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Samborombén Bay, Argentina, is a highly productive area exposed to chronic contamination, including
polycyclic aromatic hydrocarbons. Four phenanthrene-degrading strains were isolated from sediments
collected in this area. Analysis of partial 16S rRNA sequencing and a BLAST search indicated that three of
the strains belong to genus Pseudomonas and one to Sphingomonas. All the strains were able to grow in
150 mg 1! phenanthrene as the sole carbon and energy source, with high degradation efficiency (75
—100% in 72—168 h). Growth in sodium salicylate indicated that the Pseudomonas strains used this
pathway to degrade phenanthrene.

Strategies that may enhance substrate bioavailability, such as surfactant production and chemotactic
responses, were tested. Two Pseudomonas strains showed significant production of surface-active
compounds, and a strong chemotactic response toward phenanthrene. Together with the ability to
consume the supplied phenanthrene to completion, these characteristics make the mentioned strains

Bioremediation

good candidates for bioremediation strategies intended to clean up polluted areas.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Anthropogenic inputs of polycyclic aromatic hydrocarbons
(PAHs) from oil spills, ship traffic, and discharge of industrial
effluents have caused significant accumulation in marine sedi-
ments (Mount et al.,, 2003). During recent years there has been
increasing concern about PAHs contamination in marine environ-
ments owing to these substances’ persistence, toxicity, mutage-
nicity, and carcinogenicity (Dibble et al., 1990; Menzi et al., 1992;
Haeseler et al., 1999). These pollutants are not only toxic to fishes
and other aquatic organisms (White and Triplett, 2002) but they
have also been found to bioaccumulate in marine organisms with
possible transfer to humans via seafood (Morales-Caselles et al.,
2008).

Microbial degradation is a major process for the successful
removal and elimination of PAHs from the environment since it is
an efficient, inexpensive, and environmentally safe cleaning
method. Although hydrocarbon-degrading microorganisms can be
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found in contaminated sites, bioremediation processes are usually
limited by the low solubility and availability of these compounds.

Bioavailability is determined by the rate at which the substrate
reaches the cell relative to the rate of uptake and metabolism
(Bosma et al., 1997). Some PAH-degrading bacteria display strate-
gies to improve hydrocarbon accessibility, such as close attachment
to the PAH source and high affinity uptake systems (Harms and
Bosma, 1997). In recent years, biosurfactant production has been
pointed out as an advantageous feature (Moran et al., 2000; Olivera
et al., 2009). Biosurfactants are amphipathic molecules that
increase bioavailability either by increasing the apparent hydro-
carbon solubility of the substrate in the aqueous phase or by
expanding the contact surface due to emulsification (Rosenberg
and Ron, 1999). Lately, bacterial chemotaxis, which allows micro-
organisms to direct their movement according to a chemical
gradient, has also been shown to have a key role in biodegradation
processes (Pandey and Jain, 2002; Parales, 2004; Paul et al., 2006).

Phenanthrene (PHE) is a highly reactive compound that belongs
to the low-molecular-weight aromatic hydrocarbons group, having
three aromatic rings per molecule (Mrozik et al., 2003). Its low
water solubility (1.29 mg 1-!) makes its biodegradation difficult;
however, there are several reports of microorganisms capable of
degrading it. Microorganisms of the genera Pseudomonas,
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Burkholderia, Sphingomonas, Acinetobacter, Rhodococcus, and
Mpycobacterium have been identified as PAH-degraders, and
complete PAH mineralization has been demonstrated for both low-
and high-molecular-weight PAHs (Mrozik et al., 2003; Johnsen
et al, 2005). In addition, several consortia of PHE-degrading
bacteria have been characterized (Kim et al., 2009; Sorensen
et al.,, 2010).

Samborombén Bay is a C-shaped bay located in the southern
end of the Rio de la Plata estuary, on the Atlantic coast of South
America (Fig. 1). It is one of the most important estuarine envi-
ronments in the continent. This is a highly productive area that
sustains valuable artisanal and coastal fisheries (Mianzan et al.,
2001; Jaureguizar et al., 2003). However, this area is exposed to
PAH pollution, associated mainly with the chemical industry, oil
refining, and port activities (Colombo et al., 2005). Autochthonous
bacteria isolated from this polluted ecosystem can provide a useful
tool for applied microbiology, and to our knowledge there are no
reports on indigenous PAH-degraders isolated from Samborombén
Bay sediments.

Therefore, the present study aims to: (1) select and identify
autochthonous microorganisms capable of degrading phenan-
threne (PHE); and (2) characterize their biodegradation capacity,
emulsifying activity, and chemotaxis ability in order to know the
potential of these microorganisms for future bioremediation
processes.

2. Materials and methods
2.1. Culture media and bacterial growth

A stock solution 30 mg ml~! of phenanthrene (Sigma, Argentina,
purity >96%) was prepared in ethanol and used for all the assays.
A mineral salts medium/phenanthrene liquid medium for the
isolation of PHE-degrading microorganisms was prepared with
mineral salts medium (MSM) (Schlegel et al., 1961) modified by
addition of NaCl 2% (w/v) and phenanthrene at a final concentra-
tion of 150 mg 1! (0.84 mM) as the sole carbon and energy source.
Cultures were incubated aerobically on an orbital shaker at 25 °C
and 150 rpm. Bacterial growth was evaluated by optical density at
600 nm (ODggp). Mineral salts medium/phenanthrene agar plates
were prepared as follows: MSM medium with no carbon source
plus 1.2% agar was plated on Petri dishes. The surface of these plates
was covered with a layer of agarose 1% (w/v) with phenanthrene at
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Fig. 1. Map of Samborombén Bay showing the sampling area location (circle).

a final concentration of 340 mg 1! (Bogardt and Hemmingsen,
1992).

Rich medium (NA), containing 1% tryptone, 0.5% yeast extract,
2% NaCl, and 1.2% agar, was used for identification of colony
morphology and CFU determination. Plates were incubated at 28 °C
for 3—7 days.

Growth with phenanthrene as the sole carbon and energy
source was tested in MSM—PHE liquid medium inoculated with an
exponential phase culture of each bacterial strain. At different time
intervals growth was measured by ODggg and total CFU ml~! was
determined on NA medium. Control cultures lacking a carbon
source were performed for each isolate. MSM-NaSal medium con-
tained MSM plus 0.5% w/v sodium salicylate as the sole carbon and
energy source.

2.2. Sampling and isolation of PAH-degrading isolates

Surface sediment samples (0—3 cm) were collected at four
stations in Samborombén Bay (S 36° 17" - W 56° 46’), Argentina
(Fig. 1). Sub-samples (10 g) were inoculated into 500-ml flasks
containing 100 ml of MSM—PHE culture medium. Two-milliliter
aliquots were withdrawn from each culture every week for
a month, transferred to fresh sterile medium, and incubated as
described above. Finally, cultures were plated on MSM—PHE agar.
Colonies of candidate phenanthrene-degrading strains were picked
up and further purified by repetitive streaking on fresh MSM—PHE
agar plates. The pure cultures of the final isolates selected were
preserved under refrigeration on nutrient agar slants or as 10%
dimethyl sulfoxide (DMSO) stocks at —80 °C.

2.3. Sample preparation for scanning electron microscopy (SEM)

Cells were grown overnight in liquid MSM—PHE medium. Six
microliters of culture were loaded on a glass coverslip and then left
for 2 h in glutaraldehyde 2.5% in phosphate buffer 0.1 M. After three
washes of 15 min each in the same buffer, 5-min washes with
increasing ethanol concentrations (30%, 50%, 70%, 80%, 90%, 95%)
were made. Finally, samples were covered overnight with hexam-
ethyldisilazane (HMDS, Sigma, Argentina) and then processed for
SEM.

2.4. Molecular characterization of the bacterial isolates

The identification of the isolates was based on 16S ribosomal RNA
(rRNA) gene sequence analysis. Single colonies of each isolate were
resuspended in 50 pl sterile water and boiled for 5 min. The resulting
suspension (5—10 pl) was used as a template for polymerase chain
reaction (PCR) using primers F43Eco (5-CGGAATTCCAGGCCTAA-
CACATGCAAGTC-3") and R1387Eco (5'-CGGAATTCGGGCGGWGTG-
TACAAGGC-3'), as described by Marchesi et al. (1998). PCR reactions
contained: 0.25 pmol 1-! of each primer (F43Eco and R1387Eco),
0.5 mmol 1-! dNTPs, 0.5 U Taq DNA polymerase (P-BL, Quilmes,
Argentina), 1x Taq DNA polymerase buffer, and 3 mmol 1! MgCl,.
Amplifications were carried out using the following temperatures:
(94°C10 min) x 1;(95°C1 min,55°C 1 min, 72°C90s) x 30, (72 °C
5 min) x 1. PCR products were electrophoresed on 0.8% (w/v)
agarose gels containing SyberSafe (Invitrogen, Argentina). The
separated bands were visualized under a blue light transilluminator
(Safelmager, Invitrogen, Argentina). The DNA fragments of the ex-
pected size (1.3 kbp) were eluted, purified, and sequenced using
primers F43Eco and R1387Eco (INTA Castelar, Argentina). The
resulting sequenced fragment was ~900 kbp in length. The nucle-
otide sequences of the amplified fragments were compared against
sequences contained within Public Databases (http://rdp.cme.msu.
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edu and NCBI/BLAST). All the sequences are available at GenBank
database.

2.5. Phenanthrene degradation

2.5.1. HPLC

To measure residual phenanthrene concentrations, 3-ml
aliquots were periodically withdrawn from the cultures and
subsequently extracted with 6 ml of acetonitrile. Tubes were
incubated on an orbital shaker for 1 h at 25 °C and 150 rpm. After
that, the extracts of each culture were centrifuged (2500 g, 10 min)
and the supernatants were analyzed by reverse-phase HPLC
according to NIOSH (1998). Phenanthrene degradation was con-
ducted in two independent experiments in MSM—PHE liquid
medium (150 mg 1=, w/v) and non-inoculated flasks were used as
abiotic controls.

The instrumental system consisted of a binary pump (Thermo
Spectra series P200, USA), a column heater (Eppendorf, USA) set at
50 °C, a UV—VIS detector (Thermo UV 100, USA) set at a detection
wavelength of 254 nm, and a fluorescence detector (Linear Fluor
LC305, USA) set at an excitation wavelength of 340 nm and an
emission wavelength of 426 nm. Data were acquired and processed
with EZChrom software (Chromatography Data System Version 6.8,
USA). Separations were performed using a 3-um particle octadecyl
silica column of 250 x 4.6 mm (Inertsil ODS-3; GL Science, Japan).
Linear gradient elution was carried out from 50% acetonitrile/50%
deionized water to 90% acetonitrile/10% deionized water over
30 min, followed by isocratic hold at 90% acetonitrile for 10 min.
The flow rate was 1 ml min—.

2.5.2. CO;, production

A CO, production test was performed as described by Hanstveit
(1992). The CO, produced by the cells was trapped into vials con-
taining 2 ml of 1 M NaOH that were put into flasks containing
MSM—PHE. Vials were replaced daily with new vials containing
fresh NaOH solution during the course of the experiment. The flasks
were tightly sealed with wrapped rubber stoppers, and daily CO,
production was indirectly calculated based on the results of titra-
tion of the remaining NaOH.

2.6. Biosurfactant production assays

A droplet collapse assay was carried out as described in Jain et al.
(1991). Briefly, 1 ul of methylene blue [0.1% (w/v)] was added to
20 wl of cell-free medium from saturated cultures grown in
MSM—PHE. The resulting mixture was spotted onto a piece of
Parafilm sheet (Pechiney Plastic Packaging, USA) and photographed
after 5 min. The methylene blue was added solely for visualization
purposes and does not influence droplet collapse activity. Fresh
MSM—-PHE medium containing either no addition or 1% SDS were
used as negative and positive controls, respectively.

Emulsification ability of the culture supernatant was deter-
mined by vortexing 2 ml of hexadecane and 2 ml of aqueous
supernatant at high speed for 2 min and incubating at 25 °C for
24 h. An emulsification index value (E24) was calculated as: (height
of emulsion layer/height of total mixture) x 100 (lyer et al., 2006).

2.7. Chemotaxis assays

Agarose-in-plug assays were carried out as described by Yu and
Alam (1997) with slight modifications. Plugs contained 2% low-
melting-temperature agarose (NuSieve GTG Agarose; FMC Bio-
products, Rockland, ME, USA) in motility buffer (10 mM potassium
phosphate pH 7, 0.1 mM EDTA) and no addition (negative control),
2% (w|v) casamino acids (positive control), or 0.01% w/v

phenanthrene. Drops (10 ul) of the melted agarose mixtures were
placed on a microscope slide, and a coverslip supported by two
plastic strips was then placed on top to form a chamber. Cells grown
in MSM—PHE were harvested in log phase (ODggg values between
0.3 and 0.7) by centrifugation at 1000 x g, washed twice, and
resuspended in motility buffer to an ODggg of approximately
0.6—0.8. Cell motility was checked under a phase-contrast micro-
scope, and highly motile cell suspensions were flooded into the
chamber surrounding the agarose plugs. Each chamber was pho-
tographed 2—5 min after the addition of cells.

Swimming plate assays were carried out as described by
Lanfranconi et al. (2003). Semi-solid agar plates were prepared
with MSM medium with the addition of 2% (w/v) NacCl, 100 mg 1~}
(w/v) phenanthrene, and 0.25% agar. Cultures of the analyzed
strains were grown in MSM—PHE and adjusted to an ODggg of 1.0.
Two microliters of these cultures were spotted into the center of
the semi-solid agar plates and incubated at 28 °C.

3. Results
3.1. Isolation and identification of PHE-degrading microorganisms

Samborombén Bay sediments are under chronic exposure to
a wide variety of pollutants due to the high industrial activity in
that area and the lack of appropriate disposal treatment. Associated
with the oil refineries and other chemical industries, PAHs are
regular contaminants in these sediments. In order to identify
phenanthrene-degraders, samples of hydrocarbon-contaminated
sediment obtained from the Samborombén Bay were inoculated
into mineral medium supplemented with phenanthrene as the only
source of carbon and energy. After four weekly transfers to fresh
MSM—PHE medium, aliquots of each sample were plated on
MSM—PHE agar plates, where considerable colony diversity was
observed. Based on differences in the morphology of the colonies,
four of them were selected and isolated. Phenanthrene biodegra-
dation was confirmed in liquid media.

Analysis of partial 16S rRNA sequencing and BLAST searching
indicated that three of these isolates belong to genus Pseudomonas
(similarity values ranged between 97 and 98%) and one of them to
Sphingomonas (98% similarity). The partial 16S rRNA gene
sequences of all four strains were deposited in the GenBank under
the accession numbers JQ083664 (PH-a, Pseudomonas sp.),
]Q083665 (PH-b, Sphingomonas sp.), JQ083666 (PH-c, Pseudomonas
sp.), and JQ083667 (PH-d, Pseudomonas sp.).

Phenanthrene degradation was confirmed for each isolated
strain both in liquid and solid media and the morphology of colo-
nies was analyzed in rich medium (Fig. 2a) and in MSM—PHE agar
plates (Fig. 2a, inset). Creamy colorless colonies were observed for
the three Pseudomonas strains. By contrast, Sphingomonas sp.
developed brilliant yellow-colored colonies, which is in accordance
with previously described Sphingomonas strains (Takeuchi et al.,
2001). When observed by scanning electron microscopy, all the
isolates showed a rod-shaped structure, as expected for Pseudo-
monas sp. and Sphingomonas sp. strains (Fig. 2), with approx 2 pm
length and 0.5 pm width. For strains PH-b and PH-c, the presence of
an extracellular filamentous material was observed (Fig. 2, black
arrows).

3.2. Bacterial growth and phenanthrene degradation in liquid
medium

Due to the low water solubility of phenanthrene, addition of
150 mg 1! to the medium resulted in saturation; therefore, at the
beginning of the experiment phenanthrene was present mainly in
the form of crystals that disappeared during growth. When growth
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PH-b

PH-c

Fig. 2. Morphology of phenanthrene-degrading bacteria isolated from Samborombén Bay. (a.) Morphology of colonies of the four isolated strains grown on rich medium, or on
minimal medium with phenanthrene as the sole carbon source (inset). PH-a, Pseudomonas sp; PH-b, Sphingomonas sp.; PH-c Pseudomonas sp.; PH-d, Pseudomonas sp. (b.) Cells of
isolated strains were grown on MSM—PHE and then prepared as described in material and methods for SEM. 5000x (inset 10,000x ). Black arrows point to filamentous extracellular

material.

in MSM—PHE was followed for each isolate (Fig. 3), maximal OD
values ranging from 2 to 4, depending on strain, were reached in all
the cases after 96 h of incubation (Fig. 3a). The microbial growth did
not show an extended lag phase for any of the isolates. After
72—96 h, the biomass reached a stationary phase for the four
isolates as determined by OD measurement. Similar results were
obtained when growth was analyzed by bacterial counts. Strains
PH-a and PH-b increased from 10> to 108 CFU ml~!, while strains
PH-c and PH-d increased from 10> to 10° CFU ml~. Phenanthrene
concentrations higher than 150 mg 1! were assayed
(500—1000 mg 1"!) and growth was slower but not completely
inhibited at any concentration tested (data not shown).

Phenanthrene biodegradation was analyzed by HPLC at an initial
concentration of 150 mg 1= (Fig. 3b). A sudden drop in phenan-
threne level was observed for strains PH-b, PH-c, and PH-d, fol-
lowed by a slower decrease as the assay proceeded. For PH-a,
instead, a constant degradation slope from the beginning of the
experiment was observed. Complete PHE degradation was
observed for strains PH-d, PH-c, and PH-b after 72, 96, and 168 h,
respectively, whereas for PH-a degradation reached 75%. The
abiotic controls showed negligible phenathrene elimination by
evaporation. Degradation rates were as follows: PH-a,
15 mg 1"! day~'; PH-b, 30 mg 1! day~'; PH-c, 37 mg 1! day';
and PH-d, 48 mg 1-' day~'. These biodegradation rates were
concomitant with the cell abundances and optical densities
mentioned earlier.

The biochemical pathways used for phenanthrene degradation
have been characterized in several microorganisms. In one of the
primary pathways used for phenanthrene degradation, the upper
part of the pathway renders 1-hydroxy-2-naphtoic acid. This
compound is further metabolized by one of two main routes, the
phthalic acid pathway, described by Kiyohara et al. (1976), or the
naphthalene pathway, in which salicylic acid is an intermediary
metabolite (Evans et al., 1965). In order to address whether the
strains isolated during this study used one of the two major known
phenanthrene degradation pathways, each strain was tested for
growth in minimal medium containing sodium salicylate (MSM-
NaSal) or phthalic acid (MSM-phthalate) as the only carbon source.
The three Pseudomonas strains PH-a, PH-c, and PH-d seem to use

Optical density (600nm) 9

72 96 120 144 168 192 216
Time (hours)

0 12 24 48

(on

160
140
120
100
80
60
40
20
0 - T o T .
0 24 48 72 96 120 144 168 192 216
Time (hours)

Phenanthrene (mg I")

Fig. 3. Growth and degradation of phenanthrene by isolated strains. (a.) Each strain
was inoculated in MSM—PHE (150 mg 1-!) and growth was followed by ODggo deter-
mination. PH-a (), PH-b (A), PH-c (e), PH-d (#). Values are means + standard
deviations for three replicates. (b.) Phenanthrene degradation was determined by
HPLC. Isolated strains were inoculated in MSM—PHE and 3 ml-samples were with-
drawn at different times, extracted and analyzed as indicated in Materials and
Methods. PH-a (O0), PH-b (A), PH-c (e), PH-d ( #). The results are representative of
two independent experiments.
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the naphthalene pathway, since they were able to grow at the
expense of salicylate, but not phthalate. PH-b, in contrast, was not
able to grow using either sodium salicylate or phthalicacid.

In order to get information about the extent of phenanthrene
mineralization, CO, present in the gaseous phase produced during
7 days was measured. Strains PH-c and PH-d yielded
1.2 mM + 0.05 mmol 17! CO,, whereas PH-a and PH-b reached
0.8 & 0.07 and 0.3 & 0.03 mmol 1! CO,, respectively, indicating that
the four strains yielded considerable CO; production when grown
on PHE compared to control cultures with no carbon source. These
preliminary results suggest that PHE is being at least partially
mineralized to CO; and H;0. The remaining substrate may be
transformed to biomass and metabolic products. The appearance of
a brownish color in the culture medium after growing cells in
MSM—PHE indicates accumulation of intermediates of phenan-
threne metabolism.

3.3. Surfactant production

One possible mechanism to enhance the bioavailability of non-
polar substrates is the production of surface-active agents. Surfac-
tant production by the strains isolated in this study was determined
through the analysis of the droplet collapsing and hexadecane
emulsification abilities of cell-free culture media. Cell-free medium
from saturated cultures of all three Pseudomonas strains (PH-a, PH-
¢, and PH-d) indicated the presence of surface-active compounds,
both in the droplet collapse (Fig. 4b) and in the hexadecane
emulsification assays (Fig. 4a). Culture supernatants from the PH-
d and PH-c strains showed relatively high emulsifying indexes
(E24 = 50 and 38, respectively) and a droplet collapsing activity
similar to that of 1% SDS, while surfactant production by the strain
PH-a was somehow lower, as indicated by a reduced droplet-
collapsing activity and a lower emulsifying index (E»4 = 10). On
the other hand, the Sphingomonas strain (PH-b) did not show
emulsifying activity in any of the assays (Fig. 4a,b).

3.4. Motility and chemotaxis

Bacterial chemotaxis, the ability of cells to detect chemical
gradients and direct their movement in consequence, helps
microorganisms find optimal conditions for their growth and
survival. There have been previous descriptions of how chemotaxis
can be an advantage for degradation of aromatic compounds
(Parales and Harwood, 2002; Paul et al., 2006).

Exponential phase cultures of the isolated strains on MSM—PHE
were observed under the phase contrast microscope to assess their
motility. Although all four strains were motile, motility observed
for strains PH-a and b was variable and in some cases it was lost
after harvesting cells by centrifugation. Thus, chemotaxis assays
were restricted to the highly motile Pseudomonas strains PH-c and
PH-d. When inoculated into semi-solid phenanthrene-containing
agar plates, both PH-c and PH-d were able to spread on the plate
well beyond the inoculation point after two days of incubation
(Fig. 5a), and all over the plate after longer incubation (not shown).
This behavior is consistent with a chemotaxis response to the
gradient that would form as a result of phenanthrene consumption
by the cells, since this hydrocarbon represented the only carbon
source in the medium.

The agarose-in-plug assay was then used in order to assess the
chemotactic response toward phenanthrene in a more direct way.
In this assay, cells accumulate around attractant-containing plugs.
Since the chemotactic response to amino acids by Pseudomonas and
related organisms has been well described (Taguchi et al., 1997;
Lanfranconi et al., 2003), a casamino-acids-containing plug was
included as a positive control in this assay. Cells of both PH-c and

() PH-a PH-b
a 10 - 38 50 90 By

) £ € L

Fig. 4. Production of surface-active compounds. (a.) Emulsifying activity from isolates
after 72 h incubation. Two ml of hexadecane plus two ml of the indicated cell-free
culture supernatants were vigorously vortexed and then left to stand during 24 h.
Emulsification index (E»4) was calculated as described in Materials and Methods. A 1%
SDS solution in MSM was used as positive control (+). (b.) Droplet collapse assay.
Droplets (20 pl) of the indicated cell-free supernatants were colored by the addition of
methylene blue, spotted on a piece of Parafilm sheet and photographed after standing
during 5 min. Methylene blue was added to each sample to aid in visualization. MSM
medium containing no addition (—) or 1% SDS (+) were used as negative and positive
controls, respectively.

PH-d strains clearly accumulated around the casamino-acids-
containing plug, as expected (Fig. 5b, top-right plugs). Likewise,
the accumulation of cells around phenanthrene-containing plugs
was observed in both strains, clearly showing a chemotactic
response toward this hydrocarbon. Moreover, both strains showed
a response toward phenanthrene that was comparable to that
toward the strong attractant amino acids (Fig. 5b, top-left plugs).
No accumulation of cells was detected around the control plug
without attractant (Fig. 5b, bottom plugs).

4. Discussion

Our study focuses on phenanthrene-degrading isolates from
Samborombén Bay sediments, in the Rio de la Plata estuary,
exposed to continuous hydrocarbon pollution. We have isolated
and preliminarily characterized three strains belonging to genus
Pseudomonas sp. and one to Sphingomonas sp. Pseudomonas is one
of the most studied genera and has been reported as a degrader of
a wide range of organic pollutants including PAHs and other
recalcitrant xenobiotics (Mulet et al., 2011). Sphingomonas has also
been described as a phenanthrene-degrader in more recent works
(Chen et al., 2008; Coppotelli et al., 2010).

In this work bacterial growth was observed in a wide range of
phenanthrene concentrations, as seen in previous work (Tam et al.,
2002). However, when 500 and 1000 mg 1~! PHE were added in the
media, the growth rate was diminished, probably indicating some
toxic effect on the cells. Because of that, 150 mg 1~ was chosen as
the optimal concentration for this study and high bacterial biomass
was reached in the cultures, mainly for strains PH-c and PH-d.

In the biodegradation experiments, during the initial stage of
incubation a sudden drop in phenanthrene concentration
measured in the culture medium was observed for strains PH-b,
PH-c, and PH-d. A similar trend was also seen by Tian et al.
(2002). This initial drop might be explained due to dynamic
assimilation by the cells or adsorption to the cell wall. Furthermore,
this largely insoluble hydrocarbon was completely utilized by
Pseudomonas sp. strains PH-c and PH-d during the first 72 and 96 h,
respectively, and by Sphingomonas sp. strain PH-b after 168 h. This
fact may indicate that real degradation could have occurred, at least
partially, after the early assimilation or adsorption, and so it should
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PH-d

Fig. 5. Chemotaxis assays. (a) Swimming in semi-solid agar plates. 2 pl of the indicated cultures were inoculated in the center of plates containing 100 mg 1= (w/v) phenanthrene.
Plates were photographed after 48 h incubation at 28 °C. (b) Agarose-in-plug method. Cells from the indicated cultures were harvested, washed and resuspended in motility buffer,
and then flooded into a chamber containing three agarose plugs. The chambers were photographed 2—5 min after the addition of cells. Top left plug: 2% (w/v) casamino acids in
motility buffer; top right plug: 0.01% (w/v) phenanthrene in motility buffer; bottom plug: motility buffer without any attractant. Notice that cells accumulate both around the
attractant containing plugs and also along a tail presumably originated in a plug-washing effect that took place as the chamber was filled with the cell suspension.

be taken into account during the discussion of degradation kinetics.
The rates of phenanthrene degradation used as the sole carbon and
energy source were similar to, if not higher than, rates reported
elsewhere (Reddy et al., 2010), especially for strains PH-c and PH-d.
Remarkably, the addition of simpler carbons sources was not
necessary to obtain good PAH biodegradation rates, unlike what has
been reported for other strains (Yuan et al., 2000).

Different pathways can be involved in phenanthrene degrada-
tion and many intermediate metabolites are produced, accumu-
lated, and consumed as it proceeds (Resnick et al., 1996; Mrozik
et al,, 2003), which makes it a complex process. Growth of Pseu-
domonas strains in sodium salicylate, as well as the associated CO;
production, would indicate the complete phenanthrene degrada-
tion through the salicylic acid metabolic pathway. More in depth
studies would be needed to address whether a complete mineral-
ization occurs or not and to identify intermediate products in case
of a partial mineralization. Likewise, the high OD and cell number
values, and the brownish color in the cultures, evidenced that
phenanthrene was transformed into biomass and intermediate
metabolic products. On the other hand, Sphingomonas sp. strain
(PH-b) did not grow on salicylate as the only carbon and energy
source. In opposition to previous reports for Sphingomonas sp. (Xia
et al.,, 2005; Coppotelli et al., 2010), this result indicates that an
alternative pathway might be used in PHE degradation.

The maintenance of high biomass values (ODggp approximately
4.0), even after phenanthrene disappearance for strains PH-b, PH-c,
and PH-d and decreasing down to 43 mg 1-! for strain PH-a, indi-
cates accumulation of intermediate metabolites, which did not
seem to have an inhibitory effect on strains growth, unlike other
authors’ reports of increasing toxicity owing to the presence of
phenanthrene metabolites in the cultures (Yuan et al., 2001). Even
though most of these studies focused on the identification of novel
pathways or toxic end products (Pagnout et al., 2006), the effect of

intermediate accumulation on the extent of biodegradation and
mineralization remains unclear.

Many PAH-degrading microorganisms have developed mecha-
nisms to increase the availability of low aqueous solubility PAH.
Biosurfactant production increases the dissolution flux of the
substrate and reduces the distance between cell and substrate via
structures that bind on the cell surface (Olivera et al., 2009). In this
work, both the drop collapse and emulsification tests confirmed the
presence of surfactant in Pseudomonas strains. A significant
production of surfactant activity was detected for the strains PH-a,
PH-c, and PH-d grown in phenanthrene, suggesting that the
surfactant secreted to the medium would be involved in PHE
degradation. The extracellular filamentous material observed by
SEM in some of the cultures when grown in phenanthrene as sole
carbon source might also be related to phenanthrene utilization by
increasing the substrate surface area, as has been suggested
previously (Rocha et al., 2011).

In addition, chemotaxis toward PHE would be an advantageous
feature since it improves the accessibility of degrading-bacteria to
a low solubility pollutant such as phenanthrene. Chemotactic
responses to phenanthrene were unequivocally demonstrated in
this study for strains PH-c and PH-d (Fig. 5). Remarkably, response
to PHE was as evident as the response toward casamino acids
(Fig. 5b), usually stronger than the one to hydrocarbon compounds
(Lanfranconi et al., 2003). Besides, these responses seem to be
sensitive to the phenanthrene concentration and are not so clear at
high PHE concentrations (data not shown).

Pseudomonas strains PH-c and PH-d displayed both high
surfactant production and a strong chemotactic response toward
phenanthrene, which could explain their ability to completely
degrade phenanthrene and at a higher rate than the other two
isolates. However, to assess the dependence of degradation rate on
the mentioned characteristics will require further analysis.
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To conclude, we showed that these strains carried out efficient
phenanthrene degradation and some of them exhibited physio-
logical properties that might have ecological significance. Due to
the recognized importance of coastal fisheries communities in
Samborombén Bay, decontamination of brackish sediments by
bioremediation approaches represents a great challenge. The
strains characterized in this study can be an alternative for micro-
bial selection in the degradation of PAHs. Based on these results,
their biodegradation potential should be further examined and
optimized for bioremediation purposes. More studies on PAH
metabolism of the strains, physiological features, and the effects of
different environmental factors on biodegradation are essential.
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