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ABSTRACT Resveratrol is among the best-known secondary plant metabolites be-
cause of its antioxidant, anti-inflammatory, and anticancer properties. It also is an
important allelopathic chemical widely credited with the protection of plants from
pathogens. The ecological role of resveratrol in natural habitats is difficult to estab-
lish rigorously, because it does not seem to accumulate outside plant tissue. It is
likely that bacterial degradation plays a key role in determining the persistence, and
thus the ecological role, of resveratrol in soil. Here, we report the isolation of an
Acinetobacter species that can use resveratrol as a sole carbon source from the
rhizosphere of peanut plants. Both molecular and biochemical techniques indicate
that the pathway starts with the conversion of resveratrol to 3,5-dihydroxybenzal-
dehyde and 4-hydroxybenzaldehyde. The aldehydes are oxidized to substituted ben-
zoates that subsequently enter central metabolism. The gene that encodes the en-
zyme responsible for the oxidative cleavage of resveratrol was cloned and expressed
in Escherichia coli to establish its function. Its physiological role in the resveratrol
catabolic pathway was established by knockouts and by the reverse transcription-
quantitative PCR (RT-gPCR) demonstration of expression during growth on resvera-
trol. The results establish the presence and capabilities of resveratrol-degrading bac-
teria in the rhizosphere of the peanut plants and set the stage for studies to
evaluate the role of the bacteria in plant allelopathy.

IMPORTANCE In addition to its antioxidant properties, resveratrol is representative
of a broad array of allelopathic chemicals produced by plants to inhibit competitors,
herbivores, and pathogens. The bacterial degradation of such chemicals in the rhizo-
sphere would reduce the effects of the chemicals. Therefore, it is important to un-
derstand the activity and ecological role of bacteria that biodegrade resveratrol near
the plants that produce it. This study describes the isolation from the peanut rhizo-
sphere of bacteria that can grow on resveratrol. The characterization of the initial
steps in the biodegradation process sets the stage for the investigation of the evolu-
tion of the catabolic pathways responsible for the biodegradation of resveratrol and
its homologs.

KEYWORDS biodegradation, environmental microbiology, resveratrol, stilbene

lants produce chemicals implicated in myriad ecological functions, including al-

lelopathy and cross talk between plant roots and microbial members of the
rhizosphere (1, 2). Such chemicals can be produced in any parts of plants, including
roots, where they can affect target species in the surrounding soil (3, 4). It is well
established that the exudation of specific compounds by plants selects for specific
microbial partners and thus regulates the adjacent soil microbial community (5, 6). This
chemical cross talk between plant roots and rhizosphere bacteria can lead to beneficial
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associations that foster plant growth or associations that negatively impact plant health
(3,7 8).

Stilbenes, products of the phenylpropanoid pathway and well-known allelopathic
chemicals, have been extensively investigated because of their roles in plant disease
resistance (9, 10). Resveratrol also has well-established pharmaceutically relevant prop-
erties, including antioxidant, anti-inflammatory, and anticancer effects (11-14). Like
other stilbene compounds, resveratrol is considered an allelochemical due to its
antimicrobial activity and roles in plant survival and competition (15). It is produced by
a number of plants, including grapes (Vitis vinifera) and peanuts (Arachis hypogaea) (11,
16, 17) and is thought to protect the plants from agriculturally significant infection by
fungi (18-20), although its role has been questioned (21). Resveratrol synthesis in
peanuts, especially in peanut roots, is induced by biotic and abiotic factors (22, 23),
including injury and attack by fungi. It can accumulate to high concentrations in peanut
tissues (22-24), but little information is available on its persistence in soil. It is difficult
to impossible to measure resveratrol concentrations and flux in situ in the rhizosphere,
perhaps because of biodegradation by bacteria such as those reported here. In axenic
hairy root cultures where biodegradation is precluded, 300 to 500 wg of resveratrol/
gram dry weight (equivalent to 2 mM) can be produced (16).

The biotransformation of most stilbenes has been well documented, but the growth
of bacteria on resveratrol has not been reported (25). Carotenoid cleavage oxygenase
(CCO)-like enzymes from bacteria (26, 27) and fungi (28, 29) can catalyze the cleavage
of resveratrol to 4-hydroxybenzaldehyde and 3,5-dihydroxybenzaldehyde without fur-
ther degradation. It seems likely that resveratrol is biodegradable in soil, but the
degradation pathways, the bacteria involved in the biodegradation, and the ecological
role of bacteria in attenuating the allelopathic effects of resveratrol are unknown.
Understanding the biodegradation of resveratrol by bacteria near the plants that
produce it is essential to evaluate its behavior and ecological roles in the soil and the
plant. Therefore, we isolated an Acinetobacter strain capable of growing on resveratrol
from the rhizosphere of peanut plants, characterized the initial steps in the catabolic
pathway, and identified the enzyme responsible for the initial reaction.

RESULTS

Isolation and growth of Acinetobacter oleivorans strain JS678. The six strains
reported here were isolated from the rhizosphere of peanut plants (see Table S1 in the
supplemental material) by enrichment with resveratrol. In related experiments (Riging
Yu and J. C. Spain, unpublished), the most probable number estimates of resveratrol-
degrading bacteria in rhizosphere soil from the same plot ranged from 3.6 X 10° to
2.4 X 10%/gram of soil, which suggests strongly that growth on resveratrol was an
important process in the rhizosphere.

JS678 was chosen for its rapid growth on resveratrol as the sole carbon source. The
16S rRNA gene of JS678 has 99% nucleotide identity to that of Acinetobacter oleivorans
DRI, so the isolate was named Acinetobacter oleivorans strain JS678. In our hands, strain
DR1 (obtained from ATCC) did not grow on resveratrol. The isolate grew on resveratrol
with a yield coefficient of 0.226 = 0.008 g of protein/g of resveratrol but did not grow
with the related stilbenes, pterostilbene and arachidin-3. During the growth of strain
JS678 on resveratrol, 4-hydroxybenzaldehyde and 3,5-dihydroxybenzaldehyde accumu-
lated transiently in the culture medium (Fig. 1). The accumulation indicated that the
two compounds are early intermediates in the catabolic pathway. Both compounds
serve as growth substrates for strain JS678 (Fig. 2) as well as for all other isolates (data
not shown), which suggests that all the isolates employ a pathway similar to that of
JS678. The growth yield was 0.235 = 0.003 g of protein/g of 4-hydroxybenzaldehyde
and 0.201 = 0.026 g of protein/g of 3,5-dihydroxybenzaldehyde for JS678.

Identification of subsequent metabolites in the resveratrol degradation path-
way. When uninduced cells were provided with 4-hydroxybenzaldehyde or 3,5-
dihydroxybenzaldehyde as their sole carbon source, 4-hydroxybenzoate or 3,5-
dihydroxybenzoate accumulated transiently (Fig. 2). Thus, we hypothesized that the
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FIG 1 Growth of JS678 on resveratrol as the sole carbon source. O, ODg,, ®, resveratrol; [J, 3,5-
dihydroxybenzaldehyde; A, 4-hydroxybenzaldehyde. Data represent the means and standard deviations
from duplicate analyses.

next step in the resveratrol degradation pathway is the conversion of the aldehydes to
the corresponding acids, which also serve as growth substrates.

Respirometry with cells harvested during exponential growth on resveratrol or succinate
(Table 1) indicated that resveratrol, 4-hydroxybenzaldehyde, 4-hydroxybenzoate, 3,4-
dihydroxybenzoate, and 3,5-dihydroxybenzaldehyde stimulated the rapid uptake of oxy-
gen with resveratrol-grown cells. The lack of stimulation in succinate-grown cells indicated
that the enzymes involved in the resveratrol degradation pathway are inducible. The
stoichiometry of oxygen utilization was consistent with the conversion of resveratrol to the
corresponding aldehydes and acids in turn, since there is only one mole of oxygen
difference in stoichiometry between the aldehydes and acids (two electrons made available
for respiration) (Table 1). The low oxygen uptake with 3,5-dihydroxybenzoate suggested
that there might be a transport barrier, since JS678 cells could grow on 3,5-
dihydroxybenzoate. Additional experiments will be required to clarify the details of 3,5-
dihydroxybenzaldehyde degradation.

Enzyme studies of resveratrol degradation in JS678. Enzyme assays were per-
formed to determine the reactions and cofactors involved in the initial steps of
resveratrol degradation. Dialyzed crude extracts prepared from resveratrol-grown cells
of JS678 catalyzed the conversion of resveratrol to 4-hydroxybenzaldehyde and 3,5-
dihydroxybenzaldehyde. 4-Hydroxybenzaldehyde was converted to 4-hydroxybenzoate
and 3,5-dihydroxybenzaldehyde to 3,5-dihydroxybenzoate upon the addition of NAD*
(Fig. 3A). The rates of disappearance were 3.3 * 0.4 umol of resveratrol/min/mg of
protein, 2.8 = 0.2 umol of 4-hydroxybenzaldehyde/min/mg of protein, and 1.6 = 0.3
umol of 3,5-dihydroxybenzaldehyde/min/mg of protein (Fig. 3A). Enzyme assays based
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FIG 2 Transient accumulation of 4-hydroxybenzoate and 3,5-dihydroxybenzoate by JS678 growing on
4-hydroxybenzaldehyde or 3,5-dihydroxybenzaldehyde as the sole carbon source. [J, 3,5-dihydroxyben-
zaldehyde; A, 4-hydroxybenzaldehyde; B, 3,5-dihydroxybenzoate; A, 4-hydroxybenzoate; gray open
circles, ODgo, of cells grown with 3,5-dihydroxybenzaldehyde; O, ODg,, of cells grown with
4-hydroxybenzaldehyde. Data represent the means and standard deviations from duplicate analyses.
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TABLE 1 Oxygen consumption by intact cells or dialyzed crude cell extracts of JS678

Oxygen consumption (nmol O,/min/mg protein [mol O,/mol of substrate])®

Whole cells Dialyzed cell extract

Succinate Succinate Resveratrol
Assay substrate(s)® grown Resveratrol grown grown grown
Resveratrol 1315 437 = 4.5 (6.71 = 0.22) ND< 620 = 15
4-Hydroxybenzaldehyde ND 186 + 1.5 (3.49 = 0.09) ND ND
3,5-Dihydroxybenzaldehyde ND 328 £0.2 (3.31 £0.27) ND ND
4-Hydroxybenzoate ND 239 + 3 (2.57 = 0.34) ND ND
3,5-Dihydroxybenzoate ND 6+ 0.5 (251 £ 0.18) 2+0.1 ND
3,4-Dihydroxybenzoate ND 293 £12.1 (1.51 £ 0.06) ND 440 £ 15
Gentisic acid ND ND ND ND
Hydroxyhydroquinone ND ND ND ND
Succinate 161 =1 32015 140 = 0.7 ND
trans-Stilbene ND 3+0.2 ND ND
Pterostilbene ND ND ND ND
Arachidin-3 ND ND ND ND
4-Hydroxybenzaldehyde, NAD* Nmd NM ND ND
3,5-Dihydroxybenzaldehyde, NAD+ NM NM 1.8 £0.1 110 £ 10
4-Hydroxybenzoate, FAD, NADPH NM NM ND 110 %6
4-Hydroxybenzoate, NADPH NM NM ND ND
3,5-Dihydroxybenzoate, NADPH NM NM ND ND
3,5-Dihydroxybenzoate, NADH NM NM ND 127 £ 11

aSubstrates were added at a concentration of 100 wM, and two replicates were performed per experiment.

bData represent the means of duplicate analyses; the errors were calculated by taking the standard deviations between the data points.
<ND, not detected.

9NM, not measured.

on respirometry (Table 1) verified that oxygen is required for resveratrol cleavage.
4-Hydroxybenzoate catabolism required oxygen, flavin adenine dinucleotide (FAD;
catalytic), and NADPH, which would be consistent with the properties of 4-hydroxy-
benzoate-3-monooxygenase (EC 1.14.13.33). No oxygen uptake was observed during
the NAD+-dependent transformation of 4-hydroxybenzaldehyde, which is consistent
with the characteristics of 4-hydroxybenzaldehyde dehydrogenases (EC 1.2.1.64). 3,5-
Dihydroxybenzaldehyde and 3,5-dihydroxybenzoate stimulated oxygen uptake in the
presence of NAD* and NADH, respectively, but there was no oxygen utilization upon
the addition of NADPH with 3,5-dihydroxybenzoate. 3,5-Dihydroxybenzoate concen-
trations did not decrease during the assays with NADH, which suggested that the

NAD*

120 B

Concentration (uM)
Concentration (uM)

0 20 40 60 80 100 120 140 160 0 2 4 6 8
Minutes Minutes

FIG 3 Transformation of resveratrol by dialyzed crude extracts of JS678 1.8 = 0.2 ug of protein/ml of reaction (A) or by extracts
of an E. coli clone containing pJS701 (0.13 = 0.05 ug of protein/ml of reaction) (B). The given compounds were analyzed by HPLC,
and NAD* (1 mM) was added at the indicated time. Dashed line represents results with dialyzed extracts of an E. coli clone
containing only the pET15a vector. Data represent the means and standard deviations from duplicate analyses. ¢, resveratrol; [J,
3,5-dihydroxybenzaldehyde; A, 4-hydroxybenzaldehyde; B, 3,5-dihydroxybenzoate; A, 4-hydroxybenzoate.
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FIG 4 Transformation of resveratrol (diamonds) and cell growth (circles) by JS678 (black) and an rzo
knockout clone, JS678-1 (Arzo, Kmr) (gray). Data represent the means and standard deviations of
duplicate analyses, and strains were grown with succinate prior to the analysis.

oxygen utilization might be because of uncoupling (30); thus, the enzyme(s) that
transforms 3,5-dihydroxybenzoate remains to be identified.

Resveratrol cleavage oxygenase from JS678. CCO homologs that can cleave
stilbenes and stilbenoids are found in a variety of systems (26, 28, 31). The enzymes
mediate the insertion of oxygen and the cleavage of stilbenes at the C-a=C-$ double
bond. Homologs that cleave metabolites from lignin degradation were previously
named lignostilbene-«,B-dioxygenases (26). The above observation that an enzyme
in cell extracts converts resveratrol to 4-hydroxybenzaldehyde and 3,5-dihydroxy-
benzaldehyde (Fig. 3A) is consistent with the activities of previously characterized
homologs (26, 28, 31). Therefore, we screened the JS678 genome for putative CCO
homologs. One gene encoded a protein with 43% amino acid identity to lignostilbene-
o,B-dioxygenase from Sphingomonas paucimobilis TMY1009 (accession no. Q53353)
(32). When expressed in Escherichia coli, the gene encoded an enzyme that catalyzed
the cleavage of resveratrol, so it was designated resveratrol oxygenase (rzo, accession
no. KY888940).

Resveratrol oxygenase was active in cells of resveratrol-grown JS678 (3.3 = 0.4
mumol/min/mg of protein) and E. coli(pJS701) (61.7 = 0.2 wmol/min/mg of protein), but
activity was negligible in uninduced cells of JS678 or E. coli cells with pET15a containing
no insert. The specific activity in JS678 was sufficient to account for the growth of the
cells. The transformation of resveratrol by the heterologously expressed resveratrol
oxygenase resulted in the stoichiometric accumulation of 4-hydroxybenzaldehyde and
3,5-dihydroxybenzaldehyde (Fig. 3B), indicating that the cloned enzyme catalyzed the
same reaction as the inducible enzyme in extracts of JS678 (Fig. 3B). Knocking out the
rzo gene resulted in a mutant, JS678-1 (Arzo, Km"), which was not capable of growth on
resveratrol (Fig. 4). Additionally, reverse transcription-quantitative PCR (RT-qPCR) indi-
cated an upregulation of rzo when JS678 was grown on resveratrol (Fig. 5). The above
results established that resveratrol oxygenase is responsible for cleaving resveratrol in
JS678.

A phylogenetic tree of the biochemically characterized carotenoid oxygenases
indicated that the enzymes are phylogenetically diverse, and among the tested ho-
mologs, the ability to cleave resveratrol is widely distributed (see Fig. S1). A recent
horizontal gene transfer between the fungi and the bacteria used for the analysis is not
indicated by close relationships among the sequences. The carotenoid oxygenases that
catalyze the cleavage of resveratrol do not form a distinct clade (Fig. S1), which
indicates that identifying resveratrol oxygenases requires biochemical characterization.
The enzyme from JS678 is the only one whose physiological role has been established
rigorously. An investigation of additional resveratrol-degrading bacteria will be re-
quired to provide insight about the structure and function relationships among res-
veratrol oxygenase homologs.

May 2018 Volume 84 Issue 10 e00104-18

Applied and Environmental Microbiology

aem.asm.org 5


https://www.ncbi.nlm.nih.gov/protein/Q53353
https://www.ncbi.nlm.nih.gov/nuccore/KY888940
http://aem.asm.org

Kurt et al.

16 450
14 400
7 ealim ]
12 30 =
& 30 &
= 10 =
g 250 .S
o 8 =
= 200 ‘E
= 6
2 150 §
4 100 g
2 50
0 - ——r— - 0
0 3 6 9 12
Hours

FIG 5 Expression of gene encoding resveratrol oxygenase determined by RT-qPCR. Cells of JS678 were
grown on either resveratrol or succinate. The bars represent the fold upregulation in resveratrol-grown
cells compared to succinate-grown cells. Data represent the means and standard deviations from
triplicate analyses. @, resveratrol; [, 3,5-dihydroxybenzaldehyde; A, 4-hydroxybenzaldehyde.

DISCUSSION

Previous studies established the cleavage of stilbene derivatives by bacterial en-
zymes, e.g., lignostilbene by the lignostilbene-a,B-dioxygenase from Sphingomonas
paucimobilis (31) and resveratrol by the enzymes Nov1 and Nov2 from Novosphingo-
bium aromaticivorans DSM 12444 (26). In the latter case, the enzymes catalyze the
cleavage of resveratrol at the C-o==C- double bond, but the cells were not reported
to grow on resveratrol. Peroxidase (33) and laccase (34) enzymes can also biotransform
resveratrol in plants and fungi, respectively. The cleavage of resveratrol to 4-hydroxy-
benzaldehyde and 3,5-dihydroxybenzaldehyde by carotenoid oxygenase-like enzymes
from fungi was also previously established (28). However, a recent study with Neuro-
spora crassa showed that even though multiple carotenoid oxygenase homologs can
be present in a genome, not all are involved in the cleavage of resveratrol (29).

The resveratrol oxygenase from JS678 seems to be relatively specific for resveratrol,
because it is not active with resveratrol homologs produced by peanuts, including
trans-stilbene, pterostilbene, and arachidin-3 (Table 1). The substrate specificity, induc-
ibility of the activity, RT-PCR evidence for upregulation, heterologous expression, and
knockout clone provide strong support for the physiological role of the enzyme in
resveratrol degradation.

Resveratrol oxygenase belongs to a very large non-heme-iron-containing family of
carotenoid cleavage oxygenases (35, 36). Previous alignments and crystal structure
analyses of carotenoid oxygenases indicated that they have four conserved histidine
residues consistent with a tetradentate iron coordination (35-38). All four histidine
residues and three conserved glutamic acids responsible for iron binding are present in
the sequence of Rzo (see Fig. S2 in the supplemental material). Further confirmation of
this result was obtained using SWISS-MODEL (39) with the crystal structure of Nov1, a
stilbene cleavage oxygenase from Novosphingobium aromaticivorans DSM 12444 (26,
38), as the template model. The predicted structure of Rzo is consistent with the
requirement for one molecule of oxygen and one atom of iron (Fe3*) as ligands for the
enzyme (see Fig. S3). In the present study with crude cell extracts, exogenously added
iron (Fe3*) did not stimulate the enzyme activity, suggesting that iron was strongly
bound to Rzo and was not lost during the handling or dialysis of the cell extracts.

The above results indicate that resveratrol biodegradation in JS678 is initiated
by resveratrol oxygenase (Fig. 6). The two products of the first reaction are
4-hydroxybenzaldehdye and 3,5-dihydroxybenzaldehyde, which is consistent with the
previous understanding of CCO mechanisms (26, 27, 37). Both compounds accumulate
but quickly degrade when the JS678 cells encounter resveratrol. The response should
be similar to what would be expected in the rhizosphere, where the plants produce
resveratrol in response to stress. 4-Hydroxybenzaldeyde is an intermediate of the
p-cresol biodegradation pathway in bacteria, where it is oxidized to 4-hydroxybenzoate
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FIG 6 Proposed resveratrol degradation pathway.

by an NAD"-dependent 4-hydroxybenzaldehyde dehydrogenase (encoded by pchA)
(40-42). The subsequent reaction is catalyzed by 4-hydroxybenzoate hydroxylase (en-
coded by pobA), which uses NADPH and FAD as cofactors and produces 3,4-
dihydroxybenzoate (protocatechuic acid) (43). Protocatechuate 3,4-dioxygenase (en-
coded by pcaG or pcaH) cleaves the ring of 3,4-dihydroxybenzoate to produce
3-carboxy-cis,cis-muconate (44, 45). In the draft genome of JS678, we were able to
identify homologs of pchA, pobA, and pcaGH genes, but not genes encoding putative
protocatechuate meta-cleavage enzymes such as protocatechuate 4,5- or 2,3-
dioxygenases. The growth studies, respirometry, and enzyme assays performed in our
study provided strong evidence for the operation of the 4-hydroxybenzaldeyde deg-
radation pathway in JS678 (Fig. 6). Preliminary attempts to identify the genes encoding
the enzymes of the downstream pathways in JS678 were not successful.

In the literature, the degradation of 3,5-dihydroxybenzaldehyde is less clear. In
Streptomyces violaceoruber, the conversion of 3,5-dihydroxybenzaldehyde to the cor-
responding acid is catalyzed by a benzaldehyde dehydrogenase (encoded by kené6) as
in the biosynthetic pathway of kendomycin (46). The JS678 genome contains a gene
encoding an enzyme that has 39% amino acid identity to the enzyme encoded by ken6,
but RT-gPCR experiments did not reveal an upregulation of the gene in resveratrol-
grown cells (data not shown), and there was no indication that the activity was
expressed constitutively. Thus, the gene that encodes 3,5-dihydroxybenzaldehyde
dehydrogenase remains to be identified. It is clear that 3,5-dihydroxybenzoate is further
degraded by intact cells (Fig. 2), but the mechanism is unknown. 3,5-Dihydroxy-
benzoate is metabolized to hydroxyhydroquinone under anoxic conditions in Thauera
aromatica (47), but hydroxyhydroquinone seems not to stimulate oxygen uptake in
JS678 cells (Table 1), suggesting that a novel pathway for 3,5-dihydroxybenzoate
degradation is operating in JS678. The details of the 3,5-dihydroxybenzoate degrada-
tion pathway are under investigation.

The degradation of resveratrol in vivo could either have positive or negative effects
on the plant fitness. Peanut plants produce many other stilbenes, including arachidin-1,
arachidin-3, pterostilbene, and trans-stilbene (23, 48). The biological interactions
among the plants, their fungal pathogens, the allelopathic chemicals, and the bacteria
that degrade them are a mystery. It is also unclear why the peanut plants synthesize
such a variety of chemicals. A plausible explanation is that the 3 entities are engaged
in an evolutionary arms race, where plants are synthesizing novel derivatives of the
allopathic chemicals, not only because fungi develop resistance to the chemicals, but
also because bacteria evolve the ability to degrade them. Insight about the ecological
relationships will require an investigation of in vivo interactions in the rhizosphere using
molecular and bioinformatics approaches.
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MATERIALS AND METHODS

Isolation and growth of bacteria. Soil samples were collected from the rhizosphere of peanut
plants (Arachis hypogea) from several locations around Dawson, GA. Samples were used as the inoculum
in a selective enrichment prepared with Stanier's mineral salts basal medium (MSB) (49) containing
resveratrol (200 uM) as the sole source of carbon. The concentrations of resveratrol were monitored by
high-performance liquid chromatography (HPLC). After several additions of resveratrol, the cultures were
diluted to extinction in microplates, and the strains were isolated on MSB agar plates with resveratrol
(200 wM). The growth of JS678 was performed at the solubility limit of resveratrol in MSB (400 uM), and
the yield experiments were performed with substrate concentrations of 400 M.

Bacterial strains and plasmids. Acinetobacter oleivorans strain JS678 was isolated in this study for
its ability to use resveratrol as its sole carbon and energy source for growth. Escherichia coli DH5« (Gibco
Life Technologies) was routinely used for plasmid propagation and cloning experiments. E. coli BL21(DE3)
(Promega) was used as the host for the overexpression plasmid pET15a.

DNA techniques. PCR, plasmid, and chromosomal DNA isolations, DNA fragment recovery, DNA
ligations, transformations into E. coli, and restriction enzyme digestions were all carried out according to
standard procedures (50) or by using specific recommendations by the suppliers of the molecular biology
reagents (Qiagen GmbH, Promega, New England BioLabs, and Novagen). Genome sequencing of JS678
was performed by the Center for Genome Research and Biocomputing at Oregon State University. The
genome was assembled using Velvet sequence assembler (51), and the assembled genes were curated
by GeneMark (52) and annotated using UniProt. The cloned genes and 16S rRNA genes of isolates were
sequenced by Genewiz, Inc. (Germantown, MD). Sequence databases were interrogated by using the
Basic Local Alignment Search Tool (BLAST) program (53).

Enzyme assays. JS678 was grown in MSB plus resveratrol (250 wM) with 2 to 4 repeated additions
or with succinate (10 mM). Cells were harvested during exponential phase by centrifugation, washed
twice in potassium phosphate buffer (pH 7.2, 20 mM), suspended in the same buffer, and passed twice
through a French pressure cell (20,000 Ib/in2). The cell lysates were clarified by centrifugation (20,000 X
g at 4°C for 20 min) or by ultracentrifugation (160,000 X g at 4°C for 30 min). Protein concentrations were
measured with a Pierce bicinchoninic acid (BCA) protein assay kit. The enzyme assays were carried out
at 25°C in potassium phosphate buffer (pH 7.2, 20 mM) containing 1 to 2.5 mg of protein/ml and
resveratrol, trans-stilbene, pterostilbene, arachidin-3, 3,5-dihydrohybenzaldehyde, or 4-hydroxy-
benzaldehyde (250 uM). Where indicated, NAD* (250 wM), NADPH (250 uM), and FAD (50 uM) were
added to the reaction mixtures. At appropriate intervals, samples were collected and trifluoroacetic acid
(TFA) was added at a ratio of 1:100 to stop the reaction. The acidified reaction mixture was clarified by
centrifugation, and the concentrations of substrates and products were determined by HPLC.

Cloning and expression of the rzo gene encoding resveratrol oxygenase. The rzo gene was
cloned and overexpressed by Molecular Cloning Laboratories (MVCLAB) into a pET15a vector (Novagen,
Gibbstown, NJ). The resulting construct was named pJS701 and transformed into E. coli BL21(DE3) [E.
coli(pJS701)] for expression.

Cells of E. coli(pJS701) were grown in 250 ml of LB medium supplemented with ampicillin at 37°C.
When the optical density at 600 nm (ODg,,) reached 0.5, isopropyl-p-p-1-thiogalactopyranoside (IPTG; 1.0
mM) was added, and the culture was incubated at room temperature for 4 h. The cells were harvested
by centrifugation, washed twice with cold phosphate buffer (20 mM, pH 7.2), and stored on ice until
used.

Construction of JS678 knockout mutants targeting rzo gene. The rzo gene was interrupted by
replacing nucleotide positions 69 to 1,144 with a kanamycin resistance gene. This was accomplished by
first making a construct containing two portions of the rzo gene, corresponding to nucleotide positions
9 to 68 and 1,145 to 1,205, flanking the kanR gene (816 nucleotides) amplified from pET28a. Primers
5'-CTGGATCCATGAGTTTTACATTCCCCAATACTTCCGAGTTTACTGGACTTTACGAACCTTGCCGTATCATGAGC
CATATTCAACGGGAAACG-3’ and 5'-CTGTCGACGTTTGGACATTAACACGAGCCAACTGATTAAAAAACTGGAA
AGGATATTCTCCAAGATTT TTAGAAAAACTCATCGAGCATCAAATGAAACT-3" were used to obtain the PCR
product that was cut with BamHI and Sall and cloned into a pKNG101 suicide vector (54, 55) containing
a streptomycin resistance marker. The resulting construct was transformed into E. coli SM10 Apir and
then transferred to JS678 by mating. The mutants were grown with 5% sucrose to select for double
crossovers and then screened via PCR using the primers 5'-CTGGATGCATGAGTTTTACATTCCCCAATACT
TCCG-3' and 5'-CTGTCGACTCATAATACTAGCAACCCAACCATCAC-3'. The mutation was confirmed by
sequencing the PCR products, and the clone, designated Acinetobacter oleivorans JS678-1 (Arzo, Km"),
was screened for its ability to grow on resveratrol under the conditions described above.

RT-gPCR. RNA was extracted from resveratrol- and succinate-grown JS678 cells from triplicate
biological samples using an EZNA total RNA kit Il (Omega Bio-tek). RNA was converted to cDNA via an
Applied Biosystems high-capacity RNA-to-cDNA kit. For gPCR, the manufacturer’s protocol was used with
an annealing temperature of 60°C, 2X Power SYBR green PCR master mix (Applied Biosystems, Carlsbad,
CA), and an ABI 7500 fast real-time PCR system equipped with SDS v. 2.0.3 software. Primers were
designed on the basis of the candidate genes obtained from the annotated genome in Table S2 in the
supplemental material. The genes were not organized in a cluster in the genome. Succinate-grown cells
were harvested and suspended in fresh succinate medium and in medium with resveratrol as the sole
carbon source. At appropriate intervals, samples were analyzed for the expression levels of the candidate
genes. The 16S rRNA expression levels were similar under all conditions and were used as an internal
control. The upregulation of the gene encoding the putative resveratrol oxygenase was calculated by
subtracting the expression levels in succinate-grown cells.
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Analytical methods. HPLC was performed on an Agilent 1100 system equipped with a diode array

detector and a Merck C, 3 Chromolith column (100 mm by 4.6 mm). The mobile phase consisted of 98%
part A (0.1% trifluoroacetic acid in water) and 2% part B (0.05% trifluoroacetic acid in acetonitrile)
delivered at a flow rate of 1 ml/min for 1 min, and then the mobile phase composition was changed to
50% part A and 50% part B over 7 min at a flow rate of 1.5 ml/min. Compounds were identified and
quantified by comparison with standards.
Respirometry. Oxygen uptake was measured using a Clark-type electrode and a YSI model 3600
oxygen meter. JS678 cells were grown either with resveratrol or succinate, harvested by centrifugation,
washed, and tested with the compounds of interest at a concentration of 100 wM. Measurements with
dialyzed crude cell extracts were performed similarly.

Chemicals. Resveratrol (=99%) was from AK Scientific Inc, 4-hydroxybenzaldehyde (=98%),

4-hydroxybenzoate (=99%), trans-stilbene (96%), and pterostilbene (=97%) were from Sigma-Aldrich,
3,5-dihydroxybenzaldehyde (=98%) was from Acros Organics, and 3,5-dihydroxybenzoate (97%) was
from Alfa Aesar. All chemicals were of the highest commercially available grade. Arachidin-3, extracted
from peanut hairy root cultures (16), was provided by Fabricio Medina Bolivar from the University of
Arkansas.
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