
Bioprospection for petroleum hydrocarbon

bioremediating microorganisms in hypersaline

environments and barium-resistant microbiota in oil

exploitation wastewater

David Andrés Ayala Usma1 and Jenny Dussán Garzón1∗

Abstract

Crude oil extraction is an economical activity which represents a serious environmental prob-

lem due to the obtention of large volumes of oil�eld brines with dissolved petroleum-hydrocarbons

and heavy metals even after desalination and physicochemical decontamination treatments. The

aim of this study was to isolate microorganisms able to degrade heavy crude oils in saline condi-

tions, such as the ones found around the oil-wells, and microorganisms able to resist the remaining

contaminants in the water e�uents of the oil�elds. We were able to recover 5 halophilic isolates

from heavy crude oil and 3 isolates from e�uent wastewater. One of the halophilic strains, Salin-

icola sp. M4, showed an unprecedented degradation rate, removing 52% of the Total Petroleum

Hydrocarbons in just 3 days. The three non-halophilic isolates showed resistance to 100 times the

amount of barium in the e�uent waters. These results seem promising for proposing an integral oil

�eld bioremediation strategy pre and post brine treatment in di�erent parts of the oil exploitation

station.
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Introduction

Crude oil opportunities in Colombian Orinoquia rely on prospecting the potential of di�erent Paleogene
and Miocene geological formations shared with the Orinoco Belt, an oil sands formation in which the
largest heavy-crude oil reserves in the world are found[1, 2]. Given the increasing interest in the
exploitation of these heavy crude oils, environmental pollution associated with extraction activities
should be taken in account for proper waste management. Heavy crude oils are usually associated
with organic sulfur-rich compounds, high molecular weight hydrocarbons with low biodegradability,
and heavy metals [3, 4]. Additional to the pollutants, saline waters, known as oil�eld brines, are usually
found to be associated with oil �elds and vary in quantity and salt content among di�erent deposits,
sometimes being the volume relation oil-brine is as high as 100:1, and salinity of the brine of 15% (w/v)
[5]. Desalination and brine-associated pollutants remotion should be carried out prior to disposal of this
water, but remotion processes are not always su�ciently e�ective for environmental water-discharge
standards. Given the aforementioned challenges, candidate microorganisms for heavy hydrocarbon
bioremediation in hypersaline conditions, like the ones found in the oil-well inmediations, are needed
as well as microorganisms with the ability to remove hydrocarbons and heavy metal pollution from
discharge e�uents of desalinated water.

∗1Centro de Investigaciones Microbiológicas (CIMIC), Universidad de los Andes, Bogotá, Colombia. *Corresponding
author: jdussan@uniandes.edu.co.
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Methods

Samples

Samples of discharge wastewater from an exploitation station (LGL Water) and crude oil containing
a small amount of extraction water (Crude Water), were taken from Estación La Gloria (Perenco)
an oil extraction station located in Aguazul, Casanare (Colombia). Measurements of water quality
according to the Decree No. 1594 of 1984 issued by the Ministry of Agriculture [6] were performed
for the wastewater discharge sample. La Gloria Crude oil (LGCO) is a heavy crude oil with a speci�c
gravity of 14.5° API

Total salt gravimetry

1 mL of either LGL Water or Crude Water was taken, placed in an 1.5-mL plastic tube, and centrifuged
at 14000 rpm for 2 minutes to precipitate suspended solids. An aliquot of 100 µL of the supernatant was
heat dried in a glass slide and the resulting mass was recorded as the total salts content of the sample.
Distilled water and NaCl 20% served as controls for this experiment. All samples were measured by
triplicate.

Halophilic microorganism isolation from crude oil

A modi�ed Mineral High Salt Medium (MHSM) described by Bonfá and collaborators [7] was used
for a microbial enrichment. The composition of the medium was as follows (g/L): NaCl (200), KCl
(3.75), NH4Cl (0.267), K2HPO4 (0.174), MgSO4· 7H2O (37), CaCl2· 6H2O(0.5), and 133µL of FeSO4·
4H2O 0.03% (w/v). Enrichment was performed three in 100-mL Erlenmeyer �asks containing 5 mL
of LGCO and 45 mL of autoclaved MSHM with chloramphenicol (25 µg/mL), MSHM without LGCO
was used as a medium control. The culture was incubated at 30°C, 200 rpm for 30 days.

Serial dilutions from the enrichment with the highest turbidity were plated on modi�ed Halobac-
terium Agar composed as follows (g/L): NaCl (200) , MgSO4· 7H2O (10) , KCl (5) , CaCl2· 6H2O
(0.2), Yeast extract (10), Tryptone (2.5), and Bacteriological Agar (20). After an incubation period of
1 week at 30°C, colonies with distinctive morphotypes were picked and propagated in fresh Halobac-
terium plates to obtain axenic microbial cultures. Microscopic microbial morphology was determined
by Gram staining after �xation with heat and acetic acid as reported by Dussault [8].

Heavy crude oil degradation assay

Three out of �ve recovered halophilic strains (namely M1, M4 and M5) were used for the degradation
assay. 800 µL of an Halobacterium-broth overnight culture of either M1, M4 or M5 was added to a
500 mL-plastic recipient containing 80 mL of MHSM ammended with 1% (w/v) of UV-sterile LGCO
as the only carbon source, and incubated at 30°C, 200 rpm for 36 hours. Autoclaved NaCl 20% (w/v)
solution served as the abiotic control in this experiment. Total Petroleum Hydrocarbons (TPHs)
concentration was determined by gravimetric analysis at 0 hours and 36 hours. Triplicates were made
for each treatment.

Non-halophilic-microorganism isolation from wastewater

Water Agar (WA) was made using sterile LGL Water as the nutrient source and 15 g/L Bacteriological
Agar. Serial dilutions from 10−1to 10−3were prepared from non-sterile LGL Water or Crude Water,
then plated in Water Agar with or without chloramphenicol (25 µg/mL), and incubated at 30°C for
a week. Colony counts were made and 50 random colonies from various treatments were picked and
propagated in fresh Water Agar with chloramphenicol plates through 4 serial replica platings using
sterile toothpicks [9].
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Minimum Inhibitory Concentration (MIC) Assay

This assay is a modi�cation of the Andrews method for MIC determination by spotting[10]. Nutrient
Agar plates containing 0 to 1 mM (steps of 0.1 mM) and 2 to 10 mM (steps of 1 mM) of Ba(NO3)2were
prepared for this assay. 1 mL of a mid-log culture of either 5A, 38B(1), and 38B(2) was taken, washed
three times with autoclaved distilled water, and resuspended in the same volume of sterile water. Three
spots of the cell suspension were plated in Nutrient Agar + Ba(NO3) and incubated at 30°C for 72
hours. Spots of distilled water were used as controls.

Phenol Degradation Assay

400 µL of a mid-log culture of either 5A, 38B(1), 38B(2) or autoclaved distilled water was added to a
Minimal Salt Medium composed as follows (g/L): KH2PO4(0.5), Na2SO4(2), KNO3(2), CaCl2· 6H2O
(0.001), MgSO4· 7H2O (1), FeSO4· 4H2O (0.0004) with 20 ppm of phenol as the sole carbon source.
Measurements of growth by optic density at 600 nm and spectrophotometric phenol concentration
(4-aminoantipyrine method [11]) at 510 nm were made at 0, 24 and 48 hours.

Strain identi�cation by 16S rDNA sequencing

Complete 16S rDNA ampli�cation conditions and sequencing using 27F and 1493R universal primers
were carried out as described previously by Lozano and Dussán [12]. Upon retrieval of sequencing,
consensus sequences for each strain were built from the raw sequences of each primer using CLC
Main Workbench 6.8.4 (CLC bio, Aarhus, Denmark). Consensus sequences were then identi�ed using
the Ribosomal Database Project (RDP, Release 10 Update 32) [13] and megablast implementation of
the BLASTN algorithm for GenBank database [14]. A maximum-likelihood phylogenetic tree for the
M-Co�ee aligned sequences, including ingroup and outgroup sequences taken from RDP, was made
using MEGA5 software [15], using a Tamura-3-parameter + Γ evolutionary model and 1000 bootstrap
repeats as branch support.

Hydrocarbon catabolism genetic pro�le of the strains

Polymerase Chain Reactions for amplifying reported genes involved in alkane (alkB, alkS ), phenol
(pheA, pheB), toluene, and xylene (xylR) degradation were performed to investigate the genetic poten-
tial of the halophilic and non-halophilic isolates. Additional to that, ampli�cations of the conjugative
plasmid associated genes traG and trbB were performed. Crude extract of a single colony of a strain
was the DNA source. Each 25 µL PCR reaction contained 1X Reaction Bu�er + (NH4)2SO4(Thermo
Scienti�c) , 2.5 mM MgCl2, 0.3 µM Forward primer, 0.3 µM Reverse primer, 0.2 mM dNTP mix,
0.08 U/µL of Taq Polymerase (Thermo Scienti�c) and 1 µL of the crude extract or water for negative
controls. The list of primers and PCR conditions are described in the table 1 and Appendix 1.
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Table 1: List of primers used in this study.
Gene Expected amplicon Primer name Sequence Reference

16S rDNA 1500 bp
27F AGAGTTTGATCMTGGCTCAG

[16, 12]
1493R TACGGYTACCTTGTTACGACTT

alkB 214 bp
alkb1-F AACATAACCGTGGCCATCAC

[17]
alkb1-R AACACCACGCTGTACATCCA

alkS 193 bp
alkS-F CCCACGCGAAACAAATAAGT

[18]
alkS-R GGCGAATACCAGTACGCAAT

pheA 448 bp
pheA1 AGGAAAATTCGCCTGAAGGT

[19]
pheA2 ACCAAGATCACACCGTCCTC

pheB 473 bp
pheB1 CGTACCATCGAAGGACCACT

[19]
pheB2 GCTAAGTCTTGACGGGTTGC

xylR 2289 bp
xylR-L GCGCCGAGCCGTTTTCACACAACCT

[18]
xylR-R CGCCTCGGGATCTCGACGTGATGCGT

traG 481 bp
traG-F CCTGGCARATSAGGTAGCAC

[11]
traG-R RTKGGCGAGCTWTGGATG

trbB 498 bp
trbB-F ARCGGGCSAAGAAGAAGC

[11]
trbB-R TCGGGTCTTGAAKCACCATCTC

Statistical Analysis

All the statistical analysis were performed using packages included in R Statistical Language verision
3.0.1 (64 bits) [20].

4



Results and discussion

Sample pollutant contents and salinity

Figure 1: Gravimetric determination of total salt content of the polluted waters of La Gloria oil
extraction. Statistical di�erences (Tukey's Honestly Signi�cant Di�erence test p < 0.05) are indicated
by an asterisk and a bracket. Error bars indicate +/- 1 Standard deviation, n = 3 for each treatment.

Measurements at LGL Station wastewater puri�cation facilities showed that phenol (15 ppm), barium
(14.1 ppm), iron (13.9 ppm), and strontium (90.3 ppm) are the main pollutants exceeding the maximum
values established by the Decree 1594 of 1984 [6]. LGL Water content of ~3% (w/v) chlorides and ~1%
(w/v) sodium are an indication of low salinity in the discharged water. Since these measurements are
not performed to the water associated to the crude oil, a simple gravimetric assay to determine total salt
content was performed. There was not any signi�cant di�erence between the NaCl standard and Crude
Water, or Distilled Water and LGL Water, but the other treatments showed statistical di�erences at
the 95% con�dence level with each other, being the average salinity of the Crude Water 5 times higher
than the one of LGL Water (�gure 1). According to Hugo Vladimir Ramírez of Biointech[21], di�erent
treatments are perfomed at the station to lower the contamination of the exploitation oil-well e�uents,
being a desalination one of them; this would suggest that maybe there are di�erent organisms adapted
to hydrocarbon degradation before and after �ltering.
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Halophilic microorganism isolates

Figure 2: Enrichments of La Gloria Crude Oil (LGCO) performed with MSHM and oil as both carbon
source and inoculum. Replicas 1 to 3 and negative control (from left to right).

30-day enrichment resulted in a visible turbidity increase in the aqueous phase of MHSM containing
�asks, indicating a possible growth of microorganisms and oil degradation since there was an apparent
emulsi�cation of crude oil in the �rst enrichment (Crudo + clor 1,�gure 2). Upon plating serial dilutions
of the in Halobacterium Agar, a total of �ve distinctive morphotypes were observed: ~2 mm diameter
yellow colonies (M1), ~1 mm diameter white colonies (M2), < 1 mm diameter white colonies (M3), ~1
mm translucid colonies (M4), and ~1 mm yellow colonies (M5). Upon microscopic examination and
cell measurement for axenic cultures of each morphotype, it was readily appreciable that all of them
were gram-negative aerobic rods, with sizes ranging from 1.7 to 3.4 µm with the longest cells belonging
to M4 strain (�gure 3). Since all the isolates were recovered from an enrichment with emulsi�ed crude
oil, it is possible to ensure that these isolates could carry out heavy-oil hydrocarbon biodegradation. .

Figure 3: Halophilic microbial isolates from LGCO enrichments, a) portrays one of the plates with
halophilic colonies growing in Halobacterium Agar. b) M1 cell morphology. Size range: 1.8 - 2.1 µm.
c) M2 cell morphology. Size range: 1.7 - 2.3 µm. d) M3 cell morphology. Size range: 1.9 - 2.4 µm. e)
M4 cell morphology. Size range: 1.8 - 3.4 µm. f) M5 cell morphology. Size range: 1.8 - 2.8 µm. Black
scale bars indicate a length of 20 µm.

6



M4 strain degrades heavy crude oil TPHs e�ciently

To investigate the ability of the M1, M4 and M5 halophilic isolates for heavy-crude oil degradation,
MHSM amended with sterile 1 % (w/v) of LGCO as the only carbon source was used. After 36 hours of
incubation, a signi�cant reduction in the mean TPHs amount of 52.3% for the treatment with the M4
strain was observed, whereas not signi�cant di�erences were found among the other treatments (�g-
ure 4). The reduction in TPHs seems to be unprecedented for the studied conditions. Previous reports
on gram-negative petroleum-degrading halophilic microorganisms encompass several taxonomic groups
as Haloarcula, Haloferax (Euryarcheota:Halobacteria), Salinibacter (Bacteroidetes:Sphingobacteria),
Marinobacter, and Halomonas (Proteobacteria:γ-Proteobacteria) [22]; and for these microorganisms
a TPH reduction ≥to 50% is reached in several weeks due to physiological constraints imposed by
the salinity and culture conditions, meanwhile this level of degradation was reached in only 36 hours
for the current experiment [22]. The aforementioned results for reported bacteria are focused on con-
sumption of aliphatic and simple aromatic hydrocarbons, but heavy crude oils are composed mainly
by resins and asphaltenes due to the depletion of more simple hydrocarbons [3] which represent an
additional metabolic challenge to the cells. In 2012, Ali et al. reported 18.5 - 82.9 % asphaltene degra-
dation in 7 days by isolates of Bacillus, Pseudomonas aeruginosa and Micrococcus in a minumum
medium containing 4.2 % NaCl [23], with the maximum degradation rate reached by P. aeruginosa,
aγ-Proteobacteria species with long records of hydrocarbon degradation [24]. A non-identi�ed gram-
positive coccus strain isolated from the Shengli Oil Field - China (strain TM-1) was able to grow at
18.5% NaCl, and was reported to degrade heavy oil in 5 days, however the strain degrades at a very
low extent (being the degradation of less than 1% for certain oil fractions) and the lack of replicae in
the degrading assays does not allow a solid comparison with other studies [25]. As any other carbon
source the expected fate of the heavy fractions of crude oil is to reach central metabolism routes and,
�nally, get converted into CO2by the cells. It has been demonstrated that asphaltenes can be used as
an e�cient carbon source by bacterial consortiums and fungi, and are mineralized by these organisms
by unknown metabolic routes at the moment [26, 27]. This implies that, assuming there is no toxic
intermediate compound accumulation inside or outside the cells, halophilic heavy-oil degrading organ-
isms are suitable for sustainable bioremediation. Longer heavy-oil degradation assays and cell growth
e�ect in degradation experiments for M4 strain should be made to suggest a viable and sustainable
�eld bioremediation plan for oil polluted-hypersaline locations at La Gloria Station.
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Figure 4: Heavy crude oil biodegradation assay. Signi�cant statistical di�erences (Welch's t test p <
0.05) are indicated by an asterisk and a bracket. Error bars: +/- 1 Standard Deviation. n = 3 for
each treatment.

Non-halophilic microorganism isolates

For the isolation of microorganisms able to resist the heavy-metal pollution and phenol concentration
of LGL Water, serial dilutions of Crude Water or LGL Water were plated in Water Agar with or
without chloramphenicol. Interestingly, the highest microbial abundance was found in Crude Water
inoculations, and almost no microbial recovery was possible from LGLWater-inoculated plates (table 2)
.

Table 2: Colony counts for the initial non-halophilic isolates resistant to LGL Water conditions
Source of inoculum Medium Colony count (CFU/mL)

Crude Water
Water Agar 1.72×105

Water Agar + chlor 1675

LGL Water
Water Agar 10

Water Agar + chlor 0

50 random colonies were picked out from the 6 dilution plates with positive colony growth and
replica plated 4 times (�gure 5 a, b). Two colonies from the 4 replica plate (5A and 38B) were selected
because of their fast growth (24 hours or less) and propagated in fresh WA + chloramphenicol. When
culture by isolation was performed, 38B colony turned out to contain two di�erent morphotypes, which
upon puri�cation were renamed as isolates 38B(1) and 38B(2) (�gure 5 c).
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Figure 5: Non-halophilic isolates. a) Colonies picked from one dilution plate for the initial isolation.
b) Colonies in the third replica plating, the number is assigned following the number of the colony in a
determined dilution plate indicated by the letter. c) 38B spot propagation in WA + chloramphenicol
featuring with two noticeable morphotypes: Big white colonies 38B(1) and small white colonies 38B(2).
d) 5A isolate: Gram-negative rods. Size range: 1.16µm to 1.30 µm. e) 38B(1) isolate: Gram-negative
rods. Size range: 1.32µm to 1.78 µm. f) 38B(2) isolate: Gram-negative rods. Size range: 0.95µm to
1.45 µm. Black scale bars indicate 20 µm, blue scale bar indicates 10 µm.

Microscopic morphology revealed that the isolates were gram-negative rods of variable sizes, but
smaller in average than the halophilic isolates. The strains were able to grow in Nutrient Agar and
Nutrient Broth, which were the chosen media for subsequent experiments with this microorganisms.

5A, 38B(1) and 38B(2) are not inhibited by concentrations ≤10 mM of Ba2+

For this experiment chosen concentrations ranged from 0.0 (Control) to 1 mM of Ba(NO3)2 with
increases of 0.1 mM, and 2 mM to 10 mMwith increases of 1 mM. All the three isolates were able to
grow successfully in all the plates examined, indicating resistance to the soluble metal for, at least,
10 mM of Ba2+ (6). The amount of barium found in LGL Water is 14.1 ppm, equivalent to 0.102
mM, which implies that the non-haliphilic isolates can resist 100-fold concentrations (13.7 g/L) of
the metal relative to LGL Water. MIC assays performed in a broad range of bacteria performed
by Sivolodskii [28] showed that even mesophilic enterobacteria such as Escherichia coli, Citrobacter
freundii, Salmonella enterica, Enterobacter cloacae or Klebsiella pneumoniae can resist concentrations
between 20 - 50 g/L of barium chloride, but also demonstrating that barium MIC for Pseudomonads
ranges from 0.5 to 14 g/L. Interestingly Achromobacter xylosoxidans, an environmental oil-degradation
associated bacterium, shows no di�erence in barium resistance relative to the other screened strains.
Thus higher concentrations of barium should be evaluated in order to determine the exact MIC of
the isolates and explore their potential for bioremediation processes at high barium concentrations.

Even more interesting, the fact that even barium concentrations of 2 ppm (0.01 mM) in water can
a�ect humans but not bacterial species in the same proportion, suggests that there is a physiological
mechanism which allow bacteria to avoid toxicity by barium blockade of divalent-cation channels
even at high concentrations of the pollutant, the contrary to what happens with Ca2+-activated K+

channels in mammals [29]. Among metal-resistant microorganisms it is frequent to �nd e�ux pumps,
extracellular immobilization and other metalloregulatory protein systems for detoxi�cation of the cell
[30], therefore intra- and extracellular accumulation tests should be made for establishing the exact
mechanism of barium resistance in bacteria. Another relevant metallic ion is strontium listed as another
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major pollutant of the LGL Water, MIC for this ion, alone and in combination with barium and other
ions, is necessary for assessing microbial behavior in �eld-like contamination conditions.

Figure 6: Minimum Inhibitory Concentration assay. a) - c) Three of the evaluated
Ba(NO3)2concentrations, 0.0 mM,0.1 mM and 10 mM, in which growth of the three strains is ob-
served. Blue rectangle indicates the area of the negative control spots. Orange circles show 5A spots,
Green spots show 38B(1) spots, Blue circles show 38B(2) spots.

Non-halophilic strains do not degrade phenol

Since phenol is one of the toxic compounds of concern in the e�uents from La Gloria station, it is
relevant for this study to examine if non-halophilic strains are able to degrade this organic pollutant.
As observed in the 7a, there is a cell growth trend within the �rst 24 hours, but mean absorbance values
remain almost equal at 48 hours. Interestingly mean values of phenol concentration in the treatments
with the strains remained almost equal to control values (7b). The marginal growth evidenced in
the �rst 24 hours is probably due to exhaustion of reserve compounds stored within the cells, in
concordance to the reported value of polyhydroxyalkanoate (PHA) depletion by PHA-depolymerases
[31].

Figure 7: Phenol degradation assay. a) Growth curves for the experimental set-up using phenol as the
sole carbon source. b) Phenol concentration in the culture medium for each treatment. Error bars:
+/- 1 Standard Deviation. n = 3 for each treatment.

This results imply that the non-halophilic strains are using carbon sources di�erent than phenol
such as dissolved short-chain alkanes. Tests for crude-oil degradation and simple hydrocarbons should
be made for the non-halophilic strains in order to determine the preferred carbon sources of these
microorganisms and assign them a clear probable role in �eld oil bioremediation.
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Halophilic and non-halophilic strains are members of the phylum Proteobac-
teria

Following 16S rDNA ampli�cation and sequencing, clean consensus sequences for each isolate of this
work were submitted to BLAST NCBI Server, to gain a �rst insight of the domain the microorganisms
belonged to. Then submitted for taxonomical identi�cation to the Ribosomal Database Project in
which sequences are aligned by Infernal, a software which uses secondary RNA structures apart from
sequence similarity to perform alignments against a curated rDNA database, making the results more
reliable than simple BLAST identi�cation. M1 to M4 were identi�cated as members of the genus
Salinicola, M5 was identi�ed as belonging to the genus Salinisphaera, 5A as a member of genus
Ochrobactrum, 38B(1) as Tistrella, and 38B(2) was found to be of the genus Achromobacter. A brief
outline of the taxonomic position is portrayed in the 8a.

Figure 8: 16S rDNA taxonomic identi�cation and phylogeny. a) Shows a taxonomical outline of the
identi�ed strains. b) A maximum-likelihood tree of several Proteobacteria along with the sequences
obtained by the isolates. Bootstrap scores are shown at the nodes of the tree. Red underlined names
are halophilic isolates and blue underlined names are the non-halophilic isolates. Empty squares are
γ-Proteobacteria, empty circles are α-Proteobacteria, �lled circles are β-Proteobacteria, �lled squares
are bacteria from the phylum Deinococcus-Thermus, empty triangles are from the phylum Verrucomi-
crobia, and �lled triangles are from the phyum Actinomycetes.

In the consensus phylogenetic tree, it is interesting to notice that M4 is the only strain which
falls within the γ-Proteobacteria phylogeny as expected, since all the other isolates form a complete
di�erent clade far apart from, even, the outgroups used. However the agrupation of the isolates
shows a clear di�erentiation between α-, β- and γ- Proteobacteria indicating that probably a low
quality ampli�cation led to information loss in the sequencing process relative to curated complete 16S
sequences, but su�cient to discriminate e�ectively among the strains (8b).

Great biotechnological potential is found among the identi�ed genuses, both in halophilic and non-
halophilic strains: a species of the Salinisphaera genus, S. hydrothermalis possess the alkB gene, a
vital enzyme in the alkane biodegradation making it useful for oil-spill bioremediation processes[32].
Species from Salinicola also have been described to have hydrocarbon consumption capabilities, such as
Salinicola. socius which is able to degrade naphthalene [33]. For the non-halophilic strains, literature
contains even more interesting information: several Ochrobactrum strains have been reported to be
very e�cient oil degraders and heavy metal accumulators, in part due to exopolysaccharide production
which serves as an oil-emulsi�er and ion trap for metals [34, 35, 36]. Strains of the Achromobacter
genus are able to degrade e�ciently complex polycyclic aromatic compounds (PAHs) such as chrysene
in less than a week[37]; Achromobacter sp. AO22 contains a copper homeostasis system and two mer
operons, being able to survive en toxic conditions of copper and mercury ions[38]. Heavy metal phy-
toextraction processes carried out with plants of Brassica juncea and Crotolaria juncea are enhanced
upon inoculation of Achromobacter strains which promotes plant growth and itself accumulates heavy
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metals[39, 40]. The genus Tistrella includes two species, T. mobilis and T. bauzanensis, whose biotech-
nological potential spans from bioremediation since alkB was also ampli�ed from a Tistrella isolate
[32], to biopolymer manufacturing due to their PHA accumulation properties [41, 42], to anti-cancer
compounds production since it was found that marine isolates of this genus codify the did gene clus-
ter involved in didemnin biosynthesis [43]. Possibilities for the isolates recovered in this study are
numerous and it is worth to continue working on their environmental and industrial potential.

Genetic screening of the isolates reveal transferal elements in several isolates

Figure 9: PCR Screening of several genes involved in hydrocarbon degradation and horizontal gene
transfer.

Hydrocarbon degradation potential for certain compounds can be explored through gene ampli�cation
as there are characterized catabolic pathways at the genetic level for di�erent bacteria such as the
ones for alkanes [44], phenol [45]and toluene [46]. Our results show that four isolates, three halophilic
and one non-halophilic, have potential for alkane degradation but lack essential genes for phenol and
toluene degradation. Two of the positive strains for alkB, Salinispahera sp. M5 and Tistrella sp.
38B(1) were previosuly reported to have that gene in marine isolates from an oil-spill in the Atlantic
Ocean [32]. As hydrocarbon catabolic genes are frequently reported in conjugative mega-plasmids,
screening for horizontal gene transfer involved genes could indicate if there are plasmids present in
the isolates and thus, possible horizontal transmission of the heavy oil consumption ability. All the
halophilic strains and Achromobacter sp. 5A turned out to be positive for the traG gene, from the
tra operon for horizontal gene transfer in F-like plasmids [47], but ampli�cation of the trbB gene, an
essential protein for mating in F+bacteria [48], was only positive for the strain 5A.

Putting all this information together, this small genetic pro�le indicates that halophilic isolates
have the potential for degrading simple aliphatic hydrocarbons, and transferable genetic elements
are present. Whether the genetic information for hydrocarbon degradation is present in plasmids or
not, is something to be determined in further experiments of plasmid pro�ling. The e�cient heavy
oil hydrocarbon degrader Salinicola sp. M4 does not show presence of any of the screened genes,
indicating that probably other pathways more adecuated to asphaltene and resin degradation are
present but remain to be discovered. In the case of Tistrella sp. 38B(1) alkane degradation could be
chromosomal since no trbB or traG was ampli�ed. None of the strains contains essential genes for
phenol degradation or the xylR regulatory element of the toluene operon, which, in the case of the
non-halophilic isolates, it is congruent with the results in the phenol degradation assay; implying that
these strains utilize other dissolved carbon sources in LGL Water.
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Conclusions

� Halophilic and non-halophilic biodiversity for the recovered isolates is restricted to proteobacteria.
Microorganisms of the Archaea domain were not found despite culture media used in his work
favor isolation of halophilic archaea. An explanation to this could be susceptibility of Archaea
to the heavy crude oil and subsequent decline in diversity and abundance in a similar fashion
to previously reported microbial diversity assessments in an oil-spill over a beach sediment in
United Kingdom [49].

� Salinicola sp. M4 exhibits an enormous potential for heavy crude oil in hypersaline environments,
however the molecular mechanisms and metabolic pathways behind the process remain to be
elucidated.

� Three of the halophilic strains, Salinicola sp. M1, Salinicola sp. M3 and Salinisphaera sp. M5,
possess the alkB gene responsible of one of the �rst steps in aliphatic hydrocarbon degradation
but M1 and M5 failed to degrade crude oil. Probably these strains are more suited to degrade
lighter fractions of crude oil explaining thus the results of the TPHs assay.

� Non-halophilic strains are unable to degrade phenol in vitro, which suggests there are many other
oil-derived carbon sources, such as non-aromatic hydrocarbons, dissolved in the water that are
not taken in account for routine measurements of the e�uents. As for phenol remotion, other
microorganisms or decontamination methods should be used.

� Non-halophilic strains display barium tolerance for values much higher than the one in LGL
Water, however it is necessary to determine if there are speci�c resistance mechanisms for the
metal, such as immobilization or metalloregulators. This information is vital to formulate barium
bioremediation strategies for La Gloria e�uents.

� Beside the environmental applications suggested in this work, recovered isolates o�er a huge
biotechnological potential for other industrial areas. Particularly, Tistrella sp. 38B(1) belongs
to a recently described bacterial group with already interesting biopolymer and biomedical ap-
plications.
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Appendices

Appendix 1 - PCR conditions

Gene Expected amplicon PCR conditions

16S rDNA 1500 bp 94° C x 3 min, 25(94°C x 45 s, 50°C x 45 s, 72°C x 45 s), 72°C x 7 min

alkB 214 bp 95° C x 4 min, 30(95°C x 45 s, 51°C x 45 s, 72°C x 30 s), 72°C x 7 min

alkS 193 bp 95° C x 4 min, 30(95°C x 45 s, 51°C x 45 s, 72°C x 30 s), 72°C x 7 min

pheA 448 bp 95° C x 5 min, 35(94°C x 1:30 min, 58°C x 1:30 min, 72°C x 2 min), 72°C x 10 min

pheB 473 bp 95° C x 5 min, 35(94°C x 1:30 min, 58°C x 1:30 min, 72°C x 2 min), 72°C x 10 min

xylR 2289 bp 95° C x 4 min, 35(95°C x 45 s, 62°C x 30 s, 72°C x 2:30 min), 72°C x 10 min

traG 481 bp 95° C x 3 min, 30(95°C x 45 s, 50°C x 45 s, 72°C x 30 s), 72°C x 5 min

trbB 498 bp 95° C x 3 min, 30(95°C x 45 s, 50°C x 45 s, 72°C x 30 s), 72°C x 5 min

Table 3: PCR conditions for the ampli�ed genes in this study
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