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ABSTRACT Many plants produce allelopathic chemicals, such as stilbenes, to inhibit
pathogenic fungi. The degradation of allelopathic compounds by bacteria associated
with the plants would limit their effectiveness, but little is known about the extent
of biodegradation or the bacteria involved. Screening of tissues and rhizosphere of
peanut (Arachis hypogaea) plants revealed substantial enrichment of bacteria able to
grow on resveratrol and pterostilbene, the most common stilbenes produced by the
plants. Investigation of the catabolic pathway in Sphingobium sp. strain JS1018,
isolated from the rhizosphere, indicated that the initial cleavage of pterostilbene
was catalyzed by a carotenoid cleavage oxygenase (CCO), which led to the tran-
sient accumulation of 4-hydroxybenzaldehyde and 3,5-dimethoxybenzaldehyde.
4-Hydroxybenzaldehyde was subsequently used for the growth of the isolate, while
3,5-dimethoxybenzaldehyde was further converted to a dead-end metabolite with a
molecular weight of 414 (C,,H;,0;). The gene that encodes the initial oxygenase
was identified in the genome of strain JS1018, and its function was confirmed by
heterologous expression in Escherichia coli. This study reveals the biodegradation
pathway of pterostilbene by plant-associated bacteria. The prevalence of such bacte-
ria in the rhizosphere and plant tissues suggests a potential role of bacterial interfer-
ence in plant allelopathy.

IMPORTANCE Pterostilbene, an analog of resveratrol, is a stilbene allelochemical
produced by plants to inhibit microbial infection. As a potent antioxidant, pterostil-
bene acts more effectively than resveratrol as an antifungal agent. Bacterial degrada-
tion of this plant natural product would affect the allelopathic efficacy and fate of
pterostilbene and thus its ecological role. This study explores the isolation and
abundance of bacteria that degrade resveratrol and pterostilbene in peanut tissues
and rhizosphere, the catabolic pathway for pterostilbene, and the molecular basis
for the initial cleavage of pterostilbene. If plant allelopathy is an important process
in agriculture and management of invasive plants, the ecological role of bacteria
that degrade the allelopathic chemicals must be equally important.

KEYWORDS Sphingobium, allelopathy, carotenoid cleavage oxygenase,
degradation pathway, pterostilbene

llelopathic chemicals produced by plants can affect seed germination and growth
of other nearby plants (1, 2), symbiotic plant associations (3), aggregation of
microbial communities (4), and interactions with pathogens (5). Plants can release
diverse organic exudates that contain allelochemicals into the rhizosphere in substan-
tial quantities (6-8). The exudates greatly increase microbial activity in the rhizosphere,
resulting in bacterial population densities one to two orders of magnitude higher than
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those in in bulk soil (9). Microbial diversity in the rhizosphere, however, is significantly
lower than that in bulk soil, suggesting that strong selective forces are at play (7).
Through the exudation of specific compounds, plants can select for specific microbial
partners and thus regulate the soil microbial community in their immediate vicinity (6,
7). These interactions between plant roots and rhizosphere bacteria have important
ecological and evolutionary significance and can lead to beneficial associations that
foster plant growth or to associations that negatively impact plant health (6, 7, 10). One
such negative association is the interference of soil bacteria in allelochemical-mediated
plant-plant or plant-fungus competition (11, 12). Although there is a growing aware-
ness of the phenomenon, the microbes involved and their ecological roles are poorly
understood.

Stilbenes are bioactive, polyphenolic plant compounds with promising chemother-
apeutic properties related to anti-inflammation, cancer, diabetes, obesity, and dyslipi-
demia (13-16). In vitro studies on cancer cells showed that stilbene compounds,
especially pterostilbene, act as inducers of multiple cell-death pathways, including
apoptosis, cell cycle arrest, and autophagy (13, 17, 18). Trans-resveratrol, pterostilbene,
and other stilbenoid compounds are considered to be allelochemicals due to their
antimicrobial activity and proposed role in resistance to fungal infection (19, 20). They
are produced by a wide range of spermatophytes, and potential biomedical applica-
tions of the compounds from members of the family Vitaceae (grapes) and from Arachis
hypogaea L. (peanut) have received wide attention (21-23). Production of the various
stilbenoids represents a major factor in the resistance of peanut plants to agriculturally
significant fungal pathogens, including Aspergillus flavus, Aspergillus caelatus, Aspergil-
lus niger, Botrytis cinerea, and other species (23, 24). Natural stilbenes are likely to be
quickly biodegraded by soil bacteria in situ, but the identities and ecological roles of
such bacteria are unknown. Recently, we reported the isolation and characterization of
an Acinetobacter sp. strain (JS678) that grows on resveratrol (25). Pterostilbene is a
methylated derivative of resveratrol. The dimethyl ether structure of pterostilbene is
believed to be more stable and more lipophilic than that of resveratrol, which leads to
reduced metabolism and greater bioavailability (13, 15, 26). Whether and how it is
biodegraded by bacteria have not been reported.

The enzymes involved in initial cleavage of the central double bond of stilbenes in
bacteria have not been widely studied. The physiological roles of such enzymes have
been established in only two isolates (25, 27). The enzyme responsible for initial
cleavage of lignostilbene as part of a productive catabolic pathway was first identified
in Sphingomonas paucimobilis TMY1009 and was designated lignostilbene-o,$3-
dioxygenase (27-29). Recently, we identified a homologous oxygenase that initiates the
biodegradation of resveratrol in an Acinetobacter strain isolated from the rhizosphere of
peanuts (25). The most extensive biochemical characterization of related oxygenases
has been done with the homologues of carotenoid cleavage oxygenases (CCOs), NOV1
and NOV2, in Novosphingobium aromaticivorans DSM 12444 (30, 31). Both enzymes are
iron-containing oxygenases that cleave the interpenyl «,8 double bond of resveratrol
and several related substrates, but which did not attack carotenoids and apocarote-
noids (30).

Here, we report the isolation of stilbenoid-degrading bacteria from peanut plants
and the initial steps in the degradation pathway of pterostilbene. The results reveal a
surprising abundance and diversity of plant-associated stilbene-degrading bacteria and
provide the basis for evaluating the ecological role of the bacteria in plant allelopathy.

RESULTS

Abundance of stilbenoid-degrading bacteria associated with peanut plants.
Previous enrichments with resveratrol (25) yielded six bacterial isolates (4 species of
Pseudomonas, 1 species of Acinetobacter, and 1 species of Burkholderia) from peanut
rhizosphere soil samples. In the present study, 25 strains were further isolated from
rhizosphere soils, shells, and seeds of the peanut plants by using resveratrol or
pterostilbene as the sole carbon source in minimal media (Table S1).
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FIG 1 Phylogenetic maximum-likelihood analyses of 16S rRNA genes of bacterial isolates from peanut
plants. Isolate designations identify the strain number (the initial two letters followed by three or four
numbers), isolation source (plant tissues or rhizosphere soil), plate codes (numbers with letters), and
enrichment substrates (Res, resveratrol; Ptero, pterostilbene). Numbers at branching points denote
bootstrap values as a percentage of successful resamplings out of 100.

Phylogenetic analyses of the 16S rRNA genes indicated that most of the isolates
from the rhizosphere soil were clustered into two clades, the Sphingobium-
Sinorhizobium and Pseudomonas groups, and were clearly distinct from strains isolated
from peanut seeds and shells (Fig. 1). Isolates from peanut shells and seeds tended to
group together, indicating that their phylogenies and niches were similar. The analyses
suggest that, although the three types of samples were located in close proximity,
stilbenoid-degrading bacteria displayed distinct community clusters in the different
microhabitats.

The most probable number (MPN) results indicated that resveratrol- and
pterostilbene-degrading bacteria were enriched in both peanut rhizosphere soil and
tissues compared to those in nonrhizosphere soil (Table 1). Of the cultivable hetero-
trophs associated with peanut plants, bacteria that could degrade stilbenes (both

Applied and Environmental Microbiology

TABLE 1 Enumeration of stilbenoid-degrading bacteria from the peanut field in Dawson, Georgia (October 2012)

Cell counts (95% confidence limits) from?:

Substrate for Peanut

enrichments Seed Shell Rhizosphere soil Open field bulk soil
Resveratrol 486 (189-1,249) 1.6 X 10° (6.1 X 10*-4.0 X 10°) 9.2 X 10° (3.6 X 10°-2.4 X 10°) 1.2 X 10% (4.8 X 103-3.2 X 10%)
Pterostilbene 265 (103-681) 4.0 X 10° (1.6 X 10°-1.0 X 109) 1.0 X 10° (4.0 X 104-2.6 X 10%) 547 (212-1,406)

1/4 TSA® 1,916 (745-4,924) 1.2 X 107 (4.7 X 10°-3.1 X 107) 4.6 X 108 (1.8 X 108-1.2 X 10°) 5.5 X 10% (2.1 X 10°-1.4 X 109)

aCell counts (viable cells - g=" wet weight) and 95% confidence limit (lower and upper, in parentheses) by eight-well microMPN methods.

bTSA, tryptic soy agar.
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FIG 2 Degradation kinetics of pterostilbene by succinate-grown cells of Sphingobium sp. strain JS1018
over 24 h (A1 and A2) and over 7 days (B). Two novel metabolites with HPLC retention times of 5.57 and
6.23 min are labeled (area/20) in panels A2 and B. 3,5-DMBA, 3,5-dimethoxybenzaldehyde.

resveratrol and pterostilbene) represented 39.2% in seeds, 4.6% in shells, and 0.2% in
rhizosphere soil (Table 1). In addition, all of the strains isolated on pterostilbene could
grow on resveratrol, whereas only 11 out of 16 strains isolated on resveratrol could
grow on pterostilbene (Table S1).

Pterostilbene biodegradation by strain JS1018. Sphingobium sp. strain JS1018
was used for subsequent experiments to investigate growth on pterostilbene. The
strain was grown on pterostilbene in short-term (24 h; Fig. 2A1 and A2) and midterm
incubations (7 days; Fig. 2B) in order to analyze the occurrence and consumption of
intermediate metabolites. In the short-term test, metabolites that accumulated tran-
siently were identified by high-performance liquid chromatography (HPLC) and liquid
chromatography-mass spectrometry (LC-MS) analyses as 4-hydroxybenzaldehyde (Fig.
2A1) and 3,5-dimethoxybenzaldehyde (Fig. 2A2). A novel product with a retention time
(RT) of 6.23 min, presumably derived from 3,5-dimethoxybenzaldehyde, accumulated
as a dead-end product (Fig. 2A2 and B).

In the 7-day test (Fig. 2B), 4-hydroxybenzaldehyde and 3,5-dimethoxybenzaldehyde
were not detected, but a derivative of 3,5-dimethoxybenzaldehyde with an RT of
6.23 min (major) and another with an RT of 5.57 min (minor) accumulated. The growth
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TABLE 2 Growth yields of JS1018 with various substrates

Substrate Yield (g protein-g substrate—")
Pterostilbene 0.146 = 0.011

Resveratrol 0.217 = 0.009
4-Hydroxybenzaldehyde 0.218 = 0.013
3,5-Dihydroxybenzaldehyde 0.203 = 0.006
3.5-Dimethoxybenzaldehyde No growth

yield of cells grown on resveratrol (Table 2) was substantially higher than that on
pterostilbene, which, taken with accumulation of the metabolites from pterostilbene,
indicates that the pterostilbene-degrading bacteria only used half of the molecule for
growth.

All reference compounds and intermediate products analyzed by HPLC were further
confirmed by LC-MS analysis. The unknown metabolites (RTs of 6.23 and 5.57 min in HPLC)
were collected and analyzed by LC-MS. The mass fragmentation pattern for the product
that eluted at an RT of 6.23 indicated major ions at m/z (mass-to-charge ratio) values of 415
(M*), 437 (M-Na™*), and 453 (M-K*), respectively (Fig. 3A and Fig. STA). The results are
consistent with a molecular weight of 414.2 and a molecular formula of C,,H5,0; (Fig. 3A)
and suggest a condensation product from 3,5-dimethoxybenzaldehyde. The metabolite
eluting from HPLC at an RT of 5.57 gave a conjugate ion with an m/z value of 192, indicating
a molecular weight of 191 (Fig. 3B). The two dead-end products at an RT of 6.23 and
5.57 min also accumulated during pterostilbene degradation by two other isolates, Agro-
bacterium tumefaciens JS1013 (Fig. S1) and an Acinetobacter sp. isolate (data not shown).

Enzyme assays with cell extracts from strain JS1018. To determine the initial
steps in the catabolic pathway of stilbene, assays of enzymes from crude cell extracts
were conducted with resveratrol or pterostilbene as the substrate (30, 32). Enzymes in
lysates from pterostilbene-grown cells converted resveratrol to 4-hydroxybenzaldehyde
and 3,5-dihydroxybenzaldehyde (Fig. 4A), with a specific activity of 454 = 87 nmol-mg
protein=' - min—'. After addition of NAD" at 40 min, the two intermediates were
converted to 4-hydroxybenzoate and 3,5-dihydroxybenzoate. No activity was detected
in cells grown on succinate.

When pterostilbene was the substrate of the assay, the specific activity (485 * 93 nmol-mg
protein—" - min~—") was similar to the activity with resveratrol. 4-Hydroxybenzaldehyde
accumulated and was oxidized to 4-hydroxybenzoate upon addition of NAD* (Fig. 4B).
3,5-Dimethoxybenzaldehyde accumulated and was slowly converted to the unidenti-
fied dead-end metabolite with an RT of 6.23 after addition of NAD*. The results were
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FIG 3 Mass fragmentation patterns of pterostilbene metabolites identified by LC-MS from Sphingobium sp. JS1018. (A) Metabolite (MW 414) with an HPLC RT
of 6.23 min (RT of 28.18 min on LC-MS). (B) Metabolite (MW 191) with an HPLC RT of 5.57 min (or an RT of 20.28 min on LC-MS).
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FIG 4 Transformation of resveratrol (A) or pterostilbene (B) by dialyzed crude extract of JS1018
(26 = 5 ug of protein-ml—"). NAD (3 mM final) was added at 40 min during the incubation period.

consistent with the pattern of degradation by the intact cells (Fig. 2A2 and B). There
was no accumulation of a metabolite consistent with 3,5-dimethoxybenzoate. When
the above-described experiments were repeated with 3,5-dimethoxybenzaldehyde as
the substrate, the metabolite with an RT of 6.23 accumulated (Fig. S2), which indicated
clearly that the metabolite was synthesized from 3,5-dimethoxybenzaldehyde. Extracts
prepared from resveratrol-grown JS1018 cells gave very similar results to those from
pterostilbene-grown cells (Fig. S3), which indicates that different preexposures to the
two compounds did not change the end metabolites in the degradation.

Gene identification and overexpression of CCO from JS1018 in Escherichia coli.
The draft genome sequence of strain JS1018 revealed that two putative CCO homologs
(1,479 bp for ccoT and 1,500 bp for cco2) might encode CCO1 (492 amino acids [aa]) and
CCO2 (499 aa), with 54% and 32% amino acid similarity to resveratrol cleavage
oxygenase (RCO) from Acinetobacter sp. strain JS678 (GenBank accession number
KY888940). The next most closely related biochemically characterized homolog to
CCO1 and CCO2 was lignostilbene-a,B-dioxygenase isozyme | from Sphingomonas
paucimobilis (GenPept accession number Q53353), with 49.4% and 31.5% amino acid
similarity.

To establish the gene function, the putative cco genes from JS1018 were cloned into
Escherichia coli, and the enzyme activities were tested by whole-cell biotransformation
assay. The heterologously expressed cco2 gene gave a band of the appropriate size
(55.4 kDa) on polyacrylamide gel electrophoresis, but it was not active in degrading
pterostilbene or resveratrol (with a specific activity of 0 wumol-mg protein=' - min—"). E. coli
cells expressing ccol (E. coli pJS801) rapidly transformed pterostilbene (Fig. 5A), with a
specific activity of 0.22 = 0.02 umol-mg protein—' - min~—'. 4-Hydroxybenzaldehyde and
3,5-dimethoxybenzaldehyde accumulated with the disappearance of pterostilbene. E. coli
pJS801 could also transform resveratrol under the same conditions (Fig. 5B), with a specific
activity (0.18 £ 0.04 wmol-mg protein=' - min—") that was consistent with the ratios of
activities in cell extracts from JS1018. The results clearly indicate that CCOT1 is a stilbene
oxygenase, and also that an aldehyde oxidase expressed in JS1018 is required for subse-
quent conversion of the aldehydes to acids that can enter central metabolism.

From the phylogenetic analysis, a subset of the CCOs form a cluster with enzymes
originally identified as lignostilbene dioxygenases (Fig. S4). Alignment of the amino
acid sequence of CCO1 with those of previously characterized carotenoid dioxygenases
revealed a conserved region of CCO1 that contains four histidines and three glutamic
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FIG 5 Cleavage of pterostilbene (A) and resveratrol (B) by E. coli cells expressing recombinant CCO1

enzyme from strain JS1018. Rosetta 2 (DE3) cells (without insert) as a negative control did not transform
the two stilbenes (data not shown).

acids (Fig. S5), indicating that CCO1 has an iron binding site with tetradentate iron
coordination. The results were further confirmed by modeling the CCO1, using the
crystal structure of stilbene cleavage oxygenase from Novosphingobium aromaticiv-
orans DSM 12444 (Nov1 enzyme) as a template (Fig. S6). The predicted structure
revealed the iron binding site of CCO1 and justified the addition of iron to the enzyme
assays.

DISCUSSION

Stilbenoid-degrading bacteria in peanut allelopathy. The fact that peanut seeds
also contained stilbenoid degraders extends the findings of Sobolev and colleagues
(33), which revealed the presence of bacterial endophytes in the seeds but not their
catabolic capabilities. Although stilbenoid-degrading bacteria in the rhizosphere out-
numbered those in control soil from a nearby open field, the overall community of
heterotrophs was much larger in the rhizosphere. This finding suggests an important
ecological role of stilbene catabolic capability in the peanut-associated microbiome.
The phylogenetic analyses of 16S rRNA genes showed that stilbene-degrading bacteria
were quite diverse. The biodegradation of resveratrol or pterostilbene is probably not
genus- or species-specific and is presumably strain-specific, which suggests that the
catabolic trait enables diverse bacteria to opportunistically degrade pterostilbene and
its analogs. Because growth-dependent enumeration methods might underestimate
microbial populations, molecular methods based on our identification of the key genes
will be required for more accurate evaluation of the in situ stilbenoid-degrading guilds.

Consistent with previous work by Inderjit and colleagues (1) showing that soil
bacteria can diminish or eliminate allelopathic effects on target organisms, our results
suggest that the bacteria degrade stilbenes as a source of carbon and energy and thus
are likely to reduce their allelopathic effects. The high phylogenetic diversity among the
isolates supports the hypothesis that the bacteria are opportunistic. The alternative
hypothesis is that the bacteria are involved in a symbiosis with the plants and provide
benefits to the plants that offset the costs of elimination of the allelopathic chemicals.
The fact that many of the isolates are related to plant growth-promoting bacteria
identified in previous studies (Table S1) supports the second hypothesis (34, 35). The
two hypotheses are not mutually exclusive and the bacteria could opportunistically
utilize stilbenoids released from plants as carbon and energy sources while enhancing
plant growth by producing plant hormones and/or improving plant nutrition. Such
complex interactions seem especially likely for the endophytic bacteria in seeds and
shells, but the potential for specific plant-microbe interactions was not evaluated here.

Catabolic pathways for resveratrol and pterostilbene. Our results indicate that
enzymes in strain JS1018 catalyze cleavage of resveratrol at the interphenyl a-8 double
bond to produce 4-hydroxybenzaldehyde and 3,5-dihydroxybenzaldehyde (Fig. 6). The
reaction is consistent with cleavage of resveratrol by enzymes in Novosphingobium aro-
maticivorans DSM 13444 (30) (which was not reported to grow on resveratrol) and Acin-
etobacter sp. strain JS678 (25) (grown on resveratrol). The conversion of the two resveratrol
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pathway intermediates, 4-hydroxybenzaldehyde and 3,5-dihydroxybenzaldehyde,
into 4-hydroxybenzoate and 3,5-dihydroxybenzoate was consistent with the resveratrol
catabolic pathway in Acinetobacter sp. strain JS678 (25). The results presented here
establish that the initial reactions in pterostilbene biodegradation and subsequent
assimilation of 4-hydroxybenzaldehyde are the same as with resveratrol (Fig. 6). The
results are consistent with the hypothesis that the ability to degrade pterostilbene
arose as an extension of the ability to degrade resveratrol, and the pterostilbene
catabolic pathway is likely in the early stages of evolution. It is likely that 3,5-
dimethoxybenzaldehyde formed in the initial oxidation of pterostilbene was subse-
quently converted to the unidentified major product with an HPLC RT of 6.23 min (Fig.
S2) and a molecular weight of 414. The synthesis, identities, and biological functions of
the novel metabolites are under investigation.

CCOs are nonheme iron-type enzymes that are widely distributed in plants, animals,
bacteria, and fungi, where they catalyze cleavage of carotenoids. The products are
often aldehydes or ketones, essential precursors of vitamins, plant hormones (abscisic
acid), visual pigments, signaling molecules, flavors, aromas, and defense compounds
(36-38). Several CCOs have been biochemically characterized (36). The targeting sub-
strates in degradation of CCOs may vary. For example, CCOs from Novosphingobium
aromaticivorans (NOV1 and NOV2) catalyzed cleavage of resveratrol, but not that of
carotenoids, whereas CCOs from Bradyrhizobium spp. catalyzed only the cleavage of
farnesol (30). However, the above studies did not establish the physiological roles of the
CCO homologs. The CCOs from Acinetobacter sp. strain JS678, reported previously as a
resveratrol degrader, could not degrade pterostilbene (25). The results suggest that
pterostilbene has selected for the evolution of a CCO with a broader substrate range.
Here, the ability of Sphingobium sp. strain JS1018 to grow on resveratrol and pteros-
tilbene, cleavage of the compounds in cell extracts, heterologous expression in E. coli,
and analogy with the resveratrol cleavage oxygenase from Acinetobacter sp. JS678, the
function of which was established by knockouts (25), provide strong evidence that
CCO1 catalyzes cleavage of resveratrol and pterostilbene and initiates the stilbenoid
degradation pathway.

Evolution of stilbenoid diversity in plant allelopathy. As a family of plant
secondary metabolites, stilbenoids are actively involved in both constitutive (phytoan-
ticipins) and inducible (phytoalexins) defense mechanisms in plants (22). Sobolev (23)
established that when peanut seeds were challenged by microbial pathogens, resvera-
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trol was initially detected at high concentrations, followed by its exponential decline
and the appearance of multiple stilbenoid derivatives. Resveratrol seems to be the
precursor of a variety of analogs synthesized in plants in response to pathogen attack
(22, 23) (Fig. 7). Most analogs are simple derivatives of resveratrol that contain addi-
tional functional groups. The two methyl ether groups in pterostilbene enable it to be
more effective than resveratrol as an antifungal agent (24, 39) and seem to make it less
readily biodegradable. It seems reasonable to suggest that the biosynthetic pathway of
resveratrol evolved first, and that subsequent modifications emerged when the original
molecule lost its effectiveness toward pathogens. Loss of effectiveness could result
from two different mechanisms. The first would be the emergence of resistance
mechanisms in target organisms, which is well supported by the existence of
resveratrol-cleaving enzymes in fungi (Fig. S4). The second, less obvious mechanism
would be the evolution of catabolic pathways in soil bacteria, leading to the rapid
biodegradation of resveratrol or other allelopathic chemicals. Modifications of the
molecules by plants (Fig. 7) would circumvent both mechanisms that cause loss of
effectiveness. The two models would both lead to an arms race, selecting for a variety
of resveratrol derivatives and resistance mechanisms. This exploration of the isolation
and abundance of stilbenoid-degrading bacteria and the identification of the key
enzyme will provide the basis for further evaluation of the ecological roles of the
bacteria in plant-fungus interactions and plant allelopathy in general.

MATERIALS AND METHODS

Isolation and growth of stilbenoid-degrading bacteria. Rhizosphere soil and plant tissues (seeds
and shells) of peanut plants (Arachis hypogaea L.) were collected at a USDA experimental farm near
Dawson, Georgia, USA (N 31°47.088’, W 84°29.238’). Bacteria were isolated by spread-plating serial
dilutions of soil or homogenized samples of surface-sterilized plant tissue on agar plates with one-
quarter-strength minimal salt base (MSB) (40) containing resveratrol or pterostilbene (400 wM) as the sole
carbon source. The seeds were surface sterilized by immersion in 2% bleach for 2 min, following a
previously described method (41). Isolates that grew on pterostilbene or resveratrol medium were
purified by three transfers on agar plates with the pterostilbene or resveratrol medium.
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Identification and phylogenetic analysis of the bacterial strains. The genomic DNA of the isolates
was extracted with a PowerSoil DNA isolation kit (Mo Bio Laboratories, Carlsbad, CA). The bacterial 16S
rRNA genes were amplified by PCR with 8F (42) and 1489R primers (43), purified with a QIAquick PCR
purification kit (Qiagen, Valencia, CA), and sequenced using both the forward and reverse primer for each
strain by Genewiz, Inc. (Piscataway, NJ). The final sequences were obtained by merging the forward and
reverse sequences after base error correction. The sequences (1,361 bp) were analyzed by using BLASTn
in GenBank (https://www.ncbi.nlm.nih.gov/) (44). Phylogenetic analyses of the sequences were per-
formed by using PhyML (45) and the Phylogeny Inference Package (PHYLIP) version 3.695 (46) with LG
and JTT models, respectively.

Quantification of stilbenoid-degrading bacteria in peanut plants. Samples of peanut rhizosphere,
seeds, and shells were collected in August and October 2012 from a peanut field as described above, with
a composited bulk soil sample taken from a nearby unplanted soil field as the control for the cell count
assay. Stilbene-degrading bacteria were enumerated in 96-well microplates (eight replicates) by most
probable number (MPN) assays through serial dilutions of homogenized samples in a minimal medium
(47) containing resveratrol or pterostilbene (400 nM) as the sole carbon source. The optical density at 600
nm (ODg,,) Was monitored with a microplate reader (48).

Pterostilbene degradation by intact cells of stilbenoid-degrading bacteria. Sphingobium sp.
strain JS1018 was used for determination of the molecular basis for the initial reaction in the pterostil-
bene catabolic pathway. The strain was grown initially in one-quarter MSB with succinate (1 mM),
harvested by centrifugation, washed twice with one-quarter MSB, suspended in one-quarter MSB
containing 400 to 500 uM pterostilbene at an initial OD,, of 0.05, and incubated at 22°C with shaking
(125 rpm). At appropriate intervals, samples were analyzed by HPLC for quantification of substrates and
metabolites. Cell protein was assayed with the bicinchoninic acid (BCA) method.

Enzyme assays. JS1018 cells were grown for 4 days in one-quarter MSB with resveratrol (Fig. S3) or
pterostilbene (Fig. 4) at 0.5 to 1.0 mM added repeatedly every 12 h from concentrated stocks (0.5 M in
dimethyl sulfoxide). Cells were harvested by centrifugation, washed twice with ice-cold potassium
phosphate buffer (pH 7.2, 50 mM), and suspended in the same buffer. Cells were lysed by three passages
through a French pressure cell at 20,000 Ib/in?, followed by centrifugation at 20,000 X g (4°C, 30 min).
The cell extract was subjected to ultrafiltration with an Amicon Ultra 0.5-ml centrifugal filter device
(10 kDa molecular weight cutoff), and the retentate was washed twice with phosphate buffer to remove
soluble cofactors.

CCO activity was assayed at 30°C by monitoring the disappearance of resveratrol or pterostilbene
(400 wM) and formation of metabolites (30, 49). Specific enzyme activity is defined as the conversion rate
in umol of substrate per mg cell protein per min. Briefly, reaction mixtures in a final volume of 500 ul
included cell extracts (0.3 mg protein), resveratrol or pterostilbene (400 uM), and assay buffer. The assay
buffer contained phosphate buffer (50 mM, pH 7.2), NaCl (300 mM), sodium ascorbate (10 mM), and
FeSO, (0.5 mM). The FeSO, was added from a freshly prepared 0.5M stock acidified with H,SO,. At
appropriate intervals, samples were removed, trifluoroacetic acid (TFA) was added at a ratio of 1:100 to
stop the reaction, an equal volume of acetonitrile was added, and the sample was centrifuged prior to
HPLC analysis.

Genome sequencing for identifying putative CCO genes in strain JS1018. Genomic DNA from
strain JS1018 was extracted and purified according to the standard lllumina protocols. Genome sequenc-
ing was performed with an Illumina HiSeq 2000 sequencer at the Center for Genome Research and
Biocomputing at Oregon State University (Corvallis, OR). The draft genome was assembled using the
Velvet sequence assembler (50), and assembled genes were curated by GeneMark (51, 52) and annotated
using UniProt (53).

Cloning and expression of cco genes in E. coli and stilbenoid transformation assays. Two primer
sets were designed based on the putative carotenoid cleavage oxygenase genes ccol and cco2 that were
identified by BLAST in the genome of JS1018 (Table S2). The ccol gene was amplified by PCR using the
primer set 5'-TTTCATATGATGACATCGTGCTTTCCTGACGATCC-3" and 5'-TTTAAGCTTTCAAGCCGGCAATGG
CGA-3'. The cco2 gene was amplified with the primer set 5'-TTT CATATGATGGCAACTTCGTTACGGCACC
and 3’-TTTAAGCTTTCAATTTCCCGTCGCATAAGCAGC. After purification with a QlIAquick PCR purification
kit, PCR products were digested with Ndel and Hindlll and ligated into a pET-21a vector (Invitrogen Corp.,
Carlsbad, CA). The recombinant plasmids were transformed into Escherichia coli DH5«a (New England
BioLabs, Ipswich, MA) for screening and maintenance and then subsequently transformed into E. coli
Rosetta 2(DE3) competent cells (Novagen) for overexpression according to the manufacturer’s protocol.

CCO activity was tested by growing E. coli (pJS801) cells in LB with ampicillin (50 mg - liter—7)
and chloramphenicol (30 mg - liter=") at 37 °C until the ODg,, reached 0.6 to 0.8. Isopropyl B-b-1-
thiogalactopyranoside (IPTG) was added at a final concentration of 0.4 mM. After 6 h of incubation at
30°C, E. coli pJS801 cells were harvested by centrifugation, washed twice with 40 mM phosphate buffer,
suspended in one-quarter MSB (110 mg protein - liter~') containing resveratrol (200 wM) or pterostilbene
(400 uM), and incubated at 30°C with shaking. Samples were collected and analyzed at appropriate
intervals, following the methods described above for strain JS1018. Rosetta 2(DE3) cells with pET21a
containing no insert served as a negative control for the biotransformation assays.

Analytical methods. High-performance liquid chromatography (HPLC) analyses of stilbenes and
metabolites were performed on an Agilent 1100 system equipped with a diode array detector and a
Merck Chromolith column (100 mm by 4.6 mm). The mobile phase consisted of 0.1% trifluoroacetic acid
(TFA) in water (part A) and 0.05% TFA in acetonitrile (part B). The gradient consisted of 98% A/2% B,
increased linearly to 50% A/50% B over 7 min and then held isocratically for 1 min. The flow rate
was 1ml - min—'. Concentrations of trans-resveratrol and pterostilbene were measured at 305 and
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318nm, respectively. 3,5-Dihydroxybenzaldehyde, 3,5-dimethoxybenzaldehyde, 4-hydroxybenzaldehyde,
4-hydroxybenzoate, and 3,5-dihydroxybenzoate were analyzed under the same HPLC conditions at 284,
212, 284, 284, and 318 nm, respectively. The above compounds were identified and quantified by
comparison with standards. Cell cultures or crude extracts were mixed with equal volumes of acetonitrile
and centrifuged prior to analysis by HPLC. Extraction efficiencies ranged from 85% to 99% based on
spiked standards.

Stilbene metabolites were further analyzed for chemical identification by LC-MS in the Bioanalytical

Mass Spectrometry Facility at Georgia Institute of Technology. Mass spectrometry analysis was con-
ducted using a Micromass Quattro liquid chromatograph (Waters Corp., Milford, MA) with a Phenomenex
Gemini C,4 column (2.1 X 150 mm) and with 5-um particles. The MS analysis was done in positive mode
electrospray ionization (ESI), with a capillary voltage of 3.5 kV and a cone voltage of 25 V. The instrument
was scanned from 100 to 1,000 Da at 2.5 s/scan. The LC system was an Agilent 1100. Solvent A was 5%
acetonitrile in water, and solvent B was 95% acetonitrile in water. Both solvents contained 0.1% (vol/vol)
formic acid. The solvent gradient started at 100% A and was held there for 8 min. The gradient was
ramped to 100% B at 45 min and held there until 53 min, when it was reset to 100% A until the end of
the run at 62 min. The flow rate was 200 ul - min—'. Twenty microliters of each solution was injected for
each sample.

Chemicals. Resveratrol was purchased from AK Scientific, Inc.; pterostilbene was from Biotang, Inc.;

4-hydroxybenzaldehyde, 4-hydroxybenzoate, and 3,5-dimethoxybenzaldehyde were from Sigma-Aldrich;
3,5-dihydroxybenzaldehyde was from Acros Organics; and 3,5-dihydroxybenzoic acid was from Alfa
Aesar.

Data availability. The 16S rRNA gene sequences of the isolates sequenced here were archived in

GenBank under the accession numbers KX507136 to KX507160. The sequences of the two candidate cco
genes, ccol and cco2, were deposited in GenBank under the accession numbers KX523172 and
KX523173.
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