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Abstract The extracts of Quercus crispula infected by the
ambrosia fungus, Raffaelea quercivora, were investigated.
Phenol and tannin analyses indicated that normal sapwood
(NS) contained a considerable amount of hydrolysable
tannins, while infected colored sapwood (IS) contained less
hydrolysable tannins and more phenols than NS. In treating
pentagalloyl glucose (PGG), which is a model compound of
hydrolysable tannins, with a culture medium of R. querciv-
ora, PGG was rapidly hydrolyzed to produce gallic acid.
The resulting gallic acid decreased in concentration over the
subsequent cultivation period eventually disappeared. Mea-
suring tannase and laccase activities of the culture medium
of R. quercivora, tannase activity increased gradually from
the beginning, while laccase activity increased rapidly at 5
days of incubation and disappeared at 8 days. An oxidative
product from gallic acid treated with laccase was isolated
by preparative high performance liquid chromatography,
and was identified as purprogallincarboxylic acid (PGCA)
by nuclear magnetic resonance spectroscopy and electron-
impact mass spectrometry. PGCA was present in a 70%
aqueous acetone extract of IS, and showed slight growth
inhibition against R. quercivora.
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Introduction

The mass mortality of oak trees has been widespread along
the northwestern coastline of the Japanese island of Honshu
since the late 1980s.' This large scale forest disease is caused
by the ambrosia fungi, Raffaelea quercivora, which is a sym-
biotic microorganism with the ambrosia beetle, Platypus
quercivorus (Murayama) (Coleoptera: Platypodidae).” The
beetle carries the fungi in its mycangium, which is a storage
organ used to carry symbiotic fungi for breeding its larva.
The ambrosia beetle bores into the trunk of the dead or
wilting oak tree and brownish-yellow coloration is gener-
ated along the beetle gallery in the sapwood. The colored
sapwood may contain a number of substances, such as
repellents against the beetle, because newly attacking
beetles have an inclination to avoid colored parts of the
trunk. However, knowledge of the chemical components
and the biological function of the colored part are limited
to date.

In some other cases, colorations in sapwood are formed
by chemical reactions™* or physiological reactions in living
cells’ Kiln brown stain (KBS) that develops in kiln-
dried radiata pine is a thermochemical reaction product
of water-soluble compounds." The presence of carbohy-
drates, cyclitols, amino acids, protein, and phenolics in the
water-soluble compounds was reported and the reducing
sugars and amino acids in the sap and hot-water extracts
suggested that these compounds react together to form
colored compounds.’ This is the so-called Maillard-Amadori
reaction,”® which is commonly observed as food browning
in cooking.

Colorations caused by enzymatic reactions have been
reported for Douglas fir, Pseudotsuga menziesii,”"” and oak
heartwoods." Compounds existing in living cells of Douglas
fir sapwood, such as o-dihydroxy phenols, (—)-epicatechin,
and dihydroquercetin, react with naturally occurring



enzymes in the trees and form brown-colored materials
in the exposed surface of the lumber. Bauch et al."
found that the yellow coloration in Quercus robur L. and
Quercus petraea is caused by a mold fungus, Paecilomyces
variotii Bain., and that the reacting compounds are hydro-
lysable tannins. The tannase of Paecilomyces variotii Bain."
would release the reactants that would then form the
coloration.

This study clarifies the relationship between the extracts
of Quercus crispula sapwood and crude enzyme of R. quer-
civora to understand the role of the extracts in the colored
sapwood of Q. crispula.

Materials and methods
Analytical instruments

High performance liquid chromatography (HPLC) used a
reversed-phase column (Inertsil ODS-3V, 4.6 mm i.d. x
250 mm, GL Science, Japan) and a diode array detector
(SPD-M10A vp, Shimadzu). The following solvent system
was used: a linear gradient elution for 45 min from 5% to
100% methanol in 0.05% trifluoroacetic acid (TFA) in H,O
at a flow rate of 1 ml/min, monitored at 280 nm.

Preparative HPLC was performed on a Develosil packed
column (packing Lop ODS size 24S) with elution at 10 ml/
min under isocratic condition (50 parts of acetonitrile con-
taining 0.1 % TFA and 50 parts of 0.1 % TFA).

Ultraviolet (UV) spectra were measured on a Jasco V-
520 spectrophotometer and electron-impact mass spectro-
metry (EI-MS) was performed on a Shimadzu GCMS-
QP5050 instrument. 'H and “C nuclear magnetic resonance
(NMR) spectra were recorded on a JEOL ECA-500 NMR
spectrometer (500 MHz), and chemical shifts are given in
0 (ppm) values relative to that of the solvent [methanol-d,
(04 3.35; 6 49.0)].

Extraction of Quercus crispula sapwood

Normal sapwood of Quercus crispula was collected in the
Kuraiyama experimental forest, Gifu University, in Novem-
ber 2006. This wood was separated into bark, sapwood, and
heartwood. The sapwood was milled into a powder (580.6 g)
(ZM200 Ultra Centrifugal Mill, Retsch), which was then
soaked in 70% aqueous acetone (35.9 1). After evaporating
the acetone, the solution was extracted successively with
diethyl ether (Et,0) (31x 3), ethyl acetate (EtOAc) (31 x
8), and n-butanol (n-BuOH) (31 x 4) to give the respective
extracts. All extracts were analyzed by HPLC. The EtOAc-
soluble fraction (EtOAc-S) was used as a sample in subse-
quent experiments.

Infected colored sapwood of Q. crispula (Fig. 1) was col-
lected at the Toyama Forest and Forestry Products Research
Center in November 2007. The wood (infected colored
sapwood) was separated and ground and the powder
(725.6 g) was extracted with 70% aqueous acetone (11.01).
An aliquot of the extract was analyzed by HPLC.
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Infected-colored
sapwood

Beetle gallery

Fig. 1. Cross section of Quercus crispula attacked by Platypus
quercivorus

No large difference was found when we analyzed extracts
of Q. crispula sapwood obtained earlier ftom Toyama,
Kyoto, Ishikawa, and Gifu (data not shown). As a result,
noninfected and infected Q. crispula was used in this study
regardless of its original location.

Chemical analyses of extracts

Tannin analyses were conducted as reported in previous
studies.””"* Total phenol and flavanol contents were mea-
sured by the Folin-Ciocalteu method and the vanillin-
hydrochloric acid method, respectively, using (+)-catechin
as a standard reference.

Total phenol and total flavanol were calculated as
follows:

Total phenol or total flavanol (%) = 100 x Y/S,

where Y represents the concentration of (+)-catechin
(mg/ml) calculated from a calibration curve and S repre-
sents concentration (mg/ml) of the sample [normal sapwood
(NS) or infected sapwood (IS) extracts].

The adsorption of bovine serum albumin (BSA) by the
extracts was evaluated by measuring the amount of BSA
remaining in the supernatant after centrifugation of the
reacting mixture; the residue contained precipitates formed
by reaction of extract components with BSA. NS or IS
extract (1 mg/ml in 50% ethanol) and BSA aqueous solu-
tion (5 mg/ml) were mixed in equal volumes and kept at
room temperature for 1 h. Then BSA concentration was
measured by HPLC analysis. BSA adsorption was calcu-
lated as follows:

BSA adsorption (%) = (A — B)/A x 100,

where A is the BSA concentration in the control solution,
and B is the BSA concentration in the solution after mixing
with samples (NS or IS extracts). The concentration of BSA
was calculated from a calibration curve.
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Hydrolysis was conducted as follows. Five milligrams of
NS extract was treated with 5ml of 3 N sulfuric acid at
110°C for 10 h. After the temperature was lowered to room
temperature, 6 N sodium hydroxide was added. The hydro-
lysate was analyzed by HPLC.

Enzymatic reaction of pentagalloyl glucose treated with
crude enzyme of Raffaelea quercivora

Pentagalloyl glucose (PGG) was isolated from tannic acid
by preparative HPLC. Isolated PGG was analyzed by NMR
spectroscopy.”’

For cultivation of Raffaelea quercivora, liquid medium
including vitamins and minerals'® was used. Ten milliliters
of liquid medium was sterilized by autoclave (121°C,
15 min). After sterilization, 20 pl of PGG solution (200 mg/
ml, soluble in 50% methanol) was added and R. quercivora
was inoculated. After incubation for 1,2, 4, 6,9, and 11h
and every day up to 12 days, an aliquot of the medium
was analyzed by HPLC. The amounts of PGG and gallic
acid in the medium were calculated from calibration curves
derived from HPLC analysis of authentic PGG and gallic
acid.

Hydrolysable tannins of Quercus crispula treated by
crude enzyme of Raffaelea quercivora or
commercial tannase

Raffaelea quercivora was inoculated into 10 ml of sterilized
culture medium including 20 ul of EtOAc-S solution
(20 mg/100 ul in 50% MeOH). After 10 days of incubation
at 28°C, an aliquot of culture medium was centrifuged
(12500 rpm,5 min) Then 600 ul of supernatant was extracted
with 400 ul of EtOAc; 200 ul of the EtOAc-soluble fraction
was dried and analyzed by HPLC.

On the other hand, EtOAc-S was treated with
commercial tannase derived from Aspergillus oryzae
(Wako, Japan) as follows. EtOAc-S was dissolved in
0.05 mol/l citric acid buffer (pH 5.5) to give a concentration
of 1.6 mg/450 ul. One thousand microliters of tannase solu-
tion (3 mg/10 ml in citric buffer) was added to 4000 pl of
EtOAC-S solution and kept at 30°C, then 200 ul of EtOAc
was added to stop the reaction. Finally, an aliquot of the
EtOAc-soluble fraction was collected and analyzed by
HPLC.

Enzyme activities

Culture medium including minerals and vitamins' (10 ml)
was sterilized and inoculated with precultured R. quercivora
[on potato dextrose agar (PDA) medium]. The culture
medium was incubated for 10 days, during which an aliquot
of the culture medium was periodically collected and fil-
tered and the enzyme activity of the filtrate measured.

For the measurement of tannase activity, crude enzyme
solution preincubated at 35°C for 10 min and 100 pl of
10 mg/ml tannic acid solution in 0.05 M citrate buffer (pH

5.5) were mixed and incubated at 35°C for 1 h; 1 N hydro-
chloric acid was added to stop the enzymatic reaction. The
concentration of gallic acid in the reaction mixture was
measured by HPLC analysis.

Laccase activity was measured using syringaldazine as
substrate. Two hundred microliters of crude enzyme extract,
1.2ml of 0.1 M acetate buffer (pH 5.7), and 200 ul of
0.05 mM syringaldazine ethanol solution were mixed. The
rate of oxidation of syringaldazine to quinone was moni-
tored at 525 nm.

For peroxidase activity, 1 M guaiacol solution, 0.1 M
phosphate buffer (pH 7.4),30 mM hydrogen peroxide solu-
tion, and crude enzyme solution were kept at 20°C before
the activity test. One milliliter of 1 M guaiacol solution, 1 ml
of 0.1 M phosphate buffer, and 1 ml of crude enzyme solu-
tion were mixed and 0.027 ml of 30 mM hydrogen peroxide
was added to the reaction solution to start the reaction.
Oxidation of guaiacol was measured by the increase in the
absorbance at 470 nm.

Identification

Five hundred milliliters of culture medium including miner-
als and vitamins'® was sterilized and precultured Pycnopo-
rus coccineus, which is a known white rot fungus that
produces a laccase, on PDA medium was inoculated and
cultured at room temperature with shaking. After 5 days of
incubation, the fungus body was removed by filtration and
the resulting filtrate was dialyzed against buffer solution
with Spertra/Por (molecular weight cutoff 12000-14000)
for 24 h.

In order to identify the product of the enzymatic reac-
tion,200 mg of gallic acid dissolved in 0.05 M sodium acetate
buffer (pH 5.0) was added to 5 ml of extracellular crude
enzyme from Pycnoporus coccineus and incubated at 37°C
for 1 week. The reaction mixture was evaporated and the
residue was applied to a Sephadex LH-20 column (26 mm
i.d. x 200 mm) using water as eluent to separate the yellow-
colored fraction, mainly containing the product. The main
compound, purprogallincarboxylic acid (PGCA), was iso-
lated as a brownish crystal by preparative HPLC with an
ODS column, and was identified by NMR spectroscopy and
EI-MS.

Purprogallincarboxylic acid. UV (MeOH) Amax: 224, 304,
398 nm. EI-MS (70 eV) m/z: 264 [M]", C,HO,. 'H NMR
(dimethyl sulfoxide-d;, 500 MHz): § 7.14 (1H, H-1), 7.77
(1H, H-7), 8.22 (1H, H-9). "C NMR (CDCl,, 125 MHz): §
112.71 (C-1), 114.81 (C-9a), 115.81 (C-7), 130.98 (C-4a),
136.61 (C-8),136.66 (C-9),136.70 (C-3),151.89 (C-4), 152.54
(C-2),152.64 (C-6),168.45 (C-c), 181.98 (C-5). HPLC anal-
ysis was performed to confirm the presence of PGCA in
IS. The chromatogram was measured at 400 nm (Amax of
PGCA). Conditions: reversed-phase column (Develosil
HG-5 4.6 mm i.d. x 250 mm); linear gradient elution for
45 min from 5% to 90% methanol in 0.01% trifluoroacetic
acid solution; flow rate 1 ml/min.



Antifungal assays

Forty milliliters of sterilized PDA medium was poured into
a 15-cm-diameter petri dish. An ethanol solution of gallic
acid, ellagic acid, or PGCA (5 mg/ml) was spread on PDA
medium. After the ethanol was evaporated completely, R.
quercivora was placed on the center of the petri dish and
the dish was incubated at 28°C for 3 days. The experiments
were performed in triplicate and the diameter of R. quer-
civora was measured every day.

Statistical analysis

Significant difference between control and samples (gallic
acid, ellagic acid, and PGCA) was assessed by one-way
analysis of variance and P < 0.05 was considered as
significant.

Results and discussion

Total phenol, total flavanol values, and BSA adsorption
of extracts of Quercus crispula sapwood

Some chemical analyses were conducted on the extracts
from normal sapwood (NS) and infected colored sapwood
(IS) (Table 1). Total phenol content of NS and IS extracts
were 47.3% and 85.6%, and their BSA precipitations were
59.3% and 71.6%, respectively. On the other hand, total
flavanol content of both extracts were less than 1% based
on the extracts. Judging from the result, the extracts of Q.
crispula showed little or no flavanol content, so the extracts
would not contain condensed tannins. Therefore, these
results indicate that NS and IS extracts contain hydrolysable
tannin-like substances (not proanthocyanidin type).

Comparison of NS and IS extracts by HPLC

According to HPLC analysis (Fig. 2) with a photodiode
array monitor, there were several phenolic compounds
with Amax values above 300 nm in the NS and IS extracts.
However, chromatographically there was a difference
between these two extracts; in the NS chromatogram, broad
peaks appeared at a retention time of about 30 min. On the
other hand, the HPLC chromatogram of the hydrolysate of
NS, hydrolyzed with 3 N sulfuric acid, shows that there are
several peaks related to phenolics, and ellagic acid a small
amount of gallic acid are also present. Therefore, hydro-

Table 1. Chemical analysis of the extracts of Quercus crispula
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lysable tannins, especially ellagitannins, exist in the NS
extracts.

Quantity of PGG and gallic acid in the culture medium of
Raffaelea quercivora

Hydrolysable tannins are classified roughly into gallotan-
nins and ellagitannins. PGG is a representative gallotannin
and a constituent of commercial tannic acid.

After PGG was added to the culture medium (4 pg/10 ml
culture medium) of Raffaelea quercivora, the amounts of
PGG and gallic acid were measured over time by HPLC
and are shown in Fig. 3. The amount of PGG fell to half in
11 h and completely disappeared in 2 days. On the contrary,
the amount of gallic acid increased gradually, suggesting
that R. quercivora produces hydrolytic enzyme, such as
tannase, in the culture medium.

On the other hand, the amount of gallic acid was
increased with the decrease of PGG, reached a maximum
at 5 days, and disappeared after 11 days of incubation.
Theoretically, 5 moles of gallic acid is produced from 1 mole
of PGG by hydrolysis. In this experiment, 4 mg (4.26 umol,
0 h) of PGG was hydrolyzed to produce only 9.08 pmol of

<+— ellagic acid

gallic acid

Sample Total phenol Total flavanol Protein precipitation
(%) (%) (%)°

NS 47.3 0.18 59.3

IS 85.6 0.25 71.6

Data expressed as percentage based on dry NS and IS
NS, Normal sapwood; IS, infected colored sapwood
*Calculated as described in text

Retention time (min)

Fig. 2a—c. High performance liquid chromatography (HPLC) chro-
matograms of extracts from Q. crispula sapwood with detection at
280 nm. a Extracts from normal sapwood of Q. crispula (NS); b extracts
from infected colored sapwood of Q. crispula (IS); ¢ NS hydrolyzed
with 3 N H,SO, at 110°C for 10 h
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Fig. 3. Amount of pentagalloyl glucose (PGG) and gallic acid (GA) in
the culture medium of R. quercivora

gallic acid as a maximum (120 h). Therefore, production
and consumption of gallic acid must have taken place at the
same time in the culture medium.

Characteristic property of tannase-like enzyme from
Raffaelea quercivora

Crude enzyme solution from R. quercivora showed tannase-
like activity for PGG. In order to confirm the activity of the
crude enzyme solution against the extracts of Q. crispula,
EtOACc-S was treated with the crude enzyme solution.

Figure 4 shows the HPLC chromatograms of the EtOAc-
S solution treated with the crude enzyme of R. quercivora
or commercial tannase derived from Aspergillus oryzae. In
treating EtOAc-S with the crude enzyme, a small amount
of gallic acid (R, 10 min) and a large amount of ellagic acid
(R;31 min) were produced with a decreasing series of peaks
at around 30 min retention time. On the other hand, a
remarkable amount of gallic acid and little or no ellagic acid
were produced with a slight decrease of the series of peaks
in case of using commercial tannase. It is possible that a
tannase of R. quercivora may have a unique ability to
hydrolyze both gallotannins and ellagitannins.

Crude enzyme activity of Raffaelea quercivora

In a manner that is similar to the hydrolysis of PGG as
shown in Fig. 3, the amount of gallic acid produced from
EtOACc-S and the crude enzyme of R. quercivora increased
up to a specific incubation time, after which it decreased
gradually and finally disappeared (data not shown). Such a
decrease in gallic acid could be due to the presence of
phenol oxidase in the crude enzyme solution. Figure 5
shows the tannase and laccase activities of the crude enzyme
solution for 10 days. The tannase activity of R. quercivora
gradually increased from the beginning of the incubation
and peaked on the sixth day of incubation. Peroxidase activ-
ity was not detected. The crude enzyme solution has laccase
activity which shows a drastic increase on the sixth day of
incubation. It is indicated that R. quercivora has the ability
to produce tannase and laccase.
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Fig. 4a—c. HPLC chromatograms of the ethyl acetate-soluble extract

of normal sapwood (EtOAc-S) treated with a crude enzyme of R.
quercivora, b commercial tannase. ¢ Blank
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Fig. 5. Tannase and laccase activities in crude enzyme solution of R.
quercivora incubated at 35°C

Identification of purprogallincarboxylic acid
The enzymatic oxidation of gallic acid with the laccase was

performed for 7 days at room temperature. Addition of
laccase solution to gallic acid solution gradually darkened
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Fig. 6. Structure of purprogallincarboxylic acid (PGCA)

the color of the reaction mixture. One compound with Amax
values of 224,304, and 398 nm was found by HPLC analysis
of the colored reaction mixture. The '"H NMR spectrum
showed three singlets at 7.14, 7.77, and 8.22 ppm and no
other proton resonance was observed. Twelve carbon
signals including a carboxyl group at 160 ppm and a con-
jugated carbonyl group at 182 ppm were observed in the
“C NMR spectrum. According to the C-H COSY two-
dimensional (2D) correlation spectrum and the DEPT
NMR spectrum, the three protons are directly attached
to each corresponding methine carbon (H-C correlations:
'H 7.14 ppm and “C 112.71 ppm, 'H 7.77 ppm and "“C
115.81 ppm, and 'H 8.22 ppm and “C 136.66 ppm). By
understanding C-H correlations with heteronuclear multi-
bond correlation (HMBC) 2D NMR spectroscopy, some
partial structures of the compound were clarified. Although
it was impossible to observe the molecular ion peak by EI-
MS, all information indicated the compound was purpro-
gallincarboxylic acid (Fig. 6), which was identified and
reported as an oxidative product from gallic acid converted
with a polyphenol oxidase from potato."”

According to the HPLC analysis with detection at
400 nm, the water-soluble fraction of IS extracts showed a
well-defined peak at a retention time of 28 min (Compound
1) as shown in Fig. 7. The UV spectrum and retention time
in HPLC of Compound 1 conformed with those of PGCA.
This suggests that PGCA is present in infected colored
sapwood of Q. crispula, and indicates that PGCA is a sig-
nificant contributor to the coloration caused by R. querciv-
ora in diseased sapwood of Q. crispula.

Antifungal activities of gallic acid, ellagic acid,
and PGCA

Figure 8 shows the antifungal activities of gallic acid, ellagic
acid, and PGCA against R. quercivora. After 1 day of incu-
bation, the mycelium diameters were almost the same, but
after 3 days of incubation, gallic acid inhibited the mycelium
growth by about 43%, ellagic acid by about 45%, and
PGCA by about 28%. This suggests that gallic acid and
ellagic acid have antimicrobial activities against R. querciv-
ora (significantly different from control; P < 0.05). Com-
pared with the antimicrobial activities of gallic acid and
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Fig. 8. Antifungal activities of gallic acid, ellagic acid, and PGCA
against R. quercivora

ellagic acid, that of PGCA was lower and was not signifi-
cantly different from the control.

Gallic acid has antimicrobial activity against some micro-
organisms, including Staphylococcus aureus,” Escherichia
coli,'® and Fusarium fusiformis.”” It was thought that gallic
acid might also be toxic against R. quercivora; thus, it
appears that R. quercivora is equipped with the means to
change the toxic compound (gallic acid) into the low toxic-
ity compound (PGCA).

In conclusion, R. quercivora hydrolyzes hydrolysable
tannins to produce gallic and ellagic acids in sapwood and
prevents the formation of complex products from reaction
between enzymes and tannins. However, the resulting poly-
phenols are not favorable for growth of R. quercivora, so
the fungus converts the polyphenols into nontoxic com-
pounds by enzymatic oxidation, which causes coloration of
the sapwood.
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