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Porticoccus hydrocarbonoclasticus sp. nov., an Aromatic Hydrocarbon-
Degrading Bacterium Identified in Laboratory Cultures of
Marine Phytoplankton

Tony Gutierrez,2P< Peter D. Nichols,® William B. Whitman,® and Michael D. Aitken?

Department of Environmental Sciences and Engineering, Gillings School of Global Public Health, University of North Carolina, Chapel Hill, North Carolina, USA?; Lancaster
University, Lancaster Environment Centre, Lancaster, United Kingdom®; School of Life Sciences, Heriot-Watt University, Edinburgh, United Kingdoms; CSIRO Marine and
Atmospheric Research, Wealth from Oceans Flagship, Hobart, Tasmania, Australiad; and Department of Microbiology, University of Georgia, Athens, Georgia, USA®

A marine bacterium, designated strain MCTG13d, was isolated from a laboratory culture of the dinoflagellate Lingulodinium
polyedrum CCAP1121/2 by enrichment with polycyclic aromatic hydrocarbons (PAHs) as the sole carbon source. Based on 16S
rRNA gene sequence comparisons, the strain was most closely related to Porticoccus litoralis IMCC21157 (96.5%) and to mem-
bers of the genera Microbulbifer (91.4 to 93.7%) and Marinimicrobium (90.4 to 92.0%). Phylogenetic trees showed that the strain
clustered in a distinct phyletic line in the class Gammaproteobacteria for which P. litoralis is presently the sole cultured repre-
sentative. The strain was strictly aerobic, rod shaped, Gram negative, and halophilic. Notably, it was able to utilize hydrocarbons
as sole sources of carbon and energy, whereas sugars did not serve as growth substrates. The predominant isoprenoid quinone of
strain MCTG13d was Q-8, and the dominant fatty acids were C,¢.; ;76> Ci5:10070 @a0d C, .. DNA G+C content for the isolate was
54.9 = 0.42 mol%. Quantitative PCR primers targeting the 16S rRNA gene of this strain showed that this organism was common
in other laboratory cultures of marine phytoplankton. On the basis of phenotypic and genotypic characteristics, strain
MCTG13d represents a novel species of Porticoccus, for which the name Porticoccus hydrocarbonoclasticus sp. nov. is proposed.
The discovery of this highly specialized hydrocarbon-degrading bacterium living in association with marine phytoplankton sug-
gests that phytoplankton represent a previously unrecognized biotope of novel bacterial taxa that degrade hydrocarbons in the

ocean.

Polycyclic aromatic hydrocarbons (PAHs) are organic com-
pounds composed entirely of fused benzene rings and found
naturally occurring in coal, crude oil, and refined fossil fuels.
Based on their poor water solubility, toxicity, persistence, and po-
tential to bioaccumulate, these compounds are recognized as
high-priority pollutants in the environment and are of significant
concern for human health (1). PAHs can enter the marine envi-
ronment from various sources. In semiclosed estuarine areas and
in active tectonic zones, where burial of large amounts of organic
matter takes place, polyarenes (43) can form in diagenetic pro-
cesses at their fossilization (44). These areas act as point sources of
pyrogenic PAH input into the marine environment (35), as evi-
denced by the presence of these chemicals in sediments at high
concentrations where no apparent pollutant input occurs (34).
The sea surface, particularly along inhabited coastal areas, is gen-
erally prone to high levels of PAH input, such as from atmospheric
fallout, domestic and industrial effluents, land runoff, and oil spill
contamination. Upon their entry into marine surface waters, these
chemicals become subjected to various influences, both abiotic
(e.g., photolysis and chemical oxidation) and biotic (e.g., micro-
bial degradation), that determine their fate. Their ultimate re-
moval, however, is carried out by PAH-degrading bacteria, whose
activities are recognized as critical to the purging of the marine
water column and sediment (19, 58). Since these microorganisms
are the foundation of hydrocarbon remediation, a critical under-
standing of these processes is at the heart of designing successful
bioremediation methods.

There is compelling evidence in the literature suggesting that
phytoplankton play a significant role in the fate of PAHs and other
organic pollutants upon their entry into marine surface waters.
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For example, field studies performed in the Baltic Sea have shown
a high correlation between PAH removal and particulate organic
carbon, particularly along the coast and during the warmer
months corresponding to peaks in phytoplankton blooms (55,
56). In a study by Kowalewska (23), phytoplankton cells signifi-
cantly contributed to the transport of PAHs from the upper layers
of the Southern Baltic ecosystem to the sea floor by sedimentation.
Although the hydrophobic nature of PAHs (log K, = 3 to 8)
greatly limits their solubility in seawater, this property would fa-
vor their adsorption to marine particulate matter, including phy-
toplankton and detritus (11, 27). Kowalewska (23) quantitatively
demonstrated that different PAH compounds conferred different
correlation coefficients for binding to phytoplankton cells. Simi-
larly, Binark et al. (4) showed that cell surfaces of several marine
microalgae were capable of adsorbing up to 14 different types of
PAHs at relatively high concentrations. During periods of high
productivity, which lead to larger vertical fluxes of particles, eu-
trophication of the euphotic zone would be expected to enhance
the vertical transport of particle-associated pollutants (6, 31, 57).
This has potentially profound implications for the natural purging
of the marine water column and overall health of the ocean. There
is also evidence to suggest that phytoplankton may be a biogenic
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source of PAHs. Studies conducted in the 1960s to 1980s showed
that some microalgae possessed the ability to synthesize these
compounds (3, 16) and translocate them into the algal cell wall
(15,16, 38,59). More recently, two open-ocean sites were found to
contain a suite of chlorinated aromatic compounds and, based on
the global inventory and isomer distribution of this class of com-
pounds, these chemicals were proposed to be likely produced in
situ by marine microbes, such as phytoplankton (41).

Our understanding of the microbial diversity that contributes
to the degradation of PAHs and other toxic pollutants in the ocean
has progressed, but it remains far from complete. One area that
has received little attention in this respect is the bacterial commu-
nity associated with the cell surface layer, or phycosphere, of ma-
rine phytoplankton. Whether through biogenic synthesis or ad-
sorption from the surrounding seawater, the cell surface of
microalgal cells may act as a hot spot with which PAH-degrading
bacteria can associate. Supporting this concept, we recently iso-
lated two novel genera of bacteria from laboratory cultures of
marine phytoplankton that exhibit a preference for utilizing PAHs
as sole sources of carbon and energy (T. Gutierrez, D. H. Green,
P. D. Nichols, W. B. Whitman, K. T. Semple, and M. D. Aitken,
submitted for publication; T. Gutierrez, D. H. Green, W. B. Whit-
man, P. D. Nichols, K. T. Semple, and M. D. Aitken, submitted for
publication). In the present study, we report on the isolation and
characterization of another PAH-degrading bacterium, desig-
nated strain MCTG13d, from a nonaxenic laboratory culture of
the marine dinoflagellate Lingulodinium polyedrum CCAP1121/2.
Polyphasic analysis suggested that the strain belongs to the re-
cently described genus Porticoccus and may be classed as a putative
“specialist” PAH degrader based on its nutritional preference for
PAH compounds as sole carbon and energy sources. Using newly
designed PCR primers that target the 16S rRNA gene of strain
MCTG13d, we identified this organism in other cultures of ma-
rine phytoplankton. The isolation of PAH-degrading bacteria
from phytoplankton has only recently been discovered through
our work and raises important questions about the function of
these organisms in the ocean and their relationship with their
microalgal hosts.

MATERIALS AND METHODS

Algal strains and inoculum preparation. Nonaxenic laboratory cultures
of dinoflagellates, diatoms, and coccolithophores were obtained from the
Culture Collection of Algae and Protozoa (CCAP; Oban, Scotland) and
from the Center for Culture of Marine Phytoplankton (CCMP; Maine).
Table 1 lists the various strains and locations from where they were orig-
inally isolated. The strains were maintained in algal medium that is spe-
cific to their growth requirements and in temperature-controlled illumi-
nated incubators, per the supplier’s guidelines.

Enrichment experiments and isolation. To isolate PAH-degrading
bacteria, enrichment cultures were prepared using acid-washed (0.1 N
HCI), steam-sterilized glass test tubes (16 by 125 mm) fitted with screw
caps lined with aluminum foil to prevent PAH loss via adsorption. Stock
solutions (ca. 3,000 mg/liter) of phenanthrene, anthracene, fluorene, and
pyrene dissolved in acetone were prepared. Four sets of 6 test tubes each
were prepared containing one of each of the PAHs and 2.8 ml of ONR7a
medium (9). Another set of 24 culture tubes was prepared in the same way
with 2.8 ml of ZM/10 marine medium (10-fold dilution of 2216 marine
medium). All 48 test tubes were then inoculated with 200 ul of an expo-
nentially growing culture of L. polyedrum CCAP1121/2. Uninoculated
controls (24 tubes), acid-killed controls (6 tubes), and tubes that were
inoculated but without any added PAHs (6 tubes) were also prepared. All
84 test tubes were incubated in the dark with gentle shaking (100 rpm) at
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TABLE 1 Phytoplankton strains that were examined in this study

Algal strain® Origin
Dinoflagellates
Lingulodinium polyedrum Loch Creran, Argyll,
CCAP1121/2b< Scotland

Isochrysis sp. CCMP1324¢ Mataiva, Tahiti, South
Pacific Ocean

Heterosigma akashiwo CCMP1870¢ Long Beach, CA, USA

Diatoms

Pseudo-Nitzschia sp. CCAP1061/25¢ Loch Creran, Argyll,

Scotland

North Sea (approximate
location unknown)

Jakarta Harbor, Indonesia

Skeletonema costatum CCAP1077/1C¢

Thalassiosira weissflogii CCMP1587¢

@ Dinoflagellate and diatom strains were maintained on f/2 and /24 Si medium,
respectively (15a, 15b).

b Strain used for the enrichment and isolation of PAH-degrading bacteria.

¢ Strains screened by qPCR using primers that were designed and optimized in this
study for the targeted detection of strain MCTG13d.

21°C. PAH degradation was determined spectrophotometrically. The ini-
tial amounts of the PAHs in the respective tubes were 0.23 * 0.01 mg for
phenanthrene, 0.17 = 0.03 mg for anthracene, 0.22 = 0.0 mg for pyrene,
and 0.29 * 0.0 mg for fluorene.

To isolate PAH-degrading bacteria, 5-ul samples from each PAH in-
cubation were taken at 2 and 4 weeks and streaked onto ONR7a and
ZM/10 agar plates that were then sprayed with the respective PAH com-
pound used in the enrichments (22). The plates were stored in closed
plastic bags in the dark at room temperature. Colonies forming clearing
zones were picked, purified, and stored frozen at —80°C with the addition
of 20% (vol/vol) glycerol.

Laboratory cultures of the 6 phytoplankton strains examined in this
study were independently enriched with pyruvate and phenanthrene for
subsequent analysis of the target organism by quantitative PCR. Enrich-
ments were conducted in 50-ml Erlenmeyer flasks containing 10 ml of
algal medium used to maintain the strains (Table 1). When phenanthrene
was used, about 10.5 mg/liter (final concentration) was added per flask.
When pyruvate was used, it was added at 3,000 mg/liter per flask. Each
flask was then inoculated with a 1-ml inoculum of a phytoplankton strain
from cultures in mid- to late growth phase. The flasks were incubated in
the dark with gentle shaking (100 rpm) at 21°C. After 6 days, biomass was
collected from each incubation and whole DNA was extracted (51). At the
time of preparing these enrichments, biomass samples of all 6 phyto-
plankton strains were stored at —20°C for whole DNA extractions; these
were designated the “nonenrichments.” All DNA extracts were stored in
the freezer for subsequent analysis for DNA and 16S rRNA gene quanti-
fication of the target bacterial isolate.

Measurement of PAH degradation. A spectrophotometric method
was used to quantify the amount of each PAH in the enrichments. For this,
3 test tubes from each PAH incubation were sacrificed at 2 and at 4 weeks
for extraction with ethyl acetate (high-pressure liquid chromatography
[HPLC] grade). This was performed by adding 2 ml of ethyl acetate to
each tube and then vigorously shaking them by hand for 10 s and vortex-
ing them for 30 s. When emulsions formed between the aqueous and
nonaqueous phases, a few drops of saturated NaCl solution were added to
separate the two phases. Aliquots of the nonaqueous top layer were di-
luted with ethyl acetate in quartz cuvettes for spectrophotometric analysis
at 251 nm for phenanthrene, 356 nm for anthracene, 335 nm for pyrene,
and 261 nm for fluorene. The A5, A;5, Ass5, and A, values were con-
verted to concentrations of phenanthrene, anthracene, pyrene, and fluo-
rene, respectively, using the molar absorptivity coefficients 6.3 X 10%,
6.4 X 103, 4.83 X 104, and 2.27 X 10 liters mol~! cm~! (49).

Isolate characterization. Phenotypic and biochemical characteriza-
tion of strain MCTG13d was performed using cultures grown in ONR7a
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amended with acetate at 20°C in the dark, unless otherwise indicated. The
various microbiological tests, including those for Gram stain reaction,
oxidase and catalase, nitrate reduction, motility, phosphatase, gelatinase,
and lipase, were performed according to standard methods (13,28). Unin-
oculated medium and medium without an added carbon source were
used as controls where appropriate. All incubations were performed in at
least triplicate. Spectral and microscopic analysis (with Nile Blue) was
used to determine whether the cells accumulate poly-B-hydroxybutyrate
(PHB) granules (13). The Schaeffer-Fulton staining method was used for
the determination of endospore formation. The formation of indigo from
indole was tested on ONR7a agar medium amended with 2 mM indole, as
previously described (10). Growth on high-nutrient medium was evalu-
ated by streaking the cells onto R2A, ZM/10, and ZM/1 agar plates. To
determine the organism’s requirement for and tolerance to NaCl, the
organism was inoculated into ONR7a liquid medium amended with ace-
tate containing increasing concentrations of NaCl: 0.0, 1.0, 3.0, 6.0, 10.0,
15.0, and 20.0% (wt/vol). To determine the pH range for growth, ONR7a
amended with acetate was prepared with the following buffers: 25 mM
2-(N-morpholino)ethanesulfonic acid (MES), pH 5.5 to 6.5; 25 mM
TAPSO  {3-[N-Tris(hydroxymethyl)methylamino]-2-hydroxypropanesul-
fonic acid}, pH 7.5; 25 mM Tris base-Tris HC, pH 8.5 to 9.5. To determine
the temperature range for growth, cultures of ONR7a amended with acetate
were incubated at the following temperatures: 4, 10, 15, 20, 30, 37, and 45°C.

To determine whether different substrates could be used as sole
sources of carbon, representative aliphatic and aromatic hydrocarbons,
carbohydrates, and common metabolic intermediates were added at con-
centrations between 0.1 and 0.2% (wt/vol for solid substrates; vol/vol for
liquid substrates) to ONR7a liquid medium. These tests were also per-
formed using ONR7a agar medium. Due to their relative toxicity, some
substrates were added at lower concentrations or added to the lids of
plates. Substrates tested included glucose, fructose, mannitol, xylose, arab-
inose, pyruvate, acetate, methanol, salicylate, phthalate, hexane, pentane,
decane, n-hexadecane, phenanthrene, anthracene, fluorene, and pyrene.
Liquid cultures were incubated with gentle rotary shaking (100 rpm) in
the dark at 21°C under aerobic conditions, and growth was monitored
spectrophotometrically at 600 nm over 2 to 4 weeks. Uninoculated me-
dium and medium without an added carbon source were used as controls.
All incubations were performed in at least triplicate. Growth on the vari-
ous carbon sources was also evaluated on agar plates which were incu-
bated in closed plastic bags in the dark at 21°C, and the development of
colonies was observed over a period of up to 6 weeks. Growth on methane
was tested by inoculating ONR7a agar plates and placing them in a desic-
cator, after which 30% of the air atmosphere was replaced with methane.
Anaerobic growth was tested using ONR7a agar plates that were incubated
in a desiccator that was rendered oxygen free.

The cell morphology and motility of the isolate were observed using
transmission and scanning electron microscopy of cells that had been
grown in ONR7a amended with fluorene as the sole carbon and energy
source. For negative staining, bacterial suspensions were stained with 3%
ammonium molybdate (pH 7.0) (18), prior to viewing with an LEO
EMO10 transmission electron microscope (TEM) operating at 80 kV. Dig-
ital images were acquired using a Gatan Orius SC1000 charge-coupled
device (CCD) digital camera and 3.11.0 digital micrograph (Gatan, Inc.,
Pleasanton, CA). For preparing thin sections, glutaraldehyde fixation was
followed by postfixation with 1% OsO, before the samples were dehy-
drated gradually and embedded in Polybed 812. Sectioned samples (~100
nm) were then stained with uranyl acetate and lead citrate prior to visu-
alization with a JEOL 100CX TEM. For scanning electron microscopy,
glutaraldehyde fixation was followed by postfixation with 2% OsO,. After
critical-point drying, the cells were sputter coated with gold-palladium
and observed using a Hitachi 4700 FEG scanning electron microscope
(SEM).

The DNA G+C content was determined by HPLC (30). Fatty acid
profiles, obtained following extraction of biomass and methylation of the
total extractable lipids, were analyzed (32) from cells grown in ONR7a
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amended with fluorene and repeated for cells grown in ONR7a amended
with n-hexadecane for up to 12 days at 21°C. Isoprenoid quinones were
extracted from lyophilized cells, and the samples were purified and ana-
lyzed by the DSMZ Identification Service (Braunschweig, Germany).

16S rRNA sequencing and phylogenetic analysis. Total genomic
DNA was recovered using a Wizard genomic DNA purification kit (Pro-
mega, Madison, WI), according to the manufacturer’s instructions. The
16S rRNA gene was amplified by PCR with primers 27f (54) and 1492r
(24). The resulting product was then cloned into the plasmid PCR4-Topo
using the Topo-TA cloning kit for sequencing (Invitrogen, Carlsbad, CA).
The insert was sequenced with primers M13f, M13r, 338f, and 338r (2);
907f (25); and 907r (54) at the University of North Carolina Genome
Analysis Facility. Sequences were assembled using the program Se-
quencher 4.8 (Gene Codes Corp., Ann Arbor, MI). The consensus se-
quence was submitted to GenBank and checked for close relatives and
phylogenetic affiliation using the BLASTN search program and RDP-II
(8). The search results were used as a guide for tree construction. Addi-
tional related 16S rRNA sequences identified from the BLASTN and
RDP-II search were retrieved from GenBank. The CLUSTAL_X program
(50) was used to align the sequences and construct neighbor-joining trees
with TREEVIEW (WIN32) version 1.5.2 (37). The trees were boot-
strapped 1,000 times, and gaps in the alignment were ignored. To evaluate
dendrogram topology and confirm phylogenetic affiliation, sequences
were imported and automatically aligned in the ARB-SILVA SSURef 94
database (40) and manually refined taking into account the secondary
structural information of the rRNA molecule. Tree reconstruction was
performed using the neighbor-joining, maximum parsimony, and maxi-
mum likelihood methods and applying various filters.

Quantitative PCR primer design. 16S rRNA-targeted primers for
quantitative real-time PCR (qPCR) were developed to quantify the novel
MCTG13d isolate. The Probe Design and Probe Match tools of the ARB
software (40) were used to design primers that were specific for this se-
quence. The primers were named 13d_469F (5'-ACT GTC AGC CCT
GAC GTT-3') and 13d_637R (5'-CTA GTC AGA CAG TTC TGG-3").
Primer specificity was confirmed with the Probe Check tool of RDP-II.
The 13d_469F primer was complementary to five unclassified Gamma-
proteobacteria, four of which formed a phylogenetic cluster with strain
MCTG13d with a bootstrap value of 88% (1,000 replications). The
13d_637R primer was complementary to 103 unclassified Gammaproteo-
bacteria, one uncultured Dasnia strain, one uncultured Pseudomonas
strain, and one unclassified alphaproteobacterium. The optimal anneal-
ing temperature of the primer set (56°C) was determined using an Eppen-
dorf (Hauppauge, NY) Mastercycler gradient thermal cycler. The tem-
plate for construction of a standard curve for quantitative PCR was a
plasmid containing a representative sequence which had been linearized
using Pst] (New England BioLabs, Ipswich, MA) and purified using the
QIAquick nucleotide removal kit (Qiagen, Valencia, CA). The limit of
quantification for the target strain using these primers was five gene copies
per reaction. When threshold cycle (C;) values beyond the highest value
in the linear range of the standard curve (C; range, 12.2 to 34.0) were
measured, the gene was considered detected but below the quantification
limit of the assay. The amplification efficiency of the primers (39) was
determined to be 1.75. Further support for the specificity of the newly
designed primers for strain MCTG13d was evaluated by performing
qPCRs using DNA from nontarget organisms, including Escherichia coli,
Pseudomonas putida, and other marine strains isolated from some of the
phytoplankton species examined in this study (T. Gutierrez, D. H. Green,
P. D. Nichols, W. B. Whitman, K. T. Semple, and M. D. Aitken, submitted
for publication; T. Gutierrez, D. H. Green, W. B. Whitman, P. D. Nichols,
K.T. Semple, and M. D. Aitken, submitted for publication). The Cvalues
measured from these reactions (>36.0) were outside the limit of detec-
tion.

Quantitative detection of the isolate in phytoplankton cultures.
DNA extracted from the six nonaxenic laboratory cultures of phytoplank-
ton examined in this study (enriched and nonenriched) was quantified
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using a NanoDrop ND-3300 fluorospectrometer (Thermo, Waltham,
MA) and the Quant-iT Picogreen double-stranded DNA (dsDNA) kit
(Invitrogen, Carlsbad, CA). Measurements were performed on triplicate
DNA extracts. Identification of the target strain, MCTG13d, in these ex-
tracts was determined by qPCR as described previously (45).

Nucleotide sequence accession number. The 16S rRNA gene se-
quence of strain MCTG13d was deposited with GenBank under accession
number JN088732.

RESULTS

Enrichments and strain isolation. Enrichments were performed
with individual PAH compounds rather than a PAH mixture be-
cause of the possibility that competitive inhibition might occur
(47). Degradation of each of the four PAHs was measured during
incubation of nonaxenic Lingulodinium polyedrum CCAP1121/2
with the four different PAH compounds. For the enrichments
utilizing ZM/10 medium, the amounts of phenanthrene, anthra-
cene, and pyrene degraded after 4 weeks were 31.9% * 5.1%,
40.1% = 10.0%, and 10.1% * 2.1% of the total initial amount
added, respectively. No degradation of fluorene was measured in
these enrichments. For enrichments utilizing ONR7a medium,
the amounts of phenanthrene and fluorene degraded after 4 weeks
were 16.1% = 3.5% and 23.7% = 2.2%, respectively. No degra-
dation of anthracene or pyrene was detected in incubations using
ONR7a medium. Uninoculated controls showed no significant
loss of PAHs.

Agar plates that were streaked from these enrichments yielded
several isolates that formed clearing zones on PAH-sprayed agar
plates. Forty-eight colonial morphotypes were picked and trans-
ferred to obtain pure cultures. One isolate developed large pale
yellow-green colonies surrounded by clearing zones on ONR7a
agar plates sprayed with different PAHs. This isolate did not yield
any growth on ONR7a medium without any added carbon source.
The isolate was designated strain MCTG13d and selected for fur-
ther study.

Phenotypic and biochemical characterization. An evalua-
tion of different medium types revealed that ONR7a amended
with a carbon source (e.g., acetate, fluorene, phenanthrene, or
n-hexadecane) satisfied the specific nutritional requirements of
this fastidious strain. Other media that are often used to grow
marine strains, such as R2A and marine medium 2216 (Difco), did
not support growth of strain MCTG13d. On ONR7a agar plates
amended with acetate, colonies were small (0.5 to 2 mm in diam-
eter), round, and nonpigmented after 2 weeks. On ONR7a agar
sprayed with a PAH compound (e.g., phenanthrene, anthracene,
fluorene, or pyrene), the colonies that formed were larger (4 to 7
mm in diameter) with rough surfaces, were pigmented green-
yellow, were slightly raised with undulate margins, and displayed
discernible clearing zones, which was evidence of PAH degrada-
tion. The strain displayed a narrow nutritional spectrum with a
preference for assimilating hydrocarbon substrates. The following
served as sole carbon sources for growth: fluorene, anthracene,
pyrene, phenanthrene, n-hexadecane, indole, and acetate. No
growth was observed on the following as sole sources of carbon:
mannitol, fructose, glucose, xylose, arabinose, decane, hexane,
pentane, pyruvate, methanol, and methane.

Cells of strain MCTG13d were short to long, non-spore-
forming slightly bent rods, 1.0 to 2.0 by 0.5 to 0.6 wm in average
size (Fig. 1). They stained Gram negative, contained intracellular
inclusion bodies and few surface blebs, and were motile by means
of a single polar monotrichous flagellum (Fig. 1). Cells stained
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with Nile Blue and viewed under the epifluorescence microscope
revealed the presence of numerous intracellular fluorescent gran-
ules (size range, 0.2 to 0.5 wm). Spectral analysis, however, indi-
cated that these were not poly-B-hydroxybutyrate granules. Strain
MCTG13d was obligately aerobic and both catalase and oxidase
positive. The strain grew at temperatures ranging from 10 to 37°C
(optimal, 15°C) and at pH values ranging from 6.5 to 9.0 (optimal
pH, 8.0). The strain was negative for lipase (Tween 80) and the
hydrolysis of agar and gelatin. The strain was positive for phos-
phatase activity. The strain exhibited slight halotolerance, since it
grew in medium containing NaCl concentrations up to 6%, al-
though growth was markedly reduced in the absence of NaCl. No
growth was measured at 10% NaCl.

Table 2 shows the fatty acid (derived from the total extractable
lipid) profiles of strain MCTG13d and its closest relative, Porticoc-
cus litoralis IMCC2115". The dominant fatty acids for strain
MCTG13d were Cyg.1 070 Cigiwre and Cyg,, with these fatty acids
accounting for 88.8% of total fatty acids. The following fatty acids
were detected as minor components (1 to 5%): C;7.1us0 Cis:1wo0
and C, 4., accounting for 8.1% of total fatty acids. The predomi-
nant isoprenoid quinone for strain MCTG13d was Q-8. The DNA
G+C content for the isolate was 54.9 = 0.4 mol%.

Phylogenetic analysis. An almost complete sequence of the
16S rRNA gene (1,503 bp) was obtained for strain MCTG13d.
From a BLASTN analysis, strain MCTG13d was most closely re-
lated to Porticoccus litoralis IMCC2115T (96.5% sequence iden-
tity), which originated from coastal surface seawater in the Yellow
Sea, South Korea. The next closest cultivated relatives included
members of the Microbulbifer (91.4 to 93.7%) and Marinimicro-
bium (90.4 to 92.0%) genera. These and other related sequences
were used to construct the neighbor-joining tree (Fig. 2). The
affiliation of strain MCTG13d with the genus Porticoccus was sup-
ported by a moderate bootstrap value of 85%. Using the RDP-II
Classifier tool (52) with a confidence threshold of 80% indicated
the novel strain to be an unclassified member of the family Altero-
monadaceae. Further analysis revealed that strain MCTG13d was
distinctly grouped within a clade of mainly uncultivated bacterial
clones that lies adjacent to the OM60 clade, represented by strain
HTCC2080 (7), and the SAR92 clade, represented by strain
HTCC2207 (46). The only cultured representative within this
clade is Porticoccus litoralis IMCC2115". To clarify the phyloge-
netic position of strain MCTG13d, tree construction was per-
formed with the neighbor-joining, maximum parsimony, and
maximum likelihood methods. In all cases, the position of strain
MCTG13d was distinct within this clade, which comprised Porti-
coccus litoralis IMCC21157T as the only cultured organism, and a
few hundred uncultured clones that included the representative
bacterial clones D53 (60) and ELB16-080 (14).

Quantitative detection of strain MCTG13d in phytoplank-
ton cultures. Primers used for gPCR that targeted the 16S rRNA
gene of strain MCTG13d were developed to determine whether
various nonaxenic laboratory cultures of phytoplankton (Table 1)
harbor this novel PAH degrader. Four phytoplankton strains
(CCAP1121/2, CCAP1061/25, CCMP1324, and CCMP1587), out
of six that were analyzed, contained MCTG13d and possibly other
Porticoccus-related bacteria (Fig. 3). However, based on the quan-
tification limit for the gPCR assay, the abundance in only three of
these strains (i.e., CCAP1121/2, CCAP1061/25, and CCMP1324)
could be reliably measured. As expected, strain MCTG13d was
abundant in L. polyedrum CCAP1121/2, from which it was iso-
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FIG 1 Transmission (negative staining, A to D) and scanning (E and F) electron micrographs of strain MCTG13d. Cells contain a single polar monotrichous
flagellum (A) attached to the cell membrane and apparently unsheathed (B and inset). Many cells were found to be packed with inclusion bodies (C) that
fluoresced when viewed under the epifluorescence microscope (not shown). Thin sections show a cell envelope and cell membrane that are typical of Gram-
negative bacteria (D). Cells picked from colonies growing on ONR7a agar with fluorene show cells among crystals of fluorene (E). Blebs exuding from the cell
surface were observed on some cells (F).
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TABLE 2 Cellular fatty acid composition of strain MCTG13d and its
closest relative Porticoccus litoralis IMCC2115™?

% of total fatty acids in strain:

Fatty acid MCTG13d" IMCC2115"
Ci103-OH — 1.4
Is0-C; 5. — 3.7
Anteiso-C, s, — 67.6
Creo 27.8 6.9
Cigrare 315 -
Iso-C;5. — 3.9
Anteiso-C, .o — 14.4
Cirtose 4.0 1.8
Ciso 1.3 1.3
Ciswre 29.5 -
Cigrwoe 2.8 -
Is0-Cjq, — 1.2
Anteiso-C, .o — 3.2

@ Double bond position not specified in the work of Oh et al. (36).

b Lipid extraction of biomass followed by methylation of the total extractable lipids was
used for strain MCTG13d, with whole-cell methylation protocols used for strain
IMCC21157. The latter also recovers lipopolysaccharide-derived OH fatty acids. Values
are percentages of the total fatty acids; components that represented <19% in all strains
were not included; —, fatty acid not detected. Data for strain IMCC2115T were from
the work of Oh et al. (36).

lated. Except for strain CCMP1061/25, the 16S rRNA gene copy
number of MCTG13d was higher for the other three phytoplank-
ton strains after they had been incubated on phenanthrene. For
CCMP1061/25, the abundances of MCTG13d genes were similar
for cultures incubated with and without phenanthrene.
MCTG13d was below the quantification limit in CCMP1324 in-
cubated with and without pyruvate, and in CCMP1587,
CCMP1870, and CCMP1077/1C under all three incubation con-
ditions tested (not shown for the latter two).

DISCUSSION

A novel bacterium, strain MCTG13d, was isolated from a labora-
tory culture of the marine dinoflagellate L. polyedrum
CCAP1121/2 which displays a nutritional preference for utilizing
hydrocarbons as growth substrates. Strain MCTG13d is a member
of a phylogenetic clade that lies adjacent to the OM60 and SAR92
clades. Except for P. litoralis IMCC21157, this clade is almost en-
tirely represented by uncultivated bacteria. Strain MCTG13d is a
strictly aerobic, rod-shaped bacterium that stains Gram negative
and is a halophile.

Physiology and ecology. Recently, two novel genera of PAH-
degrading bacteria were isolated from marine phytoplankton,
Polycyclovorans algicola TG408™ (T. Gutierrez, D. H. Green, P. D.
Nichols, W. B. Whitman, K. T. Semple, and M. D. Aitken, submit-
ted for publication) and Algiphilus aromaticivorans DG12537 (T.
Gutierrez, D. H. Green, W. B. Whitman, P. D. Nichols, K. T.
Semple, and M. D. Aitken, submitted for publication), for which
the latter is proposed to represent a novel family. An investigation
of their metabolic versatility revealed that, like strain MCTG13d,
these organisms all share the ability to utilize hydrocarbons over
other naturally occurring organic substrates as sole sources of car-
bon and energy. Hence, these organisms may be classed as special-
ist hydrocarbon degraders. It is not presently clear why these PAH
degraders have not been identified in previous studies. It may be
inferred that they have hitherto eluded cultivation because they
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occupy a specific biotope in the ocean (i.e., the phycosphere of
phytoplankton) which has been poorly investigated in this re-
spect. In addition, these organisms confer a narrow nutritional
spectrum, with an apparent exclusive requirement for hydrocar-
bons as growth substrates, and are therefore difficult to isolate and
cultivate. The application of targeted approaches for the cultiva-
tion of these organisms from phytoplankton, as performed in this
and our earlier work, has revealed novel genera of specialist hy-
drocarbon degraders. To our knowledge, PAH-degrading bacteria
specifically associated with phytoplankton have not been previ-
ously investigated.

Strain MCTG13d displays a narrow nutritional spectrum, uti-
lizing hydrocarbons, such as PAHs, and a few other compounds as
growth substrates. Notably, it is unable to grow on sugars, which is
a key feature that distinguishes it from its closest relatives Porti-
coccus, Microbulbifer, and Marinimicrobium, all of which are capa-
ble of utilizing sugars as growth substrates. Since MCTG13d was
able to grow in medium containing NaCl concentrations up to 6%
(wt/vol), this strain is therefore a slightly halotolerant and slightly
halophilic bacterium and can be considered a marine strain (26).
As it was unable to grow in typical marine medium, such as that
amended with yeast extract and/or peptone, MCTG13d can be
classed as a fastidious specialist hydrocarbon degrader, with a
physiology acclimated for life under oligotrophic conditions in
the ocean. Further work, however, will be needed to better under-
stand how this organism responds to changes in its environment.

As far as we know, bacteria that specialize in degrading hydro-
carbons have been isolated only from the marine environment
(19). These hydrocarbon specialists are found distributed
throughout the world’s oceans and play a significant global role in
the natural attenuation and mineralization of these compounds
(12, 21, 58). In oil-impacted environments, they are strongly se-
lected for and successively increase in numbers from nearly unde-
tectable levels to levels constituting up to 70 to 90% of the total
bacterial population (17, 29). With respect to specialist PAH de-
graders in the ocean, our knowledge of these organisms has hith-
erto been limited to members that comprise the genera Nep-
tunomonas and Cycloclasticus. The discovery of novel PAH
degraders living associated with phytoplankton brings to light the
possible role of algal-bacterial associations in the natural purging
of sites contaminated with hydrocarbons in the ocean. It is not
clear to us at present what type of association these PAH-
degrading bacteria might share with their algal hosts, though we
can postulate that the degradative capacity of these bacteria is
likely to benefit the algae by reducing the chemical toxicity of
PAHs at the phycosphere.

Using newly designed qPCR primers targeting the 16S rRNA
gene of MCTG13d, we confirmed the laboratory cultures of
CCAP1121/2, CCAP1061/25, and CCMP1324 to harbor this
novel PAH-degrading bacterium. For CCMP1587, the gene copy
number of MCTG13d was just below the quantifiable limit. It is
noteworthy that although a value for gene copy number was mea-
sured for this algal strain, albeit below the detection limit, this was
from an incubation of the algal culture on phenanthrene— one of
MCTG13d’s preferred growth substrates. This result could sug-
gest that this bacterium is associated with CCMP1587 at very low
cell numbers and that a longer incubation time on phenanthrene
may have yielded sufficiently higher cell numbers (equating to
higher gene copies) that may then have been quantifiable by our
qPCR assay. Since the maintenance of these phytoplankton cul-
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FIG 2 Neighbor-joining phylogenetic tree, based on 16S rRNA gene sequences (>1,200 bp), showing the relationships between strain MCTG13d and repre-
sentatives of related taxa. Bootstrap values (expressed as percentages of 1,000 replications) of >50% are shown at each node. GenBank accession numbers are
shown in parentheses. Bar, 1 substitution per 100 nucleotide positions. The maximum parsimony and maximum likelihood trees showed essentially the same

topology (data not shown).

tures in the laboratory has not involved amendment with hydro-
carbons, the association of MCTG13d with these algae cannot be
explained by laboratory enrichment. Considering that laboratory
cultures of phytoplankton represent a snapshot of the bacterial
community associated with the algal cells at the time of their iso-
lation (20) and that many of these cultures have been maintained
for years and even decades in the laboratory, MCTG13d can be
considered to be a member of the indigenous bacterial flora asso-
ciated with CCAP1121/2, CCAP1061/25, and CCMP1324 in
which this bacterium was quantifiably detected.
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The enrichments of L. polyedrum CCAP1121/2 incubated on
the four different PAHs revealed that this algal strain harbors a
diverse community of associated PAH-degrading bacteria. Photo-
synthetically enhanced biodegradation of toxic aromatic pollut-
ants has been demonstrated using artificial algal-bacterial consor-
tia (5, 33, 42, 53). However, there is little known about these
processes in natural algal-bacterial assemblages. In a recent report
by Teira et al. (48) investigating the influence of PAH concentra-
tions and seasonal variations on the abundance of Cycloclasticus in
seawater samples taken from the middle Ria de Vigo (Spain), a
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FIG 3 Abundance of strain MCTG13d 16S rRNA genes in phytoplankton
species enriched with pyruvate (PYR-enrichment), phenanthrene (PHE-
enrichment), or no added carbon source (non-enriched). Bars are the average
and standard deviation of triplicate qQPCRs measuring the abundance of
MCTG13d-specific 16S rRNA genes per ng DNA. Phytoplankton strains: Lin-
gulodinium polyedrum CCAP1121/2; pseudo-nitzschia CCAP1061/25; Isochry-
sis sp. CCMP1324; Thalassiosira weissflogii CCMP1587. Asterisks represent
values that were below the quantification limit (<5 gene copies per reaction)
of the assay, which varied based on template DNA concentration per reaction.

correlation between periods of phytoplankton activity and an in-
crease in the numbers of Cycloclasticus and PAH degradation was
demonstrated. The generation of oxygen by the algae has been
postulated as a mechanism to enhance the bacterial degradation of
the hydrocarbons in these studies. However, a critical assessment
to explain the role of the algae in the degradation process has not
previously been made.

Interestingly, strain MCTG13d and the other novel PAH de-
graders that we have identified from phytoplankton are not well
represented in the current pool of 16S rRNA sequence data that
are currently available (i.e., in the GenBank and RDP databases).
Based on the information that we already know about these or-
ganisms—i.e., association with phytoplankton and growth under
nutrient-limited conditions—it may be inferred that their exis-
tence in the marine environment is confined to a life associated
with certain species of phytoplankton and in low abundance rem-
iniscent of background populations of oligotrophic planktonic
bacteria. Events that can lead to the eutrophication of its sur-
rounding environment (e.g., an oil spill) might be expected to
negatively impact this organism, at least to possibly negate its abil-
ity to undergo cell division. More work, though, will be needed to
more fully understand their association with their eukaryotic
hosts, as well as their function and ecology in the wider context of
oil degradation in the ocean. The demonstration that laboratory
cultures of phytoplankton are a source of novel PAH-degrading
bacteria should encourage more detailed study of these organisms
and their occurrence with different species of phytoplankton
comprising the different lineages, as well as to investigate the di-
versity of PAH degraders associated with natural algal-bacterial
communities in the ocean.

Taxonomy. Phylogenetic analysis revealed that strain MCTG13d
belongs to a distinct phyletic line in the class Gammaproteobacteria which
is represented by a clade of mainly uncultivated bacteria. Hitherto, this
clade has been defined by just one cultivated type strain, Porticoccus
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litoralis IMCC2115"7 (36). Based on 16S rRNA analysis,
IMCC2115T was found to be the closest relative to MCTG13d
(96.5% sequence identity). Hence, phylogenetic inference did not
strongly support the assignment of strain MCTG13d into a sepa-
rate genus. Strain MCTG13d, therefore, warranted further char-
acterization in order to determine its affiliation or assignment as a
new bacterial taxon. As shown in Table 2, there are clear differ-
ences between the fatty acid profiles of strain MCTG13d and its
closest relative, P. litoralis IMCC2115™. These and other pheno-
typic and biochemical differences that can be used to delineate
strain MCTG13d from IMCC2115T are shown in Table 3. Several
fatty acids were found in strain IMCC21157T that were absent in
MCTG13d. Notably, two of the three major fatty acids of strain
MCTGI13d (i.e., C,4.107c and Cq.1,7.) Were not present in P. lito-
ralis IMCC2115". Other features distinguishing between the two
strains include differences in cell shape, their differential capacity
to utilize sugars, their NaCl requirement for growth, and a differ-
ence in their DNA G+C content.

Based also on 16S rRNA identity, members belonging to the
genera Microbulbifer and Marinimicrobium are the next closest
relatives to MCTG13d (90.4 to 93.7% sequence identity). How-
ever, important phenotypic and biochemical properties can be
used to distinguish MCTG13d from these other genera. For exam-
ple, one of the major fatty acids in MCTG13d was C,,, 7. which
is either absent or found in low abundance (<5.4%) in members
of the genus Microbulbifer. All members of Microbulbifer contain
i50-C,s,y (5.7 to 43.5%), is0-C,,.,; (6.5 to 23.0%), C,5,, (0.7 to
6.4%), C,7., (0.2 t0 9.7%), is0-C, ., (0.9 to 13.5), and C,4,, cyclo
(0.5 to 5.3), whereas these acids were not identified in strain
MCTG13d. Members belonging to the genus Marinimicrobium
contain cyclo C, .95 as a major fatty acid, whereas this acid was
not identified in strain MCTG13d. Except for Microbulbifer mari-
nus and Microbulbifer yueqingensis, all members of Microbulbifer,
as well as all members of Marinimicrobium, require NaCl for
growth, whereas MCTG13d can grow in the absence of NaCl.

TABLE 3 Key phenotypic characteristics that differentiate strain
MCTG13d from its closest relative, Porticoccus litoralis

IMCC21157 (36)*
Characteristic Strain 1 Strain 2
Cell morphology Rod Coccus
Flagellation Single polar flagellum No flagella
Optimal pH for growth 7.5-8.5 7.0-8.0
pH range for growth 6.5-9.0 5.0-11.0
Temp range for growth (°C) 10-37 15-42
Optimal growth temp (°C) 15 20-25
Maximum NaCl concn (%) 6.0 5.0
at which growth occurs

NaCl range for growth (%) 0.0-6.0 1.5-5.0
Nitrate + -
Catalase activity + -
Utilization of

Mannitol - +

Fructose - +

Glucose - +

Arabinose - +
Indole production + -
DNA G+C (mol%) 54.9 47.8
Major fatty acids (% of total) Cigrwre 31.5), Cigiiwre ai-C5,0" (67.6), ai-C, .,

(29.5), Cy6,0 (27.8) (14.4)

« >

@ The abbreviation “ai” denotes anteiso methyl branching.

b Strains: 1, strain MCTG13d; 2, Porticoccus litoralis IMCC2115™. +, positive; —,

negative.
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Unlike MCTG13d, all members of these genera are able to grow on
sugars as well as on nutrient-rich marine medium. The optimum
growth temperature for members of Microbulbifer is =25°C,
whereas that for MCTG13d was found to be considerably less at
15°C. Unlike MCTG13d, all species of Microbulbifer are unable to
produce indigo.

Based on polyphasic analysis, strain MCTG13d is distinct from
any previous reported bacterial isolate and represents a new spe-
cies of the genus Porticoccus, for which we propose the name Por-
ticoccus hydrocarbonoclasticus.

Description of Porticoccus hydrocarbonoclasticus sp. nov.
Porticoccus  hydrocarbonoclasticus  (hy’dro.car.bo.no.clas'ti.cus.
M.L. part. adj. hydrocarbonoclastic, hydrocarbon dismantling).
Cells are Gram-negative motile rods (1.0 to 2.0 by 0.5 to 0.6 um)
with a single polar flagellum. Colonies are pale yellow-green,
slightly raised with undulate margins on defined (ONR7a) me-
dium amended with a hydrocarbon substrate. Oxidase and cata-
lase positive. Lipase and gelatinase negative. Phosphatase activity
is positive. Reduction of nitrate to nitrite is positive. Many cells
harbored intracellular granules that fluoresced after staining with
Nile Blue, although these were not accumulation of PHB. Cells do
not form endospores, and some formed blebs at the cell surface.
The cells are strictly aerobic. They exhibit a narrow substrate spec-
trum, showing a preference for utilizing hydrocarbons, including
phenanthrene, anthracene, pyrene, fluorene, and n-hexadecane,
as sole or principal sources of carbon and energy. Methane and
methanol are not utilized as a sole carbon source. Growth is ob-
served on acetate. Sugars are not utilized. The strain does not
require Na* or other special nutrition for growth. Growth occurs
at 10 to 37°C (optimum, 15°C) and at pH 6.5 t0 9.0 (optimum, 7.5
to 8.5). Growth is detected at 0 to 6% NaCl. The major fatty acids
are Ci.1 070 Cigwro and Cy 4.0 The predominant isoprenoid qui-
none is Q-8. The DNA G+C content of the type species is 54.9
mol%. Habitat is certain species of marine diatoms and dinofla-
gellates. The type and only species is Porticoccus hydrocarbonoclas-
ticus. The type strain is MCTG13d"T (=ATCC BAA-2274).
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