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ABSTRACT

Lignin is one of the most abundant biomasses in nature. It is composed of aromatic moieties and has great potential for
use in the production of chemical alternatives to petroleum products. Because of increasing interest in biocatalysis, the
potential for industrial application of microbial metabolism of lignin-derived compounds has gained considerable recent
attention. Functional screenings of culturable bacteria isolated from sediments and sunken wood collected from the
deep sea revealed the existence of a number of previously unidentified bacteria capable of metabolizing lignin-related
aromatic compounds. Of the 510 isolates obtained in the present study, 208 completely or partially metabolized these
compounds. The 208 isolates were classified into diverse phyla, including Firmicutes, Actinobacteria, Bacteroidetes,
and Proteobacteria. Among the 208 isolates, 61 unique 16S rRNA gene sequences were detected including previously
unidentified marine lineage isolates. The metabolites of the isolates were analysed using liquid chromatography/mass
spectrometry (LC/MS) or gas chromatography/mass spectrometry (GC/MS). Most of the representative 61 isolates
non-oxidatively decarboxylated the substrates to produce the corresponding aromatic vinyl monomers, which are used
as feed stocks for bio-based plastics production. Oxidative metabolism of the lignin-related compounds for assimilation
was frequently observed. Our study showed that the deep-sea environment contains an abundance of microorganisms
capable of both non-oxidative and oxidative bioconversion of lignin-derived aromatic compounds. The ability for bio-
conversion of aromatic compounds found in this study will facilitate the development of future biotechnological appli-
cations.
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1. Introduction Harnessing the biosynthetic ability of microorganisms
is becoming an increasingly important platform for pro-
ducing value-added chemical products [5]. To date, the

most extensively studied lignin-metabolizing microor-

Lignin is the most abundant renewable biomass next to
cellulose. It is composed of aromatic moieties and is
found in the secondary cell wall of plants, where it is

intimately attached to the cellulose microfibrils [1]. More
than 70 million tons of various types of lignin prepara-
tions are produced as waste material by the paper Indus-
try yearly [2]. The amount of lignin production will in-
crease in the near future as a result of increasing demand
for reliable biomass-based renewable energy sources to
replace fossil fuels. At present, most of the lignin pro-
duced is used for low-value fuels; however, the innate
chemistry of lignin has led to increased demand for it in
the high-value chemical industries. The efficient produc-
tion of value-added chemicals from lignin is now a high
priority [3,4].
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ganisms are the white- and brown-rot Basidiomycete
fungi [6-9]. These fungi initially degrade lignin using an
array of oxidative enzymes, such as laccases, lignin per-
oxidases (LiP’s), and manganese peroxidases (MnP’s).
Other synergistic accessory enzymes are known to be
involved in lignin degradation. Various low-molecular
weight compounds are also produced, which act as dif-
fusible mediators that transfer electrons to substrates
from the corresponding enzymes. In contrast to fungal
lignin degradation, the involvement of bacteria in lignin
metabolism is poorly understood. Some Streptomyces
[10] and Nocardia [11] are reportedly capable of de-
grading lignin; however, the metabolic pathways have
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not been fully elucidated. Only a limited number of iso-
lates, including Sphingobium sp. SYK-6, have been ex-
tensively studied with respect to the metabolism of lign-
inderived compounds [12]. Using a newly developed
spectrophotometric assay, Ahmad et al. recently found
that the lignin-metabolizing activity of two bacteria,
Rhodococcus jostii RHA1 and Pseudomonas putida mt-2,
is comparable to that of some lignin-degrading fungi [13].
These two strains are known to metabolize a range of
aromatic compounds that share structural features with
lignin. These findings suggest that bacteria play a more
prominent role in lignin metabolism than was previously
thought [14].

The marine environment, especially at the bottom of
the deep sea, is deficient in readily available nutrients
due to the lack of primary photosynthetic production.
Plant-derived organic materials fallen from terrestrial
environments into deep sea supports distinct habitats for
both macro- and microorganisms [15,16]. Strictly aerobic
organisms, i.e., the majority of wood-decaying fungi, are
supposedly less active in the marine environment. In ad-
dition, some lignin-converting oxidative enzymes are in-
activated under saline conditions [17]. Thus, in marine
environments, alternative systems are required for the
bioconversion of lignin-related compounds.

The marine environment remains relatively unexplored
with respect to lignin-metabolizing bacteria, although it
is believed that this environment may prove to harbor a
variety of such organisms. With the aim of facilitating
the development of future biotechnological applications,
we therefore conducted functional screening and phy-
logenetic analyses of lignin-derived aromatic compound
metabolizing bacteria cultured from deep-sea sediments
and sunken wood.

2. Methods
2.1. Sampling

Deep-sea sediment samples were collected in August
2011 from a depth of 3100 m in the Japan Trench off the
Pacific coast of Miyagi Prefecture, northern Japan. A
sample of sunken wood, designated as sample A, was
recovered in May 2011 from a depth of 260 m in Suruga
Bay, off the Pacific coast of Shizuoka prefecture, central
Japan. Sample A was identified as a Pinales trunk and
was in a highly decomposed state resulting from exten-
sive colonization by Teredothyra matocotana, a teredinid
wood-boring bivalve known as the shipworm [18]. A
second sample of sunken wood, designated as sample B,
a Quercus phillyraeoides trunk, was recovered in January
2012 from a depth of 495 m in the Nansei-Shotd Trench
off Miyako Island, Okinawa Prefecture, southern Japan.
A 0.1-g portion of each sediment and sunken wood sam-
ple was suspended in 2 mL of sterile artificial seawater
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(Nihon Pharmaceutical, Japan) and shaken briefly on a
vortex at room temperature, then used for isolation of
bacteria.

2.2. Isolation of Bacteria

The isolation medium consisted of 2% (w/v) milled
Japanese beech wood or rice straw, Daigo IMK medium
(Nihon Pharmaceutical), and 2% (w/v) Difco™ bacto
agar (BD) in artificial seawater. A suspension of each
sample was spread on the solid medium and the plates
were incubated at 25°C for 10 days. A total of 510 colo-
nies representing all observed colony morphologies were
randomly selected and isolated in pure culture by re-
peated streaking and cultivation on Difco™ Marine agar
2216 (BD).

2.3. Metabolic Screening of Bacterial Isolates
and Metabolite Analysis

Metabolic screening of the bacterial isolates was per-
formed using Difco™ Marine broth 2216 (BD) as a basal
medium. Eight compounds with the same basic molecu-
lar structure of the lignin biosynthesis precursors p-
coumaryl alcohol (1 in Figure 1), coniferyl alcohol (2 in
Figure 1), and sinapyl alcohol (3 in Figure 1), were se-
lected as lignin model compounds. The substrates were
purchased from Sigma-Aldrich Japan, and were added to
the medium at a final concentration of 2 mM: p-coumaric
acid (4 in Figure 1), ferulic acid (5 in Figure 1), sinapic
acid (6 in Figure 1), vanilin (10 in Figure 1), syringal-
dehyde (11 in Figure 1), protocathecuic acid (12 in Fig-
ure 1), p-hydroxybenzaldehyde (13 in Figure 1), and
veratryl alcohol (14 in Figure 1). Bacteria were pre-cul-
tured in Marine broth 2216 for 2 days. Each well of a
deep-well plate containing 1 mL of medium was inocu-
lated with 50 uL of bacterial suspension. The plates were
then incubated at 25°C with gentle shaking. After 5 days
of incubation, the culture supernatants were collected by
centrifugation for 5 min at 4800 rpm. A 0.1 mL aliquot
of each sample supernatant was mixed with 0.9 mL of
methanol and then centrifuged. The resulting supernatant
was collected and analyzed using liquid chromatography
(LC). Samples were analyzed by LC using an HSS T3
C18 reverse phase column (1.8 pum particle size, 100 x
2.1 mm, Waters) coupled to a Waters Accuity H-class
UPLC™ system operated at a flow rate of 0.4 mL/min.
The eluate was monitored at 270 nm. The gradient was as
follows: 5% - 95% methanol/2 mM sodium acetate and
0.05% formic acid from 0 to 6 min, 95% MeOH/2 mM
sodium acetate and 0.05% formic acid from 6 to 7 min.
The amount of substrate added to the cultivation medium
was calculated based on the area of the resulting chro-
matographic peaks. The metabolic activity of an isolate
was considered positive if the residual amount of a sub-
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Figure 1. Molecular structures of the lignin-related aro-
matic compounds examined in the present study.

strate was less than 50% of that in control medium sam-
ples incubated under the same conditions without bacte-
ria. When chromatographs of test samples revealed new
peaks not detected in analyses of control culture super-
natants, these samples were analyzed further using liquid
chromatography/mass spectrometry (LC/MS) or gas
chromatography/mass spectrometry (GC/MS). LC/MS
data were generated using a Waters Xevo G2™ quadru-
pole time-of-flight mass spectrometer operated in nega-
tive ion electrospray ionization (ESI) mode. The inlet
system was the same as that used for the LC system de-
scribed above. Data were acquired over the mass range
100 - 1000 Da with a 0.45-s scan time using a desolva-
tion temperature of 400°C, source temperature of 120°C,
and cone voltage of 30 V. GC/MS data were generated
using a quadrupole mass spectrometer (TRACE DSQ,
Thermo Fisher Scientific) equipped with an Agilent
DB5™ column (30 m x 0.25 mm). The column tem-
perature was held at 60°C for 5 min and then increased to
80°C, after which it was raised to 225°C at a rate of either
1.5 or 3°C/min. The temperatures of injection and detec-
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tion were 100°C and 225°C, respectively. Helium gas
served as the mobile phase, and the flow rate was 1.1
mL/min. Bacterial culture and metabolite analysis de-
scribed in this section were repeated twice in two inde-
pendent experiments.

2.4. DNA lIsolation and Sequence Analysis

Total genomic DNA was extracted from bacterial isolates
using a NucleoSpin™ plant II DNA Isolation Kit (Takara
Bio), according to the manufacturer’s instructions. The
isolated DNA was used as the template for PCR reactions
with the 16S rDNA universal primers 27f (5’-AGAGTT-
TGATCCTGGCTCAG-3’) and 1525r (5’-AAAGGAGG-
TGATCCAGCC-3’). Each PCR reaction (25 pL) con-
sisted of 1x PCR buffer with MgCl,, 200 pM dNTPs, 0.6
uM 27f, 0.6 pM 15251, 1.4 U of LA Taq DNA Poly-
merase (Takara Bio), and 1.2 pL of DNA. Cycling condi-
tions were as follows: 97°C for 2 min, 30 cycles of 97°C
for 30 s, 60°C for 1 min, and 72°C for 90 s, followed by
72°C for 5 min. The PCR products were sequenced using
an ABI 3730 XL DNA Analyzer (Applied Biosystems).
The 208 sequences obtained by PCR were manually
edited and corrected prior to BLAST (blastn) searching
against the NCBI nucleotide database
(http://www.ncbi.nlm.nih.gov/blast). The closest relatives
were identified based on the best blastn match in the
non-redundant database.

2.5. Accession Numbers

Nucleotide sequences determined in this study were
submitted to the Genbank database under the accession
numbers AB733523-AB733583 (61 entries). The acce-
ssion number for each isolate is listed in Table 1.

3. Results
3.1. Isolate Identification

A total of 510 bacterial colonies were isolated in pure
culture following initial growth on the simple medium
containing milled wood or rice straw as the nutrient
source and subsequent repeated transfer and cultivation
on fresh medium. Metabolism of lignin-related aromatic
compounds was assessed by incubating each isolate in
liquid medium containing each of 8 lignin-related com-
pounds and then measuring the changes in the level of
the target compound using LC. A total of 208 isolates
metabolized one or more compounds. Based on the 16S
rRNA gene sequences, the 208 isolates were classified
into diverse phyla, including Firmicutes, Actinobacteria,
Bacteroidetes, and Proteobacteria. The majority of iso-
lates (131) were classified into the Bacilli class of the
phylum Firmicutes. These isolates were found in the
sediment samples and sunken wood sample A, which
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Table 1. Phylogenetic associations and metabolism of lignin-related substrates by deep-sea bacteria.

Substrate
B —=

E ?, E = :: .g é % Phylogenetically closest relative ..
Isolate 2 ; ; TE 3 _§ .g iﬁ .g E Accession (Type strain) Phylum Origin

é g § 3 éo £s g7 g number

§ & @ 7 = &£ 2
MBES30 - - - + + - + +HA) AB733577 Gordonia terrae
MBER30 - - - + + - + +(A) AB733575 Gordonia terrae
MBEBO05 + + + + + + + + AB733536 Microbacterium lacus Actinobacteria
MBEP38 - - - - HA) - + +H(D) AB733571 Microbacterium oxydans
MBEA29 + + + + + + + - AB733525 Bacillus amyloliquefaciens
MBEP24 +V) + + + + + + - AB733568 Bacillus amyloliquefaciens
MBEA35 +HV) HV) H(V) + + + + - AB733527  Bacillus atrophaeus
MBEA27 +V) +HV) HV) +A) + + + - AB733524  Bacillus licheniformis
MBEA71 +V) HV) + + + - + +H(A) AB733534 Bacillus licheniformis
MBEP52 +HV) HV) HV) + + + + - AB733572  Bacillus licheniformis
MBEA31 +V) HV) (V) + + + + - AB733526 Bacillus licheniformis
MBEA39  +V) +V) +V) + + + + - AB733530  Bacillus licheniformis
MBEK47 +HV) HV) «(V) + + + + - AB733561 Bacillus licheniformis
MBEP33 +V) +HV) HV) +A) + + + - AB733570 Bacillus licheniformis
MBEPS82 +HV) HV) H(V) + - + + - AB733573  Bacillus licheniformis
MBENIS5 +HV) HV) HV) HA) - - +  +(A) AB733562 Bacillus pumilus
MBEA40  +(V) +V) +V) + + + + +(A) AB733531 Bacillus rigui
MBEP97 +V) +V) +HV) +HA) - - + +(A) AB733574 Bacillus safensis

Firmicutes

MBEA48 + + +  +A) + - + +(A) AB733532 Bacillus simplex
MBEP11 + - - HA) HA) - +  +(A) AB733565 Bacillus simplex Sediment
MBEP15 + + - HA) HA) - +  +(A) AB733566 Bacillus simplex
MBEP23 + - +  HA) o+ - + +HA) AB733567 Bacillus simplex
MBEP31 +HV) HV) H(V) + - - +  +(A) AB733569 Bacillus stratosphericus
MBEA38 +V) HV) (V) + + + + - AB733529  Bacillus subtilis
MBEE411  +V) +V) +V) + + + + +(A) AB733547 Bacillus subtilis
MBEU16 +V) + + + + + + - AB733579  Bacillus subtilis
MBEB48 +HV) HV) H(V) + + + + +HA) AB733541 Paenibacillus kribbensis
MBEU37 - - - - - - + - AB733580  Paenibacillus pabuli
MBEA36 +HV) HV) + + + + + - AB733528  Paenibacillus terrae
MBEE99 +HV) HV) + - - - - - AB733551  Paenibacillus terrae
MBEE42 +HV) HV) «(V) + - + - - AB733548  Paenibacillus terrae
MBEE392 + - +  +A) - - + - AB733545 Sporosarcina koreensis
MBEE15 + + + + + + + +(A) AB733543 Halomonas titanicae
MBEA661 - - +  +A) - + +  +(A) AB733533 Pseudomonas marincola
MBEB29 +HV) HV) - +  +HA) + + +HA) AB733537 Pseudomonas monteilii
MBEAO06 +HV) + + + + + + - AB733523  Pseudomonas pseudoalcaligenes J-proteobacteria
MBEE391 - - - HA) HA) - + +(A) AB733544 Pseudomonas stutzeri
MBEE126 - - +  +A) +HA) - + +(A) AB733542 Pseudomonas xanthomarina
MBEE41 - - - +  +A) o+ + +(A) AB733546 Pseudomonas xanthomarina
MBEB04 - - - HA) HA) - + +(A) AB733535 Psychrobacter pacificensis
Copyright © 2012 SciRes. 0OJMS
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Continued
MBEB32 - - - + - - - - AB733539  Cellulomonas hominis
MBEN382 - - - HA) - + +  +(A) AB733563 Rhodococcus equi Actinobacteria
MBEN383 - - - HA) - + + +(A) AB733564 Rhodococcus qingshengii
MBEB31 - - - + - - + - AB733538  Bacillus acidiceler
MBEB33 +V) +V) +HV) +HA) - - + +(A) AB733540 Bacillus aerophilus
MBEU45 +HV) + + + + + + - AB733582  Bacillus amyloliquefaciens
MBEE68 - - - + - - + - AB733550 Bacillus luciferensis Sunken
MBEK221 +V) +HV) V) + - - + +H(A) AB733559 Bacillus megaterium Firmicutes sar:l([))(l)s A
MBEE60 +HV) HV) H(V) + + - + +HA) AB733549 Bacillus megaterium
MBEU482 - - - + - - + +H(A) AB733583 Bacillus psychrodurans
MBEK23 +V) HV) +HV) HA) +(A) - + +(A) AB733560 Bacillus pumilus
MBEU44  +(V) +(V) + + + + + - AB733581  Bacillus subtilis
MBES04 + + + + + + + +(A) AB733576 Novosphingobium mathurense a-proteobacteria
MBESSS - - + + - - + +HA) AB733578 Pseudomonas taeanensis y-proteobacteria
MBEF01 - - + +  +A) - + - AB733552  Algoriphagus locisalis )
MBEF12 - - - HA) HA) - + +HA) AB733558 Leeuwenhoekiella marinoflava Bacteroidetes
MBEF09 + - + A +HA)  + +  +(A) AB733557 Sulfitobacter litoralis
a-proteobacteria Sunken
MBEF04 + - +  +HA) HA) +  +(A) AB733554 Sulfitobacter pontiacus wood
MBEF02 - - + + - - + +(A) AB733553 Pseudomonas taeanensis sample B
MBEF06 - - + + + - + +HA) AB733556 Pseudomonas xanthomarina y-proteobacteria
MBEF05 + + +  +A) +HA) - +  +(A) AB733555 Shewanella basaltis

+: metabolically active; -: metabolically inactive; (V): positive for production of vinyl derivatives; (A): positive for production of carboxylic derivatives; (D):

positive for production of aldehylic derivatives.

was extensively colonized by shipworms. In contrast,
members of the a- and y-Proteobaceria classes of the
phylum Proteobacteria dominated among the isolates
identified in sunken wood sample B. The microbial com-
munities in the different sunken wood samples were ap-
parently distinct from each other. Of all the DNA se-
quences determined, 61 were found to be unique (Table
1). Blastn searching against the non-redundant nucleotide
sequence database revealed that 59 isolates possessed
novel 16S rRNA gene sequences dissimilar to any other
sequences currently deposited in the database. The phy-
logenetic positions of the representative 61 isolates and
relation between them and closely related strains based
on the 16S rRNA gene sequences were shown in Figure
2. Some isolates were found to be of marine lineage. For
example, Sulfitebacter, which was isolated from sunken
wood sample B, is a member of the Rosebacter clade, a
marine lineage of the class a-Proteobacteria. These bac-
teria are known to play a key role in marine carbon and
sulfur cycles [19], and some species reportedly degrade
aromatic compounds [20]. Novosphingobium is also a
member of the a-Proteobacteria class. Some members of
the Novosphingobium genus reportedly degrade poly-
cyclic aromatic hydrocarbons [21]. A Novosphingobium
species has been shown to degrade phenol and catechol

Copyright © 2012 SciRes.

under saline conditions [22].

3.2. Metabolism of 3-Phenyl 2-Propenoic Acids

Three 3-phenyl 2-propenoic acids (p-coumaric acid, fer-
ulic acid, and sinapic acid) were used as substrates to
analyze the major metabolites produced in the culture
supernatants of the isolates. Metabolites in the culture
supernatants were identified using GC/MS. The most
abundant metabolites of p-coumaric and ferulic acid are
shown in Figure 3. The peaks with retention times of
26.06 and 30.83 min (Figures 3(a) and (c)) corresponded
to 4-vinyl phenol (7 in Figure 1) and 4-vinyl guaiacol (8
in Figure 1), respectively, judging from a database
search against the GC mass spectral references compiled
by the National Institute of Standards and Technology
using the MS spectra in Figures 3(b) and (d) as the que-
ries. The data revealed that strain MBEPS2 produces
vinyl decarboxylation derivatives from p-coumaric and
ferulic acid. A total of 29 strains, including 23 from the
genus Bacillus, 4 from the genus Paenibacillus, and 2
from the genus Pseudomonas, produced 4-vinyl phenol
from p-coumaric acid. A total of 25 strains produced 4-
vinyl guaiacol from ferulic acid, and 20 strains produced
4-vinyl syringol (9 in Figure 1) from sinapic acid. These
aromatic vinyl compounds are produced by enzymatic
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isolates examined in the present study. Data are based on 16S rRNA gene sequences. Bootstrap values were derived from
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Figure 3. GC/MS analysis of metabolites of p-coumaric and
ferulic acid produced by strain MBEP82. (a) Total ion chro-
matogram of the supernatant of culture broth containing
p-coumaric acid; (b) MS spectrum of the peak at 26.06 min
in (a); (c) Total ion chromatogram of the supernatant of
culture broth containing ferulic acid; (d) MS spectrum of
the peak at 30.83 min in (c).
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non-oxidative decarboxylation of 3-phenyl 2-propenoic
acids [23]. Another metabolite of ferulic acid was identi-
fied by LC/MS analysis in the culture broth supernatant
of Shewanella strain (MBEFO05) (Figure 4). Ferulic acid
was detected in the MS chromatograms of the culture
medium with retention times of 4.04 min (Figure 4(a))
and 4.07 min (Figure 4(b)). The major ESI negative
mode ion associated with these peaks was detected at m/z
193.05 (Figures 4(c) and (d)), which corresponds to the
one-proton loss molecular ion of ferulic acid (calculated
monoisotopic mass = 194.06 Da). A new metabolite with
a retention time of 3.96 min was detected after cultiva-
tion with strain MBEFO05 (Figure 4(b)). The major ion
associated with this peak was detected at m/z 195.07
(Figure 4(e)). The elemental composition of this com0
pound was determined as C;oH,0,, indicating that the
metabolite was produced by hydration of ferulic acid
(elemental composition: CjoH;¢O,). Strain MBEFO05 is
closely related to Shewanella basaltis and S. oneidensis.
S. oneidensis is a psychrophilic species pre-dominantly
found in deep-sea anaerobic habitats, and reportedly re-
duces heavy metals through outer membrane cyto-
chromes [24]. No residual 3-phenyl 2-propenoic acid or
any intermediate metabolite derived from the 3-phenyl
2-propenoic acid substrates were detected in the superna-
tants of four isolates (MBEEOS, MBEA29, MBEEI1S5,
MBESO04) which respectively belong to the genera Mi-
crobacterium, Bacillus, Halomonas, and Novosphingo-
bium, suggesting rapid and complete cellular uptake of
these substrates and/or their metabolites. These isolates
are considered nutritional generalists that are capable of
assimilating a wide variety of phenolic compounds in the
marine environment.

3.3. Metabolism of Phenolic Aldehydes

Vanillin (10 in Figure 1) and syringaldehyde (11 in Fi-
gure 1) served as test compounds to assess the metabo-
lism of phenolic aldehyde substrates. The vast majority
of the representative isolates listed in Table 1 (58 of 61)
were able to metabolize vanillin. In most cases, vanillin
was completely consumed, indicating that the isolates
assimilated it as their energy source. Vanillic acids accu-
mulated in the supernatants of 21 of the 58 vanillin-meta-
bolizing strains, indicative of oxidation of the substrate
(denoted with an (A) in Table 1). Compared to the num-
ber of vanillin metabolizers, fewer isolates (42 of 61)
metabolized syringaldehyde. The molecular structures of
these compounds are quite similar, the only difference is
that syringaldehyde carries two methoxy moieties on the
aromatic ring while vanillin carries only one. Many soil
bacteria can assimilate both vanillin and syringaldehyde
via the f-ketoadipate pathway [25]. A different pathway
existing upstream of f-ketoadipate pathway is required
for the assimilation of each compound. Demethylation of
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Figure 4. LC/MS analysis of metabolites of ferulic acid produced by strain MBEF05. (a) Total ion chromatogram of culture
medium containing ferulic acid without microbes; (b) MS spectrum of the peak at 4.04 min in (a); (c) Total ion chroma-
togram of the post-culture supernatant of culture broth containing ferulic acid; (d) MS spectrum of the peak at 4.07 min in

(b); () MS spectrum of the peak at 3.96 min in (b).

syringaldehyde is an energy consuming step that requires
tetrahydrofolate as a source of reducing power [26], and
therefore demethylation may not occur when other sub-
strates are available for use as energy sources. The dif-
ference in the number of isolates capable of metabolizing
vanillin and syringaldehyde can be explained by the re-
quirement of each of pathways for each metabolism. Va-
nillin-metabolizing strains, indicative of oxidation of the
substrate (denoted with an (A) in Table 1). Compared to
the number of vanillin metabolizers, fewer isolates (42 of
61) metabolized syringaldehyde. The molecular struc-
tures of these compounds are quite similar, the only dif-
ference is that syringaldehyde carries two methoxy moie-
ties on the aromatic ring while vanillin carries only one.
Many soil bacteria can assimilate both vanillin and sy-
ringaldehyde via the S-ketoadipate pathway [25]. A dif-
ferent pathway existing upstream of S-ketoadipate path-
way is required for the assimilation of each compound.
Demethylation of syringaldehyde is an energy consum-
ing step that requires tetrahydrofolate as a source of re-
ducing power [26], and therefore demethylation may not
occur when other substrates are available for use as en-
ergy sources. The difference in the number of isolates
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capable of metabolizing vanillin and syringaldehyde can
be explained by the requirement of each of pathways for
each metabolism.

3.4. Metabolism of Phenolic Acids

p-Hydroxybenzoic acid and protocatechuic acid were
used as the phenolic acid substrates in this study. Appro-
ximately half of the representative isolates listed in Ta-
ble 1 (30 of 61) metabolized p-hydroxybenzoic acid.
This compound was relatively recalcitrant compared to
the other substrates tested. Generally, aromatic ring
cleavage proceeds via ring hydroxylation followed by
funneling of the intermediate organic acids into the f-
ketoadipate pathway [25]. More methoxylated aromatic
rings tend to be susceptible to hydroxylation. Since p-
hydroxybenzoic acid has no methoxy moiety, it is more
recalcitrant than similar compounds containing methoxy
moieties.

Almost all of the isolates (58 of 61) completely as-
similated protocatechuate within the incubation period.
Protocatechuate is a central intermediate in the metabolic
pathways that lead to the degradation of a variety of not
only natural aromatic monomers, but also various xeno-
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biotics, such as halogenated, heterocyclic, and polycyclic
aromatic hydrocarbons.

3.5. Oxidation of Veratryl Alcohol

Veratryl alcohol is a mediator of lignin peroxidases in
fungal extracellular lignin biodegradation and modifica-
tion systems [7]. Veratryl alcohol is oxidized by veratryl
alcohol oxidase and plays an important role in electron
transfer to the high redox potential substrate. Veratryl
alcohol oxidase is referred to as an accessory enzyme in
the lignin degradation system; therefore, we examined
the ability of the isolates to oxidize veratryl alcohol. A
total of 38 isolates produced oxidized compounds of the
corresponding carboxylic acid or aldehyde (denoted with
an (A) or (D), respectively, in Table 1), whereas a Mi-
crobacterium strain completely assimilated veratryl al-
cohol.

4. Discussion

Our screening demonstrated that a wide variety of marine
bacteria are capable of metabolizing aromatic com-
pounds. A previous study showed that marine enrichment
cultures using lignin as a substrate contain an abundance
of Bacillus species [27]. The population of isolates iden-
tified in marine sediments in this study was similar to
that in the previous report. However, the populations of
isolates in the present study were quite different than
those isolated from decayed wood in terrestrial ecosys-
tems [28,29]. Wood-decaying fungi in terrestrial envi-
ronments, primarily Basidiomycetes, initiate the decay
process by loosening the hard structure of wood through
the excretion of an array of oxidative enzymes. Natural
wood in advanced stages of decay is highly acidic due to
the actions of Basidiomycete-released enzymes. Phy-
logenetic analyses have shown that populations of cul-
turable bacteria found in decayed wood are enriched in
acid-tolerant members of the Proteobacteria and Acido-
bacteria, with a lower abundance of Verrucomicrobia or
Bacteroidetes species. The possible presence of bacteria
belonging to other phyla, including Frimicutes, Verruco-
microbia, Planctomycetes, Actinobacteria, and TM?7,
which is a phylogenetic group of unculturable bacteria,
was suggested only by the results of non-culture PCR-
based methods. In the marine environment, where the
concentration of organic matter is usually low, fallen
wood represents a significant proportion of the organic
input. In marine ecosystems, the tightly organized struc-
ture of lignin and cellulose components in woody plant
materials is primarily disrupted by molluscs and other
macrofauna [15,16,30]. These wood-boring animals sca-
tter the fine-grained particles in the surrounding area,
rendering the nutrients accessible to other scavengers.
Falls of organic material such as wood often lead to the
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development of active ecosystems capable of supporting
locally dense populations of a variety of organisms.

The strains isolated in this study metabolized lignin-
derived aromatic compounds through both non-oxidative
and oxidative reactions. A previous study described a
range of bacteria and fungi capable of decarboxylating
p-coumaric acid and ferulic acid [31]. Surprisingly, only
some of the responsible enzymes have been studied in
detail. Pseudomonas fluorescens ferulic acid decarboxy-
lase functions at neutral pH at temperatures of 27°C -
30°C [32]. The enzyme prefers ferulic acid to p-coumaric
acid as a substrate. A p-coumaric acid decarboxylase
isolated from Bacillus pumillus and Lactobacillus plan-
tarum functions at acidic pHs and temperatures below
37°C [23,33]. This enzyme decarboxylates p-coumaric
acid more efficiently than it decarboxylates ferulic acid.
These enzymes have recently become the focus of eco-
friendly industrial applications. Aromatic vinyl mono-
mers produced by the decarboxylation of 3-phenyl 2-
propenoic acids is now being used as a feed stock for
bio-based plastics production [34]. Because it links the
polysaccharide components in plant cell walls, ferulic
acid is abundant in nature, and can be recovered from
agricultural wastes such as bran or straw from rice or
wheat using thermochemical or biological reactions [31].
Ferulic acid is now used as a starting material for the
biological synthesis of a range of useful aromatic com-
pounds in the chemical, pharmaceutical, and food Indus-
tries [35].

Vanillin is also a very important compound used in the
chemical industry. Vanillin can be recovered by oxida-
tion of lignin waste produced by the pulp industry. Inter-
est in the bioconversion of vanillin is drawing increased
attention for its use in the production of value-added
chemicals.

The majority of aromatic-metabolizing bacteria dis-
covered to date were originally identified based on their
ability to metabolize xenobiotic compounds. Xenobiotic
compounds produced by the petrochemical industry are
used as ingredients in fuels and as raw materials for the
chemical synthesis of pharmaceuticals, pesticides, poly-
mers, and other products. Aromatic-degrading bacteria
have often been detected at xenobiotic-contaminated
sites. The degradation pathways bacteria use to metabo-
lize xenobiotics commonly involve catecholic intermedi-
ates. Dioxigenases, which catalyze ring cleavage of cate-
cholic compounds, play a key role in determining the
specificity of these pathways [36]. While such pathways
have been identified in a number of bacterial genera in-
habiting in soil, including Acinetobacter, Alcaligenes,
Azotobacter, Bacillus, Pseudomonas, Rhodococcus, and
Streptomyces, it remains unknown whether organisms
using these pathways are common in marine communi-
ties. The diversity of a ring-cleaving dioxygenase gene,
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pcaH, in a salt marsh bacterial community was assessed
by Buchan et al. [37]. Their study described the wide
distribution of aromatic compound degradation genes in
intertidal communities, especially among bacteria in the
Rosebacter group, suggesting that the ability to metabo-
lize aromatic compounds is widespread in marine envi-
ronments. Recently, pyrosequence analyses conducted by
Wang et al. [38] provided evidence that genes involved
in aromatic compound metabolism are concentrated in
the Atlantis II Deep brine pool in the Red Sea, suggesting
that in situ consumption of such compounds occurs in the
deep-sea environment.

Previous studies have shown that deep-sea microor-
ganisms are highly diverse, and that psychrophiles, ther-
mophiles, halophiles, and barophiles can be found in
deep-sea environments. The microorganisms found in the
deep sea are likely to be great sources of useful enzymes.
In this study, we found that a wide variety of microor-
ganisms, including those of marine lineage, are capable
of metabolizing lignin-related aromatic compounds, in-
dicating that the deep-sea environment holds great poten-
tial as a source of organisms that may be used in the
non-oxidative and oxidative bioconversion of aromatic
compounds.
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