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Abstract

In this study, a Flavobacterium sp. is isolated from natural spring, and identified using molec-

ular techniques. Extracellular and intracellular secondary metabolites are identified using

solid phase microextraction gas chromatography-mass spectrometry and ultra performance

liquid chromatography. Cytotoxic activity of the extracellular compounds produced by the

Flavobacterium sp. and quercetin as the standard are measured using ECV304 human

endothelial cells in vitro. Our results show that Flavobacterim sp. isolate has the highest per-

centage of similarity with Flavobacterium cheonhonense strain ARSA-15 (99%). Quercetin

is detected as the major extracellular compound produced by the Flavobacterium sp. Metha-

nol extract of Flavobacterium sp. resulted in a higher cell viability results when compared to

DMSO extracts. Computational chemistry approach was used and it has been found that

polar solvent (methanol) contributed to higher antioxidant activity. In conclusion, Flavobac-

terium sp. can be used to produce quercetin for industrial purposes.

Introduction

In recent years, many researches have been focused on Flavobacterium sp. due to their biologi-

cally interesting features. Flavobacterium is a genus of gram-negative, motile or non-motile,

aerobic or facultatively anaerobic, rod shaped bacteria, characteristically producing yellow,

red, orange or yellow-brown pigmentation. They are found in freshwater or in soil. Several

species of Flavobacterium have been found to be pathogenic to several organisms such as fish,

algae and soil organisms. However, several studies show that Flavobacterium genus covers

many interesting species to produce important metabolites and end products. For example,

Flavobacterium can be used extensively in carotenoid production such as zeaxanthin. Besides

zeaxanthin, several strains of Flavobacterium have been identified for production of β-carotene

which can be used commercially as food dyes and food supplements [1]. Especially, due to its

therapeutic properties on antioxidant activities and chronic diseases, it is widely used in health

field for pharmaceutical purposes [1]. Species of Flavobacterium have been found to produce a

variety of compounds to oxidize a range of aromatic hydrocarbons. A variety of enzymes
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involved in the degradation of agar, alginate, chitin, pectin, xylan, keratin, laminarin have

been found to be produced by Flavobacterium sp. Polysaccharide-degrading enzymes which

can degrade the cell wall of various pathogens and protease enzymes, isoamylase, the recombi-

nant β-glucosidase can be also produced by Flavobacterium sp [2,3]. Oxidation of ethane, pro-

pane and butane is also carried out by Flavobacterium sp. Flavobacterium sp. have been

reported to secrete antibiotic constituents. Several antifungal compounds such as deacetoxyce-

phalosprin C and a mixture of 7 substituted cephalosporins are secreted by Flavobacterium [4].

Flavocristamides A & B were isolated from a marine bacterium Flavobacterium sp. which rep-

resent inhibitory activity against DNA polymerase. The isolation and identification of chitino-

vorins A, B and C were observed from the culture broth of Flavobacterium chitinovorum,

which belong to the class of β-lactam antibiotics. Chitinovorin D was later isolated from a Fla-
vobacterium sp. PB-5246 which is more strongly basic antibiotic [5]. In this respect, isolation

and identification of Flavobacterium and understanding metabolites produced by the bacteria

is important to open new research gates. So far, there is no information about isolated Flavo-
bacterium secreting quercetin and novel important metabolites by Flavobacterium sp. has not

been reported, yet.

In this study, quercetin production by a Flavobacterium sp. isolate was discovered for the

first time in literature. 16S rRNA gene sequencing has been applied to identify the species of

the bacterial isolate. Secondary metabolites were analyzed using solid phase microextraction-

gas chromatography (SPME-GC/MS) and ultra-pressure liquid chromatography (UPLC).

Cytotoxic activities of extracellular quercetin produced by the bacteria was measured using the

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction)

assay. Computational chemistry approach was used in this study calculating the following

parameters; the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular

orbital (LUMO) energy values of frontier orbitals, and their distribution, and ionization poten-

tials (IPs) for quercetin. The HOMO-LUMO energies were determined by using TD-DFT/

M06-2X//6-311++G(d,p) levels in examined phases.

Methods

2.1. Isolation of Flavobacterium sp. and culture condition

A water sample was obtained from Resadiye region (41˚04’35.6"N 29˚15’02.4"E, Istanbul, Tur-

key) from natural spring water and transferred to laboratory, and no specific permissions were

required for these locations/activities. Bristol medium was used in culturing of microorgan-

isms. The following stock solutions were prepared: NaNO3 solution (25 g/L), CaCl2.2H2O

solution (2.5 g/L), MgSO4.7H2O solution (7.5 g/L), K2HPO4 solution (7.5 g/L), KH2PO4 solu-

tion (17.5 g/L) and NaCl solution (2.5 g/L). 10 mL of each stock solution was added into 940

mL of distilled water, and finally 1 g/L of peptone was added. For agar plates, 1.5% of agar was

added to the solution. The Bristol medium was autoclaved at 121˚C for 15 min before inocula-

tions. Agar plates were inoculated with microbial culture using loop under aseptic conditions.

Cells were grown in 100 mL shake flask containing 60 mL of Bristol Medium for 7 days inside

the incubator (Thermo Scientific, model no.: 4339, USA) under 24h of illumination at 28˚C.

2.2. DNA extraction

Flavobacterium sp. was grown in Bristol Medium for 7 days. 1 mL sample (n = 2) was taken for

DNA extraction. DNA was extracted using a commercial DNA isolation kit (Zymo Research

Company, Fungal/Bacterial DNA miniprep, Catalog No: D6006, Lot No: ZRC180906).

Extracted DNA samples were stored in a deep-freezer at -20˚C.
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2.3. PCR analysis and DNA sequencing

PCR consisted of [1 μL each primer and 1 μL dNTP, 0.5 μL Taq polymerase, 1.5 μL Mg, 2 μL

Buffer , 8 μL H2O (x3) , and 5 μL DNA served as a template in 20 μL total PCR volume. Reactions

were performed in a Thermal Cycler (BIO-RAD T100, Singapore) (PCR protocol : Lid 105˚C ,

Volume: 20 μL, 1 : 95˚C 1 min , 2 : 95˚C 30 sec , 3 : 55˚C 30 sec , 4 : 72˚C 1 min, 5 : GOTO step 2,

24x , 6 : 72˚C 5 min , 7 : 4˚C). The following primers obtained from Medsantek Company (Istan-

bul, Turkey) were used in PCR: forward primer; 63f (59-CAGGCC TAA CAC ATG CAA GTC-

39), reverse primer; 1387r (59-GGG CGG WGT GTA CAA GGC-39). PCR products were stored

at -20˚C. PCR products were sequenced using Genetic Analyzer 3500 xL (Medsantek, Istanbul,

Turkey), and results were evaluated using Chromas Software (version 2.6.2).

2.4. Methanol extraction of Flavobacterium sp.

Culture broth containing bacteria were taken from shake flasks, and centrifuged at 4˚C at

4,500 rpm for 20 min. 0.1% of butylated hydroxytoluene (BHT) was added to the supernatant,

and was stored at 4˚C for GC-MS analysis. The sample held in the light was measured and 0.05

g was weighed. Absolute methanol containing 0.1% of BHT was added to the bacterial pellet,

and vortexed for 30 sec. The mixture was placed into an ultrasonicator (Bandelin) and ultraso-

nicated for 30 sec. Ultrasonicated sample was centrifuged at 4˚C at 4,500 rpm for 20 min. The

supernatant was stored at 4˚C until GC-MS analysis.

2.5. SPME-GC-MS analysis

Extracts were analyzed by The Scientific and Technological Research Council of Turkey, Mar-

mara Research Center (TÜBİTAK-MAM, Gebze, Turkey) using SPME-GC-MS system (Anal-

ysis no. G345, Xcalibur Thermo Scientific, USA). Qualitative analysis results of extracts were

used to determine specific quantitative assay for active metabolites. Peak areas of the sub-

stances were calculated by Xcalibur, and relative amounts of the substances were calculated on

the basis of peak-area ratios.

2.6. Biochemical analysis

Alpha and beta acids in methanol extract of Flavobacterium sp. biomass were measured

spectrophotometrically according to a previous report [6]. 100 mL alkaline methanol was pre-

pared with 0.2 mL 6.0 N NaOH. The sample mixed into 50 mL toluene and shaked for 30 min.

1.5 mL of solution was pipetted into plastic vessels and centrifuged at 5.000 rpm for 5 min.

0.25 mL of the solution was diluted with 4.75 mL of methanol (dilution A). And, 0.25 mL of

toluene was added into 4.75 mL of absolute methanol as a blank. The samples were measured

using a UV spectrophotometer (Thermo Multiscan 200–1000 nm, USA). 0.1 mL of blank

pipetted with 2.0 mL of alkaline methanol, shaked and calibrated. 0.1 ml of solution added

into 2.0 ml alkaline methanol (dilution B) and absorbances were read at 275 nm, 325 nm, 355

nm. The percentages of alpha and beta acids were calculated using the following equations:

Dilution factor; d
¼ ðvolume dilution A x volume dilution BÞ=ð500 x aliq extract A x aliq dil AÞ

%alpha acids ¼ d x ð� 51:56 A355þ 73:79 A325 � 19:07 A275Þ

%beta acids ¼ d x ð55:57 A355 � 47:59 A325þ 5:10 A275Þ
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2.7. UPLC analysis

Chromatographic separation was achieved using a Waters Acquity UPLC System consisting of

a sample manager, a column heater/cooler, a binary solvent manager, and 10.0 μL injection

loop. The chromatographic separation was achieved using an ACQUITY UPLC HSS C18

(1.8 μm, 2.1 x 150 mm) column. The acquity autosampler temperature was set at 10˚C and the

injection volume was 5.0 μL. The column was maintained at 50˚C. Mobile phase A consisted

of 5.0 mM ammonium formate buffer (pH = 3.0) while mobile phase B consisted of acetoni-

trile with 0.1% formic acid.

The flow rate of the mobile phase under gradient condition was kept at 0.5 mL/min. The

gradient consisted of linear gradient from 4% B to 50% B (0–2 min), back to 4% B (2–3 min)

and held constant at 95% B (3–4 min). The total run time was 4.0 min. The detection of quer-

cetin was performed using a Waters Xevo TQD (triple quadrupole) tandem mass spectrometer

(Waters Corp., Milford, MA, USA) with an electrospray ionization source in negative ioniza-

tion mode. Quantitation was performed using multiple reactions monitoring (MRM) mode to

study parent! product ion (m/z) transitions quercetin (301.0 /150.9). The MS/MS instru-

ment parameters were optimized, including capillary voltage 3.0 kV, nitrogen gas temperature

450˚C, source temperature 150˚C, collision gas flow 0.22 mL/min, nitrogen gas flow 20 L/h,

and desolvation gas flow 1,000 L/h. Preparation of Reagents and Standards: Calibration stan-

dards for Quercetin: 6.25, 12.5, 25.0, 50.0 100.0, and 250.0 ng/mL and were prepared by spik-

ing methanol.

2.8. Cytotoxicity assay

The cytotoxic effects of Flavobacterium sp. extracellular extract and quercetin against Ishikawa

cells and ECV304 human endothelial cells were measured via MTT (3-(4,5-dimethylthiazol-

2yl)-2,5-diphenyl tetrazolium bromide) (Sigma, M-5655) assay [7]. Cell line was obtained

from American Type Culture Collection (ATCC, USA). 1×105 cells/mL were suspended in the

medium supplemented with 10% of fetal bovine serum, 1% of penicillin-streptomycin, 1% of

L-glutamine solution and 0.1% of MEM nonessential amino acids solution (100×) at 37˚C in a

humidified atmosphere containing 5% CO2.

Stock solutions of the Flavobacterium sp. extract were prepared as a final concentration of

10 mg/mL using dimethyl sulfoxide (DMSO). Stock solution of the quercetin (Sigma-Aldrich,

USA) (10 mg/mL concentration) was prepared using DMSO. Five different concentrations for

both were prepared by serial dilutions of the stock solution: 50, 10, 5, 0 μg/mL. Ten μL dilution

of the Flavobacterium extract and quercetin dispensed into 96-well plates, respectively, and

90 μL of the cells was added into each well. Final concentrations of 50, 10, 5, 0 μg/mL were

used in the experiments (n = 6, for each). For the control wells, 10 μL medium was used

instead of Flavobacteriım extract. After 48 hours of incubation, 10 μL of MTT (5 mg/mL) solu-

tions in phosphate buffer saline (PBS) were added into each well and incubated them for 3 h at

37˚C. After the incubation supernatants were from all wells and 100 μL of SDS (pH 5.5) con-

taining isopropyl alcohol was added in order to dissolve the formazan crystals formed by

reduction of MTT in living cells. Then, microplates were left in the dark room for 10 min.

Optical density of each well was measured with 570 nm on a microplate reader (Thermo Mul-

tiskan 200-1000nm, USA). Cytotoxic index (CI) was calculated with the formula:

Cytotoxic index ¼ 1 � ½OD ðtreated wellsÞ=OD ðcontrol wellsÞ� � 100%:
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2.9. Computational methods

Quercetin molecular geometry optimizations were calculated by DFT/M06-2X method with 6-

31Gd basis set. The Single Point Energies of the ground state, anion, cation and radical struc-

tures and TD-SCF calculations which used to determine HOMO-LUMO energies were per-

formed at the DFT/M06-2X/6-311++Gdp level of theory. All studied structures were

optimized in gas, DMSO, methanol and ethanol phases. For the solvent optimization

IEF-PCM method was used. All computational calculations were carried out through the

GaussView5 [8] molecular visualization program and Gaussian09 program package [9].

Results

3.1. Molecular identification results

The bacteria produced intense yellow colored extracellular substances (Fig 1A and 1B). After

DNA isolation and PCR amplification, PCR products were run in gel electrophoresis (Fig 2).

Molecular identification results showed that Flavobacterium isolate has the highest percentage

of similarity with Flavobacterium cheonhonense strain ARSA-15, 16S ribosomal RNA gene

with a 99% level value (GenBank Acces. No. KY971497). In this respect, it can be suggested

that Flavobacterium sp. isolate is Flavobacterium cheonhonense strain ARSA-15.l.

3.2. SPME-GC-MS results

Table 1 shows that SPME-GC-MS analysis of supernatant of Flavobacterium sp. containing

extracellular substances. The following quinone derivatives were detected in extracellular

media; 6,7-dimethoxy-2-methyl-3,4-dihydro[1-D] isoquinolinium ion, 5,6-dihydro-

2,4-dimethylbenz[f] isoquinoline, quercetin 7,3’,4’-trimethoxy, 3-(2,2-dimethyl propylidene)

bicyclo[3.3.1] nonane-2,4-dione. Table 2 shows GC-MS analysis of methanol extract of Flavo-
bacterium isolate. Lupulon was detected in methanol extract of Flavobacterium sp. biomass.

Fig 3 shows the comparison of SPME-GC-MS chromatograms of extracellular (a) and intra-

cellular (b) compounds obtained from methanol extract of Flavobacterium sp. These results

indicate that lupulon can be found in Flavobacterium sp. as the intracellular antibiotic constit-

uent, whereas quercetin is secreted into media as an extracellular major compound. In order

to confirm the presence of lupulon, one of the major antibiotic constituents in hops, in the

extract, we also measured total alpha and beta acids in the same extracts spectrophotometri-

cally. Spectrophotometric measurement of alpha and beta acids in microbial biomass showed

Fig 1. Image of Flavobacterium sp. grown on agar plate (a), and liquid culture (b).

https://doi.org/10.1371/journal.pone.0205817.g001
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1.06±0% and 0.61±0.1%, respectively (n = 2). These results indicate that intracellular alpha and

beta acids can be found in Flavobacterium sp. biomass, and lupulon is one of the possible can-

didate anti-microbial agents as a part of the bacteria’s defense metabolism, however more

advanced analytical techniques should be applied to confirm this observation in advance. In

order to confirm, the possible extracellular compound found, a confirmation study was per-

formed using other chromatographic techniques.

3.3. UPLC results

Lyophilized extracellular components were dissolved in absolute methanol for UPLC analysis

(20 mg/mL as stock solution). As the standard, quercetin (Sigma-Aldrich, USA) was dissolved

in absolute methanol as a final stock concentration of 1 mg/mL. Before running UPLC, an

HPLC analysis was conducted to make sure the extract contains quercetin as the major com-

pound, and detected in HPLC. For quercetin, the calibration curves were fitted according to a

linear regression (1/X weighing), with correlation coefficients (r2)>0.99, indicating a good lin-

earity in quantification process. The retention time of quercetin was 2.43 min respectively. The

mean assay values of quercetin in analyte were found to be 0.0002%. Fig 4A and 4B show

UPLC chromatogram of methanolic extract of Flavobacterium sp. and quercetin as the stan-

dard, respectively.

3.4. Cytotoxicity results

Cytotoxic activity of Flavobacterium sp. extract and quercetin against ECV304 human endo-

thelial cells were shown in Fig 5. Cell viability percentages were increased in both DMSO and

Fig 2. Electrophoresis of single band of 16S rDNA PCR, M: Marker.

https://doi.org/10.1371/journal.pone.0205817.g002
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methanol extracts of quercetin at the concentration levels of 500 μg/mL (Fig 5A). Interestingly,

Flavobacterium sp. DMSO extract was more cytotoxic at the concentration level of 500 μg/mL

while cytotoxicity results of methanol extract of the Flavobacterium sp. at the concentration

level of 500 μg/mL were similar when compared to the control (0 μg/mL extract) (Fig 5B).

These results indicate that polar solvent, methanol, is more suitable especially for the extrac-

tion of Flavobacterium sp. in terms of cell viability in vitro. Methanol is more polar solvent

when compared to DMSO.

3.5. Computational details results

The quantum chemistry and computation methodologies enable obtaining atomic structures,

charges and energetic information of the systems with accuracy equivalent to or greater than

those obtained from experiments. Therefore, theoretical calculations have been widely used as

Table 1. SPME-GC-MS analysis of supernatant of Flavobacterium sp. SI, direct matching factor, RSI; reverse search matching factor.

RT Name Molecular formula SI RSI Area (%)

2.27 Cyclotetrasiloxane, octamethyl- C8H24O4Si4 752 779 2.39

2.66 Silicic acid, diethyl bis(trimethylsilyl) ester C10H28O4Si3 722 776 3.18

3.46 6,7-Dimethoxy-2-methyl-3,4-dihydro[1-D] isoquinolinium ion C12H17NO2 745 864 2.51

5.31 Cyclotrisiloxane, hexamethyl- C6H18O3Si3 744 872 6.41

6.34 Cyclotrisiloxane, hexamethyl- C6H18O3Si3 777 871 9.79

6.56 Cyclotrisiloxane, hexamethyl- C6H18O3Si3 728 875 2.49

8.0 2-Myristynoyl-glycinamide C16H28N2O2 563 620 2.14

10.28 Cyclohexasiloxane, dodecamethyl- C12H36O6Si6 902 971 4.89

11.37 Nonanal C9H18O 792 899 6.63

16.10 5,6-Dihydro-2,4-dimethylbenz[f] isoquinoline C15H15N 773 847 5.01

16.99 Cycloheptasiloxane, tetradecamethyl- C14H42O7Si7 761 789 19.60

22.27 Quercetin 7,3’,4’-trimethoxy C18H16O10 586 600 5.10

23.49 Cyclooctasiloxane, hexadecamethyl- C16H48O8Si8 825 847 9.83

25.75 Methoxy, phenyl-, oxime C8H9NO2 721 836 4.03

RT: Retention time

https://doi.org/10.1371/journal.pone.0205817.t001

Table 2. SPME-GC-MS analysis of methanol extract of Flavobacterium sp. biomass. SI, direct matching factor, RSI; reverse search matching factor.

RT Name Molecular formula SI RSI Area (%)

4.75 Cyclopentasiloxane, decamethyl- C10H30O5Si5 809 829 0.51

6.34 Cyclotrisiloxane, hexamethyl- C6H18O3Si3 779 874 1.97

7.24 1,1,3,3,5,5,7,7,9,9,11,11,13,13-tetradecamethylheptasiloxane C14H42O6Si7 672 894 0.59

10.31 Cyclohexasiloxane, dodecamethyl- C12H36O6Si6 909 972 2.78

10.80 Lupulon C26H38O4 581 607 0.54

16.98 Cycloheptasiloxane, tetradecamethyl- C14H42O7Si7 772 795 4.04

23.48 Cyclooctasiloxane, hexadecamethyl- C16H48O8Si8 821 856 0.91

30.16 Benzene, 1,1’-(3-methyl-1,3-butadienylidene)bis- C17H16 949 955 82.46

41.55 Benzoic acid, silver (1+) salt C7H5AgO2 741 893 0.51

45.80 Methyl 2-{4’-[(E)-2"-Nitroethenyl]phenyloxy}ethyl pentanedioate C16H19NO7 660 911 1.91

RT: Retention time

https://doi.org/10.1371/journal.pone.0205817.t002
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an effective tool for intelligent design of new structures and for investigation of the underlying

structure-activity relationship. Molecular descriptors characterizing the antioxidant property

of any compound, through some parameters such as electronegativity (χ), electron affinity

(A), hardness (η), softness (S), electrophilicity index (ω) must be defined by computational

methods. These properties are very essential to characterize the antioxidant property of

Fig 3. SPME-GC-MS chromatogram of extracellular media (a), and methanolic extract of Flavobacterium sp.

biomass (b).

https://doi.org/10.1371/journal.pone.0205817.g003

Fig 4. UPLC chromatogram of methanolic extract of Flavobacterium sp. (a) and quercetin as the standard (b).

https://doi.org/10.1371/journal.pone.0205817.g004
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flavonoids [10]. The electronegativity concept (χ) was introduced by Pauling (1960) represents

the power of an atom in a molecule to attract an electron towards itself [11]. The chemical

hardness (η) is an important quantity in chemical reactivity theory by Pearson et al. (1973),

which is the measure of the resistance of a chemical substance towards alteration of its elec-

tronic configurations [12]. There is a practical calculation method to calculate for chemical

hardness (η) and electronegativity (χ) which was given (Eq 1) by Pearson et al. (1973) [12].

Z �
I � A

2
; x �

I þ A
2

½Eq 1�

I is the ionization potential and A is the electron affinity, there are various techniques to calcu-

late these values. In this study, the Koopman’s theorem was used for the calculation of I and A

values derived from the frontier orbital energies of optimized neutral molecules. According to

this theorem, the negative of the highest occupied molecular orbital energy (-EHOMO) and the

lowest unoccupied molecular orbital energy (-ELUMO) corresponds to ionization potential and

electron affinity, respectively (i.e., I = -EHOMO and A = -ELUMO). Using Koopman’s theorem in

Eq 2, the chemical hardness and electronegativity are defined in terms of orbital energies:

Z �
EðLUMOÞ � EðHOMOÞ

2
; x ¼ � m �

� EðLUMOÞ � EðHOMOÞ
2

½Eq 2�

The electrophilicity index (ω) factor being the maximum electron flow between the donor

and the acceptor atoms is governed by the decomposition of binding energy between the

atoms and it is determined [13]. According to chemical reactivity theory by Pearson et al.

(1973) the chemical softness (S) is the measure of the proclivity of a chemical substance

towards alteration of its electronic configurations and thus is the inverse of earlier defined

chemical hardness coefficient [12]. The ω and S values are calculated by the following Eq 3:

o � m2=2Z S �
1

ð2ZÞ
½Eq 3�

To quantify the antioxidant properties of quercetin molecule (Fig 6A), it is significant to

determine χ, A, η, S and ω. These molecular descriptor values obtained from the total energy

for the quercetin molecule in gas and as well as in different solvents such as methanol, ethanol

and DMSO are listed in Table 3. Calculated χ and ω values show that more polar the solvent is,

more it contributes to accentuate the parametric representation of antioxidant property. The

calculated ω properties clearly confirm that quercetin prefers to act as electron donor rather

than electron acceptor in the studied environments [14,15]. With these results the antioxidant

activity levels of quercetin molecule have been quantitatively parameterized. Additionally, we

observed that solvent selection has significant effect on electrophile/nucleophile interactions.

Fig 5. Cytotoxicity of quercetin (A) and Flavobacterium sp. (B) extracellular DMSO extract and methanol on

ECV-304 cell lines (�P < 0.05).

https://doi.org/10.1371/journal.pone.0205817.g005
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Antioxidant Mechanisms. Antioxidants are known to scavenge free radicals through a num-

ber of mechanisms such as following: (i) hydrogen atom transfer (HAT), (ii) single electron

transfer (SET) and (iii) sequential proton loss electron transfer (SPLET). Each mechanism

involves different kinetics. The HAT reaction is a concerted movement in which the free radi-

cal removes one hydrogen atom of antioxidant, and the antioxidant becomes a radical. In this

mechanism, the bond dissociation enthalpies (BDE) that were calculated by Eq 4 (presented as

per below) has a numerical value which is the most important parameter in evaluating the

Fig 6. 2D structure visulalization and numbering of the atom of the quercetin molecule (A). Two mechanisms of

antioxidant, SET and HAT [Liang, N; 2014] (B). HOMO-LUMO energies(eV) and distribution for quercetin in the

gas, DMSO, ethanol and methanol solvents (C).

https://doi.org/10.1371/journal.pone.0205817.g006

Table 3. Molecular descriptors values calculated by M062X/6-311++G�� level.

Molecular Descriptors

solvent χ η S ω
gas 4.238405 2.918079 0.171346 3.078066

DMSO 4.354328 2.900391 0.172391 3.268555

met 3.809435 2.358219 0.212024 3.076855

et 4.349294 2.900799 0.172366 3.260542

https://doi.org/10.1371/journal.pone.0205817.t003
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antioxidant activity. The weaker O–H bond and lower BDE values are favoring potential anti-

oxidant activity since they enable the reaction of free radical inactivation.

BDE ¼ HðAntiox�Þ þHðR: HÞ � HðAntiox: HÞ � HðRÞ ½Eq 4�

where H(H.) is the enthalpy of radical H atom, calculated with the same method that used

other calculations in gas phase, methanol, ethanol and DMSO solvents [-0.4981948,

-0.4982219, -0.4982216, 0.4982221 au, respectively].

The SET reaction mechanism is initiated by single-electron transfer from the natural flavo-

noid to the substrate, leading to a radical intermediate (Fig 6B). In SET mechanisms, the anti-

oxidant provides an electron to the free radical and itself then becomes a radical cation

(Antiox.H+). The electron donating ability of the antioxidant is related to an extended elec-

tronic delocalization over the entire molecule. The SET–PT mechanism is related with the for-

mation and breaking of flavonoid cation radical which possess a positive charge. In the

SET-Step 1 mechanism, the ionization potential (IP) of the antioxidant is the most important

energetic factor in evaluating the antioxidant action. The lower the ionization potential, the

easier is the electron abstraction.

The calculated ionization potentials (IPs) for quercetin in the gas phase as well as in solvent

are given in Table 4. IP values in solvent phases would significantly change with respect to the

values in the gas phase as the values are dramatically lower in solvent phases compared to the

gas phase. According to the gas phase, the energy drop in the solvent environment varies from

about 430 to 490 kj/mol, so this data shows that the polar solvent obtained by increasing the

dipole moment (μDMSO = 3.96>μmet = 1.70>μet = 1.69 debye) promoted electron donating

(IPDMSO<IPmet<IPet). The similar results in the literature were determined by Zheng et al.

(2017) for the quercetin compound [16]. In this mechanism, the ionization potentials (IPs)

were calculated by Eq 5.

IP ¼ HðAntiox:HþÞ þHðR: � Þ � HðAntiox: HÞ � HðRÞ ½Eq 5�

SPLET is the third important mechanism for antioxidant activity in which the antioxidant

sets the trap for free radicals. In the SPLET reaction mechanism, formation of the Antiox-

anion is the first step, which is governed by the acid strength of OH group in the compound.

The second step of the SPLET reaction mechanism is governed by electron transfer enthalpy

(ETE). The net result of SPLET is the same as in HAT mechanism to the free radicals, from an

antioxidant point of view.

Antiox: H! Antiox � þHþ ðassociated with PAÞ

Antiox � þR:! Antiox:þ R � ðassociated with ETEÞ

R � þHþ ! RH

The calculated ETE, BDE, PA and PDE values for quercetin in the gas phase as well as in

three different solvents (DMSO, met and et) are given in Table 5. Obtained BDE values show

Table 4. IP values in kj/mol obtained at DFT/M06-2X/6-311++Gdp level of theory.

Solvent

IP gas DMSO met et

744.7224671 254.3782727 308.4238394 314.9378419

https://doi.org/10.1371/journal.pone.0205817.t004
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that the antioxidant activity the most stable is 40‒O. radical form in the gas phase and solvent

phases. The activity level comparison follows the same sequence as 40‒O_>3‒O_>30‒O_>7‒
O_>5‒O_ in the polar phase. In the literature the same result was obtained by Zheng et al.

(2017), but the sequence is not same in gas phase [16]. As a result, it is observed that all solvent

studies and the literature data support the oxidation mechanism in polar phase.

According to the mechanism of SPLET, the formation of flavonoid radical is the second

step, which is governed by electron transfer enthalpy (ETE). Table 5 presents the calculated

ETE values in gas phase as well as in other solvents for quercetin. While, the lowest ETE was

found for 30–O� radical formation in the gas phase, for all other solvent phases 3–O� radical

formation was found to have the lowest ETE. This result we obtained is consistent with the

results by Zheng et al. (2017) in literature [16]. Zheng et al. (2017) found that the ETE value of

the radical formation in position 30–O� was more stable than the position 3–O� when they

went into the ethanol and water phases [16]. According to the obtained results, 7–O� radical

formation was found the biggest ETE value in the all studied phases including gas phase, this

inference is consistent with the literature. These results did not show which ring had more

effect, but A ring showed little contribution. Another important result was obtained that the

lowest ETE values of the radical formation for each group in the DMSO solvent, followed by

ethanol and methanol solvents, respectively.

According to the SPLET mechanism, proton affinities (PAs) were calculated in the gas

phase and as well as in solvents to investigate the deprotonation of the phenolic OH group(s).

Table 5 displays that the PA values of 40‒OH are always the smallest in all studied environ-

ments and this demonstrates that the formation of 40-O- anion occurs most easily as compared

with other anion positions. The other result from the PA values table is that polar solvents sig-

nificantly decrease PA values when compared to the gas solvents. We can also observe that

proton affinity values for different type of solvents follow the same gas>et>met>DMSO mag-

nitude comparison sequence concerning the quercetin molecule behavior in each of these sol-

vents. Whereas the dipole moment values exhibit reverse order gas<et<met<DMSO

magnitude comparison sequence being consistent with the fact that the increase of polarity

decreasing the proton affinity. The PA results obtained from our study are consistent with the

study by Zheng et al. (2017) for the quercetin molecule, and the polar solvent propensity of PA

was also found in the work by Liang et al (2015) [16,17].

Table 5. ETE, BDE and PAvalues in kj/mol obtained at DFT/M06-2X/6-311++Gdp level of theory.

Bond

solvent 30‒OH 40‒OH 3‒OH 5‒OH 7‒OH

BDE gas 437.4486 404.3757 428.1282 408.2813 482.045

DMSO 425.1334 409.0267 412.8339 455.9413 448.4485

met 424.5807 408.1406 412.3256 455.5462 447.6296

et 426.3975 409.6214 414.1878 457.5226 449.1776

ETE gas 187.3874 230.2574 204.5535 264.9334 288.3545

DMSO 71.03632 84.76479 70.4742 109.9867 121.8466

met 71.88619 86.0652 71.5058 111.107 122.991

et 72.77335 87.4092 72.5809 112.2672 124.1749

PA gas 194.3064 118.3641 167.8202 180.8198 137.9372

DMSO -32.1049 -61.9398 -43.84296 -40.2473 -59.5993

met -30.1416 -60.7605 -42.0169 -38.3969 -58.1967

et -25.7523 -57.1641 -37.7702 -34.1201 -54.3730

https://doi.org/10.1371/journal.pone.0205817.t005
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Antioxidant activity has been found to be related to the HOMO-LUMO energy values of

frontier orbitals, and their distribution. The obtained frontier energy values and their distribu-

tion for quercetin molecule in the gas, DMSO, ethanol and methanol solvents are depicted in

Fig 6C.

It can be seen from the Fig 6C that similar distribution of HOMO-LUMO orbitals are

determined in all studied environments. An important point that needs to be emphasized is

that in the methanol phase the HOMO energy is the highest (-6.17 eV). Therefore HOMO--

LUMO band gap (4.72 eV) is smaller in methanol when compared to the other environment

which shows that the quercetin molecule in methanol has stronger electron donating ability.

Discussion

Production of flavonoids by microorganisms was reported, previously. Genetically-engineered

microorganisms such as Escherichia coli BL21 can be used for the production of flavonoids

such as astilbin, quercitrin for industry [18,19]. Conversion of rutin to quercetin using micro-

organisms such as Paenibacillus glucanolyticus is one of the approaches to produce quercetin

[20]. Fermentation of litchi pericarp by Aspergillus awamori led to the production of quercetin

[21]. Pyrococcus furiosus β-glucosidase transforms rutin to quercetin [22]. Quercetin, a poly-

phenolic flavonoid, production by bacteria such as Paenibacillus glucanolyticu D3 was previ-

ously reported [20], however but the number of articles about quercetin-producing bacteria is

very limited.

Various strains of Flavobacterium sp. were identified as gram-negative, aerobic forming yel-

low colonies such as Flavobacterium seoulense, Flavobacterium verecundum [22,23]. Oil

degrading strains such as Flavobacterium naphthae sp. nov. forms also yellow colonies [24].

Most of Flavobacterium genus members are safe, while some are opportunistic pathogens

which may lead diseases in aquatic organisms [25]. Flavobacterium cheonhonense sp. nov. des-

ignated strain ARSA-15(T) produces deep-yellow pigment, and is catalase- and oxidase-posi-

tive [26]. The isolated bacterium in our study which is the highest similarity to Flavobacterium
cheonhonense ARSA-15(T) also produces yellow colored morphology.

The Flavobacterium genus includes very interesting representative species producing indus-

trially important compounds. For example, different fungistatic and bacteriostatic agents such

as flavocin can be produced by members of this genus such as Flavobacterium sp. L-30 [27].

Several strains such as Flavobacterium sp. YS-80-122 can secrete industrially important

enzymes such as ι-carrageenans and heparinase II (Hep II) is produced by Flavobacterium
heparinum [28,29]. Some Flavobacterium strains such as Flavobacterium sp. 200Cs-4 has toler-

ance against toxic heavy metals such as cesium [30]. Quercetin-producer microorganisms in

literature are very limited, and it is not known that any Flavobacterium strain isolated can pro-

duce quercetin. However, in this study we demonstrated that the Flavobacterium isolate pro-

duces quercetin efficiently for the first time.

Quercetin has dual role showing both cytoprotective and cytotoxic effects in biological sys-

tems [31]. It has protective effect against oxidative stress in vitro and in vivo blood cells [32].

Apoptosis, programmed cell death, in cardiomyocytes is reduced by quercetin via the suppres-

sion of tumor necrosis factor-alpha increase in posttraumatic cardiac dysfunction [33]. Quer-

cetin also protects against acute liver injury, hepatic fibrosis, and lung carcinogenesis [34–36].

Quercetin reverses preneoplastic lesions by epidermal growth factor receptor modulation [37].

It can be used as a protective agent against coronary diseases [38]. It has been shown that quer-

cetin is a promising therapeutic agent for improving retinal ganglion cells (RGC) survival and

function in glaucomatous neurodegeneration [39]. Low concentration of quercetin antago-

nizes glioblastoma cell invasion and angiogenesis in vitro [40].
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The possible mechanism for quercetin-induced apoptosis in cancer cell line is the direct

interaction with DNA by triggering the intrinsic pathway [41]. Apoptotic induction can be

also induced by modulation of p53 posttranslational modifications (Zhang and Zhang, 2017),

and modulation of NF-κB signaling [42,43]. Quercetin has a selective toxic effect on HuH7

and HepG2 liver cancer cells and normal human epithelial cell lines. Hepatocellular carcinoma

cells undergo apoptosis through intrinsic pathway due to arrested cells in S phase by quercetin

[37]. Cytotoxicity of quercetin against leukemic cells and breast cancer cells, but not healthy

cells was reported [41]. Although quercetin production by Flavobacterium sp. has not been

reported, yet, direct cytotoxic activity of Flavobacterium sp. against apoptosis has been shown.

For example, Flavobacterium psychrophilum induces rainbow trout muscle apoptosis through

the modulation of the NF-κB signaling [44]. As observed in our study, DMSO extract of the

Flavobacterium isolate showed cytotoxicity against ECV304 cell line. The type of solvent such

as methanol and DMSO also effects the cytotoxic profile of not only quercetin but also Flavo-
bacterium sp. extract indicating that methanol, a polar solvent, results in a higher cell viability

results. The cytotoxicity results are confirmed by computational methods indicating that quer-

cetin and Flavobacterium sp. extracts show better cell viability when extracted in methanol

when compared to DMSO. The quercetin produced by Flavobacterium sp. can be used for

industrial purposes with a suitable extraction process in advance in future.

Conclusions

This study reports for the first time production of quercetin by a Flavobacterium sp. identified

as Flavobacterium cheonhonense strain ARSA-15 (99%). Quercetin is detected as the major

extracellular compound produced by the Flavobacterium sp. Type of solvent affects the cyto-

toxicity of the quercetin showing that the methanol extract of Flavobacterium sp. resulted in a

higher cell viability results when compared to its DMSO extract which was confirmed by

computational chemistry. Since the quercetin molecule found in Flavobacterium sp. extract in

methanol has stronger electron donating ability based on the computational results, it was

shown that Flavobacterium sp. methanol extract led to a better cell viability results possibly

because of enhanced antioxidant capacity of the quercetin molecule available in the extract. In

conclusion, Flavobacterium sp. can be used as a bioresource to produce quercetin for industrial

purposes.
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