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ABSTRACT The ability to biodegrade polycyclic aromatic hydrocarbons (PAHs) and the
catabolic enzymes responsible for PAH biotransformation in marine bacteria belong-
ing to the family Roseobacteraceae remain largely unexplored despite their wide
distribution and highly diverse physiological traits. A bacterial isolate within Roseo-
bacteraceae originating from coastal seawater, Sagittula sp. strain MA-2, that biotrans-
formed phenanthrene and utilized it as a growth substrate was found to possess
a putative PAH-degrading gene cluster on one of the eight circular plasmids in its
genome. Subsequent comprehensive investigations utilizing bacterial genomes in public
databases revealed that gene clusters potentially homologous to this newly found
cluster are widely but heterogeneously distributed within Roseobacteraceae and a few
non-Roseobacteraceae (Paracoccaceae and Rhizobiaceae) strains from saline environ-
ments. Catabolic functions of the enzymes encoded in strain MA-2 were predicted
through the profiling of phenanthrene biotransformation products by liquid chro-
matography-electrospray ionization high-resolution mass spectrometry and substrate
docking simulations using predicted three-dimensional structures of selected proteins,
and phenanthrene biodegradation pathways were proposed. Strain MA-2 appeared to
biodegrade phenanthrene via two separated, concurrent pathways, namely the salicylate
and phthalate pathways. This study serves as the first investigation into the functional
genes potentially responsible for PAH biodegradation conserved in Roseobacteraceae
bacteria, expanding scientific understanding of the physiological repertoire evolved in
this ubiquitous marine bacterial group.

IMPORTANCE The ocean is often characterized as the terminal destination for persistent
polycyclic aromatic hydrocarbon (PAH) environmental pollutants; however, the ability to
biodegrade PAHs and the corresponding enzymes conserved among marine bacteria are
less understood compared to their terrestrial counterparts. A marine bacterial isolate,
Sagittula sp. strain MA-2, belonging to the family Roseobacteraceae—a widely distributed
and physiologically diverse marine bacterial group—was found to possess a functional
gene cluster encoding enzymes potentially responsible for PAH biodegradation in
its genome and exhibit the ability to biodegrade the three-ring PAH, phenanthrene.
Intriguingly, gene clusters potentially homologous to this cluster were also distributed
broadly across genomes from different Roseobacteraceae genera in public databases,
which has not been previously investigated. The knowledge provided here expands our
understanding of the physiology of Roseobacteraceae and may be applied to explore
biotechnologically useful bacteria that contribute to the remediation of polluted marine
environments or high-salinity wastewater.

KEYWORDS Roseobacteraceae, Sagittula, polycyclic aromatic hydrocabons, biodegra-
dation, comparative genomics

January 2025 Volume 13 Issue 1

Editor Eva C. Sonnenschein, Swansea University,
Swansea, United Kingdom

Address correspondence to Jiro F. Mori,
morij@yokohama-cu.ac.jp.

The authors declare no conflict of interest.
See the funding table on p. 14.

Received 9 May 2024
Accepted 28 October 2024
Published 27 November 2024

Copyright © 2024 Abe et al. This is an open-access
article distributed under the terms of the Creative
Commons Attribution 4.0 International license.

10.1128/spectrum.01074-24 1


https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.01074-24&domain=pdf&date_stamp=2024-11-27
https://doi.org/10.1128/spectrum.01074-24
https://creativecommons.org/licenses/by/4.0/

Research Article

acterial biodegradation of polycyclic aromatic hydrocarbons (PAHs), which are
B ubiquitous and persistent environmental pollutants that possess acute toxicity
and genotoxicity, is driven through multiple steps of biotransformation catalyzed by
specialized enzymes that have evolved and are conserved in certain bacterial groups.
These enzymes are represented by aromatic ring-hydroxylating dioxygenases (ARHDs)
that catalyze the initial biotransformation processes by adding two oxygen atoms to the
aromatic rings (1, 2), and aromatic ring-cleaving dioxygenases (ARCDs) that cleave the
oxidized aromatic rings (3). Through genomic investigations of environmental bacteria
with PAH-degrading abilities, functional genes encoding these cooperative enzymes
have been identified to be conserved as gene clusters in their genomes (4). Past
studies investigating the bacterial PAH-degrading gene clusters have largely focused
on bacteria in terrestrial environments; the nah/pah genes in Pseudomonas spp. (5, 6), the
ahd/bph/phn genes in sphingomonads (7-9), and the nid genes in Mycobacterium spp.
(10, 11) have been found as conserved in each bacterial group and extensively character-
ized. These known functional genes have been utilized as biomarkers to explore and
identify bacterial players with PAH biodegradation abilities within bacterial communities
(12,13).

In marine environments, in contrast to terrestrial environments, bacterial PAH
biodegradation pathways and enzymes involved are not well understood. Despite this,
the ocean is frequently characterized as the terminal destination for PAH pollutants and
marine microorganisms are considered to play crucial roles in the elimination of these
pollutants (14, 15). The known enzymes responsible for the biodegradation of PAHs
in marine bacteria include the Nah enzymes found in Stutzerimonas stutzeri (formerly
Pseudomonas stutzeri; family Pseudomonadaceae) and the Phn enzymes from Cycloclas-
ticus spp. (family Piscirickettsiaceae); similar to bacteria from terrestrial habitats, genes
encoding these enzymes were identified forming gene clusters in their genomes (16,
17). Meanwhile, in the family Roseobacteraceae, one of the most commonly distributed
bacterial groups in marine environments comprising over 120 genera with highly diverse
physiological traits (18, 19), few cases of investigated PAH biodegradation abilities and
their enzymes involved have been reported. Past studies have revealed the possibility
that various bacterial genera within Roseobacteraceae contribute to PAH biodegradation
through co-metabolism or their activities as consortia (20-22); however, their abilities to
utilize PAHs as growth substrates have rarely been found. A bacterial strain belonging to
Roseobacteraceae, Celeribacter indicus strain P73, isolated from deep-sea sediment, was
characterized as capable of growing on fluoranthene, and its enzymes responsible for
fluoranthene biodegradation were proposed (23). It represents the only reported case of
a genomic investigation of Roseobacteraceae bacteria that biodegrade PAHs and grow on
them as the sole carbon source, to the best of our knowledge.

In the current study, a marine bacterium belonging to Roseobacteraceae, Sagittula
sp. strain MA-2 (JCM 36213), isolated from coastal seawater and whose complete
genome sequence was recently announced (24), was found to be capable of growing
on phenanthrene as the sole carbon source. Based on the results of genomic analyses
combined with the profiling of phenanthrene biotransformation products, functional
genes putatively involved in PAH biodegradation in strain MA-2 were identified. Through
further comprehensive investigations of bacterial genomes in public databases using the
genes identified in strain MA-2 as a model, this study aimed to clarify the conservation
and diversity of potential PAH-degrading genes within Roseobacteraceae, which has
received limited investigation to date.

RESULTS
Growth of strain MA-2 on phenanthrene as the sole carbon source

Sagittula sp. strain MA-2 was isolated from a marine bacterial consortium enriched with
phenanthrene and was repeatedly sub-cultured in artificial sea water (ASW) medium
with 50 mg L™ gentisic acid as the sole carbon source (24). When strain MA-2 cells were
inoculated into a new ASW medium containing 50 mg L™ phenanthrene as the sole
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FIG 1 Cell numbers in strain MA-2 cultures with 50 mg L™' phenanthrene as the sole carbon source

(circle; n = 3) or without carbon source (triangle; n = 3).

carbon source, an increase in cell numbers was observed. The initial cell count ranged
from 50,000 to 70,000 cells mL™" immediately after inoculation, reaching approximately
6.0 x 10° cells mL™" at the stationary phase after 120 hours of incubation (Fig. 1).
Taxonomic analyses revealed that strain MA-2 exhibited 99.8% 16S rRNA gene sequence
identity and 89.4% average nucleic acid identity (ANI) to Sagittula stellata E-37", placing it
within the genus Sagittula in the family Roseobacteraceae (Fig. 2).

Identification of the putative PAH-degrading gene cluster in the strain MA-2
genome

The genome of strain MA-2 comprised a single circular chromosome with a size
of 47 Mbp and eight circular plasmids ranging from 19.5 to 361 kbp in size (24).
The candidate functional genes involved in aromatic hydrocarbon biodegradation
were screened from the entire genome of strain MA-2 (summarized in Table S1).
As functional marker genes for PAH biodegradation, genes encoding four subu-
nits (large, small, ferredoxin, and ferredoxin reductase) of aromatic ring-hydroxylat-
ing dioxygenases were identified, exhibiting 47%-61% amino acid identities with
subunits of biphenyl 2,3-dioxygenase (BphAa-d) of Rhodococcus jostii RHA1 (Table
1). R. jostii RHA1 was previously demonstrated to transform different PAHs includ-
ing phenanthrene (25). These four genes were located within a gene cluster (IMG
gene ID 8019787688-8019787708) found on one of the eight plasmids (plasmid
p6; 162,034 bp; Fig. S1), and this gene cluster also included genes predicted to
encode enzymes involved in aromatic hydrocarbon biodegradation, such as BphB-like
dihydrodiol dehydrogenase (DDH), catechol 2,3-dioxygenase-like aromatic ring-cleav-
ing dioxygenase, Nah enzymes (NahD, NahE, and NahF) for phenanthrene/naphtha-
lene biodegradation, gentisate 1,2-dioxygenase (GDO), HbzF, and Nag enzymes (NagK
and Nagl) for gentisic acid biodegradation (Table 1; Fig. 3).

Consistent with the observed amino acid sequence homology to known PAH-degrad-
ing genes, reverse transcription-quantitative PCR (RT-qPCR) results indicated that the
expressions of genes encoding the large subunit of ARHD (ARHD-LSU), ARCD, and GDO
in this gene cluster were significantly upregulated when strain MA-2 cells were cultured
with 50 mg L' phenanthrene, showing 27.8- to 33.0-fold increases compared to when
the cells were cultured with glucose (Fig. 4).
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FIG 2 Neighbor-joining phylogenetic tree of 16S rRNA genes of strain MA-2 and selected reference
bacterial strains belonging to the families Roseobacteraceae (16 strains), Paracoccaceae (Thioclava
dalianensis DLFJ1-17), or Rhizobiaceae (two strains; Neorhizobium petrolearium DSM 26482" and Martelella
sp. AD-3). Strains previously reported to have the ability to grow on PAHs as the sole carbon source are
highlighted in boldface. Diamond symbols indicate strains identified to possess the PAH-degrading gene
cluster in their genomes (orange, type A; green, type B; blue, type C as shown in Fig. 3). The tree was
created with 1,000 bootstrap iterations, and values below 50% are not displayed.

Conservation of the putative PAH-degrading gene cluster of strain MA-2 in
other Roseobacteraceae strains

Comprehensive analyses of bacterial genomes in databases revealed that this putative
PAH-degrading gene cluster was highly conserved in genomes of five other Roseobac-
teraceae strains that do not belong to Sagittula (Salipiger aestuarii DSM 220117, S.
aestuarii 357, S. pentaromativorans P9', Puniceibacterium sp. IMCC21224, and Oceanicola
sp. MCTG156(1a)), exhibiting 77%-100% amino acid identities and the same order and
orientations of the genes (Fig. 3; Table S2), while this gene cluster was not found in all
other four Sagittula strains in public databases. Furthermore, potential homologs (with
35%-78% amino acid identities) of the genes contained in this gene cluster were also
identified in genomes across different Roseobacteraceae genera (Salipiger, Confluentimi-
crobium, Celeribacter, and Rhodovulum; Fig. 2), forming gene clusters with different gene
orders and orientations compared to the gene cluster in strain MA-2 (Fig. 3; Table S2).
These bacterial strains include C. indicus P73", a known PAH-degrading Roseobacteraceae
strain, and the gene cluster found in this strain was previously characterized to be
responsible for the biodegradation of PAHs including phenanthrene (23). Among the
Roseobacteraceae strains identified here, Salipiger aestuarii 357, Celeribacter persicus DSM
100434", and Rhodovulum sp. NI22 were previously reported to have the ability to grow
on PAHs (naphthalene, phenanthrene, and fluorene) as sole carbon sources, and some
other strains were also reported for their potential for PAH biodegradation (Table 2 and
references herein; (22, 26-32)). Based on these findings, the putative PAH-degrading
gene cluster identified in the strain MA-2 genome was considered to be shared within
different Roseobacteraceae genera, exhibiting ANI values ranging from 78.1% to 80.7%
with strain MA-2 (Table S3).

This gene cluster was further categorized into three sub-classes: types A, B, and C,
based on the order and orientations of the genes (Fig. 3). Among these three sub-classes,
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FIG 3 Putative PAH-degrading gene cluster shared in the genomes of Roseobacteraceae (10 strains), Paracoccaceae (Thioclava dalianensis DLFJ1-1"), and

Rhizobiaceae (two strains; Neorhizobium petrolearium DSM 26432" and Martelella sp. AD-3). The gene cluster was categorized into three sub-classes: types A, B,

and C. ARHD, aromatic ring-hydroxylating dioxygenase (L, large subunit; S, small subunit; F, ferredoxin subunit; R, ferredoxin reductase subunit); DDH, dihydrodiol

dehydrogenase; ARCD, aromatic ring-cleaving dioxygenase; and GDO, gentisate 1,2-dioxygenase.

the type B cluster was also found in genomes from at least three strains from differ-
ent families from Roseobacteraceae, i.e., Thioclava dalianensis DLFJ1-17 from Paracocca-
ceae (33) and Neorhizobium petrolearium DSM 26482" and Martelella sp. AD-3 from
Rhizobiaceae (Fig. 3; Table 2). These two Rhizobiaceae strains were both isolated from
petroleum-contaminated soil environments and reported to be capable of growing on
phenanthrene as the sole carbon source (34, 35). The type C cluster was only identified
in the genome of C. indicus P73", of which genes encoding GDO, Nag enzymes, and TRAP
transporters were separately located from other genes, thus forming two clusters (Fig. 3).

Phylogenetic characterization of ARHDs conserved in Roseobacteraceae

Phylogenetic characterization of the putative ARHD enzymes found in Roseobactera-
ceae genomes, based on the concatenated amino acid sequences of the large and
small subunits, indicated that the ARHDs from all the types A, B, and C gene clusters
shared >93% identities within the same type and >62% identities between different
types (Fig. 5). Further comparisons with experimentally verified PAH-degrading ARHD
enzymes from selected representative bacteria revealed that the ARHDs from Roseobac-
teraceae exhibited 49%-61% identities to the biphenyl dioxygenases (BphAaAb/BphAE/
BphA1A2) from polychlorinated biphenyl-degrading bacteria (R. jostii RHA1, Paraburkhol-
deria xenovorans LB400", and Pseudomonas furukawaii KF707") (25, 36, 37) and formed a
phylogenetically distant group from the other ARHD enzymes (up to 33% identities; Fig.
5).

Hypothetical phenanthrene biodegradation pathway in strain MA-2

In the strain MA-2 culture grown on 50 mg L™' phenanthrene, >99% of the phenanthrene
had been consumed by day 7 of incubation, as confirmed by HPLC analysis. Subsequent
high-resolution mass-spectrometry (HRMS) profiling of phenanthrene biotransformation
products detected and identified eight products (I-VIIl), and as shown in Table 3, the
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TABLE 1 List of functional genes included in the putative PAH-degrading gene cluster in the strain MA-2 genome

Microbiology Spectrum

IMG gene ID Predicted products Related aromatic hydrocarbon-degrading enzymes
(organism, UniProtKB ID, aa identity)
8019787688 NahE, trans-o-hydroxybenzylidenepyruvate hydratase-aldolase (331 NahE, trans-o-hydroxybenzylidenepyruvate hydratase-
aa) aldolase (Pseudomonas putida strains, POA144, 58.8%)

8019787689 NahD, 2-hydroxychromene-2-carboxylate isomerase (199 aa) NahD, 2-hydroxychromene-2-carboxylate isomerase
(Pseudomonas putida strains, Q51948, 41.7%)

8019787690 Aromatic ring-cleaving dioxygenase (301 aa) Catechol 2,3-dioxygenase (Rhodococcus opacus R7, 47.2%)

8019787691 Aromatic ring-hydroxylating dioxygenase ferredoxin reductase BphAd, biphenyl 2,3-dioxygenase ferredoxin reductase

subunit (408 aa) component (Rhodococcus jostii RHA1, Q0S032, 31.9%)

8019787692 Outer membrane protein (219 aa) -7

8019787693 Glutathione S-transferase (202 aa) -

8019787694 TRAP transporter TAXI family solute receptor (319 aa) -

8019787695 TRAP transporter 4TM/12TM fusion protein (654 aa) -

8019787696 NagK, fumarylpyruvate hydrolase (235 aa) NagK, fumarylpyruvate hydrolase (Ralstonia sp. strains,
086042, 46.6%)

8019787697 NagL, maleypyruvate isomerase (215 aa) NagL, maleypyruvate isomerase (Ralstonia sp. strains,
086043, 49.1%)

8019787698 Hydroxymethylglutaryl-CoA lyase (300 aa) -

8019787699 Acyl-CoA transferase (408 aa) -

8019787700 HbzF, maleylpyruvate hydrolase (285 aa) HbzF, maleylpyruvate hydrolase (Pseudomonas alcaligenes
strains, QOQFQ3, 57.0%)

8019787701 Cytochrome P450 (412 aa) -

8019787702 NahF, salicylaldehyde dehydrogenase (485 aa) NahF, salicylaldehyde dehydrogenase (Pseudomonas
putida strains, POA391, 59.8%)

8019787703 Dihydrodiol dehydrogenase (DDH) (275 aa) BphB, cis-2,3-dihydrobiphenyl-2,3-diol dehydrogenase
(Pseudomonas putida strains, P72220, 54.0%)

8019787704 Aromatic ring-hydroxylating dioxygenase ferredoxin subunit (110 aa) BphAc, biphenyl 2,3-dioxygenase ferredoxin component
(Rhodococcus jostii RHA1, Q53124, 47.1%)

8019787705 Aromatic ring-hydroxylating dioxygenase small subunit (186 aa) BphAb, biphenyl 2,3-dioxygenase subunit beta (Rhodococ-
cus jostii RHA1, Q53123, 61.0%)

8019787706 Aromatic ring-hydroxylating dioxygenase) large subunit (451 aa) BphAa, biphenyl 2,3-dioxygenase subunit alpha
(Rhodococcus jostii RHA1, Q53122, 59.1%)

8019787707 Gentisate 1,2-dioxygenase (350 aa) XInE, gentisate 1,2-dioxygenase (Pseudomonas alcaligenes
strains, Q9S3U6, 66.9%)

8019787708 2Fe-2S ferredoxin (109 aa) -

?—, not related to known aromatic hydrocarbon-degrading enzymes.

theoretical masses and observed masses were in high agreement (mass accuracy <
3.0 ppm in all cases; Table 3). Among these products, the identities of product Il
(1-hydroxy-2-naphthoic acid, TH2N), product Il (1,2-dihydroxynaphthalene), product VI
(2-carboxybenzaldehyde), and product VIII (phthalic acid) were further confirmed by
comparing their retention times with authentic standards (Table 3; Fig. S2). In addition,
the structures of product Il (1H2N) and product VI (2-carboxybenzalpyruvic acid) were
further examined and confirmed by HRMS high-energy collisional dissociation (HCD)
(Fig. S3).

Based on genomic information and the identification of biotransformation products,
the phenanthrene biodegradation pathway in strain MA-2 was proposed (Fig. 6). ARHD
and DDH are predicted to be responsible for the initial oxidation of phenanthrene,
followed by the ring cleavage of 3,4-dihydroxyphenanthrene by ARCD and transforma-
tion into o-hydroxynaphthyl-a-oxobutenoates (HNOBA, product 1) by NahD. HNOBA is
proposed to be further transformed by NahE and NahF into 1-hydroxy-2-naphthoic
acid (product Il). After TH2N, two separate pathways appeared to occur, known as
the salicylate pathway and the phthalate pathway (Fig. 6). The salicylate pathway is
initiated by the transformation of 1H2N into 1,2-dihydroxynaphthalene (product IlI).
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The enzyme catalyzing this reaction was not determined from the predicted proteins
of the gene cluster. Instead, a gene found in the main chromosome (IMG gene ID
8019784713) was annotated as encoding salicylate 1-hydroxylase (EC 1.14.13.1), which
was previously characterized as converting not only salicylic acid into catechol but
also the structurally analogous 1H2N into 1,2-dihydroxynaphthalene (38, 39), and it is
proposed to be responsible for the transformation of TH2N into 1,2-dihydroxynaphtha-
lene in strain MA-2. The enzymes responsible for the transformation of 3,4-dihydroxyphe-
nanthrene into TH2N putatively also transform 1,2-dihyroxynaphthalene into salicylic
acid via 2-hydroxybenzalpyruvic acid (product 1V) and salicylaldehyde (product V). The
downstream degradation pathway after salicylic acid is unknown; enzymes for gentisic
acid degradation may be involved in the downstream process into the TCA cycle. On
the other hand, the presence of 2-carboxybenzalpyruvic acid (product VI), 2-carboxyben-
zaldehyde (product VII), and phthalic acid (product VIlIl) suggested the occurrence of ring
cleavage of TH2N and transformation through the phthalic acid pathway. Ring cleavage
of TH2N is hypothetically catalyzed by gentisate 1,2-dioxygenase, which catalyzes the
ring cleave of gentisic acid that has an analogous structure to TH2N. The known genes
for phthalic acid degradation, such as phthalate 4,5-dioxygenase (EC 1.14.12.7), were
not found in the strain MA-2 genome. Consistently, additional growth tests indicated
that strain MA-2 was incapable of growing on phthalic acid as the sole carbon source;
however, it showed clear growth on salicylic acid and gentisic acid (data not shown).

Predictions of protein structures and substrate binding sites of ARHD, ARCD,
and GDO encoded by strain MA-2

To estimate the functions of the enzymes encoded in the putative PAH-degrading gene
cluster of strain MA-2, protein structural predictions and substrate docking simulations
were further carried out (Fig. S4). According to the simulation results, the theoretically
most favorable binding site for phenanthrene to the ARHD-LSU is located at the putative
active site close to the catalytic mononuclear iron, which is predicted to be coordinated
by residues of two histidines and a single aspartic acid. A similar model was previously
demonstrated in model ARHD (naphthalene 1,2-dioxygenase) from a Pseudomonas sp.
that biotransformed phenanthrene ([40]; deposited in Protein Data Bank, PDB, under
ID 2HMK). Structural prediction of the ARCD and docking simulation with 3,4-dihydroxy-
phenanthrene revealed that the substrate favorably binds into a pocket located close to
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TABLE 2 Summary of the bacterial strains found to possess the putative PAH-degrading gene cluster

Bacteria Isolation source PAH biodegradation capability confirmed IMG genome ID Reference
through bacterial cultivation tests (complete/draft)
Type A
Sagittula sp. MA-2 Coastal seawater, Japan Growth on phenanthrene as the sole carbon 8019782355 (24), this study
source (complete)
Salipiger aestuarii DSM 220117 Tidal flat, South Korea - 2615840712 (26)
(draft)
Salipiger aestuarii 357 Oil-polluted beach sand, Spain Growth on naphthalene as sole carbon source 2513237353 (27)
(draft) (28)
Salipiger pentaromativorans P9" Mangrove sediment, China Biodegradation of benzo[alpyrene on agar 8047621563 (29)
plates (draft)
Puniceibacterium sp.IMCC21224 Coastal seawater, Antarctica - 2648501741 -
(draft)
Oceanicola sp. MCTG156(1a) Coastal seawater, Scotland Biodegradation of phenanthrene on agar plates2579779169 (30)
(draft)
Type B
Confluentimicrobium naphthaleni-  Tidal-flat, South Korea Biodegradation of naphthalene in seawater 2830026743 (31)
vorans DSM 105040" (draft)
Celeribacter persicus DSM 100434 Mangrove forests, Iranian Persian Growth on fluorene and phenanthrene as the 2734482187 (22)
Gulf sole carbon source (draft)
Salipiger abyssi SY10-16 Shallow sea sediment, China - 3001913768 -
(draft)
Rhodovulum sp. NI22 Coastal seawater, Florida, USA Growth on naphthalene as the sole carbon 2645727736 (32)
source (draft)
Thioclava dalianensis DLF)1-1" Surface seawater, China - 2585427678 (33)
(draft)
Neorhizobium petrolearium DSM Oil-contaminated soil, China Growth on phenanthrene as the sole carbon 2738541324 (34)
26482" source (draft)
Martelella sp. AD-3 Highly saline petroleum-contami- Growth on phenanthrene as the sole carbon 2671180917 (35)
nated soil, China source (complete)
Type C
Celeribacter indicus P73" Deep-sea sediment from the Growth on fluoranthene as the sole carbon 2693429899 (23)
Indian Ocean source (draft)

-, unconfirmed.

the catalytic mononuclear iron, which is coordinated by residues of two histidines and
a single glutamic acid, of which a similar model was previously reported in the model
ARCD (catechol 2,3-dioxygenase) of Pseudomonas spp. ([41, 42]; PDB ID 1MPY). The
GDO of strain MA-2, which is hypothesized to catalyze the ring cleavage of 1-hydroxy-2-
naphthoic acid in addition to gentisic acid (Fig. 6), was subjected to substrate docking
simulations with gentisic acid and 1H2N. The results indicated that both substrates
preferably bind (simulated binding energies: —4.711 kcal/mol for gentisic acid and —5.020
kcal/mol for TH2N) into the binding pocket closely located at the catalytic mononuclear
iron, coordinated by three histidines, of which a similar model was previously reported in
GDO (Nagl) from Escherichia coli ([43]; PDB ID 2D40).

DISCUSSION

The enormous physiological diversity of Roseobacteraceae and their ability to adapt
to diverse environmental conditions are considered to be attributed to their genomic
plasticity, in other words, due to the frequent acquisition of ecologically relevant genes
via horizontal gene transfers (18, 44, 45). A marine bacterial isolate belonging to
Roseobacteraceae, Sagittula sp. strain MA-2, with eight circular plasmids in its genome
fully sequenced, represents an adequate model to study the functional genes potentially
exchanged among Roseobacteraceae. In the current study, strain MA-2 was proven to
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TABLE 3 Phenanthrene biotransformation products in the strain MA-2 cultures identified by liquid chromatography-high-resolution mass spectrometry analyses

Product Proposed identity Chemical [M-H]" Retention Retention time of Observed m/z Theoretical m/z Mass error
formula time (min) standards (min) (ppm)

| o-Hydroxynaphthyl-a-oxobutenoates Cy4H9O4 241 6.0 =1 241.0506 241.0506 —-0.1531

Il 1-Hydroxy-2-naphthoic acid Cqy1H;03™ 187 59 5.8 187.0396 187.0401 -2.4626

1l 1,2-Dihydroxynaphthalene CqioH70,~ 159 6.4 6.5 159.0451 159.0452 -0.4811

\% 2-Hydroxybenzalpyruvic acid CioH704~ 191 37 - 191.0349 191.0350 —0.6445

Vv Salicylaldehyde C/H50,™ 121 4.5 - 121.0293 121.0295 —-1.5594

Vi 2-Carboxybenzalpyruvic acid Cqy1H705 219 59 - 219.0303 219.0299 1.7901

Vil 2-Carboxybenzaldehyde CgHs03" 149 5.8 57 149.0242 149.0244 -1.3027

Vil Phthalic acid CgH504 165 4.4 4.1 165.0191 165.0193 -1.1700

?—, not analyzed.

be capable of biodegrading phenanthrene and growing on it as the sole carbon source,
which was not reported in other Sagittula strains in the past. Consistent with this, a gene
cluster putatively responsible for phenanthrene biotransformation was identified on one
of the eight plasmids of strain MA-2, and the transcriptional levels of the functional
genes in this cluster were observed to be significantly increased during phenanthrene
biodegradation (Fig. 4). This gene cluster was not found in the genomes of other
Sagittula strains in databases, including a complete genome from Sagittula sp. strain

98| ARHD, Sagittula sp. MA-2
59l ARHD, Oceanicola sp. MCTG156(1a)
100|- ARHD, Salipiger pentaromativorans P9"
ARHD, Salipiger aestuarii DSM 220117
100 ARHD, Salipiger aesturaii 357
ARHD, Puniceibacterium sp. IMCC21224
ol 100 ARHD, Neorhizobium petrolearium DSM 264827
| ARHD, Martelella sp. AD-3
ARHD, Rhodovulum sp. NI122
100 ARHD, Celeribacter persicus DSM 1004347 >93.9%
ARHD, Confluentimicrobium naphthalenivorans DSM 1050407
U 4g] ARHD, Salipiger abyssi SY10-16 49:5°61.20%
55' ARHD, Thioclava dalianensis DLFJ1-17
ARHD, Celeribacter indicus P73"
— BphAaAb, Rhodococcus jostii RHA1 22.8-32.6%
70l l: BphAE, Paraburkholderia xenovorans LB400T
100" BphA1A2, Pseudomonas furukawaii KF7077
BphA1A2b, Sphingobium yanoikuyae B1
BphA1A2a, Sphingobium yanoikuyae B1
@E BphA1A2f, Sphingobium yanoikuyae B1
PhnA1A2f, Sphingomonas sp. LH128
PhnA1A2, Cycloclasticus sp. A5
PhnAcAd, Alcaligenes faecalis AFK2
NahAcAd, Stutzerimonas stutzeri AN10
400 NagAcAd, Ralstonia sp. U2
66|  NahAcAd, Pseudomonas putida ND6
100~ PahAcAd, Pseudomonas putida OUS82
NidAB, Mycobacterium vanbaalenii PYR-1T

>95.4%

>62.6% —

100

8

©

58

95

—
0.10

FIG 5 Neighbor-joining phylogenetic tree of concatenated sequences of the large and small subunits of ARHDs from Roseobacteraceae (orange, type A; green,
type B; and blue, type C as shown in Fig. 3) and other representative PAH-degrading bacterial strains. NidAB (PAH dioxygenase) from Mycobacterium vanbaalenii
PYR-1"is included as an outgroup. The tree was created with 1,000 bootstrap iterations, and values below 50% are not shown.
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FIG 6 Proposed phenanthrene biodegradation pathways in strain MA-2 based on genomic infor-
mation and metabolites I-VIIl that were identified through liquid chromatography high-resolution
mass spectrometry analyses. Enzymes proposed to catalyze each reaction are indicated with colors
corresponding to the gene map shown in Fig. 3.

P11 (46). Among these Sagittula strains, S. stellata strain E-37 was claimed to be capable
of co-metabolically biodegrading pyrene and phenanthrene, although this strain was
also confirmed to be incapable of growing on these PAHs as sole carbon sources (21).
These facts further suggested that the putative PAH-degrading gene cluster uniquely
possessed by strain MA-2 enabled this strain to biodegrade phenanthrene and utilize it
as the growth substrate.

Comprehensive analyses of bacterial genomes in the databases further revealed that
gene clusters potentially homologous to this newly found putative PAH-degrading gene
cluster are found broadly across Roseobacteraceae genera. Similar to the Sagittula strains,
this gene cluster appeared to be heterogeneously distributed within each different
genus (Fig. 2), suggesting that the gene cluster was introduced into these different
Roseobacteraceae genera via horizontal gene transfers. Furthermore, one type (type B)
of the three sub-classes identified within this gene cluster was found in at least three
non-Roseobacteraceae strains, i.e., strains belonging to Paracoccaceae and Rhizobiaceae.
Among these three strains, Thioclava dalianensis DLFJ1-17 (Paracoccaceae) is a marine
bacterium isolated from surface seawater (33), and its capability of PAH degradation has
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not been investigated. Although the other two strains belong to Rhizobiaceae and both
originated from soil environments, Martelella sp. AD-3 was characterized as a halophilic
bacterium. It was isolated from petroleum-contaminated soil with high salinity and
was capable of biodegrading phenanthrene under 15% salinity (35). Another strain,
N. petrolearium DSM 264827, was also previously reported to be capable of growing
on phenanthrene under 8% salinity (34). These observations suggest that enzymes
encoded in this gene cluster have adapted to function under saline circumstances.
The type C gene cluster was identified only in the genome of a PAH-degrading bacte-
rium C. indicus P73", and the functions of the enzymes encoded in this gene cluster
in fluoranthene biodegradation were previously proposed (23). Intriguingly, this strain
was isolated from deep-sea sediment, while none of the other Roseobacteraceae strains
studied here originated from deep-sea environments (Table 2). This fact further raises the
hypothesis that the type C gene cluster has been conserved and evolved among bacteria
in deep-sea environments, while the other two types have been exchanged among
bacteria in coastal marine environments and even certain terrestrial environments with
high salinity, which requires larger comprehensive bacterial (meta)genomic investiga-
tions, especially from deep-sea environments, to prove this hypothesis.
1-Hydroxy-2-naphthoic acid is known as a common intermediate in bacterial
phenanthrene biodegradation, and the biotransformation of TH2N has been repeatedly
characterized as the limiting step preventing the growth of naphthalene-degrading
bacteria on phenanthrene (38). The cell yield of strain MA-2 grown on phenanthrene
appeared to be limited compared to other phenanthrene-degrading bacterial strains in
the literature, such as Martelella sp. AD-3, which was reported to exceed 1.0 x 10° cells
mL™" at the stationary phase when grown on phenanthrene (35). This growth limitation
may have been caused by transient accumulation of downstream compounds such
as TH2N. Based on the evidence obtained through HRMS profiling of phenanthrene
biotransformation products, strain MA-2 appeared to biodegrade phenanthrene via two
separated, concurrent pathways through TH2N, namely the salicylate pathway and the
phthalate pathway (47, 48) (Fig. 6). A similar phenomenon has been observed in other
bacterial genera, including Sphingobium, Pseudomonas, and Mycobacterium (49-51). In
Gram-negative bacteria, while enzymes responsible for the salicylate pathway biode-
gradation of phenanthrene have been extensively investigated, such as Nah enzymes
as representatives, enzymes involved in the phthalate pathway have not been suffi-
ciently characterized in the past. A known enzyme responsible for the key reaction
of the phthalate pathway, i.e., the ring cleavage of TH2N, is 1-hydroxy-2-naphthoate
1,2-dioxygenase Phdl (EC 1.13.11.38). It was first identified in a Gram-positive marine
bacterium Nocardioides sp. strain KP7 (52) and is widely conserved in PAH-degrading
Mycobacterium strains (10, 53). In strain MA-2, the ring cleavage of TH2N is hypothetically
catalyzed by the enzyme annotated as gentisate 1,2-dioxygenase (EC 1.13.11.4; Fig. 6;
Fig. S4), which exhibits 26.3% amino acid identity to Phdl from Nocardioides sp. strain
KP7. In fact, Phdl and GDO were previously characterized as sharing similar structures
that conserve a two-domain cupin composition (54, 55), thus further supporting our
hypothesis that GDO in strain MA-2 is responsible for the ring cleavage of TH2N. The
in silico protein structural predictions and substrate docking simulations conducted
in this study provided evidence supporting the hypothetical functions of targeted
proteins without the need for protein purification or establishment of bacterial mutants.
However, researchers previously have pointed to the inaccuracies and imperfections
of deep learning-based structural predictions in protein folding (56, 57). Therefore,
further experiments using purified proteins are required to fully prove their functions
and elucidate the detailed phenanthrene biodegradation pathway in strain MA-2.
Although strain MA-2 appeared to biodegrade phenanthrene down to phthalic
acid, genes encoding proteins related to the known enzymes to biotransform phthalic
acid were not determined in its genome, and it appeared incapable of utilizing
phthalic acid as a growth substrate. Interestingly, in the phenanthrene-enriched bacterial
consortium where strain MA-2 was isolated, the genus Thalassospira was identified
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as the dominant consortium member (Mori et al., unpublished data), and an isolate
of Thalassospira obtained from this consortium, strain GO-4, was previously character-
ized to grow on phthalic acid and its precursor 2-carboxybenzaldehyde in the consor-
tium, while incapable of degrading phenanthrene (58). Thus, Thalassospira likely grew
in the consortium under metabolic dependency on the phenanthrene biotransforma-
tion products released from co-existing Sagittula and contributed to the synergistic
biodegradation of phenanthrene. These observations enhance our understanding of
multi-species microbial PAH biodegradation in marine ecosystems, where the members
of Roseobacteraceae occasionally acquire PAH-degrading ability and potentially play
pioneering roles in PAH biodegradation. This enables other microorganisms to grow by
providing more bioavailable hydrocarbon substrates and may support the ecosystem.

In conclusion, this study provides genomic insights into a phenanthrene-degrading
Roseobacteraceae isolate, Sagittula sp. strain MA-2, identifying a putative PAH-degrading
gene cluster on one of its eight plasmids. Gene clusters potentially homologous to
this newly identified cluster are found widely but heterogeneously distributed among
Roseobacteraceae strains originating from coastal and deep-sea environments. Although
the current investigation was limited to a single bacterial strain and remains inferential
based on genomic evidence, the proposed phenanthrene biodegradation ability in strain
MA-2 may be potentially conserved in other Roseobacteraceae strains that possess the
gene cluster and shall require future investigation. Knowledge obtained in this study
may be applied to improve our understanding of biotechnologically useful bacteria and
their enzymes that contribute to the remediation of polluted marine environments or
high-salinity wastewater. Additionally, further investigations into the functional genes
present on the plasmids of strain MA-2 may allow us to discover yet-to-be-known
physiological abilities exchanged and conserved among Roseobacteraceae.

MATERIALS AND METHODS
Chemicals

Phenanthrene (98% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Gentisic acid (98% purity), phthalic acid (98% purity), salicylic acid (>99.5% purity),
N,N-dimethylformamide (DMF; >99% purity), and methanol (LC-MS grade) were
purchased from Wako Chemical (Osaka, Japan). 1-Hydroxy-2-naphthoic acid (>97%
purity) was purchased from Kanto Chemical Co. (Tokyo, Japan). 1,2-Dihydroxynaphtha-
lene (>95% purity) and 2-carboxybenzaldehyde (>98% purity) were purchased from
Tokyo Chemical Industries (Tokyo, Japan).

Bacterial isolation and growth condition

Sagittula sp. strain MA-2 was isolated from a phenanthrene-degrading marine bacterial
consortium that originated from the coast of Nojima, Yokohama, Japan (24), as part of an
ongoing study investigating aromatic hydrocarbon-degrading marine microorganisms
in the urban coastal area (58, 59). The strain MA-2 cells were cultured with 50 mg L™
gentisic acid as the sole carbon source in artificial sea water medium (60), with rotary
shaking at 150 rpm in the dark at 30°C, which was repeatedly sub-cultured once per
month. The growth capability of strain MA-2 on different carbon sources (phenanthrene,
salicylic acid, or phthalic acid; in DMF prior to addition) was tested by culturing with
50 mg L' of the selected substrates for 7 days and subsequently transferring bacterial
cells into a new medium containing the same carbon sources. Bacterial growth was
evaluated through visual inspection of turbidity and microscopic cell counting using
SYTO 13 nucleic acid staining (Thermo Fisher Scientific, Waltham, MA, USA) as described
previously (61).
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Genomic investigations of strain MA-2 and comparative genomic analyses

The complete genome sequence of strain MA-2 was announced in a previous report,
which included detailed methodological information on sequencing analyses and data
processing (24). The genomic DNA extraction for sequencing analyses was conducted
concurrently with the bacterial growth tests described above to maintain consistency
between their genomic features and growth capabilities. The ANI between the strain
MA-2 genome and reference bacterial genomes was determined using fastANI version
1.33 (62). Aromatic hydrocarbon biodegradation functional gene candidates in the
strain MA-2 genome were identified through orthology inference with experimentally
verified enzymes included in the Hydrocarbon Aerobic Degradation Enzymes and Genes
database (63) using SonicParanoid version 1.3.8 (64).

Transcriptional analysis of putative PAH-degrading genes by RT-qPCR

Reverse transcription-quantitative PCR was conducted to investigate the transcriptional
levels of genes encoding putative PAH-degrading enzymes of strain MA-2 under
exposure to the PAH, phenanthrene. Strain MA-2 cells pre-grown on 10 mM glucose
were collected during the exponential growth phase (at an ODggg of 0.10) by centri-
fugation, washed with fresh ASW medium, and resuspended in the same volume of
fresh ASW medium. The resuspended cells were divided into multiple flasks and further
incubated with either 50 mg L™ phenanthrene or 10 mM glucose (as the control) as
the sole carbon source. After 24 hours, bacterial RNA was extracted using the Nucleo-
Spin RNA kit (Macherey-Nagel, Diiren, Germany), and cDNA was synthesized through
reverse transcription using PrimeScript reverse transcriptase (Takara Bio, Otsu, Japan).
Quantitative PCR was performed on a qTOWER? G thermal cycler (Analytik Jena, Jena,
Germany) using innuMIX qPCR SyGreen Standard (Analytik Jena) and primer pairs for the
amplification of genes encoding the large subunit of ARHD (ARHD-LSU), ARCD, GDO, or
a replication initiation protein RepC—the repC gene, located on the same plasmid as the
putative PAH-degrading gene cluster, was selected as the internal reference. The newly
designed primer pairs used for RT-qPCR are listed in Table S4. Transcriptional levels of the
targeted genes were determined using the 22 method.

Identification of phenanthrene biotransformation products of strain MA-2 by
LC-HRMS

Phenanthrene biotransformation products produced by strain MA-2 were extracted from
the bacterial cultures that grew on 50 mg L' phenanthrene for 4 and 7 days, with
equal volumes of ethyl acetate at pH 7 and pH 2 by liquid-liquid extraction based upon
previous PAH extraction methods (65). The extract residues were resuspended in 1 mL
of methanol and chromatographically separated by using a Thermo Scientific Ultimate
3000 LC coupled to a Thermo Scientific model Q Exactive Focus hybrid quadrupole-Orbi-
trap mass spectrometer (liquid chromatography electrospray ionization high-resolution
mass-spectrometry, LC/ESI-HRMS) under conditions according to Sakai et al. (66) by using
an XSelect CSH C18 column (4.6 mm i.d. x 150 mm, 3.5 um particle size; Waters, Milford,
MA, USA) that was in-line with a Security Guard Cartridge System pre-column fitted with
a widepore C18 cartridge (Phenomenex, Torrance, CA, USA). The HRMS was equipped
with a heated electrospray ionization source and operated in negative electrospray
ionization mode, and the probe parameters were set for the sheath gas, auxiliary gas,
and sweep gas (all nitrogen) as follows: 45 arbitrary units, 10 arbitrary units, and 0
arbitrary units, respectively. The temperature of the probe heater was 300°C, the capillary
temperature was 350°C, the ion spray voltage was 2.0 kV, and the S-lens RF level was 50.
In full scan MS mode, ions were scanned over the range from m/z 115 to m/z 500, data
were acquired at a resolution of 35,000 FWHM, and the AGC was set to 1 x 10° ions for
a maximum injection time of 120 ms. Precursor ions were filtered by the quadrupole in
a 0.4 m/z isolation window and fragmented using HCD with stepped collision energies
of 10 and 20 eV (67). Thermo Scientific Xcalibur software version 4.1 was used for data
acquisition and processing.
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Protein structure prediction and substrate docking simulation

Three-dimensional structures of selected proteins encoded in the strain MA-2 genome
were predicted by using AlphaFold2 (68). The positions of nuclear metal ions within
these proteins were further predicted using Metal3D (69). Molecular docking simula-
tions of selected substrates to the predicted protein models were conducted using the
AutoDock Vina program (70, 71) on Chimera after structural optimizations of the target
proteins and ligands with the Dock Prep module. The best docking models, determined
by the lowest binding energy, were simulated and visualized using the PyMOL Molecular
Graphics System (version 2.0; Schrédinger, LLC).
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