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Abstract: The growth-inhibitory activity of extracts obtained from Sugi (Cryptomeria
japonica) effective against Microcystis aeruginosa, an alga that causes harmful algal
blooms in freshwater environments, was examined. Each sample of the inner bark, outer
bark, heartwood, and leaves of Sugi was extracted with hexane, ethyl acetate, and
methanol successively. Inhibitory activities were observed in the inner bark ethyl acetate
and methanol extracts, the heartwood hexane extract, the outer bark hexane extract,
and the leaf ethyl acetate extract. The inner bark ethyl acetate and methanol extracts
showed stronger activities than the other extracts. Catechin, epicatechin, and procyanidin B3 were identified as the active components in the inner bark ethyl acetate and
methanol extracts. The terpenoids 1-epicubenol, 4-epicubebol, cubenol, δ-cadinol, sandaracopimarinal, and sandaracopimarinol were the active components of the heartwood hexane extract. Thus, it was indicated that not only the polyphenolic components
but also non-phenolic terpenoids had growth inhibition activity against M. aeruginosa.
Subjects: Freshwater Biology; Chemistry; Environmental Chemistry; Waste & Recycling
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1. Introduction
Microcystis aeruginosa is a cyanobacterium that can cause harmful algal blooms in freshwater
ecosystems. The algal blooms severely impact on the fishing industry and cause environmental
problem such as malodours (Paerl & Huisman, 2008; Shirai, 1996). Various chemical and physiological countermeasures have been investigated for these algal blooms (Jancula & Marsalek,
2011), for example, dispersion of copper sulfate or pesticides (Libertad et al., 2004) and UV
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The algal blooms severely impact on the fishing
industry and cause environmental problems. We
examined the growth-inhibitory activities of
extracts obtained from the bark, wood, and leaves
of Japanese cedar against Microcystis aeruginosa,
an alga that causes harmful algal blooms in freshwater environments, and we identified the active
components in the extracts. Inhibitory activities
were observed in the inner bark ethyl acetate and
methanol extracts, the heartwood hexane extract,
the outer bark hexane extract, and the leaf ethyl
acetate extract. From analysis of the active
extracts, it was indicated that not only the flavanols
but also the non-phenolic compounds of terpenoids
had growth inhibition activity against M. aeruginosa.
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radiation (Wang, Wang, & Wang, 2017; Zamir, Otaki, Furumai, & Ohgaki, 2001). However, since
chemical treatments cause concerns for organisms other than the cyanobacteria, more environmentally safe methods are required to inhibit algal growth. Plant extract components that show
inhibitory activity against algal growth include tannins of barley straw (Ball, Williams, Vincent, &
Robinson, 2000; Mecina et al., 2017; Park et al., 2006), a naphthoquinone isolated from Juglans
nigra (Kessler, 1988), phenolic compounds from Acacia decurrens (Yin et al., 2010), and a quinone
compound from Salvia miltiorrhiza (Zang, Yi, Hao, Liu, & Wang, 2013). Inhibitory activity was also
detected in some phenolic and terpenoid components released from waterweed (Nakai, Inoue,
Hosomi, & Murakami, 2000; Nakai, Inoue, Lee, & Hosomi, 2002). These plant components may be
relatively safe agents for inhibition of algal growth.
Sugi (Cryptomeria japonica) is an important plantation tree in Japan. The bark and residue
generated by wood mills are regarded as woody waste products and are available in large
quantities. Several allelochemical components are known in Sugi bark, leaves, and heartwood
(Cheng et al., 2009; Kofujita, Fujino, Ota, & Takahashi, 2006; Yamashita et al., 2015; Zhu et al.,
2016). In particular, components of Sugi bark showed growth-inhibitory activity against red tide
plankton in our previous studies (Saijo, Tsuruta, Kusumoto, Ashitani, & Takahashi, 2013; Tsuruta
et al., 2011). Sugi bark and the active components show potential for use as inhibitory agents
effective against M. aeruginosa. Therefore, in this study, we examined the growth-inhibitory
activities of extracts obtained from the bark, wood, and leaves of Sugi against M. aeruginosa,
and we identified the active components in the extracts.

2. Material and methods
2.1. Plant and algal materials
Sugi trees were felled from the Yamagata Field Science Center (Faculty of Agriculture, Yamagata
University, Japan) in Tsuruoka City. Bark and heartwood were sampled from the trunk logs. The
bark was separated into inner and outer bark samples. The heartwood was ground using a Wiley
mill. Leaves were cut into pieces approximately 2 cm in length, and each bark piece was cut into
approximately 1–2 cm2 pieces.
Microcystis aeruginosa (strain NIES-87) was obtained from the National Institute for
Environmental Studies (NIES, Japan) and was maintained under 2000 lux (12 h:12 h light:dark
cycle) at 25°C in an NK system BIOTRON (LH-60(S)FL3/12-DT: Nippon Medical & Chemical
Instruments Co., Ltd, Tokyo, Japan). The cells were cultured in MA medium (distilled water, 1 L;
Ca(NO3)2∙4H2O, 50 mg; NaNO3, 50 mg; Na2SO4, 40 mg; MgCl2∙6H2O, 50 mg; β-Na2
glycerophate∙5H2O, 100 mg; Na2EDTA∙2H2O, 5 mg; FeCl3∙6H2O, 0.5 mg; MnCl2∙4H2O, 0.8 mg; ZnCl2,
0.5 mg; CoCl2∙6H2O, 5 mg; NaMoO4∙2H2O, 0.8 mg; H3BO3, 20 mg; and bicine, 500 mg (pH 8.6)) in
accordance with a previously reported method (Watanabe & Oishi, 1985).

2.2. Analysis of extracts and compounds
The gas chromatography–mass spectrometry (GC-MS) data were collected with a SHIMADZU QP-2010
ultra GC-MS (Kyoto, Japan). The GC-MS analysis was performed under the following conditions: a DB-1
capillary column (0.32 mm i.d. × 30 m; 0.25 μm film thickness; J&W Scientific, Folsom, CA, USA) or Rtx5 ms capillary column (0.25 mm i.d. × 30 m; 0.25 μm film thickness; Restek, Bellefonte, PA, USA),
column temperature ranging from 50°C (1 min) to 320°C (5 min) at 5°C/min or from 100°C (2 min) to
320°C (5 min) at 5°C/min for trimethylsilyl (TMS) derivatives, injection temperature of 250°C, interface
temperature of 320°C, and acquisition mass range of 600–50 amu using helium as the carrier gas.
Heneicosane and veratric acid were used as internal standards in the GC analysis for neutral and
flavonoid compounds, respectively. The catechin and epicatechin concentrations in inner bark extracts
were calculated from calibration curves prepared using veratric acid and standard samples of
(+)-catechin and (–)-epicatechin (Sigma Chemical Co., St Louis, MO, USA) in the GC analysis after TMS
derivatization. Nuclear magnetic resonance (NMR) spectra were measured on a JEOL JNM-ECZ-600 (1H
600 MHz/13C 150 MHz) spectrometer. Flavanol contents of the extracts were determined using a
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vanillin–HCl method based on a previously reported procedure using catechin as a standard
(Broadhurst & Jones, 1978).

2.3. Extraction and isolation
Each sample of Sugi was extracted at ambient temperature for 9 days by successive extraction
with n-hexane, ethyl acetate, and methanol to obtain from low-polar (n-hexane) to high-polar
(methanol) extracts. Solvents were removed by evaporation to obtain each extract, and the yield
of each extract was calculated based on dry sample weights (Table 1). The ethyl acetate extract of
the inner bark was separated by silica gel column chromatography (60N, spherical 63–210 μm,
neutral; Kanto Chemical Co., Inc., Tokyo, Japan) using a gradient elution from 100% ethyl acetate
to 100% methanol to yield seven fractions with thin-layer chromatography analysis results as an
index. Procyanidin B3 was separated and identified by comparison of its NMR data with reference
data (Samejima & Yoshimoto, 1979). The hexane extract of heartwood was also separated by silica
gel column chromatography using a gradient elution from 100% hexane to 100% ethyl acetate,
and then to 100% methanol to yield seven fractions with GC-MS analysis results as an index.
Ferruginol, phyllocradanol, and cubebol were identified by comparison of their GC-MS spectra
to those of standard samples isolated during our previous study (Saijo et al., 2013). Cubenol, 1epicubenol, 4-epicubebol, sandaracopimarinol, sandaracopimarinal, and δ-cadinol were identified
by comparison of their GC-MS data with reference data (Adams, 2012) and their NMR data with
reference data (Matsushita et al., 2008; Rezvukhin, Khan, & Dubovenko, 1975; Sugimoto et al.,
2006; Weyerstahl, Marschall, Thefld, & Subba, 1998). The isolated components and ferruginol
sample obtained from our previous study (Saijo, Kofujita, Takahashi, & Ashitani, 2015) were used
as samples for the M. aeruginosa bioassay.

2.4. Growth-inhibitory activity
Growth-inhibitory activity against M. aeruginosa was measured in accordance with previous reports
(Saijo et al., 2013; Tsuruta et al., 2011). Each sample of a specified quantity was dissolved in 1 mL
acetone or dimethylsulfoxide (DMSO). Five microliters of these solutions were added to 5 mL
volumes of MA medium to obtain solutions that were adjusted to have final concentrations of
5 mg/L for extracts and 0.1–5 mg/L for components. The component solutions were prepared at
three concentrations to calculate EC50 values (0.1, 0.5, and 1.0 mg/L for catechin and epicatechin,
and 1.0, 3.0, and 5.0 mg/L for procyanidin B3 and terpenoids). In the control assay, 5 µL of pure
solvent (acetone or DMSO) was added to MA medium. Microcystis aeruginosa was added to each
test tube. The initial cell density was set to ca. 8 × 105 cells/mL per test tube. The volume was
adjusted with culture medium to 5 mL/test tube. The cell count of each test tube was measured
daily for 8 days. Cells were counted microscopically using a Thoma haemocytometer (Hirschmann
Laborgerate, Eberstadt, Germany). The number of cells (N) in 400 masses in the hemocytometer
was determined, and the counts were converted to cell densities per 1 mL (the scored area of the
haemocytometer was 0.0025 mm2 × 0.10 mm). The cell density (D) per 1 mL and inhibitory activity
were calculated with the following equations:
D ¼ ðN=400Þ  1000=ð0:0025  0:10Þ

Table 1. Yield* (%) of each extract obtained from successive extraction of Sugi bark, wood, and
leaf samples
Sample

Extract
Hexane

Ethyl acetate

Methanol

Outer bark

0.64

2.0

1.5

Inner bark

1.2

1.9

6.2

Heartwood

2.7

1.8

1.9

Leaves

5.5

4.9

11

*Yield was calculated based on dry weight (100%) of extract sample.
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IA ¼ 100  ð1  Ds =Dc Þ
where Ds is the cell density of each sample test tube and Dc is the cell density of the control test
tube.

2.5. Statistical analysis
Test samples were compared using one-way analysis of variance, and means were evaluated using
Tukey–Kramer’s honestly significant difference comparisons (p < 0.01; JMP version 9.0.3, SAS
Institute Inc., Cary, NC, USA).

3. Result and discussion
3.1. Growth-inhibitory activity against M. aeruginosa of successive extracts from Sugi
Figure 1 shows the growth-inhibitory activity of each extract obtained from Sugi bark, wood, and leaves
against M. aeruginosa. Inhibitory activity was predominantly observed in the inner bark ethyl acetate and
methanol extracts, the outer bark hexane extract, the heartwood hexane extract, and the leaf ethyl
acetate extract. The inner bark ethyl acetate and methanol extracts showed stronger activity than the
other extracts. Flavonoid compounds are known to be active inhibitors of M. aeruginosa cell growth (Nakai
et al., 2000, 2002). Therefore, the flavanol concentrations of the ethyl acetate and methanol extracts
were measured (Figure 2). The ethyl acetate and methanol extracts of the inner bark contained high
flavanol concentrations and thus showed high inhibitory activity. However, although the leaf ethyl
acetate extract exhibited inhibitory activity, the flavanol concentration in the extract was low. In addition,
relative to the polar extracts of the inner bark, the hexane extracts of the heartwood and outer bark
showed high inhibitory activity against M. aeruginosa. A previous study (Ashitani, Ujike, Nagahama, Ueno,
& Sakai, 2001) revealed that the hexane extracts consist mainly of terpenoids. Flavanols, a class of
polyphenols, were not detected in the hexane extracts. Therefore, the potent active extracts of the inner
bark and heartwood were investigated to identify the active flavonoid and terpenoid components.

3.2. Identification of the active compounds in inner bark extracts
Catechin and epicatechin were detected in the ethyl acetate and methanol extracts of the inner
bark in a GC-MS analysis. The 50% effective inhibition concentration (EC50) values of the standard
samples of catechin and epicatechin in this experiment were 0.92 and 0.29 mg/L, respectively.
Concentrations of catechin and epicatechin in the extracts were calculated using a calibration
curve prepared from standard samples by GC-MS analysis. The ethyl acetate extract contained
5.0 wt% catechin and 1.9 wt% epicatechin, whereas the methanol extract contained 7.2 wt%
catechin and 3.0 wt% epicatechin. The ethyl acetate extracts contained other active components
in addition to catechin and epicatechin. Subsequently, the ethyl acetate extracts were separated
by column chromatography. All fractions showed inhibitory activity, of which the activity of Fr. I4

Note: The inhibitory activity was
tested at sample concentrations
of 5 mg/L. Treatment periods
were 8 days. Bars indicate standard errors. Different letters
above bars indicate statistically
significant differences as determined by Tukey–Kramer’s HSD
test (p < 0.01).
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Figure 1. Growth-inhibitory
activity of solvent extracts
obtained from Sugi bark, wood,
and leaf samples against
M. aeruginosa.
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was highest (Table 2). The fraction Fr. I4 was separated further by chromatography to obtain
procyanidin B3, a catechin dimer. The isolated procyanidin B3 showed concentration-dependent
inhibitory activity and its EC50 value was 1.5 mg/L. Therefore, the active components in the ethyl
acetate extract of the inner bark were catechin, epicatechin, and their dimer. The mechanism of
inhibitory activity of the catechin was related to generate reactive oxygen species such as hydroxyl
radical via o-quinone formation at B-ring of catechin structure in redox cyclers after uptake by
organisms (Wang et al., 2011). Since procyanidin compounds of catechin polymers have catechol
structure, the mechanism of inhibitory activity of the procyanidin B3 is considered as same with
catechin. It was reported (Samejima & Yoshimoto, 1979) that the flavanol compounds of Sugi inner
bark were almost procyanidins. Thus, high inhibitory activities of inner bark ethyl acetate and
methanol extracts were related to high procyanidin contents in the extracts.

3.3. Identification of the active compounds in heartwood extracts
The hexane extract was separated by column chromatography into seven fractions, and the
inhibitory activity of each fraction was investigated (Table 3). Each active fraction was further
separated by column chromatography to isolate ferruginol, 1-epicubenol, 4-epicubebol,

Table 2. Yield and growth-inhibitory activity against M. aeruginosa of fractions separated from
ethyl acetate extract of Sugi inner bark
Fr. no.

Yield* (%)

Inhibitory activity** (%)

I1

3.7

48 ± 0.28

I2

8.3

39 ± 0.73

I3

15

35 ± 1.2

I4

9.7

81 ± 0.89

I5

27

75 ± 0.38

I6

13

66 ± 0.24

I7

6.1

58 ± 0.13

*100% = weight of ethyl acetate extract charged to chromatography.
**Sample concentration = 5 mg/l, treatment period was 8 days; values are mean ± SE (n = 3).
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Table 3. Yield and growth-inhibitory activity against M. aeruginosa of fractions separated from
hexane extract of Sugi heartwood
Yield* (%)

Inhibitory activity** (%)

H1

Fr. no.

23

36 ± 2.3

H2

32

42 ± 1.2

H3

13

77 ± 2.6

H4

22

82 ± 0.92

H5

5.0

76 ± 3.3

H6

2.9

17 ± 3.0

H7

1.2

8.0 ± 0.59

*100% = weight of ethyl acetate extract charged to chromatography.
**Sample concentration = 5 mg/l, treatment period was 8 days; values are the mean ± SE (n = 3).

sandaracopimarinal, cubenol, and cubebol from Fr. H3; phyllocradanol and sandaracopimarinol
from Fr. H4; and δ-cadinol from Fr. H5. Figure 3 shows the inhibitory activity and structures of
the isolated components. 1-Epicubenol, 4-epicubebol, cubenol, δ-cadinol, sandaracopimarinal,
and sandaracopimarinol showed strong inhibitory activity as isolated components against M.
aeruginosa growth. The EC50 values of these active components, excluding δ-cadinol for which
only a small amount was purified, based on the isolated samples were as follows: 1-epicubenol,
2.3 mg/L; 4-epicubebol, 2.6 mg/L; cubenol, 3.2 mg/L; sandaracopimarinal, 3.2 mg/L; and sandaracopimarinol, 2.1 mg/L. It is interesting to note that the activities of the different diastereomers
of cubebol were quite different, whereas the activities of the different diastereomers of cubenol
were almost identical (Figure 3). This finding suggests that the stereochemistry of the components is an important determinant of their activity. Of the non-phenolic diterpenes, sandaracopimarinal and sandaracopimarinol showed strong inhibitory activity, whereas phyllocradanol
showed weak activity. Sandaracopimarinol and sandaracopimarinal were the main non-phenolic
diterpenes in the hexane extract of heartwood, and phyllocradanol and ferruginol were the
main components in the hexane extract of the inner bark (Ashitani et al., 2001). In our previous
reports (Saijo et al., 2013; Tsuruta et al., 2011), the inner bark extract, containing ferruginol and
phyllocradanol as the main components, showed high inhibitory activity against the marine
algae Heterosigma akashiwo and Skeletonema costatum. However, the hexane extract of the
inner bark showed lower growth-inhibitory activity than that of the heartwood extract against
M. aeruginosa, and the activity of isolated ferruginol and phyllocradanol was also lower than
that of sandaracopimarinol and sandaracopimarinal in this study. In addition, the low-polarity
extract of heartwood contained high amounts of active sesquiterpene alcohols, whereas the
inner bark extract did not. This finding indicated that the active extracts and components were
different for each alga.

Note: The inhibitory activity
was tested at a sample concentration of 5 mg/L.
Treatment periods were
8 days. Bars indicate standard
errors.
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Figure 3. Growth-inhibitory
activity of components in the
hexane extract of Sugi heartwood against M. aeruginosa.
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4. Conclusion
Notable growth-inhibitory activities of Sugi extracts against M. aeruginosa were observed for the
inner bark ethyl acetate and methanol extracts, the heartwood hexane extract, the outer bark
hexane extract, and the leaf ethyl acetate extract. The inner bark ethyl acetate and methanol
extracts showed stronger activity than the other extracts. The hexane extract of heartwood
showed the next strongest activity. These results indicate that Sugi extracts could be used as
inhibitory reagents against M. aeruginosa.
The active components of the inner bark extracts were flavanol compounds, such as catechin,
epicatechin, and procyanidin B3. The active components in the hexane extract of the heartwood
were sesquiterpene alcohols, diterpene alcohols, and an aldehyde. Potent activity was observed in
isolated samples of 1-epicubenol, 4-epicubebol, cubenol, δ-cadinol, sandaracopimarinal, and sandaracopimarinol. Given that the activity of the two diastereomers of cubebol differed, the growthinhibitory activity is likely to be influenced by the stereochemical structure of the components.
In this study, it was indicated that not only the flavanols but also the non-phenolic compounds
of terpenoids had growth inhibition activity against M. aeruginosa. These results lead to further
expansion of potential to control algal bloom by using plant components.
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