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Allelopathic effects of ferulic acid inducing Fusarium wilt occurrence and
abnormal root tissue structure of faba bean
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Abstract: [ Objectives ] Phenolic acid compounds are common autotoxin in rhizosphere soils of crops, and the
allelopathic autotoxins play a key role in soil sickness and soil-borne disease. The aim of this study was to
evaluate the role of ferulic acid (FA) in Fusarium oxysporum f. sp. fabae (FOF)-infected faba bean roots, reveal
the mechanism of continuous autotoxins promoting the occurrence of soil-borne diseases. [ Methods ] Effects of
ferulic acid on the growth of faba bean seeding and Fusarium wilt occurrence were studied using hydroponics
method. Faba bean seedlings of 4-6 open leaves were cultured in 2 L Hoagland nutrient solution with ferulic
acid concentrations of 0, 50, 100 and 200 mg/L, respectively. After 2 days’ culture, 25 mL of FOF suspension (1
x 10° cfu/mL) were incubated into the solution. Continuously cultured for another 40 days, faba bean samples
were collected for investigation of faba bean growth and Fusarium wilt incidence. Faba bean roots tissue structure
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changes were observed using microscope. The effects of FA on growth and pathogenicity of FOF in vivo were
also examined. [ Results ] Compared to the 0 mg/L, the FA treatment significantly reduced the growth of faba
bean seedlings, the higher the treatment concentration, the stronger the inhibition; in addition, FA treatments
increased the incidences of Fusarium wilt by 300.0%—-500.0% and the disease index by 113.3%—-1666.7%, with
the maxima at FA concentration of 200 mg/L. The FA inhibited the mycelium growth of FOF, but significantly
increased the activities of pectinase, cellulase, amylase and protease secreted by FOF, with increase ranges of
44.8%-59.0%, 78.2%—145.6%, 975.6%—-2435.4% and 165.1%—-622.9%, respectively, and significantly
stimulated fusaric acid secretion of FOF by 107.6%-236.2%. Under FA stress, the epidermal cells of faba bean
roots were distorted, the xylem vessels became thinner, and the duct wall thickened. The whole cells were fully
filled with jelly and inclusions, hindering the normal transportation of nutrients and water, thus accelerating the
death of the faba beans. [ Conclusions ] FA inhibits the growth of FOF, but stimulates the mycotoxin
production and the activities of pathogenesis-related hydrolytic enzymes (pectinase, cellulase, amylase and
protease), which is related to the damage of root tissue structure and benefit the invasion of FOF, and accelerate
the incidence of Fusarium wilt consequently. Therefore, FA could be involved in plant—pathogen allelopathy as
a stimulator.

Key words: ferulic acid; Fusarium wilt of faba bean; Fusarium oxysporum f. sp. fabae; cell wall degrading

enzymes; root tissue structure

BUEEENEHUREYZ —, B&HA
B, VERRE . B AVRDRAE 45 [ iz o
DR AR SR T AR R BT R e 1
X, ToREE IR R 36.7%", A 2R A
12 IEEEY, AR RBEE & T AR AN B R e,
F 7 X A AR HH 25, A
AR, . NHEME., 450 R, B
BCA i 29 3 4 o TR AL R SR I L 1, 5
ARG R R AR 2, (H R A 1
rho B A R BT S B AR A N, e AE
[y & 7 AR, o AR 2R A ™ T
A By

A 1Ak 20 FH AR TR ) T AR O R LAY (Fuarium
oxysporum f. sp. fabae, FOF) JRHIZYL, AR RIE
f= L ZEHIRIRIE L R AR E B LT, AR
A J& FOF BU R K e 57 B 48 S5 07 AH . 3| 40 10 45
. FOF @ fbAEKMEEMRRM, 28 M40 i e T
FEJE TR ZE, W% EY 4 WA 25
WHRERETF R AN EY, FOF MEURREN 52
FhECRE A0 OC, H b 240 it RE [ A I (cell wall
degrading enzymes, CWDEs) 8 2 & H & B 28U H
¥, AR R R G AR U R

My R AAL G W) & Z AR YIAR 2R g rh g UL Y
HEEY, S0 A SER H #2298 3R
M3 PG A ARG Y A e A i
YERERS R A B R N, EAIER B 4 3 1

PRI R . RAHEEORINTE R, B BRI A
WREH A B Z A T FEFHR Ak
Ko, Ul AR B A R BRI R 3L RV HDI e 152 2
BEARRRAT LR . AR AN WA B A K AT
W %, i EL ARV E AR S Y EL AR R 4 T
HEMMO, PN FBAEYEE R A m E
FHERY, Wu ECIRHIFERD], BONEL: A F5
PIRERR . 8RR ANME BB ER AR T 2R I, T
HAEIS AU TT B B 3R B P IR . 2R TP R 45
G, BER BROTERR) s, CRIEHE . 4R
it A T S 40 Y R R A S Pt AR D 5 . R
FI B2 W) A 55 L T 7 A 0 i R I A I A 72 R 1T g
S FLOR A AL 7 o R A B R R A [N E AR AL
WA FY UL E— LW EY A, T A B
f9 A AR A KB TLAR S, AR 0] 3 Dt o 14 41 A
AEST, IMEZEARREIGA A A W =LA AR
it Rl AbBE=-EMRAR)5, MAMMPLIE . ey
JE, AR RE RN (CFAER AR K
fift, FECANMES R BBIR T AR T A
RGN,

Z3 B AR R 2 B R PR 2 o ) A 0 A
| AR 2 7 A R e P O B, e SR
PR HE A A, [ AR S A AR s 0 ARG 3]
7 FRRREALEI BT PR AR IR . R, T
MR BIERRR . ARHR . KRR AN A EERR), b g
MR R Y R B Bz — ), SR, TR



916 R R R L S 26 &

% 1 FOF L [FAEE S5 1F T, B8R Xt FOF Ak K &L
B0 1 B AR RSSO IR A DL ARG, A e A AR RS
SEF X BT AR AN FOF XU i A ma 107 i AN 48 . [
U, ASHIF 5T 8 ot N B SR S0, BF 5 e B AR ko
FOF A4 | PR A= B A5, 3 3 2 K 75 i g
BT TR RA LSS SR ZERE MR,
B e 48 R ALK B T 7 A R R R 8 A A
FHHLER,

1 ARSIk

1.1 iR

Pk A G (Vicia faba L.) shFl <89-147" , 1
F B LR FAPE

At ) A HL AR (FOF), Bl kK2
FEUR 5 IR BE A BE - A ) S 06 5 R A A
TSI ORAE . E DA A A M IR B 2 SL(PDA)
ERFE, T 28C HiREMITEER T K, ¥
PDA #5537 7 KAk 71 T& 0 V& FH G TR K ohisk:
2 4 ROt BRI B Y < 1 % 10°
cfu/mL Bl FER
1.2 R

FA] R PR Ab F I 4 DSAME IR (0. 50, 100,
200 mg/L), LA O mg/L XA, fdi %55 1) Hoagland
BRWOURER, B4 RER, it 16 75,

AR T 2018 4F 10 H & 12 A mmfRl Kk
YIRS R A B i KA N AT . Bk R/ —
B, PSRN RGN, H 10% /) H,0, il 30
min, FHEE KGR TG, 8T 25C HREREE
i, RIS HEFTE Hoagland & 32 0% (10 o 4
YeRbrh SR, U TULHKE 4~6 i BB, KH
# A 2 L Hoagland & F# W i 47/K 8y, Hod pr g
WRESY ) 0. 50, 100, 200 mg/L, HEZEFHHE 6tk
I, 24 hEAREAR, FEBRATE 2 K5, T8
KRN 25 mL 1 x 10° cfu/mL fZ15E 7]
PR 2P, BB 8T 1) Hoagland 7 37 CFIBT
BRIR VS TR
1.3 BEHEEKSYNEMHERBE

WE N AR AT 40 K5, A48 E B
3RS A R I E  R RM L i
K58, MiE . FERE, B ERTEARTE, &
LA YE . RN A 78 5 4 AR K S B0 TR st A
BRI R NN, AR 4 4, BEAE
6 Pk, BEALERVEAY 24 Bk i S R RARUESEI TR ZE

S A T A R A TR R

I HR= SRR B VR A EARRERL X 100%

I 17 5 =2 (45 B IR BT > A A )/ (B e
{8 x A EREED < 100
14 REERIIEEZNE

FE PDA 15 3% 3 43 50 i A o] 20 1 o 24k 13 A
0. 50, 100, 200 mg/L, 5l A 8.5 cm ¥ FIMBHI,
M EA 0.9 cm MFTFLEHTIUE K —80, R ILERE
50 1) A5 1 O TR 4R T TR DA D e P B SR LGy,
28°C H53F 6 K, T 2~6 KR TF3 LM R HE
HARKN, BIMEPESL 3R, REBCEHE. %
Ab B X6 2 960 e 7 A ) A TR0 FH A TR i
RD F/x, HCFRXE, TFRRAME, ¥ T=
CHf, RI=1-C/T; ¥4 T<CHf, RI=T/C -1, 4
RI> 00, RICHEEHEH]; 2 RI<0 B, KI A
HiEH
1.5 RRJIEMAREE ERRESH & SEEE N E

PR IR . ] PDA A MU IR B
1% Wi SIRY CRIK. 4% niEtEies . iE
M) RS IR AL, ¥ 25 mL PERERE SR 100
mL B, HEFP A 9 mm B 7 KR, JEE
28°C . 200 r/min AEE R IR 7 Ko UM TR
L 4000 r/min B.0> 10min, B FWEW, BHALREN
0.45 pum JERLITIE, SR AUEM RIS EEI, A5 LA
TEAE 4°C FRE

SRCH . AR R . JEM TS M E S R R
AR I EIEAT . RCEFLL 1 min 8K AR K
1 wmol - FUBHIE R it UK 1 ASE TG PSR4 5 2T 4k
LA 1 min 774 1 pmol B 45 W BT T 2 1 il E
H 1V ASEETE PR, JEREELL 1 min B 1 pmol #%]
BT T LA g SR 1 A BEE PR . B S
PN E 2 IR AR R AU g b AT 1 B T By
FE R 1 min KRS AR 1 ng B SR 2 1B
1.6 RBFEIEER (FHER) REFUNE

FRRE R IR LR I B Richard AR5 7R KL HC 50
Bl o #5125 mL K532 B A 250 mL =i, #EFb
HA9 mm iy 7 RIBE R, BMES F, &
28°C. 180 r/min JBE FH5FE 15 Ko W R KT IR
5000 r/min 2.0 10 min J5 B 3%, LA N
0.45 um FIIEMRIENE, B BIERAE < 40°C TR
JEMAER RO, %% 2 min, iR FCED
JE 30 min, FFUCEE A HLAAE 4000 r/min B0 10
min, T 40°C T LEWR, FHHEYT SmL LR



54 R, 5 PRI 5 A S 0 S A B ZR A R A7 114 T R 917

LG PR, 16 269 nm MEWOCRE, MRS
3, HBOFHIME,
1.7 &ERIBYIFAHI R

BUZERRR AL I 40 K5 HEATRAE, REERDH 48 AR
PAET AT sk T, AMKRERER 1~2 cm B
B, UKL S mm. 4% T 750 5 B A A
YA, REEI R A 2 T 20 min, —HZET
20 min, JG/KZEET 5 min, /K ZEET 5 min,
75% Witk 5 min 5, FHARKIEFTIEE, FRATRL
P 1~2h, HEKMBE, BHERER, 50%.
70% . 80% KB RETAGHEAT B0 €2, P [ ek e i rh
30~60s, JLKOEE=HIRGE . Wik, EJERYIRTK
ANIE T, —HAEW] 5 min, BP)H N P&
WOk B, M TR ERERE RS, B R
(Nikon Eclipse CI) #4755,
1.8 HiENE

K WPS 2019 3R T8 AL ], 1 SPSS 20.0
AR A T B R R 7 225307 (P < 0.05)

2 4RS00
21 IR BT A KRS 2

21
201 FUBRAL BN B AR K W |
W, BB 7 i FE B0 25 5740 2 LA

FER (P <0.05), FALBRYREESE N, EOMHELK
SR (BARR B, RS L BeRETE L bR SR
Py F AR S0 (0 mg/L) AL, 50, 100, 200
mg/L BTRRR Ab P 25 AR A B2 40 v B KK 22.0%
25.9% F130.1%, FIIFEAT 26.0%; I RN A
55 22.1%. 27.7% F139.5%, FIYHEAL 29.7%; B
B EAREK 11.3%. 16.6% F121.6%, 73 A%
16.5%; BEFIETE 9.8%. 21.1% Fl 41.4%, F
BIREAR 24.1%. BUBLER 100 F1 200 mg/L ¥ J& &b ¥ &
FIEAR A GAT R 11.8% 1 23.9%, B 3 FAARAR e
I 22.7% H1 38.6%; 50 mg/L AbFRH E FIAR 5 o G
PRI . 200 mg/L B B A P i 25 RA AR B Rk
FHE 14.5%, T 50 F1 100 mg/L 4bFE X BARE - F 54y
TSIl TR VY LB RS EAATRA N FSAER IS
SHIYAETEAS [FIRR FE B /E R, LA 2 o
T, AR RO A

2.1.2 BIBRRRAL RIS I AL AR AR sE e R 2
R, B BRI T R RN, A SR 2 R R
5850 BN (P < 0.05), 5% (0 mg/L) #H
b, 100 F1 200 mg/L ¥ 3 b B i 25 34 hn & 95 %
300.0% F1 500.0%, 1 50 mg/L &5 ] SRR Ab 3 X} &
RIS B, 50, 100 F1 200 mg/L ¥ A3 i3
FHENAETEFEEL 113.3% . 566.7% H1 1666.7%,
BiT 250 7 300 o ) s RS 2R 0 &R, LB B R b PR
WRBEBR G, A

%1 FEIRE MBI ES 8 E KOEN

Table 1 Effects of different ferulic acid concentrations on the growth of faba bean seeding

P BRI STINUNN BRI 58

EREK R

- H% =i o T yon=a
Ferulic acid FPRIT TR Max. leaf Max. leaf %m Main root il R Root dry R
. Leaf number . Height Shoot dry weight . Root/shoot
concentration length width length weight .
per plant (cm) (2) ratio
(mg/L) (cm) (cm) (cm) (€9)
0 184+02a 6.1+0.1a 39+0.1a 379+09a 14.0+09a 1.0+0.1a 04+00a 04+00a
50 175+14a 48+0.1b 3.1£02b 373+12a 124£05b 1.0+0.1a 04+0.0b 04+00a
100 17.3+£0.6 ab 4.6+0.1 be 28+0.1c 334+1.6b 11.6+1.1b 1.0+0.1a 04+00c 03+00b
200 157+0.6b 43+03¢c 24+00d 288+14c 109+0.5b 1.0+0.0a 03+0.0d 03+0.0c

H (Note) : ¥l A FIMA + #51fE2% Data in the table are means + SD; [RIFEE 5 A R 7 H:Fm AL BRE] 25 55 1 3% (P < 0.05) Values

followed by different letters in a column mean significant difference among treatments (P < 0.05).
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13.1% (4 K). 10.7%~13.6% (5 K). 16.1%~
20.5% (6 K), HAREFERENILIERIEE (RY) #20 ft

B, BTERRRHEE 200 mg/L ALFR 0S5O feit . 16
P o] 58 1 90 SR AL B D B B 22 A, HLBE MR B
AEFRERIABE I, A AR R E

2.3 PAEREE X e FR TR T E BUR SRR

2.3.1 FUERR X AAEHR TR B BERT LR
Aab RV FEE R, 20 R K Al T Y SR I (P <
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0.05). S5XFH# (0 mg/L) #HEL, 50, 100 #1200 mg/L
BeT 28 1R Ak 3R M O PR o 0l W G 55.4%
#*2 AEIREFRELIEX &I HERELRE
bR AT
Table 2 Fusarium wilt incidence and index of faba
bean affected by ferulic acid concentrations

PIELRR M (mg/L) FIA (%) LE L5
Ferulic acid concentration Incidence Disease index
0 16.7+0.0c 33+£0.0c¢
50 27.8+9.6¢ 71+£27b
100 66.7+16.7b 222+84b
200 100.0+£0.0 a 589+10.7a

T (Note) : Fdih F34{H + brifi2: Data in the table are means
= SD; [EFHHE 5 A [F FhE R b B E] 22 55 1 3 (P < 0.05) Values
followed by different letters in a column mean significant difference

among treatments (P < 0.05).

44.8% 1 59.0%, FHIHENN 53.0%; £F 4 Z G5
RN 78.2% . 134.9% 1 145.6%, “F3yHEHn
119.6% ; JE By B 36 P o3 5 B & 3 975.6% .
1802.3% Fll 2435.4%, “E-Y31 1737.8%; & S
PR ) B BTN 165.1% . 359.6% F1 622.9%, -1
HEIM 382.5% . 1t HH BT B R 412 1A 760 58 7 B A 4
BEIK i, 7E 200 mg/L ¥ BE R AR E 500 415 3]
Spei L AT 200 R X 4 R I A il 0 ) AR R R
PR TER B > R > SRR R > RAEE (& 1),
2.3.2 PIBRRRM TR T R B R e AR AL
PR E IR T MR E R Y R (P <
0.05), 5X8 (0 mg/L) ¥, 50, 100 #1200
mg/L Fif 2R Ab 3 0 2 AL ZE R % i 107.6% .
171.5% F1236.2%, “F-IIHEhN 171.6% (& 2), FKHAR]
BUmR TR A ) R B A IR E N, MER S R
i o] 2 Ak LA 8 7T 1 o

*3 TREIMBMERLCIERE TAREER RBURARTIEZE BRI RIER
Table 3 Colony diameter and response index of Fusarium oxysporum f. sp. fabae affected by different ferulic acid
concentrations in different incubation days

FAT B0 vk 2d 3d 4d 5d 6d
Ferulic acid
concentration  CD (mm) RI CD (mm) RI CD (mm) RI CD (mm) RI CD (mm) RI
(mg/L)
0 49+04a 64+03a 63+02a 68+03a 7.6+03a
50 40+0.1b -02+0.1a 49+0.1b —02+0.1a 58=01b —0.1+0.0a 61+01b —01+00a 64+0.1b -02+00a
100 39+02b —02+0.1a 48+0.1b —02+00a 55+01c -0.1+00a 59+0.1b —0.1+£0.0a 62+0.1bc-02+00a
200 38+0.1b —02+0.1a 47+0.1b —-03+00a 55+01c -0.1+00a 59+0.1b —0.1+£0.0a 61+01c —-02+0.0a

i (Note) : CD—% 1% Colony diameter; RI—fL/&FE %L Response index. K3 N F-H{H + FrfE2 Data in the table are means + SD; [f]
FNEE G AN [F) R R AL HiLE] 2% 5 38 (P < 0.05) Values followed by different letters in a column mean significant difference among treatments

(P <0.05).
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Fig. 1 Activities of cell wall degrading enzymes secreted by Fusarium oxysporum f. sp. fabae under different
ferulic acid concentrations
[7E (Note) : A1 b algk [N [F]S-REFRIR AN [ B B2 vk FE b 34 ) 22 5 i 2

Different letters above the bars or line mean significant difference among treatments (P < 0.05).]
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Fig. 2 The contents of fusaric acid secreted by Fusarium
oxysporum {. sp. fabae affected by different ferulic acid
concentrations in liquid culture

[7E (Note) : M B AFFREF /R 25 B E (P <0.05)
Different letters above the bars mean significant difference among
treatments (P < 0.05).]
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Fig. 3 Epidermal cell of faba bean roots under different ferulic acid concentrations
[£ (Note) : Hc—{#E4i Health cell; Xew—I4 NI EE Xylem cell wall; Je—BERY) Jelly cell; In—P &4 Inclusion;
Dc— 4N il Deformed cell; Be— FE 21l itd Broken cell.]

200 mg/L

100 mg/L

El 4 TEIREMRIRLETEIRASELGH

Fig. 4 Vessel structure of faba bean roots under different ferulic acid concentrations
[iE (Note) : V—{dF 34 Health vessel; Tv—"L 44 5% Thinning vessel; XVW—34E 1) 348 BE Xylem vessel wall;
Te— IR W) Telly cell; In—PN %54 Inclusion; Be— i 4l il Broken cell.]
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