VR RS . DR, ok 75l AR T T E A S A I 4, B andit A Bacillus subtilis.
Trichoderma harzianum 5D RER 71, BREESAAVLR A CAIAEYIR . JE SR A B A HLAED DARE
R TR, Tt pH, MRS LA A A
3.4 EEREB IR R SREEE S

AHIF TR R () S5 46 5 FERR AL O 1 AR S T R TP () B R 2, o T R T < ME
FERRIR S —y B R 5 TR IR — T X R MY . ARG R, IR 2
HEAEAEIR EEIRE), JE S B R E SRR (B 7). X — 7 1 A] BEVE TR S5 1A WA R S R ik
WAV CEFEmE W, H—rm, KHEE N EA, LSRRI RS T BT
REINJE T RRAGIERE . DAZ0UFR Y, ANBERL BB /R 12 5 1 H R B0 (3R gt 50k, S BIR SRIBUN i
YPRAE T A 138 SR, X SRR AR AT BRZE S SR E R CAnsi A E eV T 8 R R S A FH T B IR %
it '5 pH #A).

AW FEAE TR REE_E IR T SRR — A Sa BRI S (B2, B4, kN
HEAEREAG RS HERT P20 T OB ) 3 O . RS A FEY R G R BRI ERR PR . 13
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PHEME RS O 24T, X R, T e (B - TIE RS OCH s L], mlRe sl
A RS WA B ¥ B () 3 3 T AR 11— A P SRS

4 45 ®

KR IEVF YR B AR R A 8 AR, A% DR IE 3R SRR A Y L2
XA SRR ) AOFF SR R o T IR 1 55 Tl A P 8 0 A X Ml e g o 7 52 A P S F o B 12
FHIE, FFEEMEL) 5 a I BLOCBE YT WS Mk B o P ek,  AH A 2 REIE T R A/
PR PR Som IR (B ) E R ) =5 St iRiE, o SRR B SRR 2 AR AL R v AL
FMEFRE T, M REERMNEE R T “ERER BRI R IR~ RUEX SRR X —
PURERAT . AWEFURASLEIERT 5 SN R AEAF RS A AL O ORBE BT L ), 9 sl T2
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