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Bioconversion of essential oil components of Perilla frutescens by

Saccharomyces cerevisiae

The essential oil of perilla (Perilla frutescens) contains volatile low molecular
weight compounds such as monoterpenes and phenylpropenes. The composition
of the essential oil is classified into about ten chemotypes. The biosynthesis of
these constituents is strictly controlled genetically. Among the compounds
contained in perilla essential oil, the bioconversion of pure compounds such as
perillaldehyde, limonene, and citral has been reported, but that of many other
components has not. In addition, changes in the volatile components of raw plant
material during brewing have also been investigated for wine and beer. In this
study, we examined the bioconversion of perilla essential oil components by
Saccharomyces cerevisiae during the brewing of liquor with perilla leaves. S.
cerevisiae was added to the ethanol-water extract of dried leaves of P. frutescens
and P. citriodora for seven essential oil types: perillaldehyde type, piperitenone
type, perillene type, perillaketone type, elsholtziaketone type, citral type, and
phenylpropanoid type. Volatile compounds in the reaction mixtures were
analyzed by solid-phase microextraction (SPME)-GC-MS, revealing
bioconversion of perillaldehyde, isoegomaketone, neral, and geranial by S.
cerevisiae. Analysis of the conversion products suggests that they were formed
by the reduction of C=C bonds and aldehydes, as well as by esterification and
dehydration reactions.

Keywords: Perilla frutescens; bioconversion; Saccharomyces cerevisiae;
monoterpenoids; trans-shisool; perillyl alcohol

1. Introduction

Perilla frutescens is an annual plant belonging to the family Labiatae and is used both
as an herb in cooking and as a source of the natural medicine soyo. The composition of
the essential oil obtained from perilla is classified into about a dozen types that are
strictly controlled genetically (1). These essential oil types are divided into monoterpene
types (Fig. 1) and phenylpropene types (Fig. 2) according to their structures. Perilla
used for medicinal purposes in Japan is a perillaldehyde (PA) type and contains
perillaldehyde as the main compound. Perillaldehyde has been reported to have
antibacterial (2), vasodilator (3), and antidepressant (4) activities.

Many monoterpene compounds contained in plant essential oils have
pharmacological actions such as antibacterial (2, 5), sedative (6, 7), and antitumor (8)
activities and thus are useful in the pharmaceutical field. Monoterpenes are also used as

2



A Self-archived copy in

Kyoto University Research Information Repositon KLIREN AL {[
y iv y 2 ati y
https://repository.kulib.kyoto-u.ac.jp ﬁHBmchoe}ol nelposm

flavors and fragrances because they typically have pleasant aroma and volatilize at
room temperature. Furthermore, compounds such as camphor and a-terpineol are
synthesized by chemical conversion (9) or biotransformation by microorganisms (10,
11) from monoterpene compounds such as a-pinene that are abundant in nature and
inexpensively available as a raw material. Bioconversion by microorganisms rather than
chemical conversion for the synthesis of compounds is advantageous because the
reaction can be performed under mild conditions, multiple reactions can be performed
in one step, and bioconversion often provides high stereo- and regiospecificity.

The bioconversion of monoterpene compounds by microorganisms such as
molds (10, 12), basidiomycetes (13), algae (14), and yeasts (15, 16, 17) has been
investigated. Efforts are ongoing to identify microbial species that can convert
monoterpene compounds efficiently and that are resistant to the toxicity of monoterpene
compounds, and suitable reaction conditions are also being investigated (15, 18).

Microorganisms such as Saccharomyces cerevisiae have been used in brewing
since antiquity. In brewing, yeast are mixed with plant materials such as grapes and
malted barley (the raw materials for wine and beer, respectively) that contain various
components, and then the mixture is incubated. Yeast both performs alcoholic
fermentation to produce ethanol and carbon dioxide from sugar and converts volatile
components of the raw plant material, such as geraniol into various other compounds
(16, 19). Therefore, the bioconversion of volatile raw plant material components by
yeast is an important factor determining the aroma of the finished alcoholic beverage.
Brewing takes advantage of the action of microorganisms but the product is spoiled
when miscellaneous bacteria contaminate the incubating mixture and proliferate. It is
therefore necessary to prevent contamination by unwanted microorganisms. For
example, in the brewing of beer, hops are added to the incubating mixture to suppress
the growth of miscellaneous bacteria, and the alcohol produced by fermentation is also
effective at preventing spoilage.

Research on the perilla perillaldehyde biosynthetic enzyme expressed by S.
cerevisiae AH22 showed that perillyl alcohol and trans-shisool are generated when
perillaldehyde is used as a substrate and control extracts prepared from S. cerevisiae
AH22 lacking the target gene in the vector plasmid are used (20). Perillaldehyde (14,
17, 21), limonene (15, 18), and citral (14) are monoterpene compounds contained in
perilla essential oil and their bioconversion have previously been reported. In this study
we examined changes in aroma during brewing of perilla, as occurs with grapes, malted
barley, and hops—that is, we examined changes in low molecular weight volatile
compounds when S. cerevisiae was added to plant extracts.
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2. Materials and Methods

2. 1. Chemicals and solvents

All chemical reagents and solvents were purchased from Nacalai Tesque Inc., Kyoto,
Japan. Perillaketone and isoegomaketone standards were obtained as follows; the
essential oil obtained by steam distillation of perillaketone (PK) type perilla (No. 6) was
measured by headspace solid-phase microextraction (SPME)-GC-MS and the
component composition was identical with that reported in the literature (22). Then, the
essential oil was purified by column chromatography and compounds were identified
from their retention time and mass spectral pattern.

2. 2. Plant materials

Perilla plants were grown at the Experimental Station for Medicinal Plant Research,
Graduate School of Pharmaceutical Science, Kyoto University. Oil types and strain
numbers used in this study were as follows: perillaldehyde (PA) type, No. 32 and No.
5343; piperitenone (PT) type, No. 5598; perillene (PL) type, No. 1864; PK type, No. 63;
elsholtziaketone (EK) type, No. 79; phenylpropanoid (PP) type, No. 1 of P. frutescens;
and citral (C) type, No. 5809 of P. citriodora. All plants were bred and kept as pure lines
by repeated self-pollination. The harvested perilla leaves were dried at room
temperature and stored in a closed container with silica gel at 4°C until use.

2. 3. Yeast strain

S. cerevisiae NBRC 2260 was purchased from the National Institute of Technology and
Evaluation (NITE), Tokyo, Japan.

2. 4. Conversion of essential oil components of Perilla

S. cerevisiae NBRC 2260 was inoculated into 100 mL of YPD medium (500 mL
Erlenmeyer flask) and cultured at 30°C and 150 rpm for 48 h. This preculture was
centrifuged at 4°C and 6000 rpm for 5 min to remove the supernatant, after which 5%
ethanol aqueous solution was added to the pellet and the turbidity (optical density 600
nm) was measured. The cells were resuspended in 10% ethanol aqueous solution to a
cell density of 5 x 108 cells/mL. The relational expression between the number of cells
and the turbidity (number of cells = turbidity x 1.44 x 10 cells/mL, valid for turbidity
values of 0.5 or less) was obtained in advance under the same conditions. In an
autoclaved 100 mL Erlenmeyer flask covered with aluminum foil, 49 mL of 10%
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ethanol aqueous solution and 0.025 g of dried perilla leaf ground with a grinder were
added and shaken at 30°C and 150 rpm for 1 h, after which 1 mL of bacterial
suspension was added (1 x 107 cells/mL) and the mixture was shaken at 30°C and 100
rpm. After 0, 24, and 48 h, shaking was terminated and the reaction solution was
analyzed. The experiment was carried out in duplicate. We identified the components
derived from yeast and the chemical conversion of perilla essential oil components by
similarly analyzing reaction mixtures comprising yeast in 10% ethanol aqueous solution
(yeast: 1 x 107 cells/mL) and reaction mixtures comprising perilla leaf immersion liquid
not containing yeast (dried perilla leaf: 0.5 w/v%).

2. 5. Measurement of viable cell count

After incubation for 24 and 48 h, a reaction mixture comprising yeast in 10% ethanol
aqueous solution and reaction mixtures comprising yeast in perilla leaf immersion
liquids of each essential oil type were stained with methylene blue. The number of
viable cells was calculated by counting the total number of cells and the number of
stained cells under a microscope.

2. 6. SPME-GC-MS analysis of volatile compounds in the reaction mixture

After incubation for 0, 24, and 48 h, the reaction mixture comprising yeast and perilla
leaf immersion liquid of each essential oil type, the reaction mixture comprising only
perilla leaf immersion liquid of each essential oil type, and the reaction mixture
comprising yeast in 10% ethanol aqueous solution, were each filtered through No. 2
filter paper (Toyo Roshi Kaisha, Ltd., Tokyo, Japan) on ice and 1 mL of filtrate was
placed in an SPME vial (Supelco Inc., Bellefone, PA) and stored at —30°C. Each sample
was heated in an aluminum block thermostat (DTU-1B; Taitec Co., Ltd., Aichi, Japan)
at 60°C for 20 min, after which a SPME fiber (100 um polydimethylsilane; Supelco)
was inserted into the headspace of the vial for 5 min to absorb the volatile compounds.
Desorption was carried out at 160°C for 10 min in the splitless injection unit of a GC-
MS instrument (6850 GC/5975 MSD; Agilent Technologies Japan, Ltd., Tokyo, Japan)
equipped with a DB-WAX column (60 m x 0.25 mm, 0.25 um film thickness; Agilent
Technologies). The oven temperature program began at 60°C, increased by 5°C/min to
140°C, increased by 0.2°C/min to 145°C, increased by 10°C/min to 235°C, and was
maintained for 5 min. The detector temperature was 240°C. He (1.0 mL/min) was used
as the carrier gas. The ionization voltage for the mass spectra was 70 eV. The mass
range was from m/z 50 to 400. The compounds were identified by comparing their mass
spectral patterns with those in an MS database (NIST11; National Institute of Standards
and Technology). Perillaketone and isoegomaketone were identified by comparing their
mass spectral patterns (Figs. S1, S2) and retention times with those of authentic
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standards. 1,2-Dihydroperillaldehyde was identified by comparing its mass spectral
pattern with a mass spectral pattern in the literature (21).

2. 7. GC-MS analysis of the hexane extract fraction of the reaction mixture

After incubation for 0, 24, and 48 h, the reaction mixture comprising yeast and perilla
leaf immersion liquid of each essential oil type, the reaction solution comprising only
perilla leaf immersion liquid of each essential oil type, and the reaction mixture
comprising yeast were in 10% ethanol aqueous solution, were each filtered through No.
2 filter paper (Toyo Roshi Kaisha, Ltd.) on ice. (-)-Menthone (2.88 x10° mol/L) was
added to 5 mL of each filtrate as an internal standard and the filtrate was extracted twice
with about 5 mL of hexane. The hexane fraction was dehydrated with anhydrous
sodium sulfate, concentrated, and 1 pL. was injected into the GC-MS. The split ratio was
99:1. The GC-MS instrument conditions, column, injection temperature, detector
temperature, oven temperature program, carrier gas, ionization voltage, and mass range
were the same as for SPME-GC-MS analysis.

3. Results

3. 1. Viable cell count

Ethanol aqueous solution (10%) was used to examine changes in low molecular volatile
compounds during the brewing process and to inhibit the growth of unwanted
microorganisms, since the perilla leaves were grown non-aseptically. We previously
confirmed that the added yeast survived in the reaction solution.

We measured the number of viable bacteria in the reaction mixture comprising
perilla leaf immersion liquid (10% ethanol aqueous solution, 0.5 w/v% of dried perilla
leaf) and yeast and found that between 1.5 x 108 cells/mL to 3.0 x 10° cells/mL of yeast
added to perilla leaf immersion liquids of all essential oil types survived after 24 and 48
h. Furthermore, about 8 x 10° cells/mL of yeast added to 10% ethanol aqueous solution
without perilla leaf immersion liquid survived after 24 and 48 h (Table S1).

3. 2. SPME-GC-MS analysis of volatile compounds in the reaction mixture

Ethyl decanoate was detected as a volatile component derived from yeast (Fig. 3a). We
compared the components of the reaction mixture comprising yeast and perilla leaf
immersion liquid of each essential oil type and the reaction mixture comprising only
perilla leaf immersion liquid after incubation for 0, 24, and 48 h. Changes in essential
oil components were observed only when yeast were added to PA, PK, and C type
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perilla leaf immersion liquids (Fig. 3b-d). For the PA type sample, perillaldehyde
decreased and perillyl alcohol, 1,2-dihydroperillaldehyde, trans-sisool, isolimonene,
and perillyl acetate appeared (Fig. 3b). For the PK type sample, isoegomaketone
decreased and perillaketone was formed (Fig. 3c), and in the C type sample, neral and
geranial decreased and nerol, geraniol, citronellal, citronellol, 2,6-dimethyl-2,6-
octadiene, and geranyl acetate appeared (Fig. 3d).

On the other hand, no difference was observed between the presence and
absence of yeast for linalool, which is commonly contained in the perilla leaf reaction
solutions of several essential oil types, and for the following components contained in
perilla leaf reaction solutions of each essential oil type: PP type, myristicin; EK type,
elsholtziaketone, naginataketone, 3-phenyl butanol; PT type, piperitenone, piperitone,
carvone; PL type, perillene; and C type, methyl geranate.

3. 3. GC-MS analysis of the hexane extract fraction of each reaction mixture

We investigated the reaction of all components not volatile at 60°C (and thus not
detected by SPME-GC-MS analysis) by GC-MS analysis of the hexane fractions of
reaction mixtures comprising yeast added to perilla leaf immersion liquid of each
essential oil type and reaction mixtures comprising only perilla leaf immersion liquid of
each essential oil type. After incubation for 0 and 48 h, no component not detected by
SPME was observed and peak areas were unchanged by the presence or absence of
yeast (data not shown). Thus, we were unable to confirm the bioconversion by yeast of
components contained in the perilla strain tested in this study that are non-volatile at
60°C and that elute in hexane (detectable in this experiment).

4. Discussion

The bioconversion of perilla essential oil components by yeast observed in this study
may be due to the reduction of C=C bonds and of aldehydes, as well as to esterification
and dehydration reactions (Figs. 4-6). It has been known since antiquity that S.
cerevisiae produces ethanol via fermentation and this yeast has long been used in the
brewing of wine, beer and sake. The yeast strain S. cerevisiae NBRC 2260 used in this
study is a wine yeast (OC-2).

Monoterpene compounds are plant secondary metabolites whose basic structure
is generated catalytically by enzymes using geranyl diphosphate GPP as a substrate.
Various enzymes such as cytochrome P450 monooxygenase generate monoterpenes
with different structures. Perillaketone is presumed to be formed from isoegomaketone
in the perillaketone biosynthetic pathway in PK type perilla by an unidentified enzyme.
The conversion from isoegomaketone to perillaketone by yeast likely involves old
yellow enzyme (OYE). OYE-like family of enzymes are present in various
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microorganisms and plants, including Saccharomyces pastorianus (OYE 1) and S.
cerevisiae (OYE 2, OYE 3, Lot 6p), and reduce the C=C double bond adjacent to an
electron withdrawing group such as an aldehyde group in the presence of NADPH (23).
OYEL, 2, and 3 reduce citral (geranial and neral) to form citronellal (24), and OYE 2 is
mainly involved in the reduction of geraniol to citronellol by S. cerevisiae (25).

Figure 7 shows two potential routes for the generation of citronellol from citral.
In route I, first the aldehyde group of citral is reduced to form geraniol and nerol, then
the C=C double bond is further reduced to form citronellol. In route II, first the C=C
double bond of citral is reduced to form citronellal and then the aldehyde group of
citronellal is reduced to form citronellol. The peaks due to geraniol and nerol increased
at 24 h after adding yeast, then remained unchanged at 48 h, whereas citronellal was
detected immediately after adding yeast and decreased after 24 to 48 h (Fig. 3d, YC 0,
24, 48). This suggests that citronellol is formed via route Il (from citral via citronellal).
We also investigated the bioconversion from perillaldehyde to trans-shisool and
observed that the peak due to perillyl alcohol increased at 24 h after the addition of
yeast and then remained unchanged at 48 h, whereas 1,2-dihydroperillaldehyde was
detected only immediately after the addition of yeast (Fig. 3b, YPA 0, 24, 48). These
results suggest that the C=C double bond of perillaldehyde is reduced to form 1,2-
dihydroperillaldehyde whose aldehyde group is further reduced to form trans-shisool,
likely by alcohol dehydrogenases expressed in S. cerevisiae (26).

Alcohol acetyltransferase (ATF) 1 and 2 are likely involved in the esterification
of perillyl alcohol to perillyl acetate and geraniol to geranyl acetate. S. cerevisiae
bioconversion of geraniol involves ATF1 to form terpenyl acetate. Esterification of
citronellol by S. cerevisiae overexpressing ATF1 was slower than that of geraniol or
nerol (25). However, in the present study, neryl acetate and citronellyl acetate were not
detected in the reaction mixture (Fig. 3d), perhaps due to the small amount of nerol and
the low esterification rate of citronellol. Similarly, trans-shisool may have been
esterified by S. cerevisiae but was not detected in this study (Fig. 3b).

Isolimonene is likely generated by the dehydration of trans-shisool and 2,6-
dimethyl-2,6-octadiene produced from citronellol. The reactions may include two steps:
isomerization and dehydration. However, no component likely to be an intermediate
was detected (Fig. 3b, d), so these reactions might occur very rapidly and no
intermediates could be detected. Linalool dehydratase (LinD) in Castellaniella
defragrans catalyzes the dehydration of linalool to B-myrcene (27). Dehydratase in S.
cerevisiae have not been reported but S. cerevisiae might catalyze the dehydration of
trans-shisool and citronellol.

The S. cerevisiae strain used in this study did not bioconvert the monoterpene
carvone, although OYE-like enzymes OYE 1 (28), TOYE (29), and PETN (30) have
been shown to reduce carvone to dihydrocarvone. Using the same compound as a
substrate can result in different products and composition ratios depending on the
species and strain of microorganism (11, 12, 15, 31). In particular, in S. cerevisiae, the
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amount of linalool produced from geraniol is reported to vary from strain to strain (15),
but we found no difference in the amount of linalool with or without the addition of
yeast in this study. It has also been reported that baker's yeast produces trans-shisool
and perillyl alcohol from perillaldehyde (16), and that the non-conventional yeast
Kazachstania naganishii produces dihydroperillaldehyde, dihydroperillic alcohol, and
perillyl alcohol from perylaldehyde (17). However, there have been no reports of
production of isolimonene or perillyl acetate, which was revealed in this study. Several
microbial species other than S. cerevisiae that reduce perillaldehyde have also been
reported (14, 17, 21), and Yarrowia lipolytica (6) and Pseudomonas putida (18) oxidize
limonene to form perillyl alcohol, perillaldehyde, and perillic acid. From these results,
the compound recognized as a substrate and the type of catalysis reaction (redox,
dehydration, isomerization, and cyclization) differ depending on the microorganism
species. Compounds having similar structures are subjected to similar conversion
reactions by a microorganism but whether this conversion occurs cannot be predicted.
In this study, we revealed that monoterpene compounds contained in perilla essential oil
are bioconverted by S. cerevisiae. The a,B-unsaturated carbonyl compounds
perillaldehyde, isoegomaketone, neral, and geranial are recognized as substrates by
yeast and have less steric hindrance around the C=C bond conjugated to their aldehyde
or ketone group compared with elsholtziaketone, naginataketone, piperitenone,
piperitone, and carvone, which are highly sterically hindered and are not bioconverted
by yeast. In esterification, the difference in the reactivity of yeast toward geraniol and
citronellol is likely due to steric differences depending on the presence or absence of the
C=C bond next to the alcohol group, with geraniol more likely to bind to the active site
of the enzyme ATFL.

Bioconversion is not only substrate-specific but also often highly stereo- and
regiospecific. Therefore, it can be applied in the synthesis of complex structures and in
asymmetric synthesis. For example, the OYE-like family enzyme TOYE (29) and
PETN (30) can be used to reduce the C=C bond in the cyclohexene ring of carvone and
the one in the enal group of citral to form dihydrocarvone and citronellal with high
optical purity. In another example, the actinomycete Pseudonocardia autotrophica is
known to convert vitamin D3 stereo- and regiospecifically into its physiologically active
form, calcitriol (1a,25-dihydrovitamin Ds) (32). By using this reaction system, the
productivity of calcitriol synthesis was improved in comparison with conventional
chemical synthesis. Similarly, bioconversion also has utility in the synthesis of
pharmaceuticals.

The results of this study make a valuable contribution toward elucidating the
changes in volatile compounds during the brewing of perilla leaves. Monoterpene
compounds are used in flavors and perfumes because they generally have a pleasant
smell and volatilize at room temperature. Some monoterpene compounds have
pharmacological actions such as antitumor and sedative activities and are thus
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pharmaceutically useful. Research on the bioconversion of monoterpene compounds is
applicable to pharmaceuticals, foods, and cosmetics.
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Fig. 3 SPME-GC-MS profiles of reaction mixtures. a reaction mixtures after incubation
for 0, 24, and 48 h comprising yeast in 10% aqueous ethanol (Y 0, 24, 48). b reaction
mixtures after incubation for 0, 24, and 48 h comprising PA type (No. 5343) leaf
immersion liquid with yeast added (YPA 0, 24, 48) or not added (PA 0, 24, 48). c
reaction mixtures after incubation for 0, 24, and 48 h comprising PK type (No. 63) leaf
immersion liquid with yeast added (YPK 0, 24, 48) or not added (PK 0, 24, 48). d
reaction mixtures after incubation for 0, 24, and 48 h comprising C type (No. 5809) leaf
immersion liquid with yeast added(YC 0, 24, 48) or not added (C 0, 24, 48). The
profiles are total ion chromatograms. Green closed inverted triangles: dodecanoic acid
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ethyl ester; red open circles: 1,2-dihydroperillaldehyde; red closed circles:
perillaldehyde; red open diamonds: perillyl alcohol; red closed diamonds: trans-shisool;
red open squares are isolimonene; red closed squares: perillyl acetate; blue open
triangles: perillaketone; blue closed triangles: isoegomaketone; yellow open circles:
neral; yellow closed circles: geranial; yellow open diamonds: nerol; yellow closed
diamonds: geraniol; yellow open triangles: citronellal; yellow closed triangles:
citronellol: yellow open squares: 2,6-dimethyl-2,6-octadiene; yellow closed squares:
geranyl acetate; yellow open inverted triangles: methyl geranate.
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Figure S1 Mass spectrum of the peak attributed to perillaketone (RT 29.81)
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Figure S2 Mass spectrum of the peak attributed to isoegomaaketone (RT 40.46)

Table S1 Viable cell count at 24 and 48 h after yeast fermentation of perilla leaf
immersion liquid of each essential oil type.

Perilla strain Viable cell count * (x10° cells/mL)
Essential oil type Strain No. After 24 h After 48 h
PA type 32 15.7+2.6 25.0+0.0
5343 20.9+2.0 29.8+1.5
PP type 1 21.5+3.4 22.1+3.3
PK type 63 26.1+2.9 27.8+1.8
EK type 79 24.4%1.9 25.142.0
PL type 1869 23.0+4.2 25.9+0.6
PT type 5598 22.65.3 23.5+2.3
C type 5809 23.5+1.0 22.4+0.9
Yeast only (control) 8.7+0.9 7.4+1.6
* Viable cell count (x10° cells/mL) is the average value obtained from two independent
experiments
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