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Abstract

Microorganisms are widely used to produce biologically active substances owing to their versatile ability to convert
inexpensive compounds into physiologically active compounds. In this study, we isolated a microorganism capable
of converting quercetin to isoquercitrin, a substance with various biological functions, from tea cultivation soils. A
Bacillus strain was isolated and verified as Bacillus sp. CSQ 10 using 16sRNA gene analysis. When quercetin was fed
as a substrate for Bacillus sp. CSQ10, isoquercitrin was produced through biotransformation. Furthermore, Bacillus sp.
CSQ10 was able to biotransform isoquercitrin to quercetin-3-O-(6"-O-acetyl)-3-p-glucoside when the medium for
biotransformation was replaced with yeast extract-peptone—dextrose (YPD) medium. Based on these findings, the
biotransformation performance of Bacillus sp. CSQ10 was verified by optimizing the experimental conditions for the
culture system at the laboratory scale in terms of temperature, cell density, biotransformation medium, and sub-
strate concentration. The best biotransformation yields were achieved at 37 °C, 6.0 ODyq,, with YPD, and 181.0 mg/L
of quercetin supply. Conclusively, 193.3 mg/L and 198.8 mg/L of isoquercitrin and quercetin-3-O-(6"-O-acetyl)-3-o-
glucoside, respectively, were produced by Bacillus sp. CSQ 10 under these optimized experimental conditions.
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Introduction

Forests are one of the largest ecosystems on Earth, and
a large amount of organic matter, which is an important
carbon source in forest ecosystems, enters the forest soil
each year [1]. Organic matter is used as a carbon source
by various microorganisms that inhabit forest soils. It had
been reported that the growth of microorganisms can
be inhibited by polyphenols contained in organic mat-
ters, such as flavonoids, stilbenes, anthocyanins, cou-
marins, lignans, quinones, phenolic acids, and tannins
[2]. To overcome the adverse effects of these compounds,
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microorganisms possess various enzymes, including
cytochrome P450 oxidases [3], UDP-glucuronosyltrans-
ferases [4], glutathione S-transferases [5], and methyl-
transferases [6], which detoxify or decompose substances
that inhibit their growth. In particular, microorgan-
isms inhabiting forest soils have various genes encod-
ing enzymes involved in detoxification mechanisms for
their own growth inhibitory substances [7]. Among these
detoxification mechanisms, glycosylation of phenolic
compounds catalyzed by uridine diphosphate-dependent
UDP-glycosyltransferase is a well-known detoxification
mechanism [8]. In addition, the glycosylation of phenolic
compounds results in a variety of biological activities for
human health, depending on the glycosylation positions
[9]. In this respect, forest soils have been considered a
useful reservoir for identifying valuable microorgan-
isms as well as various metabolic enzymes, including
glycosyltransferases.
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Glycosylation of flavonoids is a reaction that occurs
at the final stage of plant biosynthesis, catalyzed by
glycosyltransferase, and plays a role in increasing the
solubility and stability of flavonoids in plants [10]. Gly-
cosylation may lead to changes in the pharmacological
properties of flavonoids by increasing bioavailability or
reducing the risk of substances causing acute toxicities
or adverse effects [9]. Therefore, the enzymes respon-
sible for glycosylation and the biological activities
of diverse glycosylated flavonoids have been actively
investigated.

Isoquercitrin  (quercetin-3-O-f-D-glucopyranoside)
is a glycoside of quercetin and a major glycoside of fla-
vonols along with rutin (quercetin-3-O-rutinoside). As
reported in previous studies, isoquercitrin was found in
various plant species including Rosa soulieana Crepin
[11], Eucommia ulmoides Oliv [12], Crataegus pinnati-
fida Bge [13], Crataegus azarolus L [14], Arbutus unedo
L. [15], various onion species [16, 17], and amaranth
[18]. It had been reported isoquercitrin exhibits biologi-
cal activity in kidney-related diseases [19, 20]. Although
isoquercitrin is present in many plants, its content is too
low for sufficient amounts to be obtained for the diet
and pharmaceutical industries [21]. To our knowledge,
selectively removing rhamnose from rutin using rham-
nosidase and then purifying isoquercitrin was the only
method to produce isoquercitrin [21]. In addition, it was
possible to obtain isoquercitrin by chemical hydrolysis of
rutin present in buckwheat or red bean in large amounts.
However, it was not a suitable method because chemi-
cal hydrolysis preferred to produce quercetin rather than
isoquercitrin. Therefore, it was inferred that the conven-
tional method was insufficient and inefficient for produc-
ing isoquercitrin [22].

There is a need to develop efficient methods to pro-
duce biologically active compounds, including various
glycosylated polyphenolic compounds. In this regard,
the biotransformation has been highlighted as an alter-
native method to produce biological active compounds,
and many researchers have contributed their efforts [23].
Biotransformation is the process of converting substrates
to products using biological systems. A supply of various
cofactors and donors is required when physiologically
active substances are produced by enzymatic methods.
However, there is no need to supply these factors for
the biotransformation by microorganisms. Compared
to chemical synthesis, biotransformation has advan-
tages in that the reaction conditions are simple, safe, and
generate less contaminants [23-25]. For these reasons,
biotransformation has been successfully applied in the
large-scale industrial production of biologically active
materials for new drugs and cosmetics [26, 27]. Similarly,
it would be invaluable to produce isoquercitrin through
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biotransformation because of the advantages of simple
processes and high production yields over conventional
methods.

To obtain the microorganisms capable of producing
isoquercitrin, the microorganisms from the tea planta-
tion area were screened. Since the contents of flavonoids
were relatively high in tea plants, the chance to isolate the
microorganisms capable of metabolizing flavonoid-like
natural compounds would be higher from tea plant area.
In this study, the microorganisms were isolated from the
tea plantation soils, the biotransformation efficiency was
characterized. Among them, a Bacillus strain with good
biotransformation efficiency was isolated and identified,
and its biotransformation performance was elucidated.

Materials and methods

Isoquercitrin-producing bacteria isolation and species
identification

The soils were collected from tea plantations under the
cedar (Cryptomeria japonica) and cypress (Chamaecy-
paris pisifera) in the forest around Jinju-si. Using a soil
auger (EP 1055, USA), approximately 200g of soil was col-
lected 10 cm beneath the topsoil and stored in a — 20 °C
freezer until used for the experiment. The soil samples
were passed through a 2-mm sieve to remove coarse-
grained soils from the soil samples. One gram of soil was
suspended in 9 mL of sterilized water and serially diluted
107° times. The diluted soil samples were spread evenly
on LB agar plates on a clean bench and incubated at 30 °C
for 48 h. The bacterial colonies were inoculated LB media
and incubated overnight. Then, each cell was adjusted
to 1.0 of ODy, in 2 mL of M9 media containing 2% glu-
cose and fed quercetin with 200 uM of final concentra-
tion. The cells were incubated at 30 °C for 12 h and the
samples prepared by ethyl acetate extraction for HPLC
analysis. The colonies showing new peaks with the differ-
ent retention time of quercetin were selected for further
investigations.

Bacteria identification

Bacterial species were identified using 16S rRNA
sequence analysis. The primers used for gene amplifica-
tion were as follows: forward primer 877F: 5'-CGGAGA
GTTTGATCCTGG-3/, and reverse primer 878R: 5'-TAC
GGCTACCTTGTTAGCGAC-3'. Polymerase chain reac-
tion (PCR) was used to amplify the 16S rRNA gene from
the genomic DNA of bacteria using the Qiagen DNeasy
kit (Hilden, Germany). The PCR reaction solutions were
prepared by mixing 0.5 puL of genomic DNA as tem-
plates, 2 pL of 10X reaction buffer, 2 uL of Q buffer, 2 puL
of 2.5 mM dNTP, 0.5 pL of Qiagen Hot Taq polymerase
(Hilden, Germany), 0.2 pL of forward primer (100 pmol/
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pL), 0.2 pL reverse primer (100 pmol/pL), and 12.6 pL
sterilized water. PCR was performed at 94 °C for 15 min
to activate hot Taq polymerase, followed by 1 min at
94 °C, 1 min at 55 °C, and 1 min and 30 s at 72 °C for a
total of 35 cycles. To fill this gap, the mixture was incu-
bated at 72 °C for 7 min.

The PCR reaction product was separated using elec-
trophoresis on 1.5% agarose gel and the PCR product
was purified using a DNA purification kit (Bioneer, Dae-
jeon, Korea). The purified 16S rRNA gene was cloned
into the pGEM-T Easy vector (Promega, Madison, WI,
USA) and the sequences were analyzed. The similarity
and multiple sequence alignment of the 16S rRNA gene
sequences were analyzed using the blastn and CLUSTAL
W programs provided by the National Center for Bio-
technology Information (NCBI). Phylogenetic analysis of
Bacillus strains was performed using the neighbor-join-
ing method built into the Molecular Evolutionary Genet-
ics Analysis 6.0 (MEGA 6.0) program [28]. To evaluate
the reliability of the branching pattern, bootstrapping
generated by 1000 sampling replicates was performed.

Biotransformation for isoquercitrin production

Single colonies obtained from the soils were inocu-
lated in 2 mL of Luria Broth (LB) medium and cultured
overnight at 30 °C in an incubator at 200 rpm. The pre-
cultured cells were inoculated into 25 mL of fresh LB in
250 mL flasks to reach an 0.1 of optical density at 600 nm
(ODgy), and then incubated for 3 h in a shaking incuba-
tor at 30 °C and 200 rpm. The cell cultures were chilled
on ice for 10 min, and the cells were harvested by centrif-
ugation (Hannil UNION32R, Korea) at 4 °C, 4000 rpm,
and 15 min. Cells were washed twice with M9 minimal
medium (M9 salt, glucose 20 g/L) and then suspended
in the appropriate media to an 0.6 of ODy, value. The
biotransformation processes were performed in a shaker
incubator at 30 °C, followed by feeding of quercetin as
a substrate. 50-500 uM ranges of quercetin was tested
as a substrate for screening, and then fixed the con-
centration as 200 uM for further experiments to obtain
maximum biotransformation efficiency. To verify the bio-
transformation efficiency, 500 uL of the culture solution
was collected after 12 h of incubation and the reactants
were extracted by mixing with the same amount of ethyl
acetate. In addition, cell cultures were collected after 1,
2, and 3 days of incubation to track the biotransforma-
tion performance of bacterial cells. The supernatant was
recovered by centrifugation for 1 min at 13,500 rpm using
a desktop centrifuge (Eppendorf 5424R, Germany), and
the extraction process was repeated [23]. The superna-
tants were completely dried under the vacuum dryer and
dissolved in dimethyl sulfoxide (DMSO) before subjected
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to the high-performance liquid chromatography (HPLC)
[24, 25].

HPLC analysis

The extracts of bacterial cell culture were analyzed using
a Shimadzu HPLC system (Shimadzu, Japan) equipped
with a Polaris 5 C18-A column (250 mm x 4.6 mm, Agi-
lent Technologies) and a photodiode array (PDA). For
HPLC analysis, tertiary distilled water added with formic
acid to a final concentration of 0.1% was used as buffer A
and acetonitrile containing formic acid added to a final
concentration of 0.1% was used as buffer B. The HPLC
analysis was performed under the following experimental
conditions: 10% B buffer at 0 min, 45% B buffer at 8 min,
70% B buffer at 15 min, 90% B buffer at 17 min, 20 min,
12 B buffer for 20.1 min, and 10% B buffer for 25 min.

Results and discussion

Isolation of quercetin metabolizing bacteria

The soils from the tea planting area were diluted, plated
on LB agar plates, and incubated for 48 h at 30 °C. As a
result, 2.46 x 107 colony-forming units (CFU)/g soil of
the total number of culturable bacteria were obtained on
LB agar plates. This was slightly higher than the results
from the soils collected from the city park reported
as 1.96 x 10’ CFU/g [29]. However, it was similar to
2.5 x 10® CFU/g of culturable bacteria reported from the
investigation of the soils in Chang Qing Graden (CQG),
which consisted of hardwood trees aged more than
20 years [30]. Although the bacterial species were not
compared, it was inferred that soils with large amounts of
organic matter were favored by microorganisms.

To elucidate the biotransformation performance of
the isolated bacteria, quercetin was fed into the cells as
a substrate. After the biotransformation processes, the
samples prepared by ethyl acetate extraction were sub-
jected to HPLC analysis [23]. Approximately 200 colonies
were tested, of which 11 colonies showed new peaks at
different retention times of quercetin, therefore, 5.5% of
bacteria isolated from tea planting soils were able to con-
vert quercetin (Additional file 1). The biotransformation
ability of the bacteria was isolated through subculture
processes, and their biotransformation ability to gener-
ate products from quercetin was confirmed by repeated
experiments. Among the bacteria possessing biotransfor-
mation activity, the most reactive strain was selected and
investigated in the subsequent experiments.

Identification of quercetin metabolizing bacteria
16S rRNA sequencing was performed to identify isoquer-
citrin-producing bacteria isolated from tea-planting soils.
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Fig. 1 A neighbor-joining phylogenetic tree based on the 16S rRNA gene of Bacillus sp. CSQ10 with 16S rRNA gene sequences from other bacteria.
The Kimura two-parameter model was used to determine the distance matrix. Bootstrap values were calculated from 1000 replicates regenerated
using a random method
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After the amplified 16S rRNA from the genomic DNA
of bacteria was introduced into a pGEMT-easy vector
(Promega, USA), 16s RNA gene sequences were deter-
mined by nucleotide sequence analysis (Additional file 2).
The nucleotide sequences were compared and analyzed
using the 16S ribosomal RNA gene sequencing data-
base with the blastn program of the Basic Local Align-
ment Search Tool (BLAST). The 16S rRNA sequence of
bacteria showed high homology with Bacillus aryabhat-
tai B8W22 (99.8%), Bacillus megaterium strain ATCC
14581 (98.67%), Bacillus flexus strain IFO15715 (98.67%),
Bacillus zanthoxyli strain 1433 (99.65%), Bacillus iocasae
strain S36 (96.72%), and Bacillus qingshengii strain G19
(97.97%). As shown in Fig. 1, the isolated Bacillus strain
was closest to Bacillus iocasae and Bacillus horikoshii
DSM8719 and belonged to the same group as Bacillus
megaterium and Bacillus acidicola based on phyloge-
netic analysis. The isolated strain possessing the biotrans-
formation activity of quercetin was named Bacillus sp.
CSQ1o0.

Characterization of biotransformation performance

of Bacillus sp. CSQ10

Since Bacillus sp. CSQ10 isolated from tea planting
soils showed the ability to metabolize quercetin, and its
biotransformation performance was investigated. The
quercetin was added as substrate to cells resuspended in
M9 medium supplemented with 2% glucose. After 12 h
of incubation, 2 mL of cell culture was extracted with
ethyl acetate to prepare the samples for HPLC analysis.
As shown in Fig. 2, a new substance (P1) was observed
at 11.09 min (Fig. 2C), except at 14.39 min (Fig. 2A),
which is the retention time for quercetin. Although the
UV absorbance of P1 was similar to that of quercetin,
the maximum absorbance of band I shifted from 371 to
354 nm (boxes in Fig. 2A, C). It is known that the shift
of band I maximum absorbance in flavonols is caused
by a hypsochromic shift induced by structural changes
at position 3 [31]. Thus, it was assumed that P1 would
undergo a conformational change at position 3 of querce-
tin. To verify this assumption, P1 was used for mass
spectrometry (MS) to estimate its molecular weight. The
results of MS analysis of P1 are shown in Fig. 2D. The ion
peak at 487.1 [M+H]* was estimated to be quercetin-
hexose-Na™, 465.2 [M+H]t was quercetin-hexose, and
302.8 [M+H]" was quercetin. In addition, major ions
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such as 463.4 [M—H]™, 300.2 [M—H]~, 271.2 [M—H]",
255 [M—H]™, 179.1 [M—H]", and151.0 [M—H]~ were
observed in the ion negative MS analysis (Fig. 2E). The
ionization pattern determined by MS analysis was the
same as the MS fragmentation pattern of quercetin-3-O-
glucoside in a previous study [32]. This was further
confirmed by analyzing commercial quercetin 3-O-glu-
coside. As shown in Fig. 2B, the retention time and UV
absorbance of quercetin 3-O-glucoside are indistinguish-
able from those of P1. Therefore, it can be concluded that
Bacillus sp. CSQ10 exhibits biotransformation activity to
produce isoquercitrin through biotransformation using
quercetin as a substrate.

Isoquercitrin had been first isolated from the seed pods
of Cercis canadensis L. (eastern redbud) [33] and then
from various plants [11-18, 34, 35]. Isoquercitrin is a
biologically active substance of St. John’s wort (Hyperi-
cum perforatum L.) [36], a medicinal plant found in many
plant-derived beverages such as fruits, vegetables, tea,
and wine [22]. Additionally, it is known that isoquer-
citrin exhibits various physiological activities such as
anti-inflammatory and anti-obesity [37], antihypergly-
cemic [38], colon inflammation relief [39], skin cancer
growth inhibition [40], and liver cancer growth inhibi-
tion [41]. Despite these various physiological activities,
it is challenging to supply isoquercitrin commercially
because the isoquercitrin content in plants is insuffi-
cient. In this regard, it would be invaluable to isolate new
bacterial strain to produce isoquercitrin by one-step of
biotransformation.

Effects of media on biotransformation activity of Bacillus
sp. CSQ10

The biotransformation efficiency of microorganisms
has been reported to be modulated by the components
of the media [24, 25]. The biotransformation activ-
ity of Bacillus sp. CSQ10 was investigated under dif-
ferent biotransformation media, including Luria Broth
(LB) medium (BD-Difco, USA), Terrific Broth (TB)
medium (BD-Difco, USA), yeast extract —peptone—dex-
trose (YPD) medium (BD-Difco, USA), Andrw’s Magic
Media (AMM)-Glu medium [42], AMM-Gly medium,
YMDO (10 g yeast extract and M9 salt)-Glu medium, and
M9-Glu medium (Fig. 3). Following the same procedures

(See figure on next page.)

Fig. 2 HPLC analysis of reaction product by biotransformation of Bacillus sp. CSQ10 with quercetin as a substrate. A HPLC chromatogram
of authentic quercetin; B HPLC chromatogram of authentic isoquercitrin; € HPLC chromatogram of reaction products obtained through
biotransformation of Bacillus sp. CSQ10; D MS spectra of P1 in the positive ion mode; E negative ion mode of P1. S1, quercetin standard; S2,

isoquercitrin standard; P1, reaction product 1
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described previously, Bacillus sp. CSQ10 cells adjusted to
0.6 of ODyg, were fed 200 uM quercetin as a final concen-
tration and incubated for 12 h at 30 °C. As a result, the
highest amount of isoquercitrin was produced in YPD
medium as 56.2 mg/L, followed by M9-glucose medium
(36.3 mg/L), AMM-glucose medium (38.6 mg/L), and
YM9-glucose medium (20.9 mg/L) (Fig. 3A). From the
HPLC analysis, only one peak (11.09 min) was produced
in the biotransformation medium of LB, TB, AMM-Glu,
AMM-Gly, and M9-Glu, while two peaks were observed
at 11.09 min and 12.07 min in the biotransformation
medium of YPD and YM9-glucose (Fig. 3D). As verified
above, the peak indicated as P1 was identified as isoquer-
citrin by comparing the elution time and UV absorb-
ance with those of authentic isoquercitrin. Although the
peak indicated as P2 had a different elution time, the UV
absorbance spectrum was indistinguishable from that of
isoquercitrin (Fig. 3D). Thus, it can be assumed to be a
derivative of P1, isoquercitrin.

To characterize the new product of biotransformation,
P2 was used for MS analysis. As shown in Fig. 3E, major
ion peaks such as 528.7 [M+H]", 506.7 [M+H]", and
302.8 [M+H]t were detected. It could be interpreted
as that the molecular weight of 528.7 [M+H]" was Na*t
attached to quercetin-3-O-(6"-O-acetyl)-B-D-glucoside,
506.7 [M+H]T was quercetin-3-O-(6"-O-acetyl)-p-D-
glucoside, and 302.8 [M+H]* was quercetin aglycone. In
addition, major ion peaks, such as 301.5 [M—H]~, 463.5
[M—H]~, and 505.6 [M—H]~ were observed in the ion-
negative MS analysis (Fig. 3F). The molecular weights of
301.5 [M+H], 463.5 [M+H]™, and 505.6 [M+H]~ were
estimated to be quercetin, quercetin-3-O-glucoside, and
quercetin-3-O-(6"-O-acetyl)-B-D-glucoside,  respectively.
Therefore, it was necessary to conduct nuclear magnetic
resonance (NMR) analysis to verify exact structure of P2.
For the preparation of NMR samples, 500 L of cells was
reacted with quercetin and extracted with ethyl acetate.
The extracts were then subjected to HPLC to purify P2 and
6 mg of P2 was obtained. The samples were subjected to
'"H-NMR analysis following the procedures described by
Kim et al. [24]. The NMR data was analyzed as follows: 'H-
NMR (400 MHz, Acetone-dy); 8 6.21 (H, d, J=2.0 Hz), §
6.41(H, d, J=2.0 Hz), § 7.59 (1H, d, J=2.0 Hz), § 6.84 (H,
d, J=2.0 Hz), & 7.60 (H, dd, ]=2.0, 8.6 Hz), 6 5.11 (H, d,
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J=7.7 Hz), § 4.6 (H, m), and & 4.17(H, m). The structure
of P2 was determined by comparison with "H-NMR spec-
trum published by Jeon et al. [43]. Conclusively, the new
product indicated as P2 was identified as quercetin-3-O-
(6"-O-acetyl)-B-p-glucoside. The results revealed that the
Bacillus sp. CSQ10 isolated from soil can convert querce-
tin to isoquercitrin and quercetin-3-O-(6"-O-acetyl)-p-D-
glucoside. Moreover, it would be inferred that Bacillus sp.
CSQ10 has genes that catalyze the biotransformation of
quercetin, and the gene encoding an enzyme that attaches
an acetyl group on the glucoside of isoquercitrin would be
induced by components only in YPD and YM9-glucose.

Optimization of isoquercitrin production

To maximize the yield of isoquercitrin, biotransforma-
tion of quercetin by Bacillus sp. CSQ10 was examined
under various experimental conditions, including tem-
perature, cell density, and substrate concentration. First,
the amount of isoquercitrin was determined at different
temperatures, including 25, 30, and 37 °C. As shown in
Fig. 4A, the biotransformation efficiency of isoquerci-
trin at 30 °C and 37 °C was similar (59 mg/L), whereas the
efficiency decreased about threefold at 25 °C (20 mg/L).
This is because the growth rate of Bacillus sp. CSQ10 was
reduced at 25 °C compared to other culture temperatures,
so the supply of UDP-glucose, a sugar donor, was limited;
therefore, the biotransformation efficiency was lowered.
To verify the effects of cell density on the biotransforma-
tion efficiency, the initial cell densities for feeding quercetin
were adjusted to 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 of ODy,. As a
result, the biosynthesis of isoquercitrin increased as the cell
density increased, and the highest biosynthesis (128 mg/L)
was observed at a cell density of 3.0 of ODg,, (Fig. 4B).
However, no further increase in isoquercitrin biosynthe-
sis was observed even when the cell density was increased
to over 3.0 ODyg, (Fig. 4B). Finally, the effects of quercetin
concentration on isoquercitrin biosynthesis were investi-
gated. The cell density of Bacillus sp. CSQ10 in M9-glucose
medium was adjusted to 3.0 of OD, and 10 different con-
centrations (100, 200, 300, 400, 500, 600, 700, 800, 900, and
1000 uM) were tested (Fig. 4C). The highest production
of isoquercitrin was 128 mg/L with 600 uM of quercetin
supply, and approximately 10% less biotransformation effi-
ciency (approximately 118 mg/L) was observed with 400,

(See figure on next page.)

Fig. 3 Effect of biotransformation medium on isoquercitrin production by Bacillus sp. CSQ10. A Isoquercitrin production titers according to
biotransformation medium; B standard quercetin; C standard isoquercitrin; D HPLC analysis of reaction products of YPD medium biotransformation;
E MS spectra of P2 in positive ion mode; F MS spectra negative ion mode of P2. Bacillus sp. CSQ10 cell density was adjusted to ODgy, = 0.6, with

2 mL of each medium and 200 uM quercetin. The resulting culture was biotransformed at 30 °C for 12 h, with shaking at 200 rpm. The reaction
products were extracted with two volumes of ethyl acetate and analyzed using HPLC. Error bars indicate mean values + from three independent

experiments
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Fig. 4 Determination of optimum temperature (A), cell density (B), quercetin feed concentration (C) for isoquercitrin production. Biotransformation
was performed for 12 h at 30 °C after Bacillus sp. CSQ10 cell densities were adjusted to an OD600 of 0.6. The reaction products were extracted with
two volumes of ethyl acetate and analyzed using HPLC. Error bars indicate mean values & from three independent experiments

500, 700, and 800 uM of quercetin supply. Additionally, it
was observed that the isoquercitrin production was slightly
decreased at 900 uM of quercetin and rapidly decreased at
1000 puM of quercetin supply (Fig. 4C). This result seems
to be caused by the antibacterial effect of quercetin on
Bacillus sp. CSQ10, as well as by the metabolic load for
isoquercitrin biosynthesis Based on these results, it can be
concluded that the optimum conditions for biotransforma-
tion to produce isoquercitrin from quercetin are M9-glu-
cose medium, 30 °C, and 600 pM quercetin.

Under optimized conditions, we monitored isoquerci-
trin production for 72 h (Fig. 5). The biotransformation
rate to produce isoquercitrin was high at the initial stage
until 4 h, and 123 mg/L of isoquercitrin was produced.
Subsequently, the rate gradually decreases. The highest
production of isoquercitrin was 193 mg/L after 24 h of
incubation, while 11.3 mg/L of quercetin remained. How-
ever, no further increase in isoquercitrin biosynthesis
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Fig. 5 Production of isoquercitrin from quercetin using Bacillus sp.

CSQ10. Quercetin (600 uM) was then added. The reaction mixture

was collected periodically and the production of isoquercitrin

was monitored. Error bars represent mean values £ SD of three

independent experiments
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was observed, even after 72 h of incubation. During
this biotransformation process, the cell density gradu-
ally increased to 6.8 of ODg,, value at 48 h, and then
decreased slightly after 48 h.

Optimization of Quercetin-3-0-(6”-O-acetyl)-B-D-glucoside
Isolated Bacillus sp. CSQ10 possesses the ability to bio-
transform isoquercitrin to quercetin-3-O-(6"-O-acetyl)-
B-D-glucoside, as well as quercetin to isoquercitrin with
YMO9-glu and YPD as transformation media. The first iden-
tification of quercetin-3-O-(6"-O-acetyl)-p-D-glucoside
was from Petasites japonicus [44] and was recently
reported in Pinus densiflora needles [43]. It has been
reported that quercetin-3-O-(6"-O-acetyl)-B-D-glucoside
has biological effects such as protection of skin cells from
UV radiation [45], aldose reductase inhibitory activity [46],
and antioxidant activity. Although several types of bio-
logical activities have been reported, the process has been
hampered to explore their biological activity and supply
as a diet because of the difficulty in obtaining sufficient
amounts. In this regard, the biotransformation of quercetin

Page 10 of 13

by Bacillus sp. CSQI10 is valuable for the production of
quercetin-3-O-(6"-O-acetyl)-p-D-glucoside.

To achieve the maximum yield, the experimen-
tal conditions for quercetin-3-O-(6"-O-acetyl)-B-D-
glucoside production were optimized by testing various
temperatures, cell densities, and substrate supply
concentrations in YPD medium (Fig. 6). The biosyn-
thesis of quercetin-3-O-(6"-O-acetyl)-B-D-glucoside
occurred at 37 °C during the biotransformation process
(97 mg/L), and 200 mg/L of isoquercitrin was obtained
(Fig. 6A). As the temperature decreased, the produc-
tion of quercetin-3-0-(6"-O-acetyl)-B-D-glucoside also
decreased. This could be attributed to the retarded
growth rate of Bacillus sp. CSQ10 limits the supply of
UDP-sugar donors and acetyl-CoA, thereby resulting
in a decrease in biosynthesis. To investigate the effects
of the initial cell density on the biotransformation of
quercetin-3-0O-(6"-O-acetyl)-p-D-glucoside ~ produc-
tion yield, quercetin was fed to Bacillus sp. CSQ10 at
1.0 to 10.0, ODg, in the YPD medium. The cells under-
went the biotransformation process by incubating at

experiments
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Fig. 6 Determination of optimum temperature (A), cell density (B), quercetin feed concentration (C) for quercetin-3-O-(6"-acetyl)-B-o-glucoside
production. Biotransformation was performed for 12 h at 30 °C after Bacillus sp. CSQ10 cell densities were adjusted to an OD600 of 0.6. The reaction
products were extracted with two volumes of ethyl acetate and analyzed using HPLC. Error bars indicate mean values +from three independent
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Fig. 7 Production of quercetin-3-O-(6"-acetyl)-3-o-glucoside
from quercetin using Bacillus sp. CSQ10. Quercetin (600 uM) was
then added. The reaction mixture was collected periodically
and the production of quercetin-3-O-(6"-acetyl)-B-p-glucoside
was monitored. Error bars represent mean values & SD of three
independent experiments

37 °C for 12 h, and the biotransformation yields were
determined by HPLC analysis. As shown in Fig. 6B,
the production of quercetin-3-O-(6"-O-acetyl)--D-
glucoside was increased to the 6.0 of OD, showing
highest amount as 120 mg/L, and the biotransforma-
tion efficiency was gradually decreased. In contrast, the
amount of isoquercitrin biosynthesized from quercetin
was inversely proportional to the amount of quercetin-
3-0-(6"-0-acetyl)-p-D-glucoside. Therefore, we
inferred that Bacillus sp. CSQ10 can convert quercetin
to isoquercitrin, and isoquercitrin to quercetin-3-O-
(6”-O-acetyl)-B-D-glucoside in YPD media. To verify
the effects of quercetin concentration, the range of 100
to 1,000 uM of quercetin was fed to Bacillus sp. CSQ10
was adjusted to 6.0 an ODg, values of YPD. As shown
in Fig. 6C, the highest production of quercetin-3-O-(6"-
O-acetyl)-B-D-glucoside as 118.9 mg/L was observed
from 600 uM of quercetin supply and it was decreased
with higher concentration of quercetin. Additionally,
the production efficiency of isoquercitrin increased up
to 900 pM in YPD media, while the highest efficiency
was observed at 600 M in M9-glu (Fig. 5C).

In summary, the optimal conditions for quercetin-
3-0-(6"-0O-acetyl)-p-p-glucoside  biosynthesis from
quercetin were YPD medium for biotransformation,
37 °C for temperature, and 600 puM of quercetin. As
described in the previous section, we monitored the
efficiency of quercetin-3-O-(6"-O-acetyl)-B-p-glucoside
production for 72 h under the optimized experimental
conditions (Fig. 7). Isoquercitrin biosynthesis was first
observed during the initial stage, and then the biosyn-
thesis of quercetin-3-O-(6"-O-acetyl)-p-D-glucoside
was initiated. Only isoquercitrin (69.9 mg/L) was
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obtained after 4 h of incubation, whereas no quercetin-
3-0-(6"-0-acetyl)-B-p-glucoside was detected.
However, the biosynthesis of quercetin-3-O-(6"-O-
acetyl)-B-p-glucoside accelerated from 6 h and reached
a maximum biotransformation amount of 198 mg/L
after 48 h of incubation. In the case of isoquercitrin,
the maximum production was observed after 10 h incu-
bation with 124 mg/L and tended to decrease gradu-
ally with increasing incubation time and production of
quercetin-3-0-(6"-O-acetyl)-B-D-glucoside (Fig. 7). The
density of cells was also monitored and reached an 8.0
of ODq,, after 12 h of incubation.

WCBs based on microorganisms have been used to
produce high value-added physiological substances from
inexpensive substances. Unlike genetically engineered
organisms, WCBs for biotransformation have advantages
such as being free of antibiotics and inducers, including
isopropyl B-D-1-thiogalactopyranoside (IPTG) and arab-
inose. In addition, there is no need to supply expensive
cofactors, as required in enzymatic biosynthesis, because
WCBs can utilize their own endogenous cofactors. More-
over, the processes to produce bioactive substances using
WCBs were simple to expand to larger quantities. With
the advantages of biosynthesis by WCBs, many microor-
ganisms, including Bacillus species, owing to their versa-
tile functions and biological safety, have been implanted
in the process of synthesizing bioactive substances. In this
study, we isolated microorganisms possessing metabolic
mechanisms for isoquercitrin biosynthesis from the soils
of tea plantations. Thus, quercetin-metabolizing Bacillus
sp. CSQ10 was isolated and used as a WCB to produce
isoquercitrin from quercetin. Additionally, Bacillus sp.
CSQ10 can produce quercetin-3-O-(6"-O-acetyl)-p-D-
glucoside when M9-glucose medium supplemented with
yeast extract was used as the biotransformation medium.
To achieve maximum biotransformation efficiency, the
experimental conditions for the biosynthesis of isoquer-
citrin and quercetin-3-O-(6"-O-acetyl)-p-d-glucoside
from quercetin were optimized. As a result, approxi-
mately 193 mg/L of isoquercitrin and 198.7 mg/L of
quercetin-3-O-(6"-O-acetyl)-B-D-glucoside were pro-
duced from 181.2 mg/L of quercetin after 48 h of incuba-
tion. Conclusively, it would be invaluable to isolated new
bacterial strain capable of producing a rare glycosylated
flavonoind, isoquercitirn, by one-step biotransformation.
Since the biotransformation using Bacillus sp. CSQ10
could be an efficient method to produce massive amount
isoquercitrin compared to conventional methods, it
would be appreciated by industrial fields. Moreover, it
is noteworthy that Bacillus sp. CSQ10 contains genes
encoding enzymes that metabolize quercetin, although
they were uncharacterized. Although the genes were not
identified at this stage of investigation, it would be next
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goals to be achieved. We believed to identify those genes
was invaluable not only to enlarge the understanding of
flavonoid metabolic pathway in newly isolate strain but
also to provide clues for biosynthesizing biological active
substances.
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