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Abstract: Equol, a metabolite of soybean isoflavone daidzein, has been proven to have various
bioactivities related to human health, but little is known on its antifungal activity to plant fungal
pathogens. Magnaporthe oryzae is a phytopathogenic fungus that causes rice blast, a devastating
disease on rice. Here, we demonstrated that equol influences the development and pathogenicity
of M. oryzae. Equol showed a significant inhibition to the mycelial growth, conidial generation and
germination, and appressorial formation of M. oryzae. As a result, equol greatly reduced the virulence
of M. oryzae on rice and barley leaves. The antifungal activity of equol was also found in several other
plant fungal pathogens. These findings expand our knowledge on the bioactivities of equol.
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1. Introduction

Equol (4,7-isoflavandiol) was discovered by Marrian et al. in 1932 when they separated
hydroxyestrone from pregnant mare urine, and determined its molecular formula as C15H1403. It was
assigned the name equol because it is a metabolic product of equine and belongs to the diphenol with
estrogen action [1]. Equol exists in two enantiomeric forms, (S)-equol and (R)-equol [2]. (S)-equol can
be converted from soy isoflavone daidzein in humans and animals after soy isoflavone consumption
based on the presence of certain bacteria in their gastrointestinal tracts [2,3]. Approximately 30-50% of
humans are capable of producing (S)-equol [4]. In contrast, (R)-equol is not made in humans, but can
be chemically synthesized in the laboratory [5].

In recent years, equol has received considerable attention due to its diverse biological activities,
including antioxidant and antitumor properties [6-8]. Based on these studies, (S)-equol is a potential
nutraceutical agent possessing significant health benefits. Despite its safety and adverse effects
still being held under suspicion by the medical and scientific community, (S)-equol and its related
compounds have been used in many dietary supplements for their potential protective effects against
aging, skin conditions, hair loss, prostate cancer, obesity, hot flashes, menopause, osteoporosis,
heart disease, and neurologic conditions [9,10]. However, these studies rarely concerned the
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antimicrobial activity of equol. It is still obscure whether and how equol affects the growth and
development of fungal pathogens.

Magnaporthe oryzae, a heterothallic ascomycete fungus, causes rice blast, the most devastating
disease on rice, and also infects many other economically important cereal crops, such as barley, oats,
rye grass, and millets [11]. M. oryzae uses its conidia to infect hosts and disseminate. Once the conidium
of M. oryzae lands on the plant surface, it germinates within 2 h. The germ tube is induced by specific
physical and chemical factors, such as a hydrophobic plant surface, to swell on its top and differentiate
into a type of specialized infective structure, called an appressorium. The appressorium accumulates
a high concentration of glycerol and generates enormous internal turgor [12], and on the leaf surface,
this turgor converts into a high mechanical force. Subsequently, the fungus elaborates a slender
hypha, namely the penetration peg, on the bottom of the appressorium. With the high mechanical
force, the penetration peg breaches the plant cuticle and invades the underlying epidermal cells [13].
Finding molecules that possess an inhibition effect to the development of M. oryzae, especially to
appressorial formation and pathogenicity, would greatly benefit the control of the rice blast disease.

To explore new bioactivities of equol and also find potential molecules to control plant diseases,
in the present work, we analyzed the antifungal activity of equol against M. oryzae at different
development stages.

2. Materials and Methods

2.1. Fungal Strains and Growth Conditions

The M. oryzae Guy-11 strain was used [14]. The MoPEX5 and MoPEX7 deletion mutants were
both derived from Guy-11 [15]. The Botrytis cinerea used was strain B05.10 [16]. The Alternaria alternata
used was Nt18, a strain isolated from tobacco (Nicotiana tabacum) with brown spot disease in Yunnan
province and identified by its biological characters and internal transcribed spacer (ITS) sequences.
The Colletotrichum fragariae used was the Z]J91 strain isolated from strawberry (Fragaria x ananassa) with
anthracnose in Zhejiang province and identified by its biological characters and ITS sequences. All of
the strains were cultured on complete medium (CM) [14] at 28 °C for 3-14 days. Equol (Daicel Chiral
Technologies Co., LTD., Shanghai, China) was dissolved in methanol (50 mg/mL) and sterilized by
filtration as a stock solution. For each experiment, the stock solution was first diluted with methanol
into gradient concentrations and then added to treatments to ensure that an equal concentration of
methanol background was contained in each treatment.

2.2. Assays of Mycelia Growth, Conidial Generation, Germination, and Appressorial Formation

The M. oryzae strain Guy-11 in 5-mm-diameter colony plugs was incubated on CM,
CM supplemented with equol, daidzein, or 2% methanol on 6-cm culture plates at 28 °C for 6 days.
Then, the colonial diameters were measured with a straight ruler. The relative growths were calculated
by the ratio of the diameters to that on CM and compared statistically. To calculate the conidia
generation, the M. oryzae strain Guy-11 was cultured on CM with or without (S)-equol on 6-cm
culture plates at 28 °C for 6 days. The conidia were washed-off from the colonial surface with
sterilized water and a small brush, filtered with three-layer lens cleaning paper, and then counted
on a hemocytometer. The conidia generated per unit area were calculated in each treatment and the
relative conidia generation to that on CM was compared. For conidial germination and appressorial
formation, the conidia harvested from 10-day-old CM plates with similar methods were washed three
times and re-suspended at 1 x 10° conidia/mL. Aliquots (50 pL) of the suspensions were incubated
on a plastic coverslip in a moist chamber at 28 °C for 24 h. Conidial germination and appressorial
formation were examined under a microscope at 2, 4, 6, 8, 12, and 24 h post incubation. To test
the restoration of germination, conidia were treated with (S)-equol for 2 h, and then eluted with
sterilized water three times. The assays for fluorescein diacetate (FDA) staining, Calcofluor staining,
and fluorescent microscopy were performed as described previously [15].
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2.3. Pathogenicity Tests

The conidia harvested from 10-day-old CM plates were re-suspended in 1 x 10° conidia/mL
and used for pathogenicity tests. For spray inoculation, rice CO39 was cultured in seedling pots for
14 days, with 20 seedlings per pot. The seedlings were sprayed evenly with the conidial suspension
as described previously [14], with 2 mL of suspension for each group of three pots. The inoculated
seedlings were incubated in a moist chamber at 28 °C in darkness for 24 h and then in a 12 h light/12 h
darkness cycle for 3 days. For the inoculation on detached barley leaves, the barley ZJ-8 was cultured
for 7 days and the top first leaves were cut into 5-cm length sections. Then, 20 uL aliquots of the
conidial suspension were drop inoculated on the leaf sections. The inoculated leaves were put into
9-cm petri dishes, where three-layers filter paper saturated with sterilized water were used to maintain
humidity. The petri dishes were incubated in a moist chamber at 28 °C in darkness for 24 h and then
in a 12 h light/12 h darkness cycle for 3 days.

3. Results

3.1. Equol Inhibits Mycelia Growth and Conidia Generation of M. oryzae

The effect of equol on the mycelia growth of M. oryzae was tested on CM. In view of that (5)-equol
can be converted from daidzein in animal gastrointestinal tracts, the daidzein as a comparison was also
tested here in the same concentrations. The colonies formed on CM supplemented with equol were
found to be significantly smaller than those on CM and CM with a methanol background (Figure 1).
The ECsg (50% effective concentration) for (S)-equol and (R)-equol to mycelia growth were calculated as
0.133 & 0.01 mg/mL and 0.129 + 0.008 mg/mL, respectively, without significant difference. Although
the daidzein also showed inhibition activity to the growth of M. oryzae, the inhibition was at much
lower levels (ECsy = 4.694 £ 0.05 mg/mL) than that of the equol. From light and fluorescent microscopy
combined with hyphal staining, we found that the fungus on CM with equol produced much less
developed hyphae than those on CM without equol.
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Figure 1. Inhibition test of equol on the mycelial growth of Magnaporthe oryzae. The M. oryzae strain
Guy-11 was cultured on complete medium (CM), CM supplemented with equol or daidzein in gradient
concentrations, or with 2% methanol on 6-cm culture plates at 28 °C for 6 days. (a) The colonial
diameters were measured and the relative growths to that on CM were statistically compared. Error bars
represent the deviation calculated from three replicates; (b) The images of the colonies on CM and CM
with (S)-equol; (c) The microscopic analysis of the mycelial growth upon (S)-equol treatment. i and
ii, the colonial edges were observed under a stereoscopic microscope with reflection light (the upper
panels) and transmission light (the lower panels). iii, the mycelia at the colonial edges were stained
with Calcofluor white and detected under a fluorescence microscope: the upper panel with a bright
channel and the lower panel with a fluorescent channel. The bar in i represents 5 mm; in ii, 0.5 mm;
and in iii, 5 um.

Conidia generation was measured on 6-day cultured colonies on CM or CM supplemented with
(5)-equol. The colonies cultured on CM with (5)-equol produced dramatically fewer conidia compared
with that on CM and CM with a 2% methanol background (Figure 2). The ECs calculated for the
inhibition of (S)-equol to the conidiation of M. oryzae was 0.0099 =+ 0.0002 mg/mL. The results indicated
that equol is capable of inhibiting both the growth and the conidiation of M. oryzae.

3.2. Equol Affects Conidial Germination and Appressorial Development

To examine the effect of equol on conidial germination and appressoria development, the conidia
suspensions treated with (5)-equol or untreated were incubated on a hydrophobic surface and observed
under an optical microscope at 2, 4, 8, 12, and 24 h post incubation. Based on the data for the inhibition



Molecules 2017, 22, 1799

of equol on mycelial growth and conidiation and on our pre-experiment results, we chose three efficient
concentrations (0.03, 0.04, and 0.05 mg/mL) in this experiment. The rates of conidial germination
and appressorial formation were both remarkably reduced upon treatment with (S)-equol in these
three concentrations (Figure 3). The conidia untreated or treated with a 0.2% methanol background
were almost fully germinated and formed mature appressoria within 24 h post incubation, while in
0.05 mg/mL (S)-equol, only 30% of the conidia germinated and 7% of the generated conidia formed

appressoria at 24 h post incubation.
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Figure 2. Inhibition test of equol to the conidiation of Magnaporthe oryzae. The M. oryzae strain Guy-11
was cultured on CM, CM supplemented with (S)-equol, and CM with 2% methanol at 28 °C for 6 days.
The conidia were harvested from the cultures and counted to calculate the conidiation per square
centimeter. The conidiation relative to that on CM was statistically compared. The error bars represent
the deviation calculated from three replicates.
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Figure 3. Inhibition test of equol to conidial germination and appressorial formation of Magnaporthe oryzae.
Conidia harvested from 10-day-old CM plates were re-suspended at 1 x 10° conidia/mL. (S)-equol was
added in the suspensions to different final concentrations, and methanol was supplemented to 0.2% in
each treatment. Aliquots (50 uL) of the suspensions were incubated on plastic coverslips at 28 °C for
24 h. The conidial germination rates (a) and appressorial formation rates of the germinated conidia (b)
were examined at 2, 4, 6, 8, 12, and 24 h post incubation and statistically compared. At least 200 conidia
were counted for each treatment. The error bars represent the deviation calculated from three replicates.
The capital letters on top of the columns represent the significance of the difference (p < 0.01) between the
treatments in each time point.
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3.3. Equol Inhibits Pathogenicity of M. oryzae on Rice and Barley

To determine the effects of equol on the pathogenicity of M. oryzae, we performed inoculation
tests on two hosts, rice and barley. The seedlings of 14-day-old rice cultivar CO39 and detached
leaves of 7-day-old barley cultivar ZJ-8 were inoculated by conidial suspensions supplemented with
or without (S)-equol. (S)-equol exhibited a remarkable inhibition of disease development in both
hosts (Figure 4). In contrast to the numerous typical lesions on the rice leaves caused by the controls
(conidial suspension untreated or that with a methanol background), the symptoms were greatly
reduced on the leaves inoculated with conidia treated with (S)-equol, or even completely absent upon
treatment with 0.1 mg/mL (S)-equol. Similar results were obtained in the inoculation test on barley
leaves. These results indicated clearly that the equol inhibited the pathogenicity of the fungus.

Methanol ~ 0.03 mg/mL  0.05 mg/mL 0.1 mg/mL Blank
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Figure 4. Effects of equol on the pathogenicity of Magnaporthe oryzae on rice and barley leaves. Conidia
harvested from 10-day-old CM plates were re-suspended at 1 x 10°, 1 x 10° and 1 x 10* conidia/mL
respectively. (S)-equol was added to different final concentrations and methanol was supplemented to
2% in each treatment. (a) 14-day-old rice CO39 seedlings were inoculated with the 1 x 10° conidia/mL
suspensions (CK) or the suspensions with different concentrations of (S)-equol or with a methanol
background and incubated at 28 °C in darkness for 24 h and then in a 12 h light/12 h darkness cycle
for 6 days; (b) Detached leaves of 7-day-old barley ZJ-8 were inoculated with the aliquots (20 pL) of
the suspensions with or without (S)-equol or with methanol and incubated at 28 °C in darkness for
24 h and then in a 12 h light/12 h darkness cycle for 3 days. The plants used as a blank control were
inoculated with sterilized water in the same procedures.
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3.4. Effects of Equol Are Restorable

To know whether the conidia were killed by equol treatment, we tested the cell viability using
an FDA staining assay. However, the conidia treated with (S)-equol were found to be still alive.
Even when treated for 24 h, more than 98% of the conidia adapted to the FDA staining and emitted
green fluorescence (Figure 5).
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Figure 5. FDA staining to test the viability of conidia treated with equol. Conidia suspensions

(1 x 10° conidia/mL) supplemented with 0.04 mg/mL and 0.05 mg/mL (S)-equol were incubated
on plastic coverslips at 28 °C in darkness for 24 h to allow for germination and appressorial
formation. The suspensions without (S)-equol and that containing 0.2% methanol were used as
controls. After incubation for 24 h, the conidia and appressoria were stained with 100 pg/mL FDA
solution for 5 min and detected under a fluorescent microscope.

We then investigated whether the effects of equol on conidia are revertible by removing the equol
from the suspension. The ability of the conidia to germinate and form appressoria was found to be
partially restored when the conidia treated with (S)-equol for 2 h were washed with water (Figure 6a).
The pathogenicity of the conidia on barley was also regained to a large extent when the conidia were
released from a 2-h (5)-equol treatment by rinsing with water (Figure 6). These results, according
with that the conidia are still alive after equol treatment, indicate that the equol inhibits conidia from
germinating and forming appressoria rather than killing them.

3.5. Antifungal Activity of Equol Is Not Related to Peroxisome

In mammals, daidzein can influence target cells by transactivating three peroxisomal proliferation
activator receptors (PPARs) «, 8, and v [17]. To test whether the effects of equol to M. oryzae are
related to peroxisome, we compared the mycelial growth of wild-type Guy-11 and two mutants
defective in peroxisomal biogenesis on (S)-equol-containing CM. Our data showed that the M. oryzae
PEX5 gene-deleted mutant (Amopex5) and the PEX7 deleted mutant (Amopex7) [15] were inhibited
by (5)-equol in equivalent levels to the wild-type (Figure 7). These findings may suggest that the
antifungal activity of equol to M. oryzae is not related to the peroxisome.
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Figure 6. The inhibition of equol to conidial germination, appressorial formation, and pathogenicity
is restorable by removing the equol. The conidia suspensions (1 x 10° conidia/mL) that were
supplemented with 0.03 and 0.05 mg/mL (S)-equol, and those that were treated with 0.03 and
0.05 mg/mL (S)-equol for 2 h then washed in sterilized water three times (0.03 R and 0.05 R) were
incubated on a plastic coverslip at 28 °C for 24 h to allow for germination and appressorial formation.
Conidial germination (a) and appressorial formation (b) at 12 and 24 h post incubation were examined
and statistically compared. The error bars represent the deviation calculated from three replicates.
The letters in capital on top of the columns represent the significance of the difference (p < 0.01)
between the treatments in each time point; (c) The conidia suspensions (1 x 10° conidia/mL) that
were supplemented with 0.05 and 0.1 mg/mL (S)-equol, and those that were treated with 0.05 and
0.1 mg/mL (S)-equol for 2 h and then washed in sterilized water three times (0.05 R and 0.1 R) were
inoculated on 7-day-old barley Z]-8 leaves and then incubated at 28 °C in darkness for 24 h and
a subsequent 12 h light/12 h darkness cycle for 3 days. Conidia suspensions that were untreated (CK),
treated with 0.2% methanol, and treated with 0.2% methanol for 2 h then washed with sterilized water
(Met R) in the same procedures were used as controls. The plants inoculated with sterilized water were
used as a blank control.

3.6. Antifungal Activity of Equol on Other Fungal Pathogens

To further reveal whether the antifungal activity of equol is broad-spectrum to fungal pathogens,
we assessed the inhibition of (S)-equol to the vegetative growth of another three important pathogenic
fungal species, Colletotrichum fragariae, Alternaria alternata, and Botrytis cinerea. Analogously to that
observed in M. oryzae, the (S)-equol effectively inhibited the mycelial growth of all of the three fungi
(Figure 8).
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Figure 7. Comparison of the inhibition of equol to the mycelial growth of Magnaporthe oryzae wild-type
Guy-11 and the Amopex5 and Amopex7 mutants. (a) The strains were cultured on CM and CM
supplemented with 0.04 mg/mL and 0.08 mg/mL (S)-equol at 28 °C for 6 days on 6-cm culture
plates; (b) the colonial diameters of the strains were measured and the relative growth was calculated
and compared. The error bars represent the deviation calculated from three replicates.

CM Methanol 0.04 mg/mL 0.1 mg/mL

C. fragariae

A. alternata

B. cinerea

Figure 8. Inhibition test of equol to the mycelial growth of Colletotrichum fragariae, Alternaria alternata,
and Botrytis cinerea. The strains were cultured on CM, CM supplemented with 0.04 and 0.1 mg/mL
(S)-equol, or with 2% methanol at 28 °C for 6 days on 6-cm culture plates.

4. Discussion

Rice is the most important crop in Asia and supplies food for more than half of the global human
population. Rice blast is the most destructive disease influencing rice production and food safety
in almost all of the rice-growing regions. For the control of rice blast, massive amounts of chemical
fungicides are applied every year. The widespread use of synthetic fungicides causes problems such as
the emergence of resistant pathogens, residual toxicity, and environmental pollution [18,19]. To solve
these problems, scientists have been actively seeking natural products and natural product-derived
metabolites as potential fungicidal substances, since natural products are generally considered to
have low mammalian toxicity and to be degradable in environments [20]. In this study, we firstly
demonstrated that equol, a metabolite from natural soy isoflavone, has antifungal activities against
rice blast pathogen M. oryzae, and the activities involve inhibition to not only mycelial growth, but also
to conidia generation, conidial germination, appressorial formation, and pathogenicity.
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As naturally occurring substances, isoflavonoids have been closely focused on for their biological
properties [21], mainly because of their potential association with anticancer and human health [9,22]
as well their potential fungicidal activity. The effects of isoflavonoids on fungal growth have been
investigated in several fungal species [23-28] and the antifungal factors in certain plants, such as
red clover and infected soya, are regarded as isoflavonoids [29-31]. Naim et al. have reported that
free isoflavones possess depression activity to the growth of Trichoderma lignorum, Rhizoctonia solani,
Fusarium oxysporum, Pythium spp, Rhizopus spp, and Sclerotium rolfsii, while the antifungal activity of
isoflavones glycosides was negligible in most instances [32]. Weidenborner et al. compared the effects
of two naturally occurring isoflavones, genistein and biochanin A, and their derived isoflavanones and
isoflavans on the mycelial growth of two soil-borne fungi R. solani and S. rolfsii [33], and indicated that
all of the isoflavonoids of the biochanin A series showed high antifungal activity, genistein isoflavan
and the other isoflavans with two hydroxyl groups and one methoxy group were fungi toxic,
while isoflavans with two or three methoxy groups were almost inactive. Kramer et al. tested the
antifungal activity of the isoflavones from soybean (Glycine max) and chickpea (Cicer arietinum) and their
derived isoflavanones and isoflavans on three food- and forage-containing fungi, Aspergillus ochraceus,
Penicillium digitatum, and Fusarium culmorum and found that these compounds were variable in their
activity, either as a stimulator or as an inhibitor, to fungal growth due to the variation of concentration
and fungal targets [23]. Accordingly, the isoflavans, although acting as inhibitors in most cases,
stimulated the growth of P. digitatum and F. culmorum at certain concentrations. Metabolized from soy
isoflavone, equol is thus an isoflavan in structure [2,3]. Our data showed that the equol functioned
consistently as an inhibitor at all of the tested concentrations. These studies indicated that the fungicidal
property of the isoflavonoids is related largely to their composition and structures, and vary greatly on
different target fungi.

Kasugamycin and tricyclazole are two of the most commonly used chemical agents for the
control of rice blast [34,35]. The biochemical action of kasugamycin is to inhibit protein synthesis [36].
Protein synthesis inhibitors generally have a higher activity on mycelial growth than conidial
germination [37]. Correspondingly, kasugamycin was active to mycelial growth, with a 56% inhibition
rate at 50 ng/mL, but was not efficient enough to inhibit the conidial germination of M. oryzae [38].
The ECs of equol to mycelia growth is more than 100 pg/mL, while 30 to 50 pg/mL equol inhibited
conidial germination and appressoria formation efficiently, indicating that equol, in contrast to
Kasugamycin, has a relatively strong inhibitory effect to conidial germination and appressoria
formation than to mycelia growth. Tricyclazole specifically inhibits melanin synthesis in the rice blast
fungus and thus affects the function of appressoria which deposit melanin on cell walls to maintain
a high internal turgor pressure [39,40]. Therefore, tricyclazole at low concentrations (1 pug/mL) did
not inhibit vegetative growth but was capable of controlling the rice blast disease [41]. However,
in our data, equol can inhibit growth, conidiation, conidial germination, and appressorial formation.
In addition, based on mycelium growth, the ECsy of a collection of rice blast isolates in Australia
were 0.02 to 2.02 pg/mL for azoxystrobin and 0.06 to 1.91 pg/mL for propiconazole [42]. The ECs
for azoxystrobin and kresoxim-methyl were 0.006 to 0.056 and 0.024 to 0.287 ug/mL, respectively,
in inhibiting mycelial growth of 80 M. oryzae isolates in Anhui Province of China [43]. In spite of the
fact that the fungal strains and the test assays are different in these studies, the inhibition efficiency
of equol to mycelia growth is quite weak compared with these chemicals. However, interestingly,
the inhibitions of equol to conidiation and to appressorial formation appear to be relatively strong,
which come up to or exceed the levels of the above chemicals. This data may suggest that equol acts
via a different mode in its antifungal activity to those of kasugamycin, tricyclazole, and the commonly
used chemicals.

In mammalians, daidzein and (S)-equol were found to act as agonists of the G protein-coupled
estrogen receptor GPER/GPR30 [44]. Equol exists in two enantiomeric forms (S)-equol and (R)-equol,
among which only (S)-equol is produced in humans and animals [2]. The molecular and physical
structure of (S)-equol is similar to that of the hormone estradiol [45], and (S)-equol preferentially
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binds estrogen receptor beta [3,46]. The bioactivity of daidzein has thus been thought to associate
with its ability to produce (S)-equol. Accordingly, (S)-equol exhibited better bioactivity than (R)-equol
and daidzein [46]. In the present study, equol has higher antifungal activity than daidzein; however,
(R)-equol and (S)-equol did not show differences in their ability to inhibit fungal growth. Additionally,
in the M. oryzae genome, we failed to find homologous proteins to the mammalian GPER/GPR30.
Another action of daidzein is to transactivate three peroxisomal proliferation activator receptor (PPAR)
isoforms, «, §, and v, and influence target cells [47]. Our data showed that the M. oryzae mutants
defective in peroxisomal biogenesis [15] have an equivalent sensitivity to equol as the wild-type.
These findings indicate that the action mechanism in the antifungal activity of equol to M. oryzae is
likely distinct from that in the other bioactivity to mammalian cells. There is still insufficient evidence
as to whether equol activates the G protein-coupled receptor in M. oryzae, and to reveal the action
mechanism of equol in fungicidal activity, more investigations will need to be done in the future.

The ability to transform daidzein into (5)-equol in humans is based on the presence of certain
intestinal bacteria. Studies indicate that 25-30% of the adults in Western countries, and 50-60%
of the adults from Japan, Korea, or China produce (S)-equol after eating isoflavone-containing
foods [4,45,48-53]. In very recent years, the research on intestinal microflora has attracted abundant
attention and has become a hot topic worldwide [54,55]. This research prompted the isolation of the
equol-producing bacteria or mixed microbial cultures [56,57]. Isolating such bacteria and testing their
antifungal activities on fungal pathogens may allow us to find new potential biocontrol agents for
plant diseases. Identifying the genes involved in equol production in these bacteria may provide new
gene choices for the breeding of transgenic disease-resistant plants.

5. Conclusions

In summary, equol, the metabolite of daidzein from mammalian intestinal bacteria, can negatively
affect the mycelial growth, conidiation, conidial germination, appressoria formation, and pathogenicity
of the rice blast fungus, M. oryzae, and also has the potential to inhibit the development of other plant
fungal pathogens. These findings expand our knowledge on the bioactivities of equol and enlighten us
on plant disease control.

Acknowledgments: This work was financially supported by the National Natural Science Foundation of China
(31470249) to J.W. and Chinese Postdoctoral Science Foundation (2016M592018) to L.L.

Author Contributions: J.W. and G.S. conceived and designed the experiments; L.L. and Z.G. performed the
experiments; J.W. and Y.Y. analyzed the data; R.C. and Y.W. contributed reagents/materials/analysis tools;
and J.W. and Z.G. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Marrian, G.F; Haslewood, G.A. Equol, a new inactive phenol isolated from the ketohydroxyoestrin fraction
of mares’ urine. Biochem. J. 1932, 26, 1227-1232. [CrossRef] [PubMed]

2. Setchell, K.D.R.; Clerici, C. Equol: History, chemistry, and formation. J. Nutr. 2010, 140, 13555-1362S.
[CrossRef] [PubMed]

3. Wang, X.L; Hur, HG,; Lee, ] H; Kim, K.T.; Kim, S.I. Enantioselective synthesis of S-equol from
dihydrodaidzein by a newly isolated anaerobic human intestinal bacterium. Appl. Environ. Microb. 2005, 71,
214-219. [CrossRef] [PubMed]

4. Lampe, ].W.; Karr, S.C.; Hutchins, A.M.; Slavin, J.L. Urinary equol excretion with a soy challenge: Influence
of habitual diet. Exp. Biol. Med. 1998, 217, 335-339. [CrossRef]

5. Setchell, K.D.; Brown, N.M.; Lydeking-Olsen, E. The clinical importance of the metabolite equol-a clue to the
effectiveness of soy and its isoflavones. |. Nutr. 2002, 132, 3577-3584. [PubMed]

6. Hedlund, T.E.; Johannes, W.U.; Miller, G.J. Soy isoflavonoid equol modulates the growth of benign and
malignant prostatic epithelial cells in vitro. Prostate 2003, 54, 68-78. [CrossRef] [PubMed]


http://dx.doi.org/10.1042/bj0261227
http://www.ncbi.nlm.nih.gov/pubmed/16744928
http://dx.doi.org/10.3945/jn.109.119776
http://www.ncbi.nlm.nih.gov/pubmed/20519412
http://dx.doi.org/10.1128/AEM.71.1.214-219.2005
http://www.ncbi.nlm.nih.gov/pubmed/15640190
http://dx.doi.org/10.3181/00379727-217-44241
http://www.ncbi.nlm.nih.gov/pubmed/12468591
http://dx.doi.org/10.1002/pros.10137
http://www.ncbi.nlm.nih.gov/pubmed/12481257

Molecules 2017, 22, 1799 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Wiseman, H.; O'reilly, ].D.; Adlercreutz, H.; Mallet, A.L; Bowey, E.A.; Rowland, I.R; Sanders, T.A. Isoflavone
phytoestrogens consumed in soy decrease F(2)-isoprostane concentrations and increase resistance of
low-density lipoprotein to oxidation in humans. Am. J. Clin. Nutr. 2000, 72, 395-400. [PubMed]

Lund, T.D.; Munson, D.J.; Haldy, M.E.; Setchell, K.D.; Lephart, E.D.; Handa, R.J. Equol is a novel
anti-androgen that inhibits prostate growth and hormone feedback. Biol. Reprod. 2004, 70, 1188-1195.
[CrossRef] [PubMed]

Setchell, K.D. Soy isoflavones—Benefits and risks from nature’s selective estrogen receptor modulators
(SERMs). J. Am. Coll. Nutr. 2001, 20, 3545-362S. [CrossRef] [PubMed]

Yee, S.; Burdock, G.A.; Kurata, Y.; Enomoto, Y.; Narumi, K.; Hamada, S.; Itohc, T.; Shimomurac, Y.;
Uenoc, T. Acute and subchronic toxicity and genotoxicity of SE5-OH, an equol-rich product produced
by Lactococcus garvieae. Food Chem. Toxicol. 2008, 46, 2713-2720. [CrossRef] [PubMed]

Howard, RJ.; Valent, B. Breaking and entering: Host penetration by the fungal rice blast pathogen
Magnaporthe grisea. Annu. Rev. Microbiol. 1996, 50, 491-512. [CrossRef] [PubMed]

De Jong, ].C.; Mccormack, B.J.; Smirnoff, N.; Talbot, N.J. Glycerol generates turgor in rice blast. Nature 1997,
389, 244. [CrossRef]

Howard, R.J.; Ferrari, M.A_; Roach, D.H.; Money, N.P. Penetration of hard substrates by a fungus employing
enormous turgor pressures. Proc. Natl. Acad. Sci. USA 1991, 88, 11281-11284. [CrossRef] [PubMed]

Talbot, N.J.; Ebbole, D.J.; Hamer, J.E. Identification and characterization of MPGI, a gene involved in
pathogenicity from the rice blast fungus Magnaporthe grisea. Plant Cell 1993, 5, 1575-1590. [CrossRef]
[PubMed]

Wang, J.; Zhang, Z.; Wang, Y.; Li, L.; Chai, R.; Mao, X,; Jiang, H.; Qiu, H.; Du, X; Lin, F; et al. PTS1 peroxisomal
import pathway plays shared and distinct roles to PTS2 pathway in development and pathogenicity of
Magnaporthe oryzae. PLoS ONE 2013, 8, €55554. [CrossRef] [PubMed]

Staats, M.; van Kan, ]J.A.L. Genome update of Botrytis cinerea strains B05. 10 and T4. Eukaryot. Cell 2012, 11,
1413-1414. [CrossRef] [PubMed]

Dang, Z.; Lowik, C.W. The balance between concurrent activation of ERs and PPARs determines
daidzein-induced osteogenesis and adipogenesis. J. Bone Miner. Res. 2004, 19, 853-861. [CrossRef] [PubMed]
Delp, C.J. Coping with resistance to plant disease. Plant Dis. 1980, 64, 652—657. [CrossRef]

Filipov, N.M.; Lawrence, D.A. Developmental toxicity of a triazole fungicide: Consideration of interorgan
communication. Toxicol. Sci. 2001, 62, 185-186. [CrossRef] [PubMed]

Copping, L.G.; Menn, ] .J. Biopesticides: A review of their action, applications and efficacy. Pest Manag. Sci.
2000, 56, 651-676. [CrossRef]

Dewick, PM. Isoflavonoids. In The Flavonoids: Advances in Research since 1980; Harborne, J.B., Ed.; Springer:
Boston, MA, USA, 1988; pp. 125-209.

Varinska, L.; Gal, P.; Mojzisova, G.; Mirossay, L.; Mojzis, ]. Soy and Breast Cancer: Focus on Angiogenesis.
Int. . Mol. Sci. 2015, 16, 11728-11749. [CrossRef] [PubMed]

Kramer, R.P; Hindorf, H.; Jha, H.C.; Kallage, J.; Zilliken, F. Antifungal activity of soybean and chickpea
isoflavones and their reduced derivatives. Phytochemistry 1984, 23, 2203-2205.

Smith, D.A. Some effects of the phytoalexin, kievitone, on the vegetative growth of Aphanomyces euteiches,
Rhizoctonia solani and Fusarium solani f. sp. phaseoli. Physiol. Plant Pathol. 1976, 9, 45-48. [CrossRef]

Siupp, R.A.; Bailey, J.A. The fungitoxicity of isoflavanoid phytoalexins measured using different types of
bioassay. Physiol. Plant Pathol. 1977, 11, 101-112. [CrossRef]

Perrin, D.R.; Cruickshank, I.A.M. The antifungal activity of pterocarpans towards Monilinia fructicola.
Phytochemistry 1969, 8, 971-978. [CrossRef]

Gnanamanickam, S.S.; Smith, D.A. Selective toxicity of isoflavonoid phytoalexins to gramspositive bacteria.
Phytopathology 1980, 70, 894-896. [CrossRef]

Lee, J.A.; Chee, H.Y. In Vitro Antifungal Activity of Equol against Candida albicans. Mycobiology 2010, 38,
328-330. [CrossRef] [PubMed]

Kug, J. Phytoalexins. Annu. Rev. Phytopathol. 1972, 10, 207-232.

Virtanen, A.L; Hietala, PK. Isolation of an anti-sclerotinia factor, 7-hydroxy-4’-methoxyisoflavone from red
clover. Acta Chem. Scand. 1958, 12, 579-580. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/10919933
http://dx.doi.org/10.1095/biolreprod.103.023713
http://www.ncbi.nlm.nih.gov/pubmed/14681200
http://dx.doi.org/10.1080/07315724.2001.10719168
http://www.ncbi.nlm.nih.gov/pubmed/11603644
http://dx.doi.org/10.1016/j.fct.2008.04.026
http://www.ncbi.nlm.nih.gov/pubmed/18554770
http://dx.doi.org/10.1146/annurev.micro.50.1.491
http://www.ncbi.nlm.nih.gov/pubmed/8905089
http://dx.doi.org/10.1038/38418
http://dx.doi.org/10.1073/pnas.88.24.11281
http://www.ncbi.nlm.nih.gov/pubmed/1837147
http://dx.doi.org/10.1105/tpc.5.11.1575
http://www.ncbi.nlm.nih.gov/pubmed/8312740
http://dx.doi.org/10.1371/journal.pone.0055554
http://www.ncbi.nlm.nih.gov/pubmed/23405169
http://dx.doi.org/10.1128/EC.00164-12
http://www.ncbi.nlm.nih.gov/pubmed/23104368
http://dx.doi.org/10.1359/jbmr.040120
http://www.ncbi.nlm.nih.gov/pubmed/15068509
http://dx.doi.org/10.1094/PD-64-652
http://dx.doi.org/10.1093/toxsci/62.2.185
http://www.ncbi.nlm.nih.gov/pubmed/11452129
http://dx.doi.org/10.1002/1526-4998(200008)56:8&lt;651::AID-PS201&gt;3.0.CO;2-U
http://dx.doi.org/10.3390/ijms160511728
http://www.ncbi.nlm.nih.gov/pubmed/26006245
http://dx.doi.org/10.1016/0048-4059(76)90074-6
http://dx.doi.org/10.1016/0048-4059(77)90093-5
http://dx.doi.org/10.1016/S0031-9422(00)86339-6
http://dx.doi.org/10.1094/Phyto-70-894
http://dx.doi.org/10.4489/MYCO.2010.38.4.328
http://www.ncbi.nlm.nih.gov/pubmed/23956675
http://dx.doi.org/10.3891/acta.chem.scand.12-0579

Molecules 2017, 22, 1799 13 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Keen, N.T.; Sims, J.J.; Erwin, D.C,; Rice, E.; Partridge, J.E. 6a-hydroxyphasecollin: An antifungal chemical
induces in soybean hypocotyls by Phytophthora megasperma var. sojae. Phytopathology 1971, 61, 1084-1089.
[CrossRef]

Naim, M.; Gestetner, B.; Zilkah, S.; Birk, Y.; Bondi, A. Soybean isoflavones. Characterization, determination,
and antifungal activity. J. Agric. Food Chem. 1974, 22, 806-810. [CrossRef] [PubMed]

Weidenborner, M.; Hindorf, H.; Jha, H.C.; Tsotsonos, P.; Egge, H. Antifungal activity of isoflavonoids in
different reduced stages on Rhizoctonia solani and Sclerotium rolfsii. Phytochemistry 1990, 29, 801-803.

Froyd, ].D.; Paget, C.J.; Guse, L.R.; Dreikorn, B.A.; Pafford, J.L. Tricyclazole—New systemic fungicide for
control of Piricularia-oryzae on rice. Phytopathology 1976, 66, 1135-1139. [CrossRef]

Yamaguchi, I. Overview on the chemical control of rice blast disease. In Rice Blast: Interaction with Rice and
Control; Springer: Dordrecht, The Netherlands, 2004; pp. 1-13.

Masukawa, H.; Tanaka, N.; Umezawa, H. Inhibition by kasugamygin of protein synthesis in Piricularia oryzae.
J. Antibiot. 1968, 21, 73-74. [CrossRef] [PubMed]

Misato, T.; Ishii, I.; Asakawa, M.; Okimoto, Y.; Fukunaga, K. Antibiotics as protectant fungicides against rice
blast. Jpn. J. Phytopathol. 1959, 24, 302-306. [CrossRef]

Yoon, M.-Y.; Kim, Y.S.; Ryu, S.Y.; Choi, G.J.; Choi, YH,; Jang, K.S.; Cha, B.; Han, S.S.; Kim, ]J.C. In vitro
and in vivo antifungal activities of decursin and decursinol angelate isolated from Angelica gigas against
Magnaporthe oryzae, the causal agent of rice blast. Pestic. Biochem. Phys. 2011, 101, 118-124. [CrossRef]
Kunova, A.; Pizzatti, C.; Cortesi, P. Impact of tricyclazole and azoxystrobin on growth, sporulation and
secondary infection of the rice blast fungus, Magnaporthe oryzae. Pest Manag. Sci. 2013, 69, 278-284. [CrossRef]
[PubMed]

Thompson, J.E.; Basarab, G.S.; Andersson, A.; Lindqvist, Y.; Jordan, D.B. Trihydroxynaphthalene reductase
from Magnaporthe grisea: Realization of an active center inhibitor and elucidation of the kinetic mechanism.
Biochemistry 1997, 36, 1852-1860. [CrossRef] [PubMed]

Tokousbalides, M.C; Sisler, H.D. Effect of tricyclazole on growth and secondary metabolism in Pyricularia
oryzae. Pestic. Biochem. Phys. 1978, 8, 26-32. [CrossRef]

Pak, D.; You, M.P; Lanoiselet, V.; Barbetti, M.]. Azoxystrobin and propiconazole offer significant potential
for rice blast (Pyricularia oryzae) management in Australia. Eur. J. Plant Pathol. 2017, 148, 247-259. [CrossRef]
Chen, Y,; Yang, X.; Yuan, SK.; Li, Y.E; Zhang, A.F; Yao, J.; Gao, T.C. Effect of azoxystrobin and
kresoxim-methyl on rice blast and rice grain yield in China. Ann. Appl. Biol. 2015, 166, 434-443. [CrossRef]
Prossnitz, E.R.; Barton, M. Estrogen biology: New insights into GPER function and clinical opportunities.
Mol. Cell. Endocrinol. 2014, 389, 71-83. [CrossRef] [PubMed]

Atkinson, C.; Frankenfeld, C.L.; Lampe, ].W. Gut bacterial metabolism of the soy isoflavone daidzein:
Exploring the relevance to human health. Exp. Biol. Med. (Maywood) 2005, 230, 155-170. [PubMed]
Mueller, S.0.; Simon, S.; Chae, K.; Metzler, M.; Korach, K.S. Phytoestrogens and their human metabolites
show distinct agonistic and antagonistic properties on estrogen receptor « (ERx) and ER(3 in human cells.
Toxicol. Sci. 2004, 80, 14-25. [CrossRef] [PubMed]

Mezei, O.; Banz, W.].; Steger, R.W.; Peluso, M.R.; Winters, T.A.; Shay, N. Soy isoflavones exert antidiabetic
and hypolipidemic effects through the PPAR pathways in obese Zucker rats and murine RAW 264.7 cells.
J. Nutr. 2003, 133, 1238-1243. [PubMed]

Setchell, K.D.; Cole, S.J. Method of defining equol-producer status and its frequency among vegetarians.
J. Nutr. 2006, 136, 2188-2193. [PubMed]

Rowland, I.R.; Wiseman, H.; Sanders, T.A.; Adlercreutz, H.; Bowey, E.A. Interindividual variation in
metabolism of soy isoflavones and lignans: Influence of habitual diet on equol production by the gut
microflora. Nutr. Cancer 2000, 36, 27-32. [CrossRef] [PubMed]

Watanabe, S.; Yamaguchi, M.; Sobue, T.; Takahashi, T.; Miura, T.; Arai, Y.; Mazur, W.; Wahils, K;
Adlercreutz, H. Pharmacokinetics of soybean isoflavones in plasma, urine and feces of men after ingestion
of 60 g baked soybean powder (kinako). J. Nutr. 1998, 128, 1710-1715. [PubMed]

Arai, Y,; Uehara, M.; Sato, Y.; Kimira, M.; Eboshida, A.; Adlercreutz, H.; Watanabe, S. Comparison of
isoflavones among dietary intake, plasma concentration and urinary excretion for accurate estimation of
phytoestrogen intake. J. Epidemiol. 2000, 10, 127-135. [CrossRef] [PubMed]


http://dx.doi.org/10.1094/Phyto-61-1084
http://dx.doi.org/10.1021/jf60195a031
http://www.ncbi.nlm.nih.gov/pubmed/4472691
http://dx.doi.org/10.1094/Phyto-66-1135
http://dx.doi.org/10.7164/antibiotics.21.73
http://www.ncbi.nlm.nih.gov/pubmed/4970570
http://dx.doi.org/10.3186/jjphytopath.24.302
http://dx.doi.org/10.1016/j.pestbp.2011.08.013
http://dx.doi.org/10.1002/ps.3386
http://www.ncbi.nlm.nih.gov/pubmed/22933369
http://dx.doi.org/10.1021/bi962355u
http://www.ncbi.nlm.nih.gov/pubmed/9048570
http://dx.doi.org/10.1016/0048-3575(78)90089-5
http://dx.doi.org/10.1007/s10658-016-1084-6
http://dx.doi.org/10.1111/aab.12202
http://dx.doi.org/10.1016/j.mce.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24530924
http://www.ncbi.nlm.nih.gov/pubmed/15734719
http://dx.doi.org/10.1093/toxsci/kfh147
http://www.ncbi.nlm.nih.gov/pubmed/15084758
http://www.ncbi.nlm.nih.gov/pubmed/12730403
http://www.ncbi.nlm.nih.gov/pubmed/16857839
http://dx.doi.org/10.1207/S15327914NC3601_5
http://www.ncbi.nlm.nih.gov/pubmed/10798213
http://www.ncbi.nlm.nih.gov/pubmed/9772140
http://dx.doi.org/10.2188/jea.10.127
http://www.ncbi.nlm.nih.gov/pubmed/10778038

Molecules 2017, 22, 1799 14 of 14

52.

53.

54.

55.

56.

57.

Akaza, H.; Miyanaga, N.; Takashima, N.; Naito, S.; Hirao, Y.; Tsukamoto, T.; Fujioka, T.; Mori, M.; Kim, W.J.;
Song, ].M.; Pantuck, A.J. Comparisons of percent equol producers between prostate cancer patients and controls:
Case-controlled studies of isoflavones in Japanese, Korean and American residents. Jpn. J. Clin. Oncol. 2004, 34,
86-89. [CrossRef] [PubMed]

Song, K.B.; Atkinson, C.; Frankenfeld, C.L.; Jokela, T.; Wahald, K.; Thomas, W.K.; Lampe, ].W. Prevalence
of daidzein-metabolizing phenotypes differs between Caucasian and Korean American women and girls.
J. Nutr. 2006, 136, 1347-1351. [PubMed]

Vétizo, M,; Pitt, ] M.; Daillere, R.; Lepage, P.; Waldschmitt, N.; Flament, C.; Rusakiewicz, S.; Routy, B.;
Roberti, M.P.; Duong, C.P. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota.
Science 2015, 350, 1079-1084.

Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, EW.;
Lei, YM.; Jabri, B.; Alegre, M.L.; et al. Commensal Bifidobacterium promotes antitumor immunity and
facilitates anti-PD-L1 efficacy. Science 2015, 350, 1084-1089. [CrossRef] [PubMed]

Decroos, K.; Vanhemmens, S.; Cattoir, S.; Boon, N.; Verstraete, W. Isolation and characterisation of an
equol-producing mixed microbial culture from a human faecal sample and its activity under gastrointestinal
conditions. Arch. Microbiol. 2005, 183, 45-55. [CrossRef] [PubMed]

Yu, Z.T,; Yao, W.; Zhu, W.Y. Isolation and identification of equol-producing bacterial strains from cultures of
pig faeces. FEMS Microbiol. Lett. 2008, 282, 73-80. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are commercially available from the companies referred.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/jjco/hyh015
http://www.ncbi.nlm.nih.gov/pubmed/15067102
http://www.ncbi.nlm.nih.gov/pubmed/16614428
http://dx.doi.org/10.1126/science.aac4255
http://www.ncbi.nlm.nih.gov/pubmed/26541606
http://dx.doi.org/10.1007/s00203-004-0747-4
http://www.ncbi.nlm.nih.gov/pubmed/15578160
http://dx.doi.org/10.1111/j.1574-6968.2008.01108.x
http://www.ncbi.nlm.nih.gov/pubmed/18328079
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Fungal Strains and Growth Conditions 
	Assays of Mycelia Growth, Conidial Generation, Germination, and Appressorial Formation 
	Pathogenicity Tests 

	Results 
	Equol Inhibits Mycelia Growth and Conidia Generation of M. oryzae 
	Equol Affects Conidial Germination and Appressorial Development 
	Equol Inhibits Pathogenicity of M. oryzae on Rice and Barley 
	Effects of Equol Are Restorable 
	Antifungal Activity of Equol Is Not Related to Peroxisome 
	Antifungal Activity of Equol on Other Fungal Pathogens 

	Discussion 
	Conclusions 

