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Abstract Phenolic allelochemicals have been found in
both natural and managed ecosystems, where they cause
numerous ecological and economic problems. Whether
these problems can be mediated by some other specific
phenolic acid components is unknown. In this study, we
identified phenolic acids and their concentrations in
plow layer soil, rhizosphere soil and decomposing
strawberry (Fragaria ananassa Duch.‘Benihoppe’.)
plants susceptible to strawberry anthracnose crown rot.
We also assessed the effects of exogenously added
phenolic acids at varying concentrations on
Colletotrichum gloeosporioides, the pathogen causing
strawberry anthracnose crown rot, conidial germination
and colony growth. Finally, we verified the occurrence
of strawberry anthracnose crown rot and the changes in
root structure in response to phenolic acids. Ten pheno-
lic acids were identified in soil samples. The

concentrations of p-coumaric acid (PA) and ferulic acid
(FA) were higher than other phenolic acids. Relatively
high concentrations of PA and FA could increase the
occurrence of strawberry seedling anthracnose crown
rot. However, when the concentrations of PA and FA
were higher than respectively certain critical concentra-
tion, they could reduce the degree of the disease. Mean-
while, high concentration of FA seriously inhibited the
growth of root. The trans-cinnamic acid (TA) content
could be regulated to control the occurrence of straw-
berry anthracnose crown rot without affecting root
growth. Overall, diverse phenolic acids in plow soil
had different influence on strawberry anthracnose crown
rot. The effects of phenolic acids were concentration-
dependent and C. gloeosporioideswas more sensitive to
phenolic acids concentration than root.
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Introduction

Allelochemicals are released by plant leaching, root
exudation, volatilisation and residue decomposition,
and are typically detrimental to crop performance (Weir
et al. 2004; Jilani et al. 2008). Plant–microbe interaction
research has revealed that plants are able to shape their
rhizosphere microbiome (Berendsen et al. 2012) and can
modify the soil microbial community (Kong et al. 2008;
Lorenzo et al. 2013).
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Low-molecular-weight organic compounds in root
exudates or decomposition residues play an important
role in plant–microorganism interactions by influencing
the structure and function of soil microbial communities
(Shi et al. 2011). These compounds have been isolated
and identified mainly as organic acids, especially phe-
nolic acids such as trans-cinnamic acid (TA), vanillic, p-
coumaric acid (PA), ferulic acid (FA) and salicylic acid
et al., (Yu and Matsui 1994; He et al. 2008; Hao et al.
2010; Huang et al. 2010; Zhou andWu 2013).When the
microbial community in soils becomes less diverse,
beneficial species decrease or disappear, while popula-
tions of harmful species and pathogens increase (Chen
et al. 2011a, b). Exogenously applied p-hydroxybenzoic
acid plays a significant role in the chemical interaction
between cucumber (Cucumis sativus L.) and soil micro-
organisms, and could account for the changes in soil
microbial communities in continuously mono-cropped
cucumbers (Zhou et al. 2012a). Moreover, exogenously
applied salicylic acid (Wu et al. 2008a, b), sinapic acid
(Wu et al. 2009a), FA (Wu et al. 2010a, b; Zhou andWu
2012a, b), PA (Zhou and Wu 2012a, b), tannic acid (Wu
et al. 2010a, b), gallic acid (Wu et al. 2009b) and TA (Ye
et al. 2004) have been shown to influence the rhizo-
sphere soil microbial communities and the growth of
Fusarium oxysporum f.sp. Application of beneficial
microorganisms that biodegrade phenolic acid
allelochemicals is a highly efficient way to resolve the
problems associated with continuous cropping systems
(Chen et al. 2011a, b; Huang et al. 2013). But previous
studies also had provided in planta evidence that
chlorogenic acid may play a role in maize resistance to
Gibberella ear rot and trichothecene accumulation
(Atanasova-Penichon et al. 2012) and natural phenolic
acids from wheat bran could inhibit Fusarium
culmorum trichothecene biosynthesis in vitro by
repressing Tri gene expression (Boutigny et al. 2010).

Strawberry (Fragaria ananassa Duch.) is a crop of
economic importance (Cao and Wang 2007), and straw-
berry anthracnose is one of the most serious diseases
affecting its survival (Salazar et al. 2007; Widiastuti
et al. 2013). C. gloeosporioides causes strawberry an-
thracnose crown rot, a destructive disease typically
found in strawberry nurseries (MacKenzie et al. 2006;
Garrido et al. 2007); it can survive in soil (Freeman et al.
2002) and favours a continuous cropping system (Larry
2008). Phenolic compounds have been implicated as
autotoxins of strawberry under mono-cropping manage-
ment systems (Kitazawa et al. 2005; Cao and Wang

2007; Asaduzzaman et al. 2012). The response of three
root rot fungi to strawberry phenolics and the relation-
ship of phenolics to disease resistance were different
(Nemec 1976) and the combina t ion of p-
hydroxybenzoic acid and F. oxysporum has a negative
effect on leaf photosynthesis (Zhao et al. 2009).

More and more cash crops are suffering from differ-
ent kinds of devastating soil-borne diseases that limit
crop production, especial ly in continuously
monocropping systems (Hao et al. 2010). Strawberry
anthracnose crown rot is prevalent in strawberry nurser-
ies, but the relationship between phenolic acids in the
plow soil layer and the occurrence of anthracnose crown
rot has not been extensively studied. Application of
beneficial microorganisms that biodegrade phenolic ac-
id allelochemicals is a highly efficient way to control
soil borne fungi disease (Chen et al. 2011a, b). The
increase of phenolic acids in plant organs could prevent
many fungal disease (Atanasova-Penichon et al. 2012),
but control soil borne fungi disease by exogenous
adding phenolic acids has not been studied. Plant can
produce a large amount of phenolic components by root
exudation and residue decomposition. The research of
reduce soil borne fungal disease by exogenous adding
phenolic acids is the first step in developing a strategy
by allelopathy to reduce the soil borne disease. We put
forward a hypothesis that soil borne disease can be
mediated by adding special phenolic acids and we an-
ticipate that the results from our research will contribute
to the control of strawberry anthracnose crown rot by
regulating phenolic acids. The objectives of this study
were to identify the phenolic compounds in the plow
layer soil in mono-croppingmanagement systems and to
determine the inhibitory or stimulation effects of these
compounds on C. gloeosporioides, as well as observe
the effects of adding phenolic acids to the plow layer of
soil at varying concentrations on the occurrence of
strawberry anthracnose and the impact on root growth.

Materials and methods

Collection of soil and decomposition of stalk samples

An experiment was conducted in plastic pots (15 cm
diameter×15 cm height) in a glasshouse located at the
experimental station of the China Agricultural Univer-
sity Science Centre, Beijing, China, in September 2012.
The PAR in glasshouse at noon was controlled below
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1000 μmol m−2 s−1. The temperature maintained be-
tween 20 and 25 °C. Air relative humidity maintained
70–80 % and photoperiod were about 12 h light/12 h
dark. In this study, the strawberry cultivar ‘Benihoppe’
which was purchased from Institute of Forestry and
Pomology Beijing Academy of Agricultural and Forest-
ry Sciences is susceptible to strawberry anthracnose
crown rot and widely cultivated all over the world. Each
pot contained one strawberry plant, and raw soil was
taken from the Shang Zhuang test station of the China
Agricultural University. Cultivated soil was mixed with
raw soil, roseite, glassy carbon and river sand at a ratio
of 5:2:2:1. The cultivated soil contained the following:
organic matter, 2.07 %; available N (nitrate and ammo-
nium), 59.02 mg kg−1; Olsen P, 41.36 mg kg−1; avail-
able K, 79.15 mg kg−1; pH (1:2.5, w:v), 7.78. The
strawberry plants were normal irrigation management
and soil moisture maintained 18 %. 60d after
transplanting, the strawberry roots were carefully sepa-
rated from the soil by inverting the pots. Only the soil
adhering to the roots was considered as rhizosphere soil
(Nazih et al. 2001), which was collected by shaking off
soil from the roots (Xu et al. 2009) and sieving (2-mm
mesh) to remove the root tissues for subsequent analy-
sis. The samples of rhizosphere soil were respectively
collected by shaking off from the roots of six different
potted seedlings of strawberry and respectively identi-
fied phenolic acids and their concentrations.

The strawberry cultivar ‘Benihoppe’ was used and
the plow layer soil samples were collected during Ju-
ly 2013 from the plow layer soil of nursery fields in
Chang-Ping County, Beijing, China. The samples of
plow layer soil were collected by drilling with a soil
auger at six different points accordance with the princi-
ple BS^ and respectively identified phenolic acids and
their concentrations. Strawberry stalks and leaves were
dried and pulverised, followed by mixing with
deionised water at a 3:1 ratio of water to dried sample.
A small amount of soil was added to decompose in a
glass culture bottle at room temperature (20–30 °C) for
30 d. The decomposing test had six biological replicates
with six glass culture bottles in the same batch. The
decomposed stalks and leaves were analysed for pheno-
lic acid composition.

Phenolic acid extraction and determination

Phenolic acids were extracted from soil, decomposed
stalks and leaves with methods previously described by

Dalton et al. (1987). In total, 25 g fresh soil or 0.5 g
decomposed stalk was added to 25 ml or 1 ml 1 M
NaOH, respectively, and stored for 24 h. The suspension
was centrifuged at 8000 × g for 10 min to separate the
liquid supernatant. The pH of the supernatant was ad-
justed to 2.5 with 12 M HCl and stored for 2 h. The
suspension was centrifuged at 8000 × g for 10 min. The
supernatant was stored at 4 °C and prepared for analysis.

The solution of soil extracts was filtered through a
0.22-μm microporous membrane filter for subsequent
high-performance liquid chromatography (HPLC) anal-
ysis (model 1260, Agilent, Waldbronn, Germany). Phe-
nolic acid separation was performed by gradient elution
high-performance liquid chromatography (GEHPLC)
with an HPLC quaternary pump model G1311A, a UV
detector model G1314A and a chromatographic col-
umn: XDB-C18 (4.6 mm×250 mm). The detector was
set to 280 nm and the flow rate to 1 ml/min. The
injection volume was 20 μL and the column tempera-
ture was maintained at 25 °C. Methanol (A) and acetic
acid solution (pH=2.80) (B) were used as mobile phases
with a gradient elution B: 70 % (0 min)→50 %
(15 min)→30 % (16 min)→0 (30 min)→end (30 min).
Phenolic compounds were identified and quantified by
comparing retention times and areas with pure stan-
dards. The concentrations of each compound in the soil
samples were determined based on peak areas using
external standards and expressed as milligrams per gram
of dry soil. Standard phenolic acids used for HPLC
analysis were gallic acid, PA, syringic acid, p-
hydroxybenzoic acid, FA, TA, chlorogenic acid, caffeic
acid, protocatechuic acid, vanillin and benzoic acid. All
purchased chemicals were of high purity and the sol-
vents used were HPLC spectral grade. Eleven phenolic
acid standards were purchased from Sigma-Aldrich (St.
Louis, MO).

Fungal isolates and interaction between phenolic acid
and C. gloeosporioides in vitro

The strawberry anthracnose pathogenC. gloeosporioides
was isolated from a plant with strawberry crown rot
symptoms in commercially cultivated glasshouse fields
by Professor Zhang Guozhen at the College of Agricul-
ture and Biotechnology, China Agricultural University.
Isolation was based on morphological criteria and mo-
lecular methods established in 2013. Inocula were pre-
pared from 6 to 8 day old cultures grown at 24 °C on
potato dextrose agar. Conidial suspensions used for
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inoculation were prepared in sterile deionised water,
filtered through four layers of cheesecloth and diluted
to 1×106 conidia/ml (MacKenzie et al. 2006). Measure-
ment of C. gloeosporioides colony growth and assess-
ment of its conidial germination were according to
methods previously described by Wu et al. (2008b).

Effect of phenolic acids on the occurrence of strawberry
anthracnose by C. gloeosporioides

An experiment was conducted using plastic pots (10 cm
diameter×10 cm height) in a glasshouse located at the
experimental station of the China Agricultural Univer-
sity Science Centre, Beijing, in September 2014. Field
soil samples were taken from the Shang Zhuang test
station of the China Agricultural University. The PAR in
glasshouse at noon was controlled below 1000 μmol
m−2 s−1. The temperature maintained between 20 and
30 °C. Air relative humidity maintained 70–80 % and
photoperiod were about 12 h light/12 h dark. Cultivated
soil was mixed with field soil, roseite, organic fertilizer
and glassy carbon at a ratio of 5:2:1:2. The basic prop-
erties of the mixed medium were organic matter,
3.12 %; available N (nitrate and ammonium),
82.35 mg kg−1; Olsen P, 59.46 mg kg−1; available K,
129.25 mg kg−1; pH (1:2.5, w:v), 7.68. Seedlings with
3–4 leaves were selected and assigned to the 12 treat-
ments described in Table 1. Each treatment had 12
replicates. Three strawberry plants were in a given pot
and the weight of dry soil was 200 g. The strawberry

plants were normal irrigation management and soil
moisture maintained 20 %.

Our previous study found that the concentrations of
PA or FA in soil samples ranged from 5.53±0.38 to
81.64±12.02 μg g−1 dry soil and the concentration of
total phenolic in strawberry field ranged from 139.06±
6.38 to 250.72±19.02 μg g−1 dry soil (data not shown).
Considering synergy and antagonism between different
phenolic acids, we choose the corresponding concentra-
tion to test. Due to microbial utilisation of the com-
pounds under favourable environmental conditions, pre-
vious studies have shown that phenolic compounds
could be depleted rapidly after being added to the soil
(Blum and Shafer 1988). In this study, different phenolic
acids at varying concentrations were added to the soil
every 2 d to maintain the desired levels. Phenolic acids
were dissolved in methanol and diluted with distilled
water. The concentration of each phenolic acid was
established at 200 mg l−1, and the solution pH was
adjusted to 7.0 with 0.1 M NaOH solution. Soil treated
with distilled water was used as the control. Conidial
suspensions used for the inoculation solution contained
1.0×106 C. gloeosporioides spores per milliliter and the
way of inoculation was irrigating strawberry plants to
topsoil with conidial suspensions before phenolic acid
treatments.

Crown rot symptoms started after 20 d of inoculation
in topsoil, and symptoms on the petiole base and longi-
tudinal sections of the main stemwere evaluated after 30
d. The degree of petiole disease occurrence was rated on

Table 1 Twelve different treatment concentrations of phenolic acids on the occurrence of strawberry anthracnose crown rot by
C. gloeosporioides in pot experiment

Treatment Concentrations of
desired phenolic acid

Phenolic acid and
water in first day

Phenolic acid and
water every 2 days

Spore suspension
in first day

low concentration FA (LF) 25 μg/g (dry soil) 25.0 ml+75.0 ml 12.5 ml+87.5 ml 0 ml

low concentration FA + C. gloeosporioides (LFC) 25 μg/g (dry soil) 25.0 ml+75.0 ml 12.5 ml+87.5 ml 80 ml

low concentration PA (LP) 25 μg/g (dry soil) 25.0 ml+75.0 ml 12.5 ml+87.5 ml 0 ml

low concentration PA + C. gloeosporioides (LPC) 25 μg/g (dry soil) 25.0 ml+75.0 ml 12.5 ml+87.5 ml 80 ml

high concentration FA (HF) 100 μg/g (dry soil) 100.0 ml+0 ml 50.0 ml+50.0 ml 0 ml

high concentration FA + C. gloeosporioides (HFC) 100 μg/g (dry soil) 100.0 ml+0 ml 50.0 ml+50.0 ml 80 ml

high concentration PA (HP) 100 μg/g (dry soil) 100.0 ml+0 ml 12.5 ml+87.5 ml 0 ml

high concentration PA + C. gloeosporioides (HPC) 100 μg/g (dry soil) 100.0 ml+0 ml 12.5 ml+87.5 ml 80 ml

low concentration TA (LT) 25 μg/g (dry soil) 25.0 ml+75.0 ml 50,0 ml+50.0 ml 0 ml

low concentration TA + C. gloeosporioides (LTC) 25 μg/g (dry soil) 15.0 ml+75.0 ml 50.0 ml+50.0 ml 80 ml

CK natural level 0 ml+100.0 ml 0 ml+100.0 ml 0 ml

CK+ C. gloeosporioides (CKC) natural level 0 ml+100.0 ml 0 ml+100.0 ml 80 ml
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a scale of 0–4 (Delp and Milholland 1980) as
fol lows: 0 (whole plan t was hea l thy) ; 1
(<3.0 mm of dot length); 2 (1–20 mm of dot
length); 3 (>20 mm of dot length); 4 (whole plant
dead). The degree of crown disease occurrence
was rated on a scale of 0–4 as follows: 0 (whole
plant was healthy); 1 (<¼ of the ratio of decay
area and longitudinal section); 2 (¼–½ of the ratio
of decay area and longitudinal section); 3 (½–¾ of
the ratio of decay area and longitudinal section); 4
(>¾ of the ratio of decay area and longitudinal
section and the whole plant died). The disease
index (DI) and disease rate (DR) were calculated
as follows:

DI ¼
X

Xi � Sið Þ= Smax � Nð Þ
h i

� 100

DR ¼ n=N � 100

where Xi is the number of strawberry plants with
the corresponding disease index, Si is the disease
index, Smax is the highest disease index in the
diseased strawberry plants, N is the total number
of strawberry plants and n is the number of sus-
ceptible strawberry plants.

Root structure analysis

The roots that slowly thawed were scanned with a
double scan scanner (Expression 1600 Pro, model
EU-35, Epson, Tokyo, Japan). Scanning images
were obtained using a WinRHIZO image analysis
system (WinRHIZO Pro2004, version 5.0, Regent
Instruments, Quebec, ON, Canada) and used to
measure the total root length (cm), root surface
area (cm2), average root diameter (mm), root vol-
ume (cm3), root tips and root forks.

Statistical analysis

Data were analysed using Excel™ (Microsoft, Red-
mond, WA) as means over replicates (mean±SE)
for each treatment. Duncan’s multiple range test
was applied when one-way ANOVA revealed sig-
nificant differences (P<0.05). All statistical analy-
ses were performed with SPSS Base Version 18.0
statistical software (SPSS Inc., Chicago, IL).

Results

Identification of phenolic acids in the plow layer soil,
rhizosphere soil and decomposition of stalk and leaf
of strawberry plants

The phenolic compounds obtained from the rhizosphere
soil, plow layer soil and decomposed strawberry stalks
and leaves were analysed using HPLC. Phenolic acids
were identified in the chromatograms shown in Fig. 1.
Ten phenolic acid compounds were detected from rhi-
zosphere soils samples (in the order of their appearance
in the eluant): (1) gallic acid, (2) protocatechuic acid, (3)
chlorogenic acid, (4) p-hydroxybenzoic acid, (5) caffeic
acid, (6) syringic acid, (7) vanillin, (8) PA, (9) FA and
(10) TA (Fig. 1b). Protocatechuic acid was not detected
from the plow layer and chlorogenic acid was not de-
tected in decomposed stalks and leaves (Table 2). The
content of PAwas higher than other phenolic acids, with
concentrations of 27.09±3.23 μg g−1 in the plow
layer soil and 81.64±12.02 μg g−1 in decomposed
stalks and leaves. The content of FA was second
highest, with 5.53±0.38 μg g−1 in the plow layer
soil and 39.53±1.90 μg g−1 in decomposed stalks
and leaves. The content of FA was higher than other
phenolic acids and the concentrations were 32.19±
2.23 μg g−1 but the concentration of PA was 16.18±
1.14 μg g−1 in the rhizosphere soil at the seedling
stage. Contents of the remaining phenolic acids,
including gallic acid, protocatechuic acid, chlorogenic
acid, p-hydroxybenzoic acid, caffeic acid, syringic
acid, vanillin and TA, were very low.

Effects of phenolic compounds on the growth
of C. gloeosporioides

The phenolic compounds showed various degrees of
dose-dependent inhibition or promotion in colony
growth of C. gloeosporioides (Table 3). Colony growth
on plates was stimulated at a low PA concentration (0–
50 mg l−1) and increased from 7.09±0.04 cm (0 mg l−1)
to 7.55±0.12 cm (50 mg l−1). Colony growth was sup-
pressed at high concentrations of PA from 7.55±
0.12 cm (50 mg l−1) to 0±0 cm (800 mg l−1). Increasing
the concentration of FA from 0 mg l−1 to 50 mg l−1 had
no effect on colony growth of C. gloeosporioides, but at
high FA concentrations, colony growth decreased from
7.12 ± 0.09 cm (50 mg l−1) to 3.54 ± 0.20 cm
(800 mg l−1). Most of the phenolic acid compounds
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(PA, FA, chlorogenic acid, gallic acid, chlorogenic acid,
protocatechuic acid, syringic acid, vanillin and caffeic
acid) showed a variety of promoting effect or no effect
on colony growth at low concentrations and inhibited
growth at high concentrations. The concentrations of
the transition from the promotion to inhibition of
colony growth varied among the phenolic acids.
TA inhibited colony growth at a concentration of
50 mg l−1, and it had lower concentration range
changes going from promoting to inhibiting the
growth of C. gloeosporioides colonies.

Effects of different phenolic acids at varying
concentrations on conidial germination
of C. gloeosporioides

The effects of different concentrations of exogenous PA
and FA on conidial germination of C. gloeosporioides
are shown in Fig. 2. With an increase in the FA concen-
tration of less than 50 mg l−1, conidial germination of
C. gloeosporioides was enhanced. Conidial germination
of C. gloeosporioides in a treatment of 50 mg l−1 FAwas
34.25±1.71, while the control (0 mg l−1 FA) was 27.50±
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Fig. 1 Representative HPLC
chromatogram from the
extraction of the plow layer soil
(a), rhizosphere soil of seedling
stage (b), decomposition of stalk
and leaf (c) and Standards (d).
Compounds detected from
samples (in the order of their
appearance in the eluant): (1)
gallic acid, (2) protocatechuic
acid, (3) chlorogenic acid, (4)
P-hydroxybenzoic acid, (5)
caffeic acid, (6) syringic acid, (7)
Vanillin, (8) PA, (9) FA, (10)
benzoic acid and (11) TA
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1.91. When the concentration of FA was greater than
50 mg l−1, increased inhibition of conidial germination
occurred. Conidial germination in a treatment of
200 mg l−1 FA was 0±0.00 (Fig. 4). Conidial germina-
tion of C. gloeosporioides was inhibited at a low PA
concentration, ranging from 25 mg l−1 (21.25±0.96) to
400 mg l−1 (0.00±0.00). Conidial germination of the
control (0 mg l−1 PA) was 27.50±1.91.

The effects of exogenous protocatechuic acid,
chlorogenic acid, caffeic acid, gallic acid and p-
hydroxybenzoic acid on conidial germination of
C. gloeosporioides are shown in Fig. 3.With an increase

in chlorogenic acid concentration of less than
100 mg l−1, conidial germination was promoted. When
the concentration of chlorogenic acid was greater than
100 mg l−1, a reduced inhibition of conidial germination
was observed. Caffeic acid and chlorogenic acid
had similar effects. Protocatechuic acid did not
significantly affect conidial germination. Inhibition
of conidial germination of C. gloeosporioides from
68.75±2.98 (0 mg l−1) to 38.75±5.06 or 28.75±
6.29 (400 mg l−1) by p-hydroxybenzoic acid and
gallic acid, respectively, were observed with an
increase in their concentrations.

Table 2 Concentration of phenolic acids in rhizosphere soil, plow layer soil and decomposition of stalk and leaf of strawberry plants
(μg g−1dry soil)

Phenolic acids Rhizosphere soil Plow layer soil Decomposition of stalk and leaf

gallic acid 1.87±0.22 2.37±0.15 2.40±0.20

protocatechuic acid 1.16±0.07 – 0.87±0.09

chlorogenic acid 10.23±1.85 6.29±0.76 –

p-hydroxy benzoic acid 1.48±0.11 0.71±0.08 1.52±0.13

caffeic acid 0.61±0.02 0.59±0.04 0.76±0.09

syringic acid 1.04±0.08 0.98±0.08 1.13±0.07

Vanillin 3.14±0.12 4.25±0.33 5.57±0.15

PA 16.18±1.14 27.09±3.23 81.64±12.02

FA 32.19±2.23 5.53±0.38 39.53±1.90

TA 3.06±0.28 3.93±0.36 4.46±0.81

Note.B–^ indicate failed to detect the content of corresponding phenolic acid

Table 3 Effects of exogenous ten phenolic compounds on the colony growth of C. gloeosporioides (after 6d)

Phenolic acid Concentration (mg l−1)

0 50 100 200 400 800

PA 7.09±0.04b 7.55±0.12a 7.17±0.08b 6.64±0.20c 4.40±0.03 d 0±0.00e

FA 7.09±0.04a 7.12±0.09a 6.34±0.16b 5.56±0.14c 4.24±0.08 3.54±0.20e

Gallic acid 7.37±0.13ab 7.49±0.09a 7.40±0.12ab 7.39±0.02ab 7.29±0.25b 6.84±0.08c

Chlorogenic acid 7.37±0.13a 7.38±0.03a 7.40±0.08a 7.43±0.05a 7.45±0.03a 5.26±0.06b

P-hydroxybenzoicacid 7.37±0.13a 7.45±0.11a 7.42±0.06a 7.41±0.05a 7.38±0.03a 7.32±0.02a

Caffeic acid 7.37±0.13a 7.34±0.09a 7.38±0.14a 7.39±0.12a 6.85±0.05b 6.51±0.22c

Protocatech-uic acid 7.37±0.13a 7.44±0.07a 7.32±0.09a 7.31±0.06a 7.29±0.13a 6.98±0.12b

TA 7.25±0.08a 6.92±0.21b 6.62±0.16c 6.41±0.07d 5.14±0.11e 0.00±0.00f

Syringic acid 7.25±0.08a 7.29±0.11a 7.22±0.12a 7.09±0.06b 7.08±0.06b 6.73±0.10c

Vanillin 7.25±0.08a 7.27±0.04a 7.26±0.06a 7.18±0.10ab 7.06±0.07b 6.84±0.09c

The data represent mean±SD (n=5) of colonydiameter (cm). Values in the same row followed by the same level case letter are not
statistically different at P=0.05 by Duncan’s test. The reason of the colony growth was different at the 0 concentration of phenolic acid was
different batches of test
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The effects of exogenous syringic acid, vanillin
acid , and TA on conidia l germinat ion of
C. gloeosporioides are shown in Fig. 4. Conidial
germination was not significantly affected by syringic
acid and vanillin acid at concentrations from 25 to
400 mg l−1, while TA inhibited conidial germination
significantly at varying concentrations. Conidial ger-
mination for TA treatments of 25 and 50 mg l−1 was
10.75±1.70 and 0, respectively. Germination for the
control was 22.75±2.51.

Effect of phenolic acids on the occurrence of strawberry
anthracnose by C. gloeosporioides in a pot experiment

The effects of the continuous delivery of different phe-
nolic acids, and at varying concentrations, on the occur-
rence of strawberry anthracnose crown rot in a pot
experiment are shown in Table 4. Crown rot symptoms
which refer to a small amount of petioles base appear
dot symptoms started after 20 d of inoculation in topsoil.

A small number of leaves gradually wilted (Fig. 5a) and
begun to appear plant whole death between 20 to 30 d
and symptoms on the petiole base and longitudinal
sections of the main stem (Fig. 5b) were evaluated after
30 d. The treatment of a LFC compared with CKC,
significantly promoted the incidence of anthracnose
symptoms. The DI, DR, average individual plant crown
rot scale and total crown rot rate were 34.88±15.89,
40.38 %, 1.25±0.70 and 66.67 %, respectively. For the
CKC, DI, DR, average individual plant crown rot scale
and total crown rot rate were only 21.32±11.02,
28.12 %, 0.53±0.34 and 41.76 %, respectively. The
effects of a LPC on the occurrence of strawberry an-
thracnose were similar to the treatment of a LFC. No
significant differences were observed between the
two treatments. No significant differences between
the effects of a HPC and HFC were detected
compared with the CKC. The treatment of a
LTC, compared with the CKC, significantly sup-
pressed the incidence of anthracnose.

Fig. 2 Effects of different
concentration of PA acid and FA
on conidial germination of
C. gloeosporioides (after 48 h).
Bars indicate 2 times standard
error

Fig. 3 Effects of different
concentration of protocatechuic
acid, chlorogenic acid,
caffeic acid, gallic acid and
p-hydroxybenzoic acid on
conidial germination of
C. gloeosporioides (after 48 h).
Bars indicate 2 times standard
error

588 Eur J Plant Pathol (2015) 143:581–594



Effect of phenolic acids on root of strawberry plants

The effects of different phenolic acids at varying con-
centrations on the total root length, root surface area,
average root diameter, root tips and root volume are
shown in Table 5. At a low concentration, no significant
differences were detected for the total root length, root
surface area, average root diameter, root tips and root
volume. A high concentration of FA significantly re-
duced the total root length, root surface area, root tips
and root volume compared with the other phenolic acids
at a low concentration and PA at a high concentration.

The effects of phenolic acids at varying concentra-
tions on above-ground fresh weight varied. The above-

ground fresh weight of LTwas significantly higher than
for LF, HP, HF and CK. The treatment of HF signifi-
cantly limited root growth (Fig. 6a), but the effects on
above-ground fresh weight were not significantly differ-
ent for low concentrations of FA, PA, high concentration
of PA and the control. Total fresh weight and above-
ground fresh weight are shown in Fig. 6b. No significant
differences were observed between the phenolic acid
treatments at a low concentration, but the root fresh
weight (1.31±0.19 g) for the high FA treatment was
significantly lower than for low concentrations of FA
(2.66±0.47 g), PA (2.24±0.34 g), TA (2.63±0.33 g),
high concentrations of PA (2.18±0.35 g) and the control
(2.24±0.52 g).

Fig. 4 Effects of exogenous
syringic acid, vanillin, and TA on
conidial germination of
C. gloeosporioides (after 48 h).
Bars indicate 2 times standard
error

Table 4 Incidence of strawberry
anthracnose in petiole DI, petiole
DR, average individual plant
crown rot scale and crown rot rate
byC. gloeosporioides inoculation
and different kinds of phenolic
acid pretreatment in pot
experiment

The data represent mean±SE
(n=12). Values in the same row
followed by the same level case
letter are not statistically different
at P=0.05 by Duncan’s test

Treatment Disease index

Petiole DI Petiole DR (%) Average individual plant
crown rot scale

Rot rate (%)

LF 0c 0 0c 0

LFC 34.88±15. 89a 40.38 1.25±0.70a 66.67

LP 0c 0 0c 0

LPC 43.91±20.11a 44.23 1.75±0.87a 66.67

HF 0c 0 0c 0

HFC 21.17±10.72b 23.72 0.58±0.44b 41.67

HP 0c 0 0 0

HPC 21.32±11.02b 28.12 0.53±0.34b 41.67

LT 0c 0 0c 0

LTC 1.66±1.77c 5.35 0.08±0.14c 8.33

CK 0c 0 0c 0

CKC 18.35±10.64b 27.11 0.42±0.25b 41.67
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Discussion

Root exudates represent the largest source of
allelochemicals in rhizosphere soil (Jilani et al. 2008).
In a previous study, Kitazawa et al. (2005) found that
exudates (lactic, succinic, adipic, benzoic and p-
hydroxybenzoic acid) from strawberry roots grown hy-
droponically significantly inhibited the fresh weights
and dry weights of shoots and roots, and the maximum
root length. Asao et al. (2008) and Asaduzzaman et al.
(2012) exploited electro-degradation of root exudates to
mitigate autotoxicity in hydroponically grown strawber-
ry plants to recover their growth and yield. In the present
study, our results demonstrated the presence of 10 phe-
nolic acids in the rhizosphere soil of strawberry plants.
Only p-hydroxybenzoic was found in previous studies,
potentially due to different varieties, different cultural
conditions and different methods of phenolic acid
separation.

In the present study, the rhizosphere soil, plow layer
soil and decomposed strawberry plants contained rela-
tively high amounts of PA and FA. The chromatograph-
ic peak of TA in the rhizosphere soil sample was wider
than the peak of TA in the standard sample chromato-
gram (Fig. 1). We speculate that the chromatographic
peak of the retention time of 19.076 min contains TA,
but it may be mixed with other materials that failed to
separate. Therefore, some limitations may exist in cal-
culating the content of TA based on the chromatograph-
ic peak area.

Negative plant–soil feedback plays an important role
in soil sickness, which is one of the factors limiting the
sustainable development of intensive agriculture
(Huang et al. 2013). The effects of allelochemicals
depend on their concentrations (Inderjit and Mallik
1996). Low concentrations of allelochemicals are gen-
erally believed to boost plant growth, but high concen-
trations can inhibit, promote or have no effect on plant

Fig. 5 The visual symptoms of strawberry anthracnose and nor-
mal strawberry plants. a: The symptoms of leaves wilt infected by
strawberry anthracnose; b: normal growth strawberry plants; c:

The symptoms of longitudinal sections of the main stem infected
by strawberry anthracnose crown rot; d: The longitudinal sections
of normal growth strawberry plants

Table 5 Effects of adding different kinds and concentration of phenolic on total root length (cm), root surface area (cm2), average root
diameter (mm), root tips and root volume (cm3) of strawberry plant

Treatment Total root
length (cm)

Root surface
area (cm2)

Average root
diameter (mm)

Root tips Root
volume (cm3)

LF 2113±395a 217±4 3 a 0.35±0.02 a 4418±1128 a 1.80±0.39 a

LP 2173±290a 194±27 a 0.32±0.04 a 4582±1301 a 1.39±0.21 a

HF 375±147b 47±19 b 0.45±0.04 b 864±265 b 0.50±0.26 b

HP 1977±493a 211±51 a 0.37±0.04 a 4404±1488 a 1.69±0.21 a

LT 2183±590a 202±51a 0.35±0.06 a 5107±1495 a 1.72±0.35 a

CK 2030±448a 191±47 a 0.34±0.02a 4516±1251 a 1.44±0.41a

The data represent mean±SE (n=12). Values in the same Column followed by the same level case letter are not statistically different at P=
0.05 by Duncan’s test
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growth (Fries et al. 1997). In our study, we imposed a
wide range of phenolic acid concentrations to identify
allelopathic effects on C. gloeosporioides. Our research
found that different kinds and concentrations of exoge-
nous phenolic acids had different effects on colony
growth (Table 3) and conidial germination of
C. gloeosporioides (Figs. 2, 3 and 4). PA, which was
present in the highest concentration in the plow layer
and decomposed strawberry plants, significantly pro-
moted colony growth at a low concentration
(50 mg l−1) and significantly inhibited growth at a high
concentration (>200 mg l−1), although significant
(P<0.05) inhibition occurred on the conidial germina-
tion ofC. gloeosporioides at low concentrations (25 and
50mg l−1; Fig. 2). Conidial germination was inhibited at
a low concentration of PA (25 mg l−1) and inhibition
was gradually enhanced as the PA concentration in-
creased (Fig. 2). The inhibition of conidial germination
by PA coincides with the previously reported inhibition
of conidial germination of F. oxysporum f.sp. niveum by
salicylic acid (Wu et al. 2008a, b). Enhanced conidial
germination ofC. gloeosporioideswas observedwith an
increasing FA concentration up to 50 mg l−1. When the
concentration of FAwas greater than 50 mg l−1, inhibi-
tion of conidial germination was very intense and actu-
ally increased with increasing FA concentrations
(Fig. 2). The stimulation of conidial germination at a
low FA concentration and the inhibition at high FA
concentration are consistent with the reported stimula-
tion or inhibition of conidial germination by sinapic acid
on F. oxysporum f. sp. niveum (Wu et al. 2009a). In
addition, chlorogenic acid significantly promoted the
conidial germination of C. gloeosporioides at a low

concentration (<200 mg l−1; Fig. 3), while trans-
cinnamic acid significantly inhibited conidial germina-
tion (Fig. 4) and growth (Table 1) at all trial
concentrations.

We also tested for a low concentration of FA
(25 μg g−1 dry soil), a high concentration of FA
(100 μg g−1 dry soil), a low concentration of PA
(25 μg g−1 dry soil), a high concentration of PA
(100 μg g−1 dry soil) and a low concentration of TA
(25 μg g−1 dry soil). Our results clearly showed that FA
and PA at low concentrations (25 μg g−1 dry soil)
significantly increased the petiole DI and crown rot
scale of strawberry plants (Table 4). FA and PA at a
high concentration (100 μg g−1 dry soil) were not dif-
ferent from the treatment of CKC in promoting straw-
berry anthracnose (Table 4), indicating that FA and PA
at high concentrations (>100 μg g−1 dry soil) may
alleviate anthracnose on strawberries grown in pots.
FA and PA at a high concentration in vitro also inhibits
colony growth (Table 3) and spore germination (Fig. 2)
of C. gloeosporioides. The effects of FA and PA on
C. gloeosporioides is concentration-dependent, which
agree with the potential for hormesis to occur in nature
of (±)-catechin (Prithiviraj et al. 2007). However, FA at
a high concentration (100 μg g−1 dry soil) can signifi-
cantly limit the root growth (Table 5) and fresh weight
(Fig. 5a) compared with the CK, HP and low concen-
trations (25 μg g−1 dry soil) of the remaining phenolic
acids. C. gloeosporioides was more susceptible than the
strawberry plant root to concentrations of phenolic
acids. These results were consistent with that direct
phytotoxic effects of phenolics on cucumber probably
did not happen in continuous mono-cropping systems,

Fig. 6 Effects of different phenolic acids at varying concentra-
tions on ground fresh weight and root fresh weight. (1) LF, (2) HF,
(3) LP (4) LT, (5) HP, (6) CK. Bars indicate 2 times standard error.

Different letters suggest significant difference among treatments
by using ANOVA analysis at p=0.05
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but they might indirectly influence cucumber perfor-
mance by changing soil microbial communitie (Zhou
et al. 2012b). A low concentration of TA (25 μg g−1 dry
soil) can significantly limit colony growth (Table 3),
conidial germination (Fig. 4), and the strawberry an-
thracnose crown rot in pots (Table 4), but with no effect
on root structure (Table 5), fresh root weight (Fig. 5a)
and above-ground growth of strawberry (Fig. 5b). TA
promoted the incidence of Fusarium wilt in cucumber
(Ye et al. 2004) and Fusarium wilt in watermelon (Wu
et al. 2008a, b) and inhibited strawberry anthracnose
crown rot, which indicate that the same phenolic acid
have different effects on different kinds of pathogens.

In conclusion, our findings showed that diverse
phenolic acids in plow soil had different influence
on strawberry anthracnose crown rot. The effects
of phenolic acids were concentration-dependent
and C. gloeosporioides was more sensitive to phe-
nolic acids concentration than root. Phenolic acids
can be regulated to remit the occurrence of straw-
berry anthracnose crown rot.

Autotoxins influence soil microbes and lead to
increased or decreased soil sickness (Huang et al.
2013). Intercropping with aerobic rice (Oryza sativa
L.) suppressed Fusarium wilt in watermelon through
the production of rice root exudates (Ren et al. 2008).
Different plant root exudates or residues produce
different allelochemicals under different conditions.
The main allelochemicals produced by some plants,
such as cucumber (Yu and Matsui 1994; Ye et al.
2004; Yu et al. 2009), eggplant (Solanum melongena)
(Chen et al. 2011a, b) and pea (Pisum sativum) (Yu
and Yoshihisa 1999) was TA. These results provide a
possibility in preventing strawberry anthracnose
crown rot by proper rotation, intercropping, proper
soil and plant residue management.

Application of organic amendments has been pro-
posed as a strategy to manage diseases caused by soil-
borne pathogens, but inconsistent results hinder their
use (Bonanomi et al. 2010). Crop residues or green
manure are important sources of allelochemicals, partic-
ularly the phenolic acids in the soil. Different types of
crop residues or green manure produce different pheno-
lic acids. Our study showed that different types and
concentrations of phenolic acids have different effects
on strawberry anthracnose crown rot, which may
explain why the use of different types of organic
material to control soilborne pathogens often achieve
inconsistent results. The effects were found to depend

on the particular organic material and soilborne
pathogens.

Baker and Cook (1974) were the first to suggest the
concept of disease suppression in soil, which was clas-
sified as general or specific disease suppression (Deacon
1984). Disease suppressive soil is widely distributed,
but the mechanism of resistance to soilborne pathogens
and application in sustainable agricultural development
is not well understood. Allelopathy plays a significant
role in sustainable agriculture (Chou 1999). Root exu-
dates of many plants also contain antimicrobial com-
pounds, but research in this area has been minimal
(Huang et al. 2013). Our studies have shown that the
regulation of allelochemicals, especially phenolic acids,
and their concentrations, may present a direct way to
develop specific disease suppressive soil.
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