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- . water release, was studied. Due to industrial inputs, the sediments are characterized by strong hydrocarbon
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concentrations, ranging from 2 935 to 28 430 pg-kg ™" of total polyaromatic hydrocarbons (PAHs). These sedi-
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imum recommended values for environmental samples) and polychlorinated biphenyls (ranging from 54 to
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goodii, Pseudomonas aeruginosa, Pseudomonas lundensis or Aeromonas veronii. These strains showed high capacity
to degrade naphthalene (between 92 and 100% at 200 mg-L~1), pyrene (up to 72% at 100 mg-L~') and/or fluo-
ranthene (52% at 50 mg-L™!) as their only carbon source on in vitro experiments. These hydrocarbonoclastic bac-
teria were detected even in the samples upstream of the city of Salamanca, suggesting chronical contamination,
already in place longer before. Such microorganisms are clearly potential candidates for hydrocarbon degrada-
tion in the treatment of oil discharges.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The technological development of human society greatly increased
the requirements for energy. Among the energy sources of major eco-
nomical, political and social effects, the petroleum and other fossil
fuels stand out. Besides being a limited and nonrenewable source, oil ex-
ploitation, transport, processing and use may have a high negative im-
pact on the environment. As an example, the largest accidental oil spill
in recent history, which occurred in the Gulf of Mexico on April-July
2010, resulted in the leakage of nearly 4.9 million barrels of light
crude oil, contaminating extensive benthic coastal ecosystems (e.g.,
Kostka et al., 2011; Uhlmann, 2011). Moreover, untreated urban waste-
waters or nutrient inputs may also impact ecosystems due to organic
matter increase, which leads to eutrophication and anoxic conditions.

Petroleum is an extremely complex mixture of hydrocarbons, and this
complexity directly affects its degradability, usually making it very persis-
tent in the environment (Atlas, 1981). On the other hand, several studies
have shown that there exist some hydrocarbon-degrading organisms,
such as fungi and bacteria (Bartha and Atlas, 1977; Lu et al., 2011). Of spe-
cial interest are the microorganisms with ability to use high molecular
weight hydrocarbons as carbon sources, since these are usually resistant
to biodegradation (Juhasz and Naidu, 2000; Lu et al., 2011; Baboshin
and Golovleva, 2012). In addition, oil contamination can be abiotically
eliminated from the environment depending on hydrological (stream)
and physico-chemical local characteristics (temperature, sunlight, etc.).
Therefore, although very promising, the application of microorganisms
for environmental remediation demands a previous effort to completely
understand the biochemical mechanisms, environmental constraints
and the byproducts of these mechanisms, in order not to generate a
worst unpredictable problem. For instance, Duke et al. (2000) and Brito
et al. (2009) independently selected hydrocarbonoclastic bacterial com-
munities and strains that were very efficient under laboratory conditions;
but, when applied directly in situ, on mangrove ecosystems, had their oil
bioremediation ability clearly reduced. These authors suggested that the
oil mitigation stimulated by microorganisms is significantly influenced
by the natural conditions of the impacted environment, such as the avail-
ability of other carbon sources that are more easily degraded than the
hydrocarbons.

Our goal in the present work was to characterize contamination sta-
tus of different stations in the Lerma River, chronically contaminated by
hydrocarbons as well as by other industrial and urban discharges. We
also investigated the influence of these contaminations in the sediment
bacterial communities by using a TRFLP (Terminal Restriction Fragment
Length Polimorfism) approach. The capacity for PAH biodegradation of
the indigenous bacteria population was finally investigated through iso-
lation and biochemical tests.

2. Material and methods
2.1. Description of the sampling sites and sample collection

In order to cover the river stretch most heavily impacted by
Salamanca's (population 260,769 according to 2010 census; INEGI,
2011) urban and industrial areas, six sampling points were selected
(Fig. 1). The location of these points is given in Table 1. Two of these
points, OLa and OLe, are located before Salamanca city, at the confluence
of the Laja River (another important river of Guanajuato State) with the

Lerma River. Point 1Le is just after the outflow of a Thermoelectric
Power Plant. Sampling site 2Le is located after the main petrochemical
discharges of the Oil Refinery. Sample 3Le was collected in the middle
of Salamanca city, close to downtown, whereas the last sampling
point, 4Le, was situated where the river starts to leave the city. The sam-
pling was done in March 2008.

The surface sediments (0-2 cm) from all sampling sites were collect-
ed to suit all different analyses. For the metal analyses nearly 100 g of
sediments were taken (with plastic spoons) and the samples were
transferred to the laboratory in ziploc® bags, lyophilized and crashed
with mortar. For the hydrocarbon analyses also 100 g of samples were
collected using metal spoons, transferred to the laboratory in aluminum
films, dried at room temperature, crushed with mortar, and stored in glass
bottles. All tools were previously cleaned, rinsed with acetone and pyro-
lyzed. Both sets of samples were sent to Eduardo Penna Franca Radioiso-
tope Laboratory (LREPF-UFR], Rio de Janeiro, Brazil) for analysis. For the
microbiological analysis, sterile spoons were used and samples (nearly
50 g) were stored in sterile falcon™ tubes for their transport to the labo-
ratory. Enrichment cultures were immediately prepared and the subsam-
ples were stored at 4 °C for microbial isolation experiments and at — 20 °C
for molecular analyses.

2.2. Chemical characterization

The physico-chemical parameters, such as pH, conductivity, dis-
solved oxygen and temperature, were measured in situ by using specific
probes (Conductronic PC 18 pH meter, and Hach® SensION 6).

Metal content was determined with the method described by Malm
et al. (1989). Briefly, samples were digested with concentrated HNO3
and HF (Merck P.A.), for 18 h at 120 °C and, afterwards evaporated,
and resuspended by adding 10 mL of 0.1 N HCI. They were analyzed
using a Varian spectrophotometer (AA240FS, Fast Sequential Atomic
Absorption Spectrometer, USA). Hg analysis was performed by cold
vapor atomic absorption spectrometry with a Flow Injection Mercury
System 400, Perkin Elmer USA (Bastos et al., 1998). Blanks were run
throughout the analyses to check for any contamination. Triplicate mea-
surements were done for each heavy metal determination. The detec-
tion limits (all in mg-kg~"') were as follows: 0.0001 for Hg, 0.262 for
Zn, 0.560 for Mn, 0.010 for Cr, 0.003 for Ni, 0.216 for Pb, 0.005 for Cu,
0.002 for Cd, and 0.017 for Fe. Detection limits were calculated using
the formula: (3 x Sp)/X, where S, is the standard deviation of 6 mea-
surements of the blank and X, is the mean of the angular coefficient of
the calibration curve (Silva and Alves, 2006). Certified analytical grade
reference samples were used for calibration.

For organic compounds (PCBs and PAHs), 4-6 g of dried sediment
samples was submitted to a sonication extraction (at 90 °C during
20 min) with 12 mL of hexane:acetone solution. The extraction was
done three times with hexane:acetone ratios of 1:4 (v/v), 1:1 (v/v)
and 4:1 (v/v). The resulting 36 mL of merged extracts were then concen-
trated (Meire, 2006). The organic extract was submitted to a clean-up
process, which used Na,SOs, NaOH and Al,SO,4 (at 11% H,0 w/w) in a
chromatographic column eluted with hexane in order to remove humic
material and elemental sulfur (Japenga et al., 1988). This organic solution
was divided in two fractions, one for PAHs and the other for PCB analysis.
The PAHs were separated by column chromatography using 3 g of silica
gel 60 (70-230 mesh ASTM) and eluted with 35 mL hexane:ethyl ether
(3:1). For the PCBs fraction, the same chromatographic column was
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Fig. 1. Location of Lerma River stretch passing though Salamanca city. Points OLa and OLe are upstream outside the urban area, while the others are inside it (see Table 1). Wastewater
treatment plants are marked by letters: (A) at Thermoelectric Plant (160 L-s~') and Oil Refinery (255 L-s~!); (B) Didactic Treatment Plant at Ecoparque (25 L-s~ ', open on February

2010); and (C) City Treatment Plant (200 L-s~', open on August 2013).

used and the sample was eluted with 15 mL hexane to extract PCBs CB-
28, CB-52, CB-101, CB-118, CB-138, CB-153 and CB-180.

The 16 studied PAHs were: acenaphthene (Ace), naphthalene (Nap),
fluorene (Flu), acenaphthylene (Acy), phenanthrene (Phe), anthracene
(Ant), fluoranthene (FIt), pyrene (Pyr), benz[a]anthracene (B[a]A),
chrysene (Chr), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene
(B[K]F), benzo[a]pyrene (B[a]P), indeno[1,2,3-cd]pyrene (IP),
benzo|[g,h,i]perylene (B[ghi]P) and dibenz[a,h]anthracene (D[ah]A).
They were determined by gas chromatography/mass spectrometry
(GCMS-QP2010 Plus lon Source Series Shimadzu, Japan) Electronic lon-
ization, equipped with a split-splitless injector, a split liner and capillar
column 5MS, 30 m long and 0.25 mm in diameter, 0.25 pm in film.
Helium was used as the carrier gas, the oven temperature program
was: 60 °C for 1 min, 60 to 200 °C at 20 °C-min~ ', 200 to 250 °C at
10 °C-min~ !, 250 to 300 °C at 20 °C-min~! and 300 °C for 15 min.
Pyrene was quantified by HPLC (Thermoseparation products — spectra
System TSP U/6000LP — USA), equipped with the Supercosil column
(LC-PAH 25 cm with 46 mm) using isocratic condition of 80% acetoni-
trile (v/v) at flow rate (4.5 mL-min~").

The PCB determination was performed by gas chromatography
coupled to an electron capture detector (ECD-GC, Shimadzu GC-14B
with autosampler AOC-17) with capillary columns (Shimadzu CBP1 and
CBP5). The carrier gas was hydrogen. The injector and detector tempera-
tures were 300 and 310 °C, respectively. The oven temperature program
starts at 110 (for 1 min), rising to 170 (at 20 °C per min) and subsequently
to 290 °C (at 7.5 °C per min), where it remained for 12 min.

2.3. In situ microbial communities

Total DNA from 1 g of sediment was extracted with UltraClean® Soil
DNA Isolation Kit (Mo Bio Laboratories) following the manufacturer's

procedure. DNA quality was verified by electrophoresis in a 1% agarose
gel in Tris-Acetate-EDTA buffer (TAE). DNA extracts were stored at
—20 °C for further analysis.

The total DNA from sediments was used to amplify the 16S rDNA by
PCR using primers 8F (5'-AGAGTTTGATCCTGGCTCAG-3’; Lane, 1991)
fluorescently labeled with carboxifluorescein (6-FAM) and unlabeled
907R (5’-GCCCCCGTCAATTCMTTITRAGTTT-3’; Lane et al.,, 1985). PCR
conditions, PCR product purification and digestion with restriction en-
zymes (Haelll or HinPI1) and TRFLP condition were as described in
Brito et al. (2006).

Data sets were normalized and TRFs representing less than 1% of
total fluorescence were not taken into account for the analysis
(Hewson and Fuhrman, 2006). Sets were constructed considering the
peaks whose fluorescence was higher than 100 units for at least one
sample (Bordenave et al., 2004). Statistical analyses were carried out
with a hierarchical cluster analysis, based on Jaccard coefficient by the
unweighted-pair group method using arithmetic averages (UPGMA).
Statistical analyses were carried out with MVSP software (Multi-Variate
Statistical Package 3.1, Kovach Computing Services, UK).

24. Hydrocarbon-degrading bacteria

Two culture media were used: the sediment extract media (SEM)
and a mineral media (MM). The SEM was prepared by sterilization of
a sediment suspension prepared from 300 g of Lerma sediments and
700 mL of destilated water, which was sterilized 3 times (during 2 h)
at 24 h intervals. On the other hand, a strict chemical composition was
used for the MM, which contained (per liter): 3.2 g K;HPOy4, 0.1 g
NaH,POy4, 5 g Na,yS0y4, 0.001 g Ca,S0y4, 0.29 g (NH4)6M07024D4H20,
0.066 g CaCl,, 1.8 x 107> g FeS04.7H20, and 1.8 x 10™7 g MgS0y,4-
7H,0. For both media, after the pH was adjusted to 7.3, 1 mL of trace

Table 1
Sampling points (S.P.) along the stretch of Lerma River passing through Salamanca city.
S.P. Latitude Longitude Distance along stream (km) Reference
OLa 20°32'19.22"N 101°09'46.53"W 0.0 Laja River, just before confluence
OLe 20°32/18.89"N 101°09'48.30"W 0.0 Lerma River, just before confluence
1Le 20°33'40.64"N 101°10'40.11"W 32 Thermoelectric + Refinery
2Le 20°33'50.98"N 101°11/25.75"W 4.9 Close to “Negro” bridge
3Le 20°3353.32"N 101°11'55.55"W 5.8 btw “Obregén” and “Molinito” bridges
4le 20°33'56.96"N 101°12'42.28"W 7.9 Close to “Cazadora” bridge
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Table 2

Physico-chemical analysis.
Parameter® OLa OLe 1Le 2Le 3Le 4le EPA®
Temperature (°C)¢ 25.8 255 285 299 29.7 29.2 83
Conductivity (mS)© 672 693 614 2800 2330 2340 294
DO (mg/L)" 5.9 3.7 8.4 34 3.0 13 >5
(% saturation)® (70%) (43%) (105%) (42%) (38%) (15%) -
pH® 55 7.5 5.1 5.0 52 44 -
cd 1.2 1.2 0.6 1.8 25 9.6 1.2
Cr 50 41 51 27 52 29 81
Cu 246 20 37 58 55 40 34
Fe 9.4 x10* 8.7 x 10* 8.4 x 10% 6.9 x 10* 1.1x10° 5.6 x 10* -
Hg 0.050 0.015 0.036 0.222 ND 0.075 0.150
Mn 288.23 ND 288.07 61.71 55.57 122.97 -
Ni 23 18 20 20 40 14 21
Pb 78 55 56 107 87 109 47
Zn 66 59 71 201 222 85 150
Nap 2720 4910 3400 12,970 ND 3195 -
Acy <DL <DL <DL <DL ND <DL -
Ace <DL <DL <DL <DL ND <DL -
Flu 20 <DL <DL 390 ND 90 -
Phe 60 130 60 2270 ND 200 -
Ant 35 45 115 815 ND 155 -
Flt <DL 330 55 1480 ND 90 -
Pyr <DL 150 20 3940 ND 125 -
Chr + B[a]A <DL <DL 30 >1000 ND 410 -
B[b]F + B[K|F 100 140 100 190 ND 270 -
Bla]P <DL 90 <DL 2730 ND 90 -
P <DL <DL <DL 280 ND 45 -
D[ah]A <DL <DL <DL 550 ND 55 -
B[ghi]P <DL <DL <DL 2815 ND 235 -
Total PAH 2935 5795 3780 28,430 ND 4960 -
CB-8 129 123 13.6 <DL ND 0.9 -
CB-18 143 13.0 8.1 <DL ND 7.1 -
CB-31 173 143 10.1 <DL ND 7.9 -
CB-28 16.9 17.4 9.5 <DL ND 9.0 -
CB-33 15.7 17.5 10.2 <DL ND 9.3 -
CB-52 17.3 16.0 9.2 <DL ND 2.0 -
CB-49 15.7 17.4 8.3 <DL ND 9.7 -
CB-44 12.9 16.0 13.6 <DL ND 8.0 -
Total PCB 123.2 123.6 82.5 <DL ND 54.0 30.0

2 ND: not determined or DL: below the detection limit. Metal (Hg, Zn, Mn, Cr, Ni, Pb, Cu, Cd and Fe) concentrations are expressed in mg-kg ', while the Hydrocarbon Polycyclic Aro-
matics and the Polychlorinated Biphenyl (PCB) concentrations are expressed in pg-kg~". The determined Polycyclic Aromatics Hydrocarbons were: naphthalene (Nap), acenaphthylene
(Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (FlIt), pyrene (Pyr), chrysene (Chr), benz(a)anthracene (B[a]A), benzo(b)fluoranthene
(B[b]F), benzo(k)fluoranthene (B[K]F), benzo(a)pyrene (B[a]P), indeno(1,2,3,-cd)pyrene (IP), dibenzo(a,h)anthracene (D[ah]A), and benzo(g,h,i)perylene (B[ghi]P). The determined PCBs
were: 2,4’-Dichlorobiphenyl (CB-8); 2,2’,4-trichlorobiphenyl (CB-18); 2,4,5'-trichlorobiphenyl (CB-31); 2,4’,4'-trichlorobiphenyl (CB-28); 2’,3,4-trichlorobiphenyl (CB-33); 2,2/,5,5'-
tetrachlorobiphenyl (CB-52); 2,2',4,5'-tetrachlorobiphenyl (CB-49); and 2,2',3,5'-tetrachlorobiphenyl (CB-44).

b Parameter measured in water.

¢ Standard upper limits suggested by the US-EPA; the metal concentration values are based on the level that causes negative effects on 10% the exposed fauna and flora.

elements solution and 1 mL vitamin solution were added (Overmann
et al,, 1992). The trace element solution contained (per liter): 2.5 g
EDTA, 10 mg ZnS0,°7H,0, 1.5 g MnSO4 H,0, 5.0 g FeSO4°7H,0,
390 mg CuS04°5H,0, 240 mg CoNO5°6H-0, and 177 mg Na,B40,°10-
H,O0. The vitamin solution contained (per liter): 0.2 mg biotin, 10 mg
acid nicotinic, 50 mg thiamine, 50 mg riboflavin, and 50 mg inositol.
For solid media, 15 g-L™ " of bacteriological agar was added.

Culture media were further supplemented with model hydrocar-
bon compounds as the only carbon and energy source (Nap, at
100 mg-L™ !, or Pyr, at 50 mg-L~!). A hydrocarbon stock solution
at high concentration (500 mg-L~", dissolved in acetone) was pre-
pared just before use. An alicote of less than 1 mL was used as carbon
source. This solution was poured as a thin layer over the agar media
or to the empty penicillin bottles, respectively for the solid and liquid
cultures. 20 mL of media was used for both cultures. The latter was
added only after the acetone had been evaporated. To obtain the
hydrocarbonoclastic bacterial consortia, enrichments were conduct-
ed in liquid medium incubated at 30 °C and under continuous shak-
ing (100 rpm). After two subcultures of about 20 days each, an
aliquot served as inoculum for bacterial isolation on agar plates.
They were incubated at room temperature (20-27 °C) until colonies
were visible. They were collected and transferred to liquid medium
for further characterization including microscopic observations and

identification through phenotypic (API-20NE kit) or phylogenetic
analysis. The isolated strains were stored at —20 and — 80 °C in cul-
ture medium containing 20% (v/v) glycerol.

The total DNA of bacterial isolates, obtained following Brito et al.
(2013), adapted from Tsai and Olson (1991), was used to amplify the
16S rDNA gene by PCR using unlabeled primers 8F and 1 489R (5'-
AGAGTTTGATCCTGGCTCAG-3’ and 5’-TACCTTGTTACGACTTCA-3’ re-
spectively). The amplicons were sequenced using the BigDye sequenc-
ing kit (Applied Biosystem®). The obtained sequences were checked
for chimeras and compared to those in the database of the National Cen-
ter for Biotechnology Information (NCBI) website (http://www.ncbi.
nlm.nih.gov) using BLAST. The sequences, together with close reference
ones, were aligned with the ClustalW® program and phylogenetic trees
were obtained with the Mega software using the neighbor-joining
method. The confidence of the phylogenetic trees was assessed by boot-
strap using 1000 resampling. The sequences determined in this study
have been submitted to GenBank® database and assigned accession
numbers KP161867 to KP161874.

Degradation capacities for all the isolated strains were evaluated in
liquid medium containing model hydrocarbon compounds provided at
50, 100 and 200 mg-L~ ' for Nap, and at 50 and 100 mg-L~! for Pyr
and Flt. After 21 days of incubation, hydrocarbons were extracted with
5 mL dichloromethane, and quantified by gas chromatography or
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HPLC as described above. The percentage of degradation was calculated
using as control inactivated strains.

3. Results
3.1. Chemical characterization of sample sites

Basic physico-chemical parameters, measured in the overlaying wa-
ters, and the concentration of metals, PCBs and PAHs, analyzed in the
sediments, are presented in Table 2. For accessing the significance of
these measured values, they were compared with the United States En-
vironmental Protection Agency (EPA, U.S., 1986) suggested values for
natural waters. These data revealed that, even before the Salamanca in-
dustrial park, the Lerma River was outside the acceptable range for
maintaining life (like fishes) or for recreational use by humans. The con-
ductivity is 20 times above the standard, while the dissolved oxygen
(DO) levels are only acceptable when the river enters the city (points
0 and 1). The most critical situation is clearly the one presented by the
river after receiving the main industrial and urban discharges (points
2,3 and 4): The conductivity reaches a level 80 times above the standard
and the DO is dangerously below the recommended value. Station 4 ex-
hibited hypoxic conditions with oxygen saturation of 15%.

Similar results were found by the analysis of the heavy metal con-
tents in the sediments. Again the three downstream points showed
metal concentrations above the acceptable limits. These three sampling
points exhibited high values for Pb and Cd (up to about 8 times the ref-
erence); points 2 and 3 presented also high values of Zn and Cu; point 2
presented the highest value for Hg and point 3 the highest value of Ni
and Fe. Another point that exhibited metal concentrations above the
reference, specifically Pb and Cu (the last more than 7 times the refer-
ence), is the point OLa. This is due to other sources of contamination
along the Laja River, before the confluence, probably caused by dye dis-
charges from handcraft factories.

The PCB concentrations found in Lerma River sediment samples
showed only small variations with total values ranging from 54 to
124 pg-kg™'. These sediments may be considered as contaminated ac-
cording to EPA references values. These data were higher than the
ones observed in other studies for similar ecosystems. Uncontaminated
sediments usually contain concentrations as low as 3 ug-kg~! (Funil
Reservoir — Rio de Janeiro, Brazil), 2-19 pg-kg™' (Santana River —
also Rio de Janeiro, Brazil; Brito et al., 2005), 10 pg-kg~' (Yangtze
River Estuary — China; Yang et al., 2012) and 21 pg-kg~' (Catalonia
Basin — Spain; Peré-Trepat et al., 2006). Moderately and highly contam-
inated sediments may contain PCBs with concentrations ranging from

48-486 pg-kg !, as found in the Zhujiang River, to 3 396 pug-kg !,
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Fig. 2. TRFLP analysis with Haelll and HinP1I enzyme restrictions. Each circle is one population while its size represents its relative abundance inside the community.
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measured in Macao harbor, the last ones in China (Fu et al., 2003),
respectively.

We determined, in our sediment samples, the 16 priority PAHs ac-
cording to the US-EPA (Table 2). The overall concentrations are relatively
low except for point 2Le, which showed a total PAH concentration of 28
430 pg-kg~! (6 times higher than the previous ones). This point is just
after the pipeline of a petroleum refinery and thermoelectric plant. This
disparity is clear and consistent in all PAH that could be measured, the
only exception being benzo(b)fluoranthene and benzo(k)fluoranthene
that showed a slightly higher value at one station (4Le). Individually,
the PAH that showed the highest concentrations was the naphthalene
(between 2 720 and 4 910 ug-kg™', in points 0, 1 and 4; and 12
970 pg-kg~ ! in point 2). Moderately contaminated samples show PAH
concentrations like 25-275 pg-kg ™! (South Sea — China; Yang, 2000),
while samples with 330-1 093 pg-kg~' (Danube Estuarine Coast —
Romania; Tsymbalyuk et al., 2011) and 22-2 792 ug-kg ™! (Pearl River
Delta — China; He et al., 2008) are considered polluted to highly polluted.
Extremely large values have also been reported: 90,000 pg-kg ™' (Fraser
River — Canada; Yunker et al., 2002) and 250,000 pg-kg™"' (Black River
US.A.; Gu et al,, 2003). Thus, Lerma sediment samples may be considered
at least highly contaminated with HPAs.

3.2. Bacterial characterization of sample sites

The TRFLP fingerprints of each sample (except of OLa), obtained with
the two restriction enzymes, are shown in Fig. 2. This figure shows a rel-
atively high bacterial diversity with average numbers of TRFs of 52 and
45, respectively for Haelll and HinP11 enzymes. A slightly better perfor-
mance was obtained with Haelll (50,61, 51,44 and 52 TRFs, for OLa, 1Le,
2Le, 3Le and 4Le, respectively) as compared to HinP11 (44, 53, 42, 35 and
52 TREFs, respectively). Only one dominant population (above 10% rela-
tive abundance) was observed with Haelll-restriction enzyme (TRF
36-37 in samples OLe, 1Le, 2Le and 3Le). For HinP1I-restriction enzyme,
3 dominant populations, represented by TRFs 39-40, 42 and 79, were
observed in samples 2Le, 3Le and OLa. It is important to note that the re-
sults obtained with only one enzyme are not enough for completely de-
fining the profile of the population because: i) the range of covered base
pairs is limited (very small and very large fragments are lost); ii) very
small populations usually cannot be detected by this technique and
iii) fragments of different OTUs but with the same size may occur
(e.g., Caretta and Brito, 2011). This is why more than one enzyme is usu-
ally used. Concerning to our results, the dominant population detected
with Haelll is probably composed by at least 3 dominant populations
found with HinP1l. The intermediate most abundant populations (be-
tween 2 and 10%) corresponded to 35% of the populations for Haelll-
restriction enzyme and 44% for HinP1I-restriction enzyme, while the
poorly represented ones (less than 2%) represented 63% and 54%
respectively.

The dendogram from cluster analysis, taking into account the abun-
dance data (data not shown), revealed that the waste output from Sal-
amanca urban area noticeably affects these populations, the most
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Fig. 3. PCA analysis for TRFLP (Haelll and HinP1I digested data).
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distant samples being 3Le and 4Le. The Principal Component Analysis
(PCA), on the other hand (Fig. 3), revealed that sample 4Le was clearly
separated from all the others along the x axis explaining 41.8% of total
variation between samples. The y axis explaining 22.6% of the total var-
iation separated the upstream station (OLe) from the 3 remaining sam-
pling points.

3.3. Hydrocarbonoclastic bacteria isolation

In order to carry out the bioprospection of hydrocarbonoclastic bac-
teria from the studied river samples, we initially used two culture
media: one with a well defined chemical composition (mineral media,
MM) and another prepared by sterilizing Lerma River sediments (sedi-
ment extract media, SEM). For both, we also tested two distinct unique
carbon sources: naphthalene (Nap, 100 mg-L™!) and pyrene (Pyr,
50 mg-L™1). After two enrichments in liquid media and isolation in
solid media, 19 morphologically distinct colonies were obtained
(Table 3), most of them from the less contaminated sites. Eight strains
were actually characterized and identified (Table 4), 4 from pyrene en-
richments and 4 from naphthalene enrichments. Three of these strains,
gram negative and oxydase positive, were unequivocally identified as
Pseudomonas spp. based on API20NE system (see Table 4 for API codes).

As shown in Fig. 4, the comparison of the 16S rRNA gene sequences
of the eight strains to the NCBI library (http://blast.ncbi.nlm.nih.gov)
suggested high similarity with representatives of the genera Pseudomo-
nas, Aeromonas and Mycobacterium, within gammaproteobacteria and
actinobacteria classes. Two remaining cultures (consortia) were domi-
nated by Pseudomonas related bacteria as revealed by both microscopic
observation and API 20NE identification.

3.4. Hydrocarbonoclastic potential of the isolates and consortia

The ability of the isolates and consortia to use different hydrocar-
bons as their only carbon and energy sources was tested with two
different concentrations of pyrene and fluoranthene (100 and
50 mg-L™ 1), and three of naphthalene (200, 100 and 50 mg-L™1!).
The incubation conditions were similar to the ones used on the isolation
tests, i.e,, 21 days at room temperature, neither with light or agitation.
Hydrocarbon concentration measurements were done at the beginning
and the end of the incubation period. Controls (medium without inocu-
la) were used as reference to 0% of stimulated biodegradation.

All strains and consortia were able to degrade completely or almost
completely the Nap (degradation above 87% at 50 mg-L ™!, above 92% at
100 mg-L~ ! and above 95% at 200 mg-L~!; Fig. 5).

These results might be expected, since the isolated strains were sim-
ilar to bacterial species known to be hydrocarbonoclastic and, secondly,
because it is usual that the hydrocarbonoclastic bacteria are able to
degrade and use Nap as carbon source because this is the less complex
PAH (Brito et al., 2005). Similarly, all the strains and consortia were
able to degrade Pyr, more efficiently at the highest concentration
(degradation's between 15 and 72%, with a median of 37%). Interesting-
ly, the consortia exhibited the highest degradation potentials on pyrene
(Fig. 5).

4. Discussion

The Lerma River basin is a very important source for freshwater to
west-central Mexico. The Lerma River itself is 965 km long, beginning
on the Mexican Plateau at an altitude over 3000 m above sea level,
24 km southeast away from Toluca City (Mexico State), and emptying
into Chapala Lake (Jalisco State). It drains waters from many agricultural
areas, urban regions (e.g., Irapuato and several other Guanajuato State
cities) and industrialized regions such as Queretaro and Salamanca.
When it crosses Salamanca city (also in Guanajuato State) it receives
discharges from a Thermoelectric Power Plant and a Petrochemical
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Table 3
Characteristics of hydrocarbon resistant bacterial colonies.

Observed colonies

Isolated strains

Carbon source® Nap Pyr Total Nap Pyr Total
Media culture” MM SEM MM SEM

Sampling Site

OLe 2 1 2 0 5 - OLe-2P, OLe-3P 2
OLa 2 0 0 0 2 OLa-3N - 1
1Le 3 2 2 1 8 1Le-1N€, 1Le-2N, 1Le-3N, 1Le-4N¢ 1Le-3P 3
2Le 0 0 1 0 1 - - 0
4Le 1 0 2 0 3 4Le-4N 4Le-3P 2
Total 8 3 7 1 19 4 strains 4 strains 8

¢ N: naphthalene; P: pyrene.
5 MM: minimum media; SEM: sediment extract media.
€ Probable bacterial consortia (3 in total with naphthalene).

Refinery, both installed in 1950, but also inputs of untreated domestic
wastewater.

Despite the great economical and ecological importance of the
Lerma River, the results of this study suggest that even before the Sala-
manca industrial park, the Lerma River is already chronically contami-
nated by metals and organic compounds, and among them PCBs. The
possible sources of the latter are associated to inadequate storage of
contaminated waste and obsolete equipment. The PCBs were widely
used during the 1930s and 1940s, especially as a dielectric fluid in ca-
pacitors and transformers (Borja et al., 2005). Due to their great envi-
ronmental persistence and carcinogenicity, the production and use of
PCBs were banished since the 80s. However their contamination is cur-
rently still of concern, especially from electric and electronic wastes
(Yang et al., 2012). Salamanca city is a highly industrialized city, and
was included in the United Nation Development Program (UNDP)
plan for PCB management and destruction. In fact, Guanajuato state
has about 56,000 electrical transformers to be eliminated (UNDP-
PCBs, 2009). The results indicate that point OLa is already impacted by
discharges of remnant PCBs, with concentrations of 123 pg-kg ™. This
value is 6 times larger than the highest values observed for uncontami-
nated sites (see Section 3.1). Noticeably PCB concentrations, within the
studied stretch, decreased along the river flow, indicating that the
sources for PCBs to Lerma River were probably not the industrial and
urban discharges of Salamanca city.

As for PCBs, the average PAH concentration in the sediments were
very high, ranging, with exception of sampling point 2Le, from 3000 to
5000 pg-kg~! (also more than one order of magnitude larger than the
highest values for uncontaminated sites, see also Section 3.1). As could
be expected from macroscopic observations, sampling point 2Le
seemed largely affected by the industrial discharges with a strong in-
crease in total PAH concentrations (28,430 pg-kg~') and high amount
of phenanthrene, pyrene, benzo[a]pyrene, benzo[g,h,i]perylene. Al-
though the industries have their own water treatment plants, their

Table 4
Accession number and API20NE code for the bacterial isolates and colonies.

Strain Accession numbers API code Most similar type strain

OLe-2P KP161873 - Aeromonas veronii (99%)
OLe-3P* KP161871 0,354,575 Pseudomonas aeruginosa (100%)
OLa-3N KP161868 - Mycobacterium smegmatis (99%)
1Le-3P? KP161872 1,354,777  Pseudomonas aeruginosa (100%)
1Le-IN® - 0,472,763 -

1Le-2N KP161867 - Mycobacterium smegmatis (99%)
1Le-3N? KP161874 0,140,457  Pseudomonas lundensis (99%)
1Le-4N® - 0,440,757 -

4Le-3P KP161869 - Mycobacterium smegmatis (99%)
4Le-4N KP161870 - Mycobacterium smegmatis (99%)

¢ Identification match of API20NE code.
b Probable bacterial consortia.

sewer to the river (downstream 1Le) showed clear sensitive signs of
contamination (very high turbidity and fetid smell). In all sampling
points after 1Le, oil stains were observed in situ over the water and
trapped into the sediments. The bacterial communities seem not to be
notably influenced by this discharge spot in 2Le since bacterial commu-
nities did not vary much between points 1Le and 3Le (Fig. 3). On the
other hand, the impact of organic material discharges from Salamanca
city and their associated nutrients becomes visible through the decrease
of dissolved oxygen and pH observed between station 1Le and 4Le.
Thus, these parameters are probably the main environmental factors af-
fecting bacterial community diversity as demonstrated in station 4Le
where oxygen saturation decreased to 15%. Since the recollection and
treatment of urban wastewaster of Salamanca city has improved in
the last years, the impact caused by organic material sewages from
urban discharges can be more easily mitigated.

The treatment of PAH contamination, in contrast, must be largely
improved given the very high PAH concentrations detected in station
2Le. This treatment may include biological processes, which must be de-
veloped and applied.

Since heavy metals are common constituents of crude oil and deriv-
atives, it is usually expected to find high levels of them in sites chroni-
cally contaminated by petroleum (Mathé et al., 2012). This co-
occurrence may affect in a particular way the microbial diversity and ac-
tivity due to the extra stress caused by the metallic ions.

Considering the ability of bacterial communities to adapt themselves
to chronically contaminated conditions, i.e., oil contamination, some
sites of Lerma River were used to perform bioprospection studies for po-
tentially hydrocarbonoclastic microorganisms. Three bacterial consortia
(OLa-1N, 1Le-1N and 1Le-4N) and 8 isolates (Table 4) were obtained
from this site. Although the attempts to isolate the microorganisms of
these consortia were not successful, they showed a high ability to de-
grade hydrocarbons. In fact, it is known that some bacterial species
can cooperate within each other to better survive stressing environmental
conditions. This cooperation is usual in the presence of toxic contami-
nants like petroleum compounds, where one specie can act on the first
stage of oil degradation, yielding a less toxic (or even not toxic at all)
product, whereas the second species may use it as carbon source (Luan
et al., 2006). All the isolated strains showed similarity with bacteria
known for their hydrocarbonoclastic capacities (Brito et al., 2006, 2009),
being their PAHs degradation mechanisms already described (Atlas,
1981; Juhasz and Naidu, 2000; Smith, 1990; Cerniglia, 1992; Lu et al.,
2011).

The results of the experiment for determining the hydrocarbonoclastic
potential showed, for all the isolated strains, that naphthalene was
completely degraded under all the tested conditions, i.e., only carbon
source, while fluoranthene and pyrene were partially degraded. For
these last two PAHs, the three most efficient strains, OLa-3N, OLe-1N
and 1Le-2N, could diminish both pyrene (55, 72 and 57%, respectively)
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Fig. 4. Phylogenetic tree based on 16S rRNA encode gene, showing the position of isolated strains within the radius of members of representative groups (gammaproteobacteria or
actinobacteria). The tree was generated using maximum parsimony and neighbor-joining analyses. All accession numbers of type strains are indicated in parenthesis.

and fluoranthene (50, 39 and 35%), while strains 1Le-1N and OLe-3P could
degrade, respectively, pyrene (63%) and fluoranthene (52%).

OLa-3N and 1Le-2N strains were similar to Mycobacterium goodii (as
well as strains 4Le-3P and 4Le-4N), which was found on environmental
soil samples and is considered human pathogenic (Friedman and
Sexton, 2001; Toda et al.,, 2006). The ability of this strain to degrade oil
was described by (Li et al., 2003). The Mycobacterium sp. is, in fact,
one of the first bacteria known to degrade hard PAHs like pyrene
(Heitkamp et al., 1988; Cerniglia, 1992). Since then, considerable work
has been applied for describing the degradation pathway used by
some species of this genus for mineralizing such organic compounds
(Berekaa and Steinbiichel, 2000; Stingley et al., 2004; Kim et al.,
2007). Our results show that M. goodii is able to degrade pyrene at a
rate of about 4%-day~ ! and fluoranthene at 3%-day~' (both consider-
ing a constant degradation rate along our experiment). The degradation
rate, g, is calculated by the equation: g = 1— 2{/? = 1— /195D, where
G; and Cyare, respectively, initial and final PAH concentrations and D is
the degraded percentage shown in Fig. 5. The last of the three most ef-
ficient “isolates”, OLe-1N, is a consortium, for which the API20NE test
was not applied because it revealed previously to be Gram positive.
Since Mycobacterium sp. are Gram positive strains, and half of the se-
quenced isolates were similar to them, OLe-1N is probably a community
containing this population. This consortium was able to degrade up to a
rate of about 6%-day ! of pyrene.

Another consortium that revealed to be efficient on degrading
pyrene was 1Le-1N (5%-day~!), identified by API20NE test as a Pseu-
domonas sp., suggesting that this population is probably the most
abundant in the community. For the third consortium obtained,
1Le-4N, the test also revealed a probable dominance of Pseudomonas
sp. Furthermore, OLe-3P, which was also efficient on degrading fluo-
ranthene (3%-day~!), is a strain similar to Pseudomonas aeruginosa
(as well as is 1Le-3P). Another Pseudomonas isolated in our samples

was 1Le-3N, similar to Pseudomonas lundensis, a bacterial strain
isolated from natural mineral water (Elomari et al., 1996). The usual-
ly pathogenic Pseudomonas are also known to possess great plastic-
ity for consuming distinct contaminants, including soft and hard
PAHs.

Finally, strain OLe-2P revealed to be similar to Aeromonas veronii, an-
other pathogenic bacteria that, although recognized to be capable of
growing in naphtalene and phenanthrene (Kiyohara et al., 1976), did
not have its ability to consume the PAHs studied here previously verified.

Hydrocarbonoclastic bacterial communities are usually found in oil
impacted environments; thus these microorganisms can effectively
use the petroleum hydrocarbons as carbon source (Brito et al., 2006;
Ben Said et al., 2008; Zhong et al., 2011). In fact, it has been shown
that some microorganisms have the ability to transfer the hydrocarbon
degradation capability to other members of the bacterial community by
horizontal transfer (Habe and Omori, 2003). In this context, the
bioprospection and study of hydrocarbonoclastic organisms disclose a
high potential for the development of bioremediation technologies.
Newly discovered microorganisms and innovative bioprocesses, capa-
ble of using totally or partially the petroleum hydrocarbons, may
allow minimization of the impact caused by oil spills.

5. Conclusions

The presented results warn us that the industrial and urban discharges
of Salamanca city into the Lerma River are poorly treated. They reveal the
lack of local environmental policies to protect the river water, directly
affecting both the fauna and flora, in addition to human health. Interest-
ingly, this contamination seems not to be altering, considerably, the stud-
ied hydrocarbonoclastic bacterial community. Eight isolated strains and
three bacterial consortia, with capacity to degrade different classes of
hydrocarbons, were isolated and identified. They showed an ability to
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Fig. 5. Hydrocarbon biodegradation with naphthalene (Nap), pyrene (Pyr) or fluoranthene (Flu) as only carbon source. The (*) symbol means that no degradation was detected.

use hydrocarbons that are difficult to be degraded, like pyrene and fluo-
ranthene. These experiments revealed that known hydrocarbonoclastic
bacteria as Mycobacterium sp., Pseudomonas sp. and Aeromonas sp. can
be found in environments also impacted by PCBs and heavy metals. It is
clear that the ability of a microorganism to degrade a certain pollutent
is not intrinsic, but dependent on the environmental conditions and
other stress levels this microorganism is subjected to. This is why the
studies “in situ” usually do not reproduce the results observed in the lab-
oratory. Many contaminated sites present different levels of contamina-
tion of distinct pollutants, like in the case for the stretch of Salamanca
River we have studied — this co-occurrence may determine a specific be-
havior of the microorganisms and their ability to survive and degrade the
contaminants. The present work is intent to go on this direction: investi-
gate the ability of native microorganisms to degrade distinct contami-
nants that co-occur in a certain polluted site. For obvious reasons, there
is a special interest on microorganisms that are indigenous and endemic
of the contaminated site, as is the case of the strains and consortia from
Lerma River sediments identified in the present work. Also, the simple
use of these sediments as bacterial hydrocarbonoclastic inocula is possi-
ble, for example, for applying on biopilas systems in order to stimulate
oil biodegradation. Nevertheless, it is pivotal to advance on isolating,
studying and comprehending the mechanisms used by these organisms
to make the oil biodegradation as effective as possible.
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