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ABSTRACT: The total monoterpenoid content of the pine litter layer and the avaifability of these compounds
as inhibitors/stimulators on Polysphondylium violaceum of cellular slime molds were investigated. In order to
determine the several monoterpenoids in the natural environment, we examined their concentrations in fresh,
senescent, and decaying needles from 3 pine species (Pinus densiflora, P. thunbergii, P. rigida) by litter bag
method. Total monoterpenoid content was highest in the fresh needles, but also remained relatively high in
senescent needles. The effect of monoterpenoids identified from Pinus plants on the growth of P. violaceum was
studied. We tested four concentrations (1, 0.1, 0.01, and 0.001 xg/«L) of each compound by using a disk
volatilization technique. Each compound was treated after germination of spores of P. violaceum. All of the
compounds at 1 pg/x«L concentration had a very strong inhibitory effect on cell growth of P. violaceum.
Fenchone at all concentrations, myrcene, verbenone, bornyl acetate, and limonene at low concentrations
stimulated the growth of P. violaceum. These results suggest that inhibitory or enhancing effects of selected
monoterpenoids depend upon the concentration of the individual compound.
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INTRODUCTION

Conifers produce large quantities of monoterpenoids and ses-
quiterpenoids, which are released into the humus layer by littering
and then they have an influence on soil microorganisms. The de-
composition of monoterpenoids produced from plants is a complex
process and has an interaction with chemical and physical pro-
perties of residues, soils and microorganisms. However, the decom-
position of monoterpenoids in needle litter has been poorly studied
(Kainulainen and Holopainen 2002). Isidorov and Jdanova (2002)
studied that the most peculiar feature of the composition of litter
volatile organic compound is the presence of many monoterpenoids.
Kainulainen and Holopainen (2002) reported that after 19 months
decomposition, the mass of monoterpenoids loss by pine needle
litter was about 6% of the initial concentration. In the period of
active decomposition, monoterpenoids excluded from pine needle
litter remained in soils and affect soil microorganisms. In recently,
the microbial transformation of monoterpenocid R-(+)- & -terpineol
into limonene by Penicillium sp. 2025 and Fusarium oxysporum
152B was investigated (Mardstoca and Pastore 2006). Van der
Werf et al. (1996) and de Carvalho and da Fonseca (2006) have
reviewed monoterpene biotransformation for the biotechnology and
genetic engineering. These reviews give an important role as the
high potential values for commercial production. Although no mo-

noterpene biotransformation processes have been commercialized
until now, in apparently, each monoterpenes have converted to the
other ones by fungi, bacteria, and other microorganisms.
Chemical composition of plant residues can differ considerably,
depending on plant species (Albers et al. 2004, Xu et al. 2006).
Needle litter from pine is potentially a large contributor to the total
monoterpenoids content, and the availability of these compounds
are well known as phytotoxins (Paavolainen et al. 1998, Pardo et
al. 1998, Dayan et al. 2000), and allclochemicals (Lodhi and
Killingbeck 1980). Especially the activities of monoterpenoid on
soil microorganisms involved in decomposition process have been
researched (Isidorov and Jdanova 2002, Schmidt et al. 2000).
Among the decomposer organisms, fungi play an important role in
forest litter decomposition as they can contribute up to 90% of the
total respiration of soil organisms (Kjeller and Struwe, 1982).
Cellular slime molds (CSMs) or dictyostelids common inha-
bitants of most litter-rich soils (Clark et al. 2002). They feed on
bacteria, which decompose organic material from dead plants, espe-
cially fallen leaves and dead wood. Therefore, CSMs have an
important role in the ecosystem of forest soil (Feest and Madelin
1998). CSMs have a simple and well-defined life cycle that has
been often used in biochemical, genetic, and cell biological studies.
When the food is exhausted, cells signal to each other and form
aggregation territories which further differentiate into fruiting bo-
dies containing stalk and spore cells. During the formation of
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fruiting bodies, Polysphondylium releases cell masses from the base
of the culminating sorogen, and these masses soon form whorls of
secondary fruiting bodies arrayed symmetrically about the central of
primary stalk. The genus Polysphondylium was characterized by
sorocarps with whotls of branches, which has been considered to
be cosmopolitan and to be one of the dictyostelids characteristic of
temperate and deciduous forest soils (Swanson et al. 1999).

In a previous investigation, Hwang and Kim (2004) found that
monoterpenoids at all concentrations tested inhibited the growth of
P. pallidum and the inhibitory effects of the monoterpenoids were
represented by changes in the shapes of the fruiting bodies; very
short sorophores, smaller sized sori and sori without spores
compare to control. On the other hand, the growth of Dictyostelium
discoideum NC4 was stimulated by some monoterpenoids (Hwang
et al. 2004). They suggested that the cellular slime molds use the
some monoterpenoids as carbon and energy sources as like the
results from Vokou et al (2002). It has been proposed that the
effect of monoterpenoids from pine forest floor such differing
results depend on the kinds of genus of CSM, compounds and their
concentrations.

The aim of this study is (i) to investigate the changes in pine
monoterpenoids concentrations during the processes of decom-
position from fresh needle in the natural environment by litter bag
method, (ii) to evaluate the inhibitory and/or stimulate effect of the
pine monoterpenoids on the growth of P. violaceum.

MATERIALS AND METHODS

Litter Bag Experiment

This study was carried out in a natural forest of Pinus species
at Mt. Bongrim Kyungnam Province, Korea. Annual precipitation
was 1,733 mm in 2004 and mean monthly temperature ranged from
1.3°C (February) to 30.5 C (August) with a mean of 15.7 C over
the study period. Fresh (green needles) and senescent (brown
needles) were collected from Pinus densiflora, P. thunbergii, and
P. rigida. The senescent needles that had recently abscised or fallen
were collected off the top of the litter layer from each tree at
November in 2004, Approximately 20~25g of fresh needles was
enclosed in litter bags (20 cm x 20 cm) made of polypropylene
shade cloth with a mesh size of 0.5 mm. The litter bags were
placed in the same plots as the collection of forest floor (top layers)
and 20 cm below. The litter bags attached to the ground by metal
pins to prevent movement and to ensure good contact between the
bags and the organic layers. The decomposition study covered a
12-month period from April 2004 to April 2005. The bags were
sampled 12 times at monthly intervals. On each sampling occasion,
one bag was retrieved from each of the 9 subplots (for 3 species).
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These were put in plastic bags and placed on ice for transport to
the laboratory to analysis of monoterpenoids.

Analysis of Monoterpenoids

The decaying needles were prepared for analysis by gently
removing the soil, and placing in a mortar with pure sand and
extracted with 50 mL of pentane. After extraction, extracts from
fresh needle and decaying needle samples were concentrated to 8§ ~
10 mL and 0.5~1.0 mL under hitrogen gas, respectively. Each
sample was analyzed by injection of 1 xL aliquot onto a Gas
Chromatography - Mass Spectrophotometer (HP 5890I1-5972MS)
with flame ionization detector. Monoterpenoids were separated on
a fused silica capillary column packed with HPS (id, 0.25mm, 30
m long) with oven temperature programmed from 37°C for five
minutes, increased to 180 C at a rate of 5 “C/min, then 20 °C/min
to 320°C.

The individual peaks were identified by comparison with the
spectral data of the internal spectral library of the instrument (Wi-
ley library ver. 7.0) and retention times, based on references.
Because of the complexity of the chromatograms, a limited number
of peaks were examined. The concentration of peaks at selected
retention times were estimated from peak area using internal stan-
dard curve of tetradecane. Although we obtained many data from
decay needles during decomposition, we report the variation of total
monoterpenoids and main monoterpenoids of 3 pine species in this
study. ANOVA was performed for the differences of monoter-
penoids concentration during the decomposition periods in each

species.

Isolating of CSM, Moterpenoids and Dilution

Soils containing CSM were taken from the humus and fermen-
tation layers and processed with the method of Cavender and Raper
(1965). Soil samples were collected from five sites of the forest
floors on Mt. Muhak, Kyungnam Province, Korea.

Isolation of P. violaceum followed Hwang and Kim (2004).
These plates were incubated at 20°C. Two replicates per sample
were prepared using both methods. The compounds we used were
myrcene, (R)-(+)-limonene, (—)-menthone, (S)-(+)-carvone, (1R)-(—)-
fenchone, @ -pinene, (—)-camphene, (15)-(—)-verbenone, £ -pinene,
geranyl acetate and bornyl acetate. Each monoterpenoid was tested
individually at four concentration (1 g/ L, 0.1 pg/ L, 0.01
pg/ L, and 0.001 g g/ L) levels, and then 1 xg of each
compound added on filter papers (Millipore hawp04700, 5 mm
diameter). These concentrations and compounds are determined by
the experiments for the P. pallidum (Hwang and Kim 2004), pur-
chased from Aldrich Chemical Inc. and Fluka Chemical Company.
Axenic liquid media (per liter, 14.3 g bacteriological peptone, 7.15
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g yeast extract, 30.8 g D-glucose, 1.28 g Na;HPO;4 - 12H,0, and
0.49 g KH,PO,, final pH 6.7) as indicated by Watts and Ashworth
(1970) was used for dilution, because the axenic solution alone
does not cause inhibition or enhancement of CSM amoebae growth.
The culture solution with no monoterpenoids was used as the

control.

The Effect of Compounds on Polysphondylium

Because P. violaceum migrate after the myxamoebae are aggre-
gated the clear zone could not form, and the characteristic of mono-
terpenoids is volatilization, we used was a disk volatilization tech-
nique (Hwang et al. 2004). This method used volatilization of
selected monoterpenoids after germination of P. violaceum spores.
The surfaces of 2% agar medium plates were inoculated with E.
coli as a feeding source and P. violaceum. Since the inhibitory
effect of monoterpenoid on the growth of E. coli has been reported
(Alligiannis 2001, Thangadurai et al. 2002), we have a preliminary
experiment for the effect of monoterpene on E. coli. The result of
the preliminary experiment was no correlation between populations
of E. coli and the growth of P. violaceum. Each compound was
inoculated on filter paper disks (Millipore hawp04700, 5mm dia-
meter) containing 1 s g of diluted substance. The growth area of
P. violaceum was measured by planimeter at 24h intervals. We esti-
mated the growth rate of a logarithmic growth area of each con-
centration by using the regression equation. The inhibition effects
were recognized by a value lower than the rate of the control. All
data were obtained from three replications of each experiment. Data
were analyzed by using ANOVA, and LSD tests were performed
for treatment effects at each concentration as well as the control.

RESULTS

Quantification of Monoterpenoids in Decomposition
Approximately 45 compounds were identified in the extracts of
fresh needles from P. densiflora, 24 compounds from P. thunbergii,
and 26 compounds from P. rigida. Total monoterpenoids content was
highest in the fresh needles of P. densiflora (519.4 1 g/g), P. thun-
bergii needles contained 408.6 12 g/g, and P. rigida had 168.8 1 g/g
of compounds. Although monoterpenoids compositions of each
species were represented to different, but also common compounds
identified in the fresh needles of 3 species, « -pinene, /3 -pinene,
B -phellandrene, bicycle heptan-2-ol, bicycloelemene, /3 -elemene,
1,4-methanoazulene. The decaying needles also contained similar
monoterpenoids of fresh needles, but at substantially lower con-
centrations. Fig. 1 reveals that variations of total monoterpenoids
of each species during decomposition. Significant differences were

found in total monoterpenoids concentration and decomposition pe-
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Fig. 1. The variation of total monoterpenoids of P. densiflora, P.
thunbergii, and P. rigida needles during decomposition by
litter bag method.

riod (P<0.05 for all 3 species). Total monotepenoids content was
highest in the fresh needles in all 3 species, but also remained
relatively high in decaying needles until 2 months. However, after
3 months the amounts of total monoterpenoids sharply decreased in
all 3 species. And also, decaying needles within a litter material 20
cm below from the surface were found to contain much lower
amounts of total monoterpenoids.

Table 1 lists the main common monoterpenoids identified in the
senescent needles and decaying needles from 3 species. Compounds
identified in the senescent needles of Pinus species included « -pi-
nene, 3 -pinene, [ -myrcene, (3 -phellandrene, and bicycle-heptan-
2-ol. Senescent needles included more than 50 compounds be-
longing to different classes of organic compounds; hydrocarbons,
aldehydes, and ketones-containing sesquiterpenoids. However, the
amounts of each compound were had very low or trace (data was
not supplied in here). The data presented in Table 1 show that @
-pinene (11.38~16.42%), /3 -pinene (4.0 ~22.86%), and S -myrcene
(1.34~6.95%) levels of P. densiflora, P. thunbergii, and P. rigida
can initially be present at relatively high concentrations in recently
accumulated litter. Moreover, @ -pinene (4.49%), 5 -pinene (0.98%),
and S -myrcene (0.28%), and bicycle-heptan-2-ol (0.14%) levels of
P. densiflora, @-pinene (3.87%), (3.17%), and bicycle-heptan-2-ol
(0.38%) levels of P. thunbergii, and @ -pinene (0.21%) level of P.
rigida remained relatively in decaying needles that present in top
layer soil, even though at the end of study period. However, the
remaining compounds of below ground almost disappeared, ex-
cluding of P. densiflora.

The Effect of Monoterpenoids on the Growth Rate of P.
violaceum

Results of the effect of monoterpenoids on growth rate of P.
violaceum are shown in Table 2. All of the compounds at 1 z g/
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Table 1. Main monoterpenoids (%) of P. densiflora, P. thunbergi,
and P. rigida needles. Data of decaying needles are ob-
tained from the final samples at the end of study period

Senescent Decaying needles
needles Top layer 20 cm below

P. densiflora

@ -pinene 11.38 4.49 0.93
B -pinene 4.00 0.98 0.46
B -myrcene 6.95 0.28 0.00
B -phellandrene 0.00 0.00 0.33
Bicyclo heptan-2-ol 0.55 0.14 0.00
P. thunbergii

@ -pinene 11.42 387 0.00
B-pinene 16.12 3.17 0.00
B-myrcene 251 0.00 0.00
B -phellandrene 0.05 0.00 0.00
Bicyclo heptan-2-ol 0.30 0.38 0.00
P.rigida

@ -pinene 16.32 0.21 0.00
B -pinene 22.86 0.00 0.00
B-myrcene 1.34 0.00 0.00
B -phellandrene 0.03 0.00 0.00
Bicyclo heptan-2-ol 0.57 0.00 0.00

¢ L had a very strong inhibitory effect on cell growth in P.
violaceum, resulting in a growth rate much lower than the control.
However, the variable effects exhibited on growth rate of P. viola-
ceum, which depend on compounds and its concentrations. There
were remarkably different results for (15)-(—)-verbenone (0.17 at
0.001 g g/ 1£L), fenchone (0.22 at 0.001 ze g/ 12 L, 0.87 at 0.01 zc g/
p L, and 0.39 at 0.1 s« g/ 1L concentration), and myrcene (0.35
at 0.01 g g/ L) compared to the other monoterpenoids, which
showed growth rates higher than the control (Table 2). Inhibitory
effects on growth rates even at the lowest concentration were re-
presented: geranyl-acetate, menthone (P<0.05), @ -pinene, and cam-
phene (P<0.001). And also our results at 0.01 g/ L concent-
ration show that /3 -pinene (P<0.01), menthone and carvone (P<
0.05) had inhibitory effects on the growth of P. violaceum. At 0.1
1 g/ L concentration, bornyl acetate, carvone, and limonene (P<
0.001) had inhibitory effects on growth rate of P. violaceum. The
rest of the compounds we used had no effects on growth of the
Polysphondylium cells.
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Table 2. Effect of monoterpenoids of P. violaceum the growth rate.
Means designated with the same letter within a treatment
are significantly different at P<0.05 °, 0.01 °, and 0.001
¢ based on LSD test

Concentrations
Monoterpenoids 0,001 0.01 0.1 1 Con-
pgpl  pgul pg/pl pgpl trol
Gerany! acetate -0.19" 006 —0.04 023" 0

(1S)-(-)-Verbenone ~ 0.17*  0.05  -007  —067° 0
(IR)-(-)-Fenchone  022*  087°  039° —-042° 0

(1S)-(-)- @-Pinene ~ —028° -0.04  —0.08 -071° 0

(+)- B-Pinene 004  -0.13" 006 -076° 0
Myrcene —0.14 035° 0.02 -029° 0
(-)-Menthone 010" -0.07" -005 -061° 0

(-)-Borny! acetate 0.05 0.09° -023° -073° 0
(S)-(+)-Carvone -0.04 0.13*  -057° -080° 0
(R)-(+}Limonene 006 000  -0.10° —-020° 0
(~)-Camphene -023° 001 004 -024° 0

DISCUSSION

In general, degradation of pine needle litter is slow (Wilt et al.
1993). One of the reasons is either monoterpenoids or combinations
of various monoterpenes inhibiting the activity of microbial and/or
invertebrate decomposers as suggested by many researchers (White
1994, Hili et al. 1997, Paavolainen et al. 1998). Although volatile,
monoterpenoids are initially present at relatively high concentration
in recently fallen litter (Fig. 1), and the inhibitory effect of mono-
terpenoids on decomposers might be high in early decomposing
process.

Our result (Fig. 2) also shows that all compounds at the highest
concentration had strong inhibitory effects on the growth of rate,
and the inhibition effect decreased as the low concentration of each
compound. Therefore, these results suggest that growth of P. vio-
laceum also might be inhibited in earlier decomposing process of
pine needle, although ! £ g/ 1L concentration we used were not
coincident with the amounts of forest floor litter. In fresh green
needles and senescent brown needles of Scots pine most common
monoterpenes were « -pinene and 3-carene, and verbenone and ver-
benol were the most commonly identified compounds reported by
Kainulainen and Holopainen (2002). In the natural senescent need-
les of 3 species, @ -pinene, B -pinene, and myrcene were always
present in the high amounts (Table 1). The decaying needles also
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contained these some monoterpenoids, but at substantially lower
concentrations. These compounds are not easily decreased in forest
floors, because most monoterpenoids are not water-soluble and are
not leached by rainwater. Our results also suggests that these
compounds remained relatively high in decaying needles of top
layers at the end of study period, and inhibited on the growth of
P. violaceum.

On the other hand, Vokou et al. (2002) reported that fenchone,
the major compound from Lanvandula stoechas, inhibited Bacillus
subtilis, but didn’t inhibit Escherichia coli or any of the soil
microorganisms in their study. They suggested that E. coli and soil
microorganisms used fenchone as a carbon and energy sources.
Fenchone stimulated the growth rate of P. violaceum (Table 2) and
D. discoideum NC4 (Hwang et al. 2004), but inhibited the growth
of P. pallidum (Hwang and Kim 2004) even though at the lowest
concentration. These results indicate that P. violaceum and D. dis-
coideum NC4 might be use fenchone as an energy source for their
life; P. pallidum might be not use the compound. Our experiments
were not designed to examine whether these compounds can be
used as an energy source. Nevertheless, on the basis of our results
we could argue that fenchone, verbenone, and myrcene in presence
of low concentration are potential carbon sources for P. violaceum,
as suggested by Vokou et al. (2002), de Carvalho and da Fonseca
(2006), and Demyttenaere et al. (2001). Therefore, soil microorga-
nisms could use some of monoterpenoids in pine forest floor as
nutrient sources and rapidly changed to other compounds by
biodegradation during decomposition (Yoo et al. 2001, Phillips et
al. 2003). Nevertheless, it is proposed that individual monoter-
penoid may have entirely different activating of different target
microorganisms.

Little studies are known about the decomposition process of
monoterpenoids and uses of monoterpenoids by soil microorga-
nisms. Especially, based on the finding of this study into the acti-
vity of monoterpenoids on P. violaceum, further research is needed
to study whether or not monoterpenoids actually cause inhibition
and/or enhance on growth of each species of soil microorganisms
as well as CSM.
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