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13 Abstract

14 Preservation of the environment of the Riutort oil shale mine for more than a century has favored the presence of a
15 paradigmatic ecosystem of oil-degrading microorganisms. After extensive sampling and analysis by 16S rRNA
16 sequencing, a marked prokaryotic community comprising diverse groups of bacteria (genus such as Methylobacter,
17 Thiothrix, and Desulfobacca) and archaea (e.g., Methanobrevibacter genus) with hydrocarbon-degrading activity was
18 found. Aerobic microorganisms were predominant in several samples but facultative microorganisms were also present,
19 and there was an interesting transition to strict anaerobic conditions in some areas. One of the samples contained oil
20 degrading aerobic bacteria such as Pseudomonas spp. and Brevundimonas spp. Of the microbes studied, we conducted a
21 laboratory assessment of the capacity of this specific consortium for bioremediation of petroleum-polluted soil and
22 microbial enhanced oil recovery processes. To this end, we used oily sludge-contaminated soil from La Libertad
23 Refinery and cores from the Ancén Field, respectively, both sites in southwestern Ecuador. The Riutort consortium
24 degraded 50.8% of total petroleum hydrocarbons, 64.2% of saturates, 41.3% of aromatics, and 37.4% of polar
25 compounds after a 60-day incubation using oily sludge as the sole source of carbon. The performance of this consortium
26 reflects its notable potential for bioremediation purposes. In turn, flooding with the natural Riutort consortium and its
27 metabolites achieved a 7.2% (v/v) incremental recovery of crude oil through a sand-pack assay. These results are
28 comparable to those reported using synthetic bacterial consortia, and thus reveal the great interest of the study seepages,

29 not only for understanding microbial activities in oil degradation but also their use in biotechnological applications.

31 Keywords: Riutort microbial consortium, hydrocarbon-degraders, 16S rRNA sequencing, bioremediation, MEOR.

33 1. Introduction
34  The biodegradation of hydrocarbons alters the properties of these compounds and can bring about

35  significant economic losses for the petroleum industry [1]. Microbial oxidation of hydrocarbons
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(petroleum biodegradation) generally occurs at temperatures below 75-80°C; i.e. above this range
there is scarce microbial life and only hyperthermophilic bacteria and archaea grow [2-5]. Meteoric
water influx can cause aerobic biodegradation processes and also remove more water-soluble
compounds [6]. However, anaerobic hydrocarbon breakdown is the common process of
biodegradation in most petroleum reservoirs [7-8]. Prior studies have verified the predominance of
bacteria and archaea in anaerobic processes controlling subsurface hydrocarbon degradation in
reservoirs. These processes are linked mostly to methanogenesis and iron reduction [9-11] or, when
free sulfate is abundant, to sulfate reduction [12]. Conversely, aerobic microbes are the main agents
of surface biodegradation processes after oil spills [13], but also in oil reservoirs whenever they are
shallow and contain oxygenated waters. However, anaerobic bacteria may initiate biodegradation
under certain conditions [14]. In addition to free or combined oxygen, microbes in shallow
environments need water with salinity levels < 100-150%. and enough nutrients to metabolize
hydrocarbons [5] as the degradation of these compounds is frequently limited by phosphorus or
nitrogen [9]. Irrespective of whether the process is aerobic or anaerobic, the impact of microbial
degradation on crude oil can be notable [3,15]. As biodegradation progresses, it leads to a decrease
in oil quality, diminishing its economic value as API gravity decreases, while increasing viscosity
and density [5]. Interestingly, the compositional changes caused by biodegradation of petroleum in
reservoirs are similar to those observed in surface oil seeps and oil spills [9,16]. They result in a
lowering of saturated hydrocarbons and, to a lesser extent, aromatic compounds, thereby
concentrating resins and asphaltenes in the residual oil, while also enriching metal and sulfur

content [17]. In addition, biodegradation causes an increase in the acidity of the oil [18].

Hydrocarbons are magnificent growth media for microorganisms [19], and one of the challenges in
petroleum microbiology is to identify the microbial diversity in oilfields and hydrocarbon-

containing habitats. Although a major research focus has been placed on anaerobes, microbial
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populations in shallow oil reservoirs also include aerobic microbes introduced through aqueous
fluid injection, drilling muds, and natural flows of surface water and groundwater [20]. Aerobic
hydrocarbon-degrading and biosurfactant-producing microbial populations are, for the most part,
advantageous for bioremediation processes, both in marine and terrestrial spills [21-22], and for
microbial enhanced oil recovery (MEOR) operations [23]. In both technologies, microbial consortia
can give yields that are greater than those achieved by a single species, as consortia benefit from

interrelations between distinct types of microbes [24-25].

In the SE Pyrenees (Cadi thrust sheet, NE Spain), the organic-rich materials of the Armancies unit
(Eocene) are the most important oil source rock, cropping out for more than 100 km from near the
Terrades sector in the east to beyond the village of Bagé in the west (Fig. 1). Part of the Armancies
Formation is characterized by a significant period of anoxia, which induced sedimentation and
conservation of organic matter [26]. The abundance of oil shows in outcropping materials from the
Cadi thrust sheet generated interest in this area for oil exploration. In this regard, the Riutort oil
shale mine was opened in 1912 and operated for around 10-15 years, producing approximately 3400
tons of rock during this time [27]. The main underground gallery (74 m long, still accessible) cuts
into the Armancies Formation that has a thickness of 58 m, of which 50 m are oil shales. The slow
percolation of groundwater through the mine galleries has resulted in pools of water of various
sizes. Oil is present in some of these pools and is accompanied by the growth of microbial mats [28-
30]. The biodegradation of seepage oil at level 3-4 on the PM scale [15] can be observed in situ, as
attested by the presence of hydrocarbon-degrading bacteria [31]. Increasing levels of CO- in the air
towards the bottom of the galleries account for predominantly aerobic biodegradation processes,
while darkness has excluded the growth of photosynthetic microbes. The environment of the Riutort
oil shale mine has allowed oil biodegradation processes to take place for more than a century, and

thus the microbial ecology of this site is of great interest [31]. In this regard, the characterization of
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microbial communities in oil-containing ecosystems can be used to elucidate the role of microbes in
relevant biogeochemical processes [32] and may also be useful to enhance bioremediation and
MEOR technologies [33-34].
Figure 1

Given the preceding considerations, here we sought to: (i) study in detail the microbial communities
involved in the biodegradation processes at the Riutort oil shale mine; ii) examine the impact of
using the Riutort microbes for hydrocarbon bioremediation; and (iii) evaluate the potential of the
natural Riutort microbial consortium for MEOR in shallow reservoirs. The use of non-subsurface
microbial populations such as the Riutort consortia can provide a novel and eco-friendly option for

improving hydrocarbon production from mature oilfields during the energy transition [35-36].

2. Materials and methods
2.1. Sample collection and initial characterization
Several underground galleries were identified in the Riutort oil shale mine (Fig. 2a). In particular,
the “study” gallery (Fig. 2b), located around 70 m from the mine entrance with 12 °C of constant
temperature, was selected as a sampling site due to the preservation of oil seeps (in oily-water
pools). To analyze microbial diversity within the pools on the gallery floor, we collected 17 water
samples belonging to four types (see Fig. 2b): 8 were surface pool samples (S), 7 deeper pool
samples (D), 1 water sample (W), and 1 isolated sample (1) from a pool located away from the
gallery walls and characterized by zero seepage flow rate and a lower proportion of water. In all
cases, 50 ml of sample was taken in sterile tubes and kept at -20°C until processing.

Figure 2
For bioremediation trials, oily sludge samples were taken from La Libertad Oil Refinery (longitude
80°53’56” W, latitude 2°13°32” S) in southwestern Ecuador, where the average temperature is

around 25 °C. Oily sludge is a typical waste of oil refineries, and it consists of a mixture of



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

hydrocarbons, water, and sediments [37]. The amount of total petroleum hydrocarbons (TPH)
recovered was determined gravimetrically as described by Mishra and co-workers [38] and
accounted for approximately 60% of total TPH, 34% water, and 6% sediments. TPH were
fractionated into saturates, aromatics, asphaltenes, and resins (SARA fractioning) by liquid
chromatography in a column containing silica gel (activated in an oven at 105 °C for 12 h). In brief,
asphaltenes were separated as the insoluble fraction by dissolving 1 g of TPH in n-pentane and
using 0.45 um filters. The saturated, aromatic, and resin fractions were then eluted with n-hexane,
dichloromethane:hexane (4:1, v/v), and dichloromethane:methanol (1:1, v/v), respectively [13].
Solvents were evaporated at room temperature under a nitrogen stream in a fume hood, and the
SARA fractions were determined gravimetrically (45%, 29%, 5%, and 21% respectively). All
measurements were conducted in triplicate. The soil used in the bioremediation trials described in
section 2.3.3 was collected from the surface top layer (15 cm depth) in the surroundings of the
refinery mentioned above. Samples were homogenized through a 1-mm sieve to remove roots and
larger particles [39]. Organic carbon (0.97%), total nitrogen (0.03%), and bulk density (1.6 g/ml)
were then determined using standard methods [40-41]. A pH value of 8.0 was also measured in a

mixture of soil and water (1:1).

In turn, for the MEOR tests, rock cores, formation water, and crude oil samples were collected at a
depth of 343 m from the ANC-0008 well (80°51°55” W, 2°19°08” S) of the Ancén oilfield in
southwestern Ecuador. The physico-chemical properties of the formation fluids were examined
using 200-ml samples, which were first filtered. Organic compounds were then extracted using Sep-
Pak C18 solid phase extraction cartridges (Waters Chromatography). Following the procedure
described above, the initial SARA composition of the crude oil (32°API and viscosity of 3.15 mPa-s
at 37°C) from the ANC-0008 well was 69% saturates (SAT), 22% aromatic hydrocarbons (ARO),

and polar (POL) compounds (3% resins and 6% asphaltenes). Crude oil viscosity was measured
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using an Oswald viscometer maintained at a constant temperature (37°C) in a water bath. Three
repeated measurements were performed at a 100 s shear rate. Finally, salinity, pH, and electrical
conductivity of the formation water were measured with a TPH 02154 device, a BASIC 20 pH
meter, and an EC Meter BASIC 30+, and the main ions were determined in an ion chromatograph
883 Basic IC Plus (Metrohm). As shown in Table 1, our data indicated low salinity and slightly
alkaline pH for these formation waters (Socorro reservoir in the Ancon field).

Table 1
2.2 Assessment of microbial communities
2.2.1 DNA extraction, amplification and sequencing, and OTU detection
Genomic DNA was extracted from 1 ml of representative homogenized subsamples using the
FastDNA™ SPIN Kit for Soil (MP Biomedicals, LLC) following the manufacturer’s instructions
and it was quantified by PICOGREEN®. The extracted DNA was used in a first PCR of 27 cycles
with Q5® Hot Start High-Fidelity DNA Polymerase (New England Biolabs) in the presence of 100
nM primers for 16S rRNA amplification. The primers used amplify the V3-V4 region of 16S rRNA
Archaea or Bacteria domain [42]. Each sample was amplified and, after the first PCR, a second
PCR of 14 cycles was performed with Q5® Hot Start High-Fidelity DNA Polymerase (New
England Biolabs) in the presence of 400 nM of the primers (5' AATGATACGGCGACCACCGAG
ATCTACACTGACGACA TGGTTCTACA-3' and 5-CAAGCAGAAGACGGCATACGAG AT-
[barcode]-TACGGTAGCA GAGACTTGGT CT-3') of the Access Array Barcode Library for
Illumina Sequencers (Fluidigm). Finally, the pool of amplicons was denatured before being seeded
on a flow cell at a density of 10 pM, where clusters were formed and sequenced using a “MiSeq

Reagent Kit v3”, in a 2x300 pair-end sequencing run on a MiSeq sequencer.

For the detection and classification of OTUs (operational taxonomic units), sequence processing,

alignment and analysis were carried out with Mothur v.1.38.1 [43-44] and The Basic Local



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

Alignment Search Tool (BLAST) [45]. The databases used were SILVA-SEED (v138) [46] and the
Genome Taxonomy Database [47]. Chao 1 estimator and Shannon index were calculated to predict

community richness using PAST software 50 [48].

2.2.2. 16S rRNA gene amplification and library construction

The microbial species of the Riutort-161 sample were further studied by 16SrRNA gene
amplification and cloning. Amplification of nearly full-length bacterial and archaeal 16S rRNA
genes was carried out with the primer sets 8F/1492R [49] and 25F/1492R [50]. Each 50-uL reaction
tube contained 20-30 ng of template DNA, 1x PCR reaction buffer (Promega Biotech Iberica,
Spain), 2.5 uM of each dNTP (Amersham Biosciences, UK), 2.5 mM of MgCl,, 1 mg mL™? of
bovine serum albumin, 500 mM of the forward and reverse primers, and 0.025 U pL™* of DNA Taq
polymerase (Promega Biotech). PCR reactions were performed in a Perkin Elmer Thermocycler
with the following conditions: initial denaturation at 95°C for 5 min, followed by 25 cycles of
denaturation at 95°C for 1 min, annealing at 49°C for the bacterial primer set and 52°C for the
archaeal primer set, and extension at 72°C for 1 min. A final extension step at 72°C for 10 min was
performed. Amplified 16S rRNA gene products (> 1400 bp) were cloned using the TOPO TA
Cloning Kit (Invitrogen, CA) and sequenced using a Big-Dye kit (Applied Biosystems), following
the manufacturer's instructions. Taxonomic assignation was performed by BLAST

(https://blast.ncbi.nlm.nih.gov/).

2.2.3. Statistical analyses

Principal Component Analyses (PCA) on the relative proportion of OTUs (at a distance of 0.03)
among the samples were performed. Using the three components as new variables, hierarchical
dendrograms by Euclidean squared distance method were also calculated (IBM SPSS Statistics 24

package). Using relative percentages, new PCA analyses were performed by CANOCO 4.5
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(Microcomputer Power, Ithaca, NY, USA) [51]. The program CANODRAW 4.0 (in the Canoco
package) was used for graphical presentation of ordination results. Distribution analyses of OTU

abundance were done in Tableau Software (www.tableau.com).

2.3 Biotechnological applications
2.3.1. Preparation of inoculums
The microbial populations present in the Riutort-161 water pool sample (see results) were picked up
from oil agar plates and added to 50 ml basal medium [(grams per liter of brine): glucose (10),
sodium nitrate (1)]; and [(mg per liter of brine): manganese sulfate (0.25), magnesium sulfate (2.5),
zinc sulfate (0.25), copper sulfate (0.025), ferrous sulfate (0.25), aluminum potassium sulfate
(0.025), sodium molybdate (0.025), sodium selenate (0.013), nickel chloride (0.075) and boric acid
(0.025)]. They were incubated under aerobic conditions in a shaker at 37°C and 150 rpm [52]. Cell
growth was monitored by measuring the optical density at 600 nm through a UV-2550 Shimadzu
spectrophotometer [53]. When the culture reached the late exponential phase of growth, the cells
were resuspended in sterile basal medium, which was incubated at 37°C (rotatory shaker, 150 rpm)
for 24 h. Agitation and aeration were maintained using glass gas dispersion tubes with fritted
cylinders (Fisher Scientific). Microbial populations were counted using the most probable number
(MPN) method [54]. Each dilution was placed on a nutrient agar plate at 25°C. The number of
CFUs (Colony-Forming Units) at each dilution rate was counted after incubation and the average
CFU/ml or g of soil was determined. Figure 3 shows the overall experimental workflow.

Figure 3
2.3.2. Consortium properties
To determine surface tension (ST) reduction caused by the selected consortium, 1% (v/v) of
Riutort-161 consortium was added to a 250 ml Erlenmeyer flask containing 100 ml of sterile basal

medium supplemented with 1% (w/v) of La Libertad Refinery’s oily sludge and placed in a shaker
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incubator at 25°C and 150 rpm. Aliquots of this culture broth were sampled at different intervals
over 16 days. Cells were harvested by centrifugation at 9000 rpm and 4 °C for 15 min and then
discarded. Finally, the surface tensions of the supernatants were measured by a Gibertini
tensiometer (TSD 132389), following the method described by Abouseoud and co-workers [55].
Interfacial tension (IFT) determinations were performed against 1% (v/v) of ANC-0008 crude oil in
the same way at 37 °C (the well’s bottom-hole temperature). Measurements were carried out in

triplicate.

The hydrophobicity of hydrocarbonoclastic microbial cells from the Riutort-161 sample was
measured through the Bacterial adhesion to hydrocarbons (BATH) assay, following the method
previously reported [56]. Phosphate urea magnesium sulfate (PUM) buffer [pH equals 7.1 and
composition (g per liter): K;HPO4-3H20 (22.2), KH2PO4 (7.26), urea (1.8) and MgSQO4-7H.0 (0.2)]
was used to wash the cells twice and suspend them to obtain an optical density (OD) value of 0.6 at
600 nm. Thus, 2 ml of the cell suspension was mixed with 3 ml of n-hexadecane, and then the
mixture was vortexed for 2 min. Finally, n-hexadecane and the aqueous phase were held at room
temperature for 30 min to separate the phases. OD at 600 nm was quantified in the latter phase.
Hydrophobicity is expressed as the percentage of adherence to hexadecane, and it was calculated as
follows: 100-[(1-ODeoo Of the aqueous phase)/(ODeoo of the initial cell suspension)]. This analysis

was done in triplicate.

Emulsification activity was also used as an indicator of biosurfactant production in the culture broth
to determine a relationship between ANC-0008 crude oil biodegradation and biosurfactant
production [23]. The emulsion stability of the culture samples was determined by adding 3 ml of n-

hexadecane to 2 ml of culture supernatant in glass test tubes, shaking vigorously using a vortex for
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2 min, and later incubating at 37 °C for 24 h. The emulsification index (E24) was calculated as the

percentage of the emulsified layer height divided by the total height of the liquid column [57].

2.3.3. Bioremediation trials

The biodegradation of the oily sludge from La Libertad Refinery was examined using three
approaches: natural attenuation, biostimulation, and combined biostimulation-bioaugmentation.
These trials were carried out in 250-ml sterile Erlenmeyer flasks containing 100 ml of soil spiked
with 1% (w/v) oily sludge and mixed thoroughly for 72 h. The natural attenuation trial was done
without any amendment, whereas biostimulation was carried out by adding 5% (v/v) sterile basal
medium, and biostimulation+bioaugmentation with 5% (v/v) basal medium including the microbial
inoculum from Riutort-161. The experiments were done at 25°C (Santa Elena Peninsula’s annual
mean temperature). As soil moisture content influences the biodegradation of petroleum compounds
[11,58], it was maintained around 60% throughout the experiment. TPH extraction and SARA

fractionation were done at 30 and 60 days. All tests were performed three times.

2.3.4. Oil recovery tests

Core-flooding experiments were performed to study the efficacy of the Riutort-161 microbial
consortium to enhance oil recovery when compared to conventional water flooding. Lab-scale
simulations for oil recovery were conducted following the procedure described by Gao and co-
workers [59]. Two core tubes, 50 cm long and 2.5 cm inner diameter, were filled with sandstone of
the Socorro Formation of the Ancon Field by mechanical loading. After packing with sand,
cleaning, and drying [60], each core tube was saturated with formation water from the ANC-0008
well, at a flow rate of 0.25 cm®s%, then a 0.7 pore volume (PV) was determined using the dry-
weight and wet-weight of the cores. Formation water was previously passed through a 0.45-um

Millipore Filtration Unit [61]. Each core was then flooded with dehydrated ANC-0008 crude oil to

10
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irreducible water saturation, as observed in petroleum reservoirs; the total volume of injected crude
oil was recorded. Both core tubes were allowed to soak at 37 °C for a week. One of the cores was
then injected with several pore volumes of the ANC-0008 formation water to simulate the
secondary oil recovery stage until reaching a water-cut level of 98%. The volume of oil recovered
by the formation water flooding was then determined. Finally, to simulate the tertiary recovery
process, microbial flooding was carried out by injecting 0.3 PV of the natural Riutort-161
consortium (10" CFU/ml) mixed with nutrient basal medium (1.0%) in water into the second core
tube, which was then closed for 4 days. After that, the core was injected with water until no more
oil was released. The additional oil recovered by the microbial flooding was recorded. The
secondary and tertiary recoveries were calculated as a percentage of the amount of oil recovered in
each case in relation to the total mass of crude oil injected. The tests were carried out at 37 °C to
simulate the bottom-hole temperature of the Ancdn-0008 well, with a displacement pressure of

about 4 MPa. All tests were done in triplicate.

3. Results

3.1. Microbial diversity

3.1.1. Sequencing analysis and estimated richness

The collections of amplicons were sequenced, and the number of reads is summarized in Appendix.
Using bacterial-specific primers, a total of ~2 x10° reads were obtained (about 120,000 per sample
on average), whereas using archaeal-specific primers a total of ~4 x10° reads were achieved
(~250,000 per sample). Analysis of the read length distributions indicated a modal distribution
between 442 and 444 nucleotides. After quality control checks, chimera sequence removal, and the
subtraction of control sequences, a total of ~1.5 x10° sequences remained, about 86,000 per sample
on average in the case of the Bacteria domain, and 700,000 with about 40,000 per sample on

average for archaeal-specific primers. The number of bacterial OTUs detected at a distance of 0.03
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ranged from 255 to 477 per sample and from 4 to 16 per sample in the case of archaeal OTUs.
Nevertheless, Chaol estimations suggest that we were able to identify between 52 and 79% of the

total bacterial OTUs and between 53 and 97% of the total archaeal OTUs.

The bacterial community along the gallery showed a high diversity (Shannon index > 3; Appendix)
and multiple phenotypes. Shannon indices higher than 4 were detected in every pool sampled
through the gallery. Sample 161 showed the lowest value (4.42) and 11S the highest (5.04), with a
low deviation (0.16). With respect to Archaea, the Shannon indices showed a lower diversity. The
lowest value was detected in 5S (1.21) and the highest in 6D (2.47), with a deviation of 0.3.
Correlation networks of microbial populations and metabolic role of Bacteria and Archaea related

with oily-water pools in the Riutort oil shale mine were also studied (see Supplementary Material).

3.1.2. Bacterial community profiles

Taxonomic analyses of bacterial sequences were analyzed using the SILVA classifier algorithm
against SILVA.SEED V138 16S rRNA database. Reads were allotted to OTUs with an identity
cutoff of > 97%, which were further assigned to higher taxa: 1 domain (Bacteria), 41 phyla, 119
classes, 287 orders, 460 families, and 746 genera. Most of the Bacteria were distributed among the
phyla Proteobacteria, Planctomycetota, Bacteroidota, Verrucomicrobiota, Desulfobacterota,
Nitrospirota, Patescibacteria, Chloroflexi, Acidobacteriota, Firmicutes, Actinobacteriota,
Myxococcota and Dependentiae, which accounted for >80% of the total Bacteria within each
sampling site (Fig. 2). Proteobacteria were the most relative abundant group in all pools, except for
6D, where Desulfobacterota was predominant. The Gammaproteobacteria class dominated among
the Proteobacteria phylum and, to a lesser extent, Alphaproteobacteria. More precisely,
Gammaproteobacteria were predominant in 1S, 2S, 4S, 5S, 8D, 9D, 10S, 11S, 13S, 15D, and 161

(between 14 and 37%). Verrucomicrobiota was the most relatively abundant phylum in 7D (15%),
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14S (13%), and 17D (15%). Planctomycetota was the most abundant in 3D (15%) and 12W (23%).
Finally, only in 6D (25%) was Desulfobacterota the phylum with the most relative abundance.
Further analysis of the Proteobacteria community revealed a high proportion of unidentified
Gammaproteobacteria (between 3 and 17% in the different pools) and Alphaproteobactetria (1-
9%). With regard to Alphaproteobacteria, it is interesting to note the presence of Brevundimonas in
161. Within the Gammaproteobacteria that had been identified, there were members of the
Burkholderiales order, the Comamonadaceae and Methylomonadacea families, and the genera
Methylobacter, Pseudomonas and Thiothrix. The Methylobacter genus includes aerobic
methanotrophic bacteria and was detected (1-3%) mostly at the beginning of the gallery (8D, 9D,
10S, 118, 12W, 13S, 15D, 161, and 17D). Up to 7% of the Pseudomonas genus was detected in pool
161, but was negligible in the other pools. The OTUs of Thiothrix, an aerobic sulfur-oxidizing
bacterium, were detected in only two pools, namely 5S (6%) and 11S (1%). A large number of
Planctomycetota resulted unclassified (1-5%), and between 1 and 3% of OTUs of the Pirellulaceae
family were also detected. With respect to Desulfobacterota, the third most abundant phylum, again
a good part of the sequences remained unclassified (between 1 and 6%). A high percentage (1-3%)
of unidentified microorganisms was also found at the Desulfosarcinaceae family level. Finally,
Desulfobacca, Desulfocapsa, and Smithella were the dominant genera of Desulfobacterota. The
sulfate-reducing bacteria (SRB) Desulfobacca was detected at between 1 to 7% in 1S, 2S, 3D, 5S,
6D, 7D, 8D, 9D, 10S, 11S, 14S, 15D, and 17D. Desulfocapsa was detected in high numbers (1-3%)
of sequences in 1S, 2S, 5S, 6F, 7F, 11S, and 13S, and the anaerobic propionate-degrading
syntrophic Smithella was found in important numbers (between 1-3%) in only 5 pools: 1S, 3D, 5S,
6D and 7D. This genus has been frequently detected in oil environments [62]. All sequences from
the Nitrospirota group were related to unclassified Thermodesulfovibrionia, which are mainly
anaerobic, moderately thermophilic, and SRB; they were detected mostly (1-4%) in 3D, 6D, 8D,

9D, 14S and 17D. In summary, 4S was the only sample in which no SRB were detected, and in
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12W and 161 these bacteria were scarce, with only 1% Desulfobacterota and 1%
Desulfosarcinaceae, respectively. The Verrucomicrobiota group included sequences belonging to
the Candidatus “Omnitrophus” (1-6%) and Candidatus “Protochlamydia” (1-6%), and also part of
the sequences remained as unclassified Chlamydiales (1-4%). For a better understanding, Figure 4
summarizes the relative proportions of the most representative bacterial genera (those with a
relative abundance >3% in at least one sample).

Figure 4
The PCA for bacterial phyla and Proteobacteria-class level was conducted and based on number of
genus-level OTUs; three components accounted for 89% of the variance. The point cloud in Figure
5a shows how the D points (deep samples) tend to cluster together. In contrast, the S (surface)
points are more dispersed, except 14S, which joins 3D and 8D robustly. Various clusters are marked
in the dendrogram in Figure 5b.

Figure 5
3.1.3. Archaeal community profiles
Archaeal sequences were also taxonomically classified by SILVA.SEED V138 16S rRNA database.
Again, reads were allotted to OTUs with an identity cutoff of > 97%, and these were further
assigned to higher taxa: 1 domain (Archaea), 5 phyla, 12 classes, 15 orders, 18 families, and 23
genera. Samples 1S (44 OTUs), 2S (51), 4S (13), 5S (17), and 7D (42) showed the lowest data and
15D and 6D the highest. In general, deep pools (D) showed the largest number of OTUs. The
majority of the archaeal sequences resulted unclassified (53-89%). Overall, a very low number of
sequences were identified. Sample 14S showed the most OTUs (314), and 2S, 5S and 4S the fewest
(8, 8, and 6 respectively). With the exception of 14S, the deep samples were the ones in which most
archaeal OTUs were identified. The OTUs detected belonged to only 5 phyla according to SILVA's
taxonomic classification v138 [46], namely Halobacterota (377 OTUs in total), Thermoplasmatota

(377), Crenarchaeota (186), Asgardarchaeota (53) and Euryarchaeota (10). Note that although
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Halobacterota and Thermoplasmatota showed the same relative abundance, only Halobacterota
was identified at all the sampling sites. A large proportion of the Halobacterota sequences were
phylogenetically affiliated to methanogenic archaea. Especially abundant were those affiliated to
the genus Methanoregula, which occurred in all sampling sites except 5S and 12W. This genus was
especially abundant in 2S (25%). The rest of the methanogens of this phylum were related to an
unclassified Methanosarcinales order (up to 53% in 1S). The rest of the Halobacterota sequences
were affiliated to the ANME-1 group (genus level). This anaerobic and methanotrophic genus was
detected at all the sampling sites except 1S, and it was especially abundant in 14S, where it showed
the highest relative abundance (64%). A large number of Thermoplasmata resulted unclassified (1-
39%). This clade was detected in all samples except 5S. In addition, a significant number of
sequences were taxonomically affiliated to Candidatus Proteinoplasmatales archaeon SG8-5 (1-
38%), an uncultured benthic archaeon, probably methanogenic [63]. Finally, 20% of the archaeal
sequences detected in 6D and 6% in 3D were affiliated to Methanomethylophilaceae, a
methanogenic anaerobic archaeal Thermoplasmatota. Crenarchaeota sequences were grouped in
three clades: Bathyarchaeia, Nitrosopumilales, and unclassified Crenarchaeota. In 1S, 2S and 10S,
Crenarchaeota were not identified. Representatives of Bathyarchaeia were found up to 36% in 7P,
while representatives of Nitrosopumilales accounted for 80% of the sequences obtained in 12W.
Most of the Asgardarchaeota sequences were related to Lokiarchaeia; this group was detected in 11
pools. In the case of 5S, 50% of the sequences were affiliated to Lokiarchaeia, although it should be
noted that very few archaeal OTUs (17) were obtained in this sample. In addition to Lokiarchaeia, a
significant number of Asgardarchaeota remained unclassified (up to 25%, again in 5S).
Furthermore, 2% of the sequences obtained in 6D were classified as Odinarchaeia. Members of
phyla Euryarchaeota were found only in 1S, 2S, 6D, 8D, 9D, 13S, and 15D. All sequences were
phylogenetically affiliated to the methanogenic genus, most of them to Methanobrevibacter and a

minority to Methanobacterium and Methanofollis (only 1% in 8D). Figure 6 summarizes the
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relative proportions of the most representative archaeal genera (those with a relative abundance
>3% in at least one sample).

Figure 6
3.1.4. 16S rRNA gene amplification and library construction
Upon completing the study of the microbial communities, we focused on the selection of an
appropriate consortium for biotechnological applications. In this regard, the high percentage of
Pseudomonas (7%) detected in sample 161 from the NGS results was outstanding, as the potential

of these bacteria in oil biodegradation is well known [64-65]. We therefore chose sample 16l.

To precisely identify species of Riutort-161, bacterial 16S rRNA gene amplification and cloning
was carried out. A total of 96 clones were sequenced and classified using BLAST. 31% of the
OTUs showed similarity to Pseudomonas marincola strain 002-Na3, 19% to an uncultured
bacterium clone (Pseudomonas sp.), 13% to Brevundimonas mediterranea strain N7, 12% to
uncultured Desulfobacula sp. clone LU2-210 (sulfate-reducing bacteria), 12% to the uncultured
Gammaproteobacteria clone 91-13 (probably sulfur-oxidizing bacteria), 6% to Microbacterium sp.
BA45(2011), and finally 6% to Mycobacterium fluoranthenivorans. Therefore, 50% of the OTUs
obtained showed a high similarity to two Pseudomonas previously detected in oil-related
environments and their degradation [64-65]. The rest of the OTUs found were also similar to
bacteria related to the same environments, e.g., Microbacterium sp. and Brevundimonas
mediterranea strain N7. In addition, these two species were previously identified in the Riutort oil
shale mine [30-31]. Table 2 lists the OTUs obtained and the closest relatives identified by BLAST.
Table 2
3.2. Bioremediation approaches
Surface tension (ST) determinations indicated that both indigenous microbes and the combination

of these and exogenous Riutort microorganisms were able to reduce the ST of basal medium
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supplied with 1% (wi/v) oily sludge as the sole source of carbon. In fact, the ST of liquid media was
reduced from 62 to 54 and 45 mN-m™ after 16 days, respectively, without and with the injection of
the Riutort consortium. Cell hydrophobicity (BATH assay) of this consortium was 60% under the
tested conditions, suggesting that the microbial community has hydrophobic surface properties.
Simulated bioremediation of soil polluted with oily sludge from La Libertad Refinery was also
evaluated. As shown in Table 3, the greatest TPH degradation after 60 days (50.8%) occurred
through a combination of biostimulation and bioaugmentation, notably improving biostimulation
(29.8%) and natural attenuation yields (16.5%). The results also revealed the habitual features of
differential removal of hydrocarbon fractions [21,25], as in all the trials saturates were degraded
more easily and more quickly than aromatics and polar compounds (Table 3). Bioaugmentation
showed a general pattern of improved results for all the fractions. For instance, the minimum and
maximum removal of saturated compounds (24.5 and 64.2%) was achieved via natural attenuation,
and bioaugmentation + biostimulation, respectively, in the 60-day experiment. Similar observations
were made for aromatics (16.4 vs. 41.2%) and polar compounds (2.8% vs. 37.4%). All chemical
data were coherent with microbial counts, which revealed a strong increase (several orders of
magnitude) in the bioaugmentation testing when compared with the other two trials (see Table 4).
Table 3
Table 4

3.3. Sand-pack study

In this research, when the exogenous Riutort consortium and nutrients were injected into ANC-0008
crude oil, the emulsifying activity (E24) of the bioproducts generated was confirmed. It was noted
that emulsification power against n-hexadecane increased and reached a maximum value of 69%.
Also, the interfacial tension (IFT) of the crude-oil water system decreased from 38 to around 21

mN-m™, thus strongly suggesting microbial production of metabolites such as biosurfactants and
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bioemulsifiers. Another important outcome was that the viscosity of the crude oil decreased 1.25-

fold after biological treatment with the exogenous Riutort microbial population (2.51 mPa-s).

Core-flooding experiments were also conducted to evaluate the potential application of the natural
Riutort consortium and their bioproducts for MEOR. Crude oil recovery after formation water
flooding was about 40% v/v of original oil in place, whereas a significant 7% v/v of additional oil
over the water flooding residual oil saturation was recovered from the column flooded with the
Riutort consortium and nutrients. Both lab-scale sand-pack columns can be considered a two-

dimensional model to calculate crude oil recovery [23].

4. Discussion

4.1. Microbial communities

We collected a total of 17 samples for microbial diversity analyses from the water pools present on
the gallery floor. Our results showed a typical community from a petroleum reservoir, including
microorganisms with aerobic, anaerobic, and facultative metabolisms (see Supplementary Material).
The microbial degradation of hydrocarbons from crude oil occurs under both oxic and anoxic
conditions. Oil degradation was long considered to be an aerobic process because oxygen was
deemed to be critical for hydrocarbon activation. This view was dismissed in the late 1980s after the
isolation of bacteria capable of growing on hydrocarbons using alternate electron acceptors, and the
description of a consortium capable of water-mediated conversion of hydrocarbons to methane and
carbon dioxide. In recent years, it has become apparent that oxygen consumption in most reservoirs
is rapid thus causing aerobic metabolisms to be replaced by anaerobic ones [66-69]. In the case of
the Riutort oil shale mine, previous data indicated predominantly aerobic degradation. However,
many of the genera detected are characterized has having strictly anaerobic metabolisms. Most

likely, these two processes occur almost simultaneously and the rapid consumption of oxygen
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brings the anaerobes into action. External factors such as the occasional opening of the mine and

tourist visits increase the oxygen concentration in the pools and aerobic metabolisms recover.

Our observations demonstrate evident metabolic differences between the pools. Biodegradation
occurred in all the pools, but the microbial communities in 3D, 6D, 8D, 9D, 10S, 11S, 13S, 15D
and 17D were dominated by aerobic sulfur-oxidizing prokaryotes, mainly Thermoplasmatales. The
percentage of SRB was also considerable, which suggests that there a combination of SRB and
SOB (sulfur-oxidant bacteria) populations complete the sulfur cycle at these sites. SOB or SRB
activity will depend on the oxygen concentration at any given time. Similar results were found in
other oil reservoirs [70-71]. Furthermore, we can highlight 9D and 10S, where the high percentage
of Methylobacter points to aerobic oxidation of methane produced by the high numbers of
methanogens. This is another characteristic reaction in this type of reservoir [72]. Samples 1S, 2S
and 6D showed the most relative abundance of methanogenic archaea and these pools were the sites
where consortium and syntrophic associations with hydrocarbon-utilizing organisms such as
Smithella, Pirellula, and Parcubacteria probably occurred [62,73-75]. As already mentioned, the
lack of electron acceptors promotes this type of association to achieve the anaerobic biodegradation

of oil [66-69].

It is also interesting to note the high presence of archaea of the Nitrosopumilaceae group,
ammonium oxidizers, in 4S, 7D, 12W and 161. These aerobic archaea [76] may favor aerobic
degradation. This group is isolated from marine oxic waters, but it has previously been related to oil
degradation [77]. Ammonium oxidation by this group may contribute to the generation of new
electron acceptors for anaerobic degradation during periods of oxygen depletion. The presence of
the ammonium-oxidizing archaeal group ANME-1, which has been associated with SRB on

numerous occasions, could be explained in a similar way. The difference between ANME-1 and
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Nitrosopumilaceae is that the former are strict anaerobes. At samples where ANME-1
predominated, such as 2S, 3D, 5S, 10S, and especially 14S, where ammonium oxidation is
anaerobic and will be coupled to sulfate reduction, anaerobic biodegradation will presumably
predominate. ANME-1 and Nitrosopumilaceae were also detected in 4S, 7D and 161, so these sites
may show alternation between anaerobic and aerobic biodegradation. Sample 12W was the only
place where the relatively more abundant archaea belonged to the Nitrosopumilaceae group. Further
analysis of 12W shows that it stands out from the other sites. The metabolisms detected were
related to the aerobic degradation of oil, and it may be the only place in the mine where aerobic
degradation continuously prevails. Another singular pool is 5S, where we detected a large number
of bacteria from which no major conclusions can be drawn (Gammaproteobacteria unclassified,
Planctomycetota unclassified, and Burkholderiales unclassified). The presence of Planctomyces and
Burkholdreriales suggests aerobic hydrocarbon degradation metabolisms. There was also a high
percentage of Thiothrix, an aerobic sulfide oxidizer. The presence of some strict anaerobes, such as
ANME-1, and the SRB Desulfocapsa, indicate that there would also be an alternation between
aerobic and anaerobic biodegradation at this site. Indeed, this site may reflect a transition to
anaerobiosis due to the rapid consumption of oxygen by previous aerobic degradation. Oxygen
recycling in the mine gallery is complicated since there are no photosynthetic organisms and the
gallery is permanently closed. Of all the samples analyzed, the microbial community of Riutort-161
was particularly remarkable and of potential interest for biotechnological applications. Bacterial
genera such as Pseudomonas and Brevundimonas have proven highly effective at oil biodegradation
[64-65]. The rest of the microorganisms identified were related to oil or oil-derivate environments.
Therefore, the Riutort-161 sample is a potential biodegradation consortium. The differences
between Riutort-161 and the other samples might be due to the lack of hydrocarbon flow rate and

water washing [78].
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4.2. Bioremediation and core flooding experiments

Natural attenuation revealed very little capacity to remediate oily sludge-polluted soil over 60 days
as only achieved a 15% decrease in TPH levels in soil cultures and, consequently, it is not a
promising strategy for bioremediation [79]. In contrast, the combination of the Riutort consortium
and indigenous populations, if including nutrition, led to a decrease in ST and notably accelerated
the biodegradation rate of the oily sludge. This notion is in agreement with previous results obtained
by Jiang and co-workers [80]. Of note, exogenous and indigenous microbial populations showed
compatibility to grow in soil containing oily sludge from La Libertad Refinery. It was also observed
that saturated compounds were the easiest to remove in the three bioremediation approaches [81];
although, the addition of exogenous microbes also increased the biodegradation rate of aromatic and
polar fractions [38]. A set of Pseudomonas and Brevundimonas strains present in the natural Riutort
consortium might produce glycolipids and lipopeptides to collapse the oily sludge [82]. Moreover,
given that the criterion employed for selecting biosurfactant producers is capacity to reduce ST to
below 40 mN-m™ [83], in our case microbial degradation of oily sludge was not solely related to
high biosurfactant production as evidenced by ST measurements but also to the emulsifying and

metabolic capabilities of the microbes and environmental conditions.

Nutrients and counts of total microbial degraders are two main factors influencing the rate of oil
degradation in soil. Indeed, in a context of a total hydrocarbon-degrading microbial count < 10°
CFU/g accompanied by a lack of nutrients, biostimulation and bioaugmentation are necessary for
rapid bioremediation [84]. In our case, the initial indigenous population of oily sludge-degrading
microorganisms excluding nutrition was less than 10* CFU/g of soil. Therefore, bioaugmentation
and biostimulation were needed. Our results corroborated that the growth of the microbial
population was marginal through natural attenuation and that the addition of nutrients alone

(biostimulation), and bioaugmentation plus biostimulation led to higher initial microbial counts
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(3-10* and 10° CFU/g), which were rapidly and strongly increased during the first month
bioremediation trials only in the bioaugmentation test. Our findings also showed that the aromatic
and polar fractions were more recalcitrant to biodegradation than saturated hydrocarbons. Of note,
the degradation of polar compounds was remarkable in the trial including the Riutort consortium. In
this regard, asphaltene degradation by commonly effective hydrocarbon-degrading bacteria such as
Pseudomonas and Brevundimonas strains isolated from petroleum-rich environments has been
previously reported [85-86]. This notable degradation of polar fractions may be attributable in part
to the abovementioned emulsifying capacity of the Riutort consortium [87]. In general, our results
are comparable with those reported by Gholami-Shiri and co-workers in 2017 using synthetic

bacterial consortia.

Here we have also demonstrated the effectiveness of MEOR processes involving the injection of the
exogenous Riutort consortium and nutrients into the cores of a shallow well at the Ancon oilfield.
These microorganisms can biodegrade petroleum fractions and produce surface active agents that
are compatible with the relatively oxic conditions of the Socorro reservoir. Even though exogenous
microbes usually alter reservoir biogeochemistry [88], bioaugmentation and biostimulation can be
combined to enhance oil recovery [89]. The results show that decrease of interfacial tension and oil
viscosity reduction are key mechanisms of oil recovery in this case study. Thus, the increase in the
emulsification index (E24) and decrease in IFT are due to the production of bio-products, thereby
suggesting the presence of bacteria that are phylogenetically related to species such as
Pseudomonas aeruginosa and Brevundimonas [55,65]. In fact, rhamnolipid-producing
Pseudomonas and lipopeptide-producing Brevundimonas species have been successfully applied for
bioremediation and MEOR [38,90]. Accordingly, our observations regarding cell surface
hydrophobicity and IFT results suggest that the petroleum-degrading microbes in the Riutort

consortium have a significant potential to adhere to hydrocarbons and to produce surface-active
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metabolites. In this regard, the capacity of microorganisms to adhere to crude oil is associated with
hydrocarbon biodegradation potential [82]. It has also been reported that selective microbial
degradation of crude oil constituents reduces viscosity and improves mobility in porous systems,
overcoming capillary forces by two mechanisms: a decrease in the average molecular weight of the
hydrocarbon mixture and a change in the physical characteristics of crude oil [91]. Therefore,
optimization of culture and injection conditions could improve the yields of the initial MEOR

studies performed.

5. Conclusions

Our results showed the presence of diverse anaerobic and aerobic bacteria and archaea in the
Riutort oil shale mine, including strains with interesting hydrocarbon degradation potential. A
marked prokaryotic diversity was revealed as different groups, mainly bacteria but also archaea,
with hydrocarbon-degrading activity were found. Aerobic microorganisms were prevalent in most
samples but the presence of facultative microorganisms and a transition to strict anaerobic
conditions in some areas, including methanogens and sulfate-reducing bacteria, were also observed.
Therefore the Riutort mine environment is a unique site for the study of the microbial ecology of oil
degradation. In particular, the Riutort-161 consortium presented an abundance of hydrocarbon-
degrader aerobes, such as Pseudomonas spp., able to notably reduce TPH (including recalcitrant
fractions) in oily sludge-contaminated soils through biostimulation plus bioaugmentation, thus
revealing an excellent potential for bioremediation applications. Indeed, a non-subsurface
consortium such as Riutort-161 was also tested successfully in the laboratory for the first time and

could offer applications in MEOR schemes at relatively low cost in shallow mature oil fields.
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Figure 1. Location map of the Riutort oil shale mine and structural features of the SE Pyrenees.

Figure 2. (a) Schematic map of the Riutort oil shale mine showing the study gallery (modified from Riba, 1985). (b)
Detailed map of the study gallery showing the position of the samples.

Figure 3. Flow chart of the designed experiments in the present study.

Figure 4. Relative abundance of bacterial dominant genus (> 3%), detected by Illumina sequencing of 16S rRNA gene
amplicons. The size of the solid circle indicates the relative abundance.

Figure 5. Principal Component Analyses (PCA) on the relative proportion of archaeal OTUs (at a 0.03 distance). a) 3D
plot of the first 3 components showing the clustering of all samples on the basis of archaeal diversity. Labels indicate
the origin of the samples. b) Hierarchical clustering dendrogram based on principal component analysis of archaeal
OTUs. It shows the similarity in archaeal community composition across sampling sites. Red bubbles indicate
representative clusters.

Figure 6. Relative abundance of archaeal dominant genus (>3%), detected by Illumina sequencing of 16S rRNA gene
amplicons. The size of the solid circle indicates the relative abundance.
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Abstract

Preservation of the environment of the Riutort oil shale mine for more than a century has favored the presence of a
paradigmatic ecosystem of oil-degrading microorganisms. After extensive sampling and analysis by 16S rRNA
sequencing, a marked prokaryotic community comprising diverse groups of bacteria (genus such as Methylobacter,
Thiothrix, and Desulfobacca) and archaea (e.g., Methanobrevibacter genus) with hydrocarbon-degrading activity was
found. Aerobic microorganisms were predominant in several samples but facultative microorganisms were also present,
and there was an interesting transition to strict anaerobic conditions in some areas. One of the samples contained oil
degrading aerobic bacteria such as Pseudomonas spp. and Brevundimonas spp. Of the microbes studied, we conducted a
laboratory assessment of the capacity of this specific consortium for bioremediation of petroleum-polluted soil and
microbial enhanced oil recovery processes. To this end, we used oily sludge-contaminated soil from La Libertad
Refinery and cores from the Ancén Field, respectively, both sites in southwestern Ecuador. The Riutort consortium
degraded 50.8% of total petroleum hydrocarbons, 64.2% of saturates, 41.3% of aromatics, and 37.4% of polar
compounds after a 60-day incubation using oily sludge as the sole source of carbon. The performance of this consortium
reflects its notable potential for bioremediation purposes. In turn, flooding with the natural Riutort consortium and its
metabolites achieved a 7.2% (v/v) incremental recovery of crude oil through a sand-pack assay. These results are
comparable to those reported using synthetic bacterial consortia, and thus reveal the great interest of the study seepages,

not only for understanding microbial activities in oil degradation but also their use in biotechnological applications.

Keywords: Riutort microbial consortium, hydrocarbon-degraders, 16S rRNA sequencing, bioremediation, MEOR.

1. Introduction
The biodegradation of hydrocarbons alters the properties of these compounds and can bring about

significant economic losses for the petroleum industry [1]. Microbial oxidation of hydrocarbons
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(petroleum biodegradation) generally occurs at temperatures below 75-80°C; i.e. above this range
there is scarce microbial life and only hyperthermophilic bacteria and archaea grow [2-5]. Meteoric
water influx can cause aerobic biodegradation processes and also remove more water-soluble
compounds [6]. However, anaerobic hydrocarbon breakdown is the common process of
biodegradation in most petroleum reservoirs [7-8]. Prior studies have verified the predominance of
bacteria and archaea in anaerobic processes controlling subsurface hydrocarbon degradation in
reservoirs. These processes are linked mostly to methanogenesis and iron reduction [9-11] or, when
free sulfate is abundant, to sulfate reduction [12]. Conversely, aerobic microbes are the main agents
of surface biodegradation processes after oil spills [13], but also in oil reservoirs whenever they are
shallow and contain oxygenated waters. However, anaerobic bacteria may initiate biodegradation
under certain conditions [14]. In addition to free or combined oxygen, microbes in shallow
environments need water with salinity levels < 100-150%0 and enough nutrients to metabolize
hydrocarbons [5] as the degradation of these compounds is frequently limited by phosphorus or
nitrogen [9]. Irrespective of whether the process is aerobic or anaerobic, the impact of microbial
degradation on crude oil can be notable [3,15]. As biodegradation progresses, it leads to a decrease
in oil quality, diminishing its economic value as API gravity decreases, while increasing viscosity
and density [5]. Interestingly, the compositional changes caused by biodegradation of petroleum in
reservoirs are similar to those observed in surface oil seeps and oil spills [9,16]. They result in a
lowering of saturated hydrocarbons and, to a lesser extent, aromatic compounds, thereby
concentrating resins and asphaltenes in the residual oil, while also enriching metal and sulfur

content [17]. In addition, biodegradation causes an increase in the acidity of the oil [18].

Hydrocarbons are magnificent growth media for microorganisms [19], and one of the challenges in
petroleum microbiology is to identify the microbial diversity in oilfields and hydrocarbon-

containing habitats. Although a major research focus has been placed on anaerobes, microbial
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populations in shallow oil reservoirs also include aerobic microbes introduced through aqueous
fluid injection, drilling muds, and natural flows of surface water and groundwater [20]. Aerobic
hydrocarbon-degrading and biosurfactant-producing microbial populations are, for the most part,
advantageous for bioremediation processes, both in marine and terrestrial spills [21-22], and for
microbial enhanced oil recovery (MEOR) operations [23]. In both technologies, microbial consortia
can give yields that are greater than those achieved by a single species, as consortia benefit from

interrelations between distinct types of microbes [24-25].

In the SE Pyrenees (Cadi thrust sheet, NE Spain), the organic-rich materials of the Armancies unit
(Eocene) are the most important oil source rock, cropping out for more than 100 km from near the
Terrades sector in the east to beyond the village of Bagé in the west (Fig. 1). Part of the Armancies
Formation is characterized by a significant period of anoxia, which induced sedimentation and
conservation of organic matter [26]. The abundance of oil shows in outcropping materials from the
Cadi thrust sheet generated interest in this area for oil exploration. In this regard, the Riutort oil
shale mine was opened in 1912 and operated for around 10-15 years, producing approximately 3400
tons of rock during this time [27]. The main underground gallery (74 m long, still accessible) cuts
into the Armancies Formation that has a thickness of 58 m, of which 50 m are oil shales. The slow
percolation of groundwater through the mine galleries has resulted in pools of water of various
sizes. Oil is present in some of these pools and is accompanied by the growth of microbial mats [28-
30]. The biodegradation of seepage oil at level 3-4 on the PM scale [15] can be observed in situ, as
attested by the presence of hydrocarbon-degrading bacteria [31]. Increasing levels of CO- in the air
towards the bottom of the galleries account for predominantly aerobic biodegradation processes,
while darkness has excluded the growth of photosynthetic microbes. The environment of the Riutort
oil shale mine has allowed oil biodegradation processes to take place for more than a century, and

thus the microbial ecology of this site is of great interest [31]. In this regard, the characterization of
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microbial communities in oil-containing ecosystems can be used to elucidate the role of microbes in
relevant biogeochemical processes [32] and may also be useful to enhance bioremediation and
MEOR technologies [33-34].
Figure 1

Given the preceding considerations, here we sought to: (i) study in detail the microbial communities
involved in the biodegradation processes at the Riutort oil shale mine; ii) examine the impact of
using the Riutort microbes for hydrocarbon bioremediation; and (iii) evaluate the potential of the
natural Riutort microbial consortium for MEOR in shallow reservoirs. The use of non-subsurface
microbial populations such as the Riutort consortia can provide a novel and eco-friendly option for

improving hydrocarbon production from mature oilfields during the energy transition [35-36].

2. Materials and methods
2.1. Sample collection and initial characterization
Several underground galleries were identified in the Riutort oil shale mine (Fig. 2a). In particular,
the “study” gallery (Fig. 2b), located around 70 m from the mine entrance with 12 °C of constant
temperature, was selected as a sampling site due to the preservation of oil seeps (in oily-water
pools). To analyze microbial diversity within the pools on the gallery floor, we collected 17 water
samples belonging to four types (see Fig. 2b): 8 were surface pool samples (S), 7 deeper pool
samples (D), 1 water sample (W), and 1 isolated sample (1) from a pool located away from the
gallery walls and characterized by zero seepage flow rate and a lower proportion of water. In all
cases, 50 ml of sample was taken in sterile tubes and kept at -20°C until processing.

Figure 2
For bioremediation trials, oily sludge samples were taken from La Libertad Oil Refinery (longitude
80°53°56” W, latitude 2°13°32” S) in southwestern Ecuador, where the average temperature is

around 25 °C. Oily sludge is a typical waste of oil refineries, and it consists of a mixture of
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hydrocarbons, water, and sediments [37]. The amount of total petroleum hydrocarbons (TPH)
recovered was determined gravimetrically as described by Mishra and co-workers [38] and
accounted for approximately 60% of total TPH, 34% water, and 6% sediments. TPH were
fractionated into saturates, aromatics, asphaltenes, and resins (SARA fractioning) by liquid
chromatography in a column containing silica gel (activated in an oven at 105 °C for 12 h). In brief,
asphaltenes were separated as the insoluble fraction by dissolving 1 g of TPH in n-pentane and
using 0.45 um filters. The saturated, aromatic, and resin fractions were then eluted with n-hexane,
dichloromethane:hexane (4:1, v/v), and dichloromethane:methanol (1:1, v/v), respectively [13].
Solvents were evaporated at room temperature under a nitrogen stream in a fume hood, and the
SARA fractions were determined gravimetrically (45%, 29%, 5%, and 21% respectively). All
measurements were conducted in triplicate. The soil used in the bioremediation trials described in
section 2.3.3 was collected from the surface top layer (15 cm depth) in the surroundings of the
refinery mentioned above. Samples were homogenized through a 1-mm sieve to remove roots and
larger particles [39]. Organic carbon (0.97%), total nitrogen (0.03%), and bulk density (1.6 g/ml)
were then determined using standard methods [40-41]. A pH value of 8.0 was also measured in a

mixture of soil and water (1:1).

In turn, for the MEOR tests, rock cores, formation water, and crude oil samples were collected at a
depth of 343 m from the ANC-0008 well (80°51°55” W, 2°19°08” S) of the Ancén oilfield in
southwestern Ecuador. The physico-chemical properties of the formation fluids were examined
using 200-ml samples, which were first filtered. Organic compounds were then extracted using Sep-
Pak C18 solid phase extraction cartridges (Waters Chromatography). Following the procedure
described above, the initial SARA composition of the crude oil (32°API and viscosity of 3.15 mPa-s
at 37°C) from the ANC-0008 well was 69% saturates (SAT), 22% aromatic hydrocarbons (ARO),

and polar (POL) compounds (3% resins and 6% asphaltenes). Crude oil viscosity was measured
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using an Oswald viscometer maintained at a constant temperature (37°C) in a water bath. Three
repeated measurements were performed at a 100 s* shear rate. Finally, salinity, pH, and electrical
conductivity of the formation water were measured with a TPH 02154 device, a BASIC 20 pH
meter, and an EC Meter BASIC 30+, and the main ions were determined in an ion chromatograph
883 Basic IC Plus (Metrohm). As shown in Table 1, our data indicated low salinity and slightly
alkaline pH for these formation waters (Socorro reservoir in the Ancon field).

Table 1
2.2 Assessment of microbial communities
2.2.1 DNA extraction, amplification and sequencing, and OTU detection
Genomic DNA was extracted from 1 ml of representative homogenized subsamples using the
FastDNA™ SPIN Kit for Soil (MP Biomedicals, LLC) following the manufacturer’s instructions
and it was quantified by PICOGREEN®. The extracted DNA was used in a first PCR of 27 cycles
with Q5® Hot Start High-Fidelity DNA Polymerase (New England Biolabs) in the presence of 100
nM primers for 16S rRNA amplification. The primers used amplify the V3-V4 region of 16S rRNA
Archaea or Bacteria domain [42]. Each sample was amplified and, after the first PCR, a second
PCR of 14 cycles was performed with Q5® Hot Start High-Fidelity DNA Polymerase (New
England Biolabs) in the presence of 400 nM of the primers (5' AATGATACGGCGACCACCGAG
ATCTACACTGACGACA TGGTTCTACA-3' and 5-CAAGCAGAAGACGGCATACGAG AT-
[barcode]-TACGGTAGCA GAGACTTGGT CT-3') of the Access Array Barcode Library for
Illumina Sequencers (Fluidigm). Finally, the pool of amplicons was denatured before being seeded
on a flow cell at a density of 10 pM, where clusters were formed and sequenced using a “MiSeq

Reagent Kit v3”, in a 2x300 pair-end sequencing run on a MiSeq sequencer.

For the detection and classification of OTUs (operational taxonomic units), sequence processing,

alignment and analysis were carried out with Mothur v.1.38.1 [43-44] and The Basic Local
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Alignment Search Tool (BLAST) [45]. The databases used were SILVA-SEED (v138) [46] and the
Genome Taxonomy Database [47]. Chao 1 estimator and Shannon index were calculated to predict

community richness using PAST software 50 [48].

2.2.2. 16S rRNA gene amplification and library construction

The microbial species of the Riutort-161 sample were further studied by 16SrRNA gene
amplification and cloning. Amplification of nearly full-length bacterial and archaeal 16S rRNA
genes was carried out with the primer sets 8F/1492R [49] and 25F/1492R [50]. Each 50-uL reaction
tube contained 20-30 ng of template DNA, 1x PCR reaction buffer (Promega Biotech Iberica,
Spain), 2.5 uM of each dNTP (Amersham Biosciences, UK), 2.5 mM of MgCl,, 1 mg mL™? of
bovine serum albumin, 500 mM of the forward and reverse primers, and 0.025 U pL™* of DNA Taq
polymerase (Promega Biotech). PCR reactions were performed in a Perkin Elmer Thermocycler
with the following conditions: initial denaturation at 95°C for 5 min, followed by 25 cycles of
denaturation at 95°C for 1 min, annealing at 49°C for the bacterial primer set and 52°C for the
archaeal primer set, and extension at 72°C for 1 min. A final extension step at 72°C for 10 min was
performed. Amplified 16S rRNA gene products (> 1400 bp) were cloned using the TOPO TA
Cloning Kit (Invitrogen, CA) and sequenced using a Big-Dye kit (Applied Biosystems), following
the manufacturer's instructions. Taxonomic assignation was performed by BLAST

(https://blast.ncbi.nlm.nih.gov/).

2.2.3. Statistical analyses

Principal Component Analyses (PCA) on the relative proportion of OTUs (at a distance of 0.03)
among the samples were performed. Using the three components as new variables, hierarchical
dendrograms by Euclidean squared distance method were also calculated (IBM SPSS Statistics 24

package). Using relative percentages, new PCA analyses were performed by CANOCO 4.5
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(Microcomputer Power, Ithaca, NY, USA) [51]. The program CANODRAW 4.0 (in the Canoco
package) was used for graphical presentation of ordination results. Distribution analyses of OTU

abundance were done in Tableau Software (www.tableau.com).

2.3 Biotechnological applications
2.3.1. Preparation of inoculums
The microbial populations present in the Riutort-161 water pool sample (see results) were picked up
from oil agar plates and added to 50 ml basal medium [(grams per liter of brine): glucose (10),
sodium nitrate (1)]; and [(mg per liter of brine): manganese sulfate (0.25), magnesium sulfate (2.5),
zinc sulfate (0.25), copper sulfate (0.025), ferrous sulfate (0.25), aluminum potassium sulfate
(0.025), sodium molybdate (0.025), sodium selenate (0.013), nickel chloride (0.075) and boric acid
(0.025)]. They were incubated under aerobic conditions in a shaker at 37°C and 150 rpm [52]. Cell
growth was monitored by measuring the optical density at 600 nm through a UV-2550 Shimadzu
spectrophotometer [53]. When the culture reached the late exponential phase of growth, the cells
were resuspended in sterile basal medium, which was incubated at 37°C (rotatory shaker, 150 rpm)
for 24 h. Agitation and aeration were maintained using glass gas dispersion tubes with fritted
cylinders (Fisher Scientific). Microbial populations were counted using the most probable number
(MPN) method [54]. Each dilution was placed on a nutrient agar plate at 25°C. The number of
CFUs (Colony-Forming Units) at each dilution rate was counted after incubation and the average
CFU/ml or g of soil was determined. Figure 3 shows the overall experimental workflow.

Figure 3
2.3.2. Consortium properties
To determine surface tension (ST) reduction caused by the selected consortium, 1% (v/v) of
Riutort-161 consortium was added to a 250 ml Erlenmeyer flask containing 100 ml of sterile basal

medium supplemented with 1% (w/v) of La Libertad Refinery’s oily sludge and placed in a shaker
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incubator at 25°C and 150 rpm. Aliquots of this culture broth were sampled at different intervals
over 16 days. Cells were harvested by centrifugation at 9000 rpm and 4 °C for 15 min and then
discarded. Finally, the surface tensions of the supernatants were measured by a Gibertini
tensiometer (TSD 132389), following the method described by Abouseoud and co-workers [55].
Interfacial tension (IFT) determinations were performed against 1% (v/v) of ANC-0008 crude oil in
the same way at 37 °C (the well’s bottom-hole temperature). Measurements were carried out in

triplicate.

The hydrophobicity of hydrocarbonoclastic microbial cells from the Riutort-161 sample was
measured through the Bacterial adhesion to hydrocarbons (BATH) assay, following the method
previously reported [56]. Phosphate urea magnesium sulfate (PUM) buffer [pH equals 7.1 and
composition (g per liter): KaHPO4-3H20 (22.2), KH2PO4 (7.26), urea (1.8) and MgSQO4-7H.0 (0.2)]
was used to wash the cells twice and suspend them to obtain an optical density (OD) value of 0.6 at
600 nm. Thus, 2 ml of the cell suspension was mixed with 3 ml of n-hexadecane, and then the
mixture was vortexed for 2 min. Finally, n-hexadecane and the aqueous phase were held at room
temperature for 30 min to separate the phases. OD at 600 nm was quantified in the latter phase.
Hydrophobicity is expressed as the percentage of adherence to hexadecane, and it was calculated as
follows: 100-[(1-ODeoo Of the aqueous phase)/(ODeoo of the initial cell suspension)]. This analysis

was done in triplicate.

Emulsification activity was also used as an indicator of biosurfactant production in the culture broth
to determine a relationship between ANC-0008 crude oil biodegradation and biosurfactant
production [23]. The emulsion stability of the culture samples was determined by adding 3 ml of n-

hexadecane to 2 ml of culture supernatant in glass test tubes, shaking vigorously using a vortex for
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2 min, and later incubating at 37 °C for 24 h. The emulsification index (E24) was calculated as the

percentage of the emulsified layer height divided by the total height of the liquid column [57].

2.3.3. Bioremediation trials

The biodegradation of the oily sludge from La Libertad Refinery was examined using three
approaches: natural attenuation, biostimulation, and combined biostimulation-bioaugmentation.
These trials were carried out in 250-ml sterile Erlenmeyer flasks containing 100 ml of soil spiked
with 1% (w/v) oily sludge and mixed thoroughly for 72 h. The natural attenuation trial was done
without any amendment, whereas biostimulation was carried out by adding 5% (v/v) sterile basal
medium, and biostimulation+bioaugmentation with 5% (v/v) basal medium including the microbial
inoculum from Riutort-161. The experiments were done at 25°C (Santa Elena Peninsula’s annual
mean temperature). As soil moisture content influences the biodegradation of petroleum compounds
[11,58], it was maintained around 60% throughout the experiment. TPH extraction and SARA

fractionation were done at 30 and 60 days. All tests were performed three times.

2.3.4. Oil recovery tests

Core-flooding experiments were performed to study the efficacy of the Riutort-161 microbial
consortium to enhance oil recovery when compared to conventional water flooding. Lab-scale
simulations for oil recovery were conducted following the procedure described by Gao and co-
workers [59]. Two core tubes, 50 cm long and 2.5 cm inner diameter, were filled with sandstone of
the Socorro Formation of the Ancon Field by mechanical loading. After packing with sand,
cleaning, and drying [60], each core tube was saturated with formation water from the ANC-0008
well, at a flow rate of 0.25 cm®s%, then a 0.7 pore volume (PV) was determined using the dry-
weight and wet-weight of the cores. Formation water was previously passed through a 0.45-um

Millipore Filtration Unit [61]. Each core was then flooded with dehydrated ANC-0008 crude oil to
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irreducible water saturation, as observed in petroleum reservoirs; the total volume of injected crude
oil was recorded. Both core tubes were allowed to soak at 37 °C for a week. One of the cores was
then injected with several pore volumes of the ANC-0008 formation water to simulate the
secondary oil recovery stage until reaching a water-cut level of 98%. The volume of oil recovered
by the formation water flooding was then determined. Finally, to simulate the tertiary recovery
process, microbial flooding was carried out by injecting 0.3 PV of the natural Riutort-161
consortium (10” CFU/ml) mixed with nutrient basal medium (1.0%) in water into the second core
tube, which was then closed for 4 days. After that, the core was injected with water until no more
oil was released. The additional oil recovered by the microbial flooding was recorded. The
secondary and tertiary recoveries were calculated as a percentage of the amount of oil recovered in
each case in relation to the total mass of crude oil injected. The tests were carried out at 37 °C to
simulate the bottom-hole temperature of the Ancdn-0008 well, with a displacement pressure of

about 4 MPa. All tests were done in triplicate.

3. Results

3.1. Microbial diversity

3.1.1. Sequencing analysis and estimated richness

The collections of amplicons were sequenced, and the number of reads is summarized in Appendix.
Using bacterial-specific primers, a total of ~2 x10° reads were obtained (about 120,000 per sample
on average), whereas using archaeal-specific primers a total of ~4 x10° reads were achieved
(~250,000 per sample). Analysis of the read length distributions indicated a modal distribution
between 442 and 444 nucleotides. After quality control checks, chimera sequence removal, and the
subtraction of control sequences, a total of ~1.5 x10° sequences remained, about 86,000 per sample
on average in the case of the Bacteria domain, and 700,000 with about 40,000 per sample on

average for archaeal-specific primers. The number of bacterial OTUs detected at a distance of 0.03
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ranged from 255 to 477 per sample and from 4 to 16 per sample in the case of archaeal OTUs.
Nevertheless, Chaol estimations suggest that we were able to identify between 52 and 79% of the

total bacterial OTUs and between 53 and 97% of the total archaeal OTUs.

The bacterial community along the gallery showed a high diversity (Shannon index > 3; Appendix)
and multiple phenotypes. Shannon indices higher than 4 were detected in every pool sampled
through the gallery. Sample 161 showed the lowest value (4.42) and 11S the highest (5.04), with a
low deviation (0.16). With respect to Archaea, the Shannon indices showed a lower diversity. The
lowest value was detected in 5S (1.21) and the highest in 6D (2.47), with a deviation of 0.3.
Correlation networks of microbial populations and metabolic role of Bacteria and Archaea related

with oily-water pools in the Riutort oil shale mine were also studied (see Supplementary Material).

3.1.2. Bacterial community profiles

Taxonomic analyses of bacterial sequences were analyzed using the SILVA classifier algorithm
against SILVA.SEED V138 16S rRNA database. Reads were allotted to OTUs with an identity
cutoff of > 97%, which were further assigned to higher taxa: 1 domain (Bacteria), 41 phyla, 119
classes, 287 orders, 460 families, and 746 genera. Most of the Bacteria were distributed among the
phyla Proteobacteria, Planctomycetota, Bacteroidota, Verrucomicrobiota, Desulfobacterota,
Nitrospirota, Patescibacteria, Chloroflexi, Acidobacteriota, Firmicutes, Actinobacteriota,
Myxococcota and Dependentiae, which accounted for >80% of the total Bacteria within each
sampling site (Fig. 2). Proteobacteria were the most relative abundant group in all pools, except for
6D, where Desulfobacterota was predominant. The Gammaproteobacteria class dominated among
the Proteobacteria phylum and, to a lesser extent, Alphaproteobacteria. More precisely,
Gammaproteobacteria were predominant in 1S, 2S, 4S, 5S, 8D, 9D, 10S, 11S, 13S, 15D, and 161

(between 14 and 37%). Verrucomicrobiota was the most relatively abundant phylum in 7D (15%),
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14S (13%), and 17D (15%). Planctomycetota was the most abundant in 3D (15%) and 12W (23%).
Finally, only in 6D (25%) was Desulfobacterota the phylum with the most relative abundance.
Further analysis of the Proteobacteria community revealed a high proportion of unidentified
Gammaproteobacteria (between 3 and 17% in the different pools) and Alphaproteobactetria (1-
9%). With regard to Alphaproteobacteria, it is interesting to note the presence of Brevundimonas in
161. Within the Gammaproteobacteria that had been identified, there were members of the
Burkholderiales order, the Comamonadaceae and Methylomonadacea families, and the genera
Methylobacter, Pseudomonas and Thiothrix. The Methylobacter genus includes aerobic
methanotrophic bacteria and was detected (1-3%) mostly at the beginning of the gallery (8D, 9D,
10S, 118, 12W, 13S, 15D, 161, and 17D). Up to 7% of the Pseudomonas genus was detected in pool
161, but was negligible in the other pools. The OTUs of Thiothrix, an aerobic sulfur-oxidizing
bacterium, were detected in only two pools, namely 5S (6%) and 11S (1%). A large number of
Planctomycetota resulted unclassified (1-5%), and between 1 and 3% of OTUs of the Pirellulaceae
family were also detected. With respect to Desulfobacterota, the third most abundant phylum, again
a good part of the sequences remained unclassified (between 1 and 6%). A high percentage (1-3%)
of unidentified microorganisms was also found at the Desulfosarcinaceae family level. Finally,
Desulfobacca, Desulfocapsa, and Smithella were the dominant genera of Desulfobacterota. The
sulfate-reducing bacteria (SRB) Desulfobacca was detected at between 1 to 7% in 1S, 2S, 3D, 5S,
6D, 7D, 8D, 9D, 10S, 118, 14S, 15D, and 17D. Desulfocapsa was detected in high numbers (1-3%)
of sequences in 1S, 2S, 5S, 6F, 7F, 11S, and 13S, and the anaerobic propionate-degrading
syntrophic Smithella was found in important numbers (between 1-3%) in only 5 pools: 1S, 3D, 5S,
6D and 7D. This genus has been frequently detected in oil environments [62]. All sequences from
the Nitrospirota group were related to unclassified Thermodesulfovibrionia, which are mainly
anaerobic, moderately thermophilic, and SRB; they were detected mostly (1-4%) in 3D, 6D, 8D,

9D, 14S and 17D. In summary, 4S was the only sample in which no SRB were detected, and in
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12W and 161 these bacteria were scarce, with only 1% Desulfobacterota and 1%
Desulfosarcinaceae, respectively. The Verrucomicrobiota group included sequences belonging to
the Candidatus “Omnitrophus” (1-6%) and Candidatus “Protochlamydia” (1-6%), and also part of
the sequences remained as unclassified Chlamydiales (1-4%). For a better understanding, Figure 4
summarizes the relative proportions of the most representative bacterial genera (those with a
relative abundance >3% in at least one sample).

Figure 4
The PCA for bacterial phyla and Proteobacteria-class level was conducted and based on number of
genus-level OTUs; three components accounted for 89% of the variance. The point cloud in Figure
5a shows how the D points (deep samples) tend to cluster together. In contrast, the S (surface)
points are more dispersed, except 14S, which joins 3D and 8D robustly. Various clusters are marked
in the dendrogram in Figure 5b.

Figure 5
3.1.3. Archaeal community profiles
Archaeal sequences were also taxonomically classified by SILVA.SEED V138 16S rRNA database.
Again, reads were allotted to OTUs with an identity cutoff of > 97%, and these were further
assigned to higher taxa: 1 domain (Archaea), 5 phyla, 12 classes, 15 orders, 18 families, and 23
genera. Samples 1S (44 OTUs), 2S (51), 4S (13), 5S (17), and 7D (42) showed the lowest data and
15D and 6D the highest. In general, deep pools (D) showed the largest number of OTUs. The
majority of the archaeal sequences resulted unclassified (53-89%). Overall, a very low number of
sequences were identified. Sample 14S showed the most OTUs (314), and 2S, 5S and 4S the fewest
(8, 8, and 6 respectively). With the exception of 14S, the deep samples were the ones in which most
archaeal OTUs were identified. The OTUs detected belonged to only 5 phyla according to SILVA's
taxonomic classification v138 [46], namely Halobacterota (377 OTUs in total), Thermoplasmatota

(377), Crenarchaeota (186), Asgardarchaeota (53) and Euryarchaeota (10). Note that although
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Halobacterota and Thermoplasmatota showed the same relative abundance, only Halobacterota
was identified at all the sampling sites. A large proportion of the Halobacterota sequences were
phylogenetically affiliated to methanogenic archaea. Especially abundant were those affiliated to
the genus Methanoregula, which occurred in all sampling sites except 5S and 12W. This genus was
especially abundant in 2S (25%). The rest of the methanogens of this phylum were related to an
unclassified Methanosarcinales order (up to 53% in 1S). The rest of the Halobacterota sequences
were affiliated to the ANME-1 group (genus level). This anaerobic and methanotrophic genus was
detected at all the sampling sites except 1S, and it was especially abundant in 14S, where it showed
the highest relative abundance (64%). A large number of Thermoplasmata resulted unclassified (1-
39%). This clade was detected in all samples except 5S. In addition, a significant number of
sequences were taxonomically affiliated to Candidatus Proteinoplasmatales archaeon SG8-5 (1-
38%), an uncultured benthic archaeon, probably methanogenic [63]. Finally, 20% of the archaeal
sequences detected in 6D and 6% in 3D were affiliated to Methanomethylophilaceae, a
methanogenic anaerobic archaeal Thermoplasmatota. Crenarchaeota sequences were grouped in
three clades: Bathyarchaeia, Nitrosopumilales, and unclassified Crenarchaeota. In 1S, 2S and 10S,
Crenarchaeota were not identified. Representatives of Bathyarchaeia were found up to 36% in 7P,
while representatives of Nitrosopumilales accounted for 80% of the sequences obtained in 12W.
Most of the Asgardarchaeota sequences were related to Lokiarchaeia; this group was detected in 11
pools. In the case of 5S, 50% of the sequences were affiliated to Lokiarchaeia, although it should be
noted that very few archaeal OTUs (17) were obtained in this sample. In addition to Lokiarchaeia, a
significant number of Asgardarchaeota remained unclassified (up to 25%, again in 5S).
Furthermore, 2% of the sequences obtained in 6D were classified as Odinarchaeia. Members of
phyla Euryarchaeota were found only in 1S, 2S, 6D, 8D, 9D, 13S, and 15D. All sequences were
phylogenetically affiliated to the methanogenic genus, most of them to Methanobrevibacter and a

minority to Methanobacterium and Methanofollis (only 1% in 8D). Figure 6 summarizes the
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relative proportions of the most representative archaeal genera (those with a relative abundance
>3% in at least one sample).

Figure 6
3.1.4. 16S rRNA gene amplification and library construction
Upon completing the study of the microbial communities, we focused on the selection of an
appropriate consortium for biotechnological applications. In this regard, the high percentage of
Pseudomonas (7%) detected in sample 161 from the NGS results was outstanding, as the potential

of these bacteria in oil biodegradation is well known [64-65]. We therefore chose sample 16l.

To precisely identify species of Riutort-161, bacterial 16S rRNA gene amplification and cloning
was carried out. A total of 96 clones were sequenced and classified using BLAST. 31% of the
OTUs showed similarity to Pseudomonas marincola strain 002-Na3, 19% to an uncultured
bacterium clone (Pseudomonas sp.), 13% to Brevundimonas mediterranea strain N7, 12% to
uncultured Desulfobacula sp. clone LU2-210 (sulfate-reducing bacteria), 12% to the uncultured
Gammaproteobacteria clone 91-13 (probably sulfur-oxidizing bacteria), 6% to Microbacterium sp.
BA45(2011), and finally 6% to Mycobacterium fluoranthenivorans. Therefore, 50% of the OTUs
obtained showed a high similarity to two Pseudomonas previously detected in oil-related
environments and their degradation [64-65]. The rest of the OTUs found were also similar to
bacteria related to the same environments, e.g., Microbacterium sp. and Brevundimonas
mediterranea strain N7. In addition, these two species were previously identified in the Riutort oil
shale mine [30-31]. Table 2 lists the OTUs obtained and the closest relatives identified by BLAST.
Table 2
3.2. Bioremediation approaches
Surface tension (ST) determinations indicated that both indigenous microbes and the combination

of these and exogenous Riutort microorganisms were able to reduce the ST of basal medium
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supplied with 1% (w/v) oily sludge as the sole source of carbon. In fact, the ST of liquid media was
reduced from 62 to 54 and 45 mN-m™ after 16 days, respectively, without and with the injection of
the Riutort consortium. Cell hydrophobicity (BATH assay) of this consortium was 60% under the
tested conditions, suggesting that the microbial community has hydrophobic surface properties.
Simulated bioremediation of soil polluted with oily sludge from La Libertad Refinery was also
evaluated. As shown in Table 3, the greatest TPH degradation after 60 days (50.8%) occurred
through a combination of biostimulation and bioaugmentation, notably improving biostimulation
(29.8%) and natural attenuation yields (16.5%). The results also revealed the habitual features of
differential removal of hydrocarbon fractions [21,25], as in all the trials saturates were degraded
more easily and more quickly than aromatics and polar compounds (Table 3). Bioaugmentation
showed a general pattern of improved results for all the fractions. For instance, the minimum and
maximum removal of saturated compounds (24.5 and 64.2%) was achieved via natural attenuation,
and bioaugmentation + biostimulation, respectively, in the 60-day experiment. Similar observations
were made for aromatics (16.4 vs. 41.2%) and polar compounds (2.8% vs. 37.4%). All chemical
data were coherent with microbial counts, which revealed a strong increase (several orders of
magnitude) in the bioaugmentation testing when compared with the other two trials (see Table 4).
Table 3
Table 4

3.3. Sand-pack study

In this research, when the exogenous Riutort consortium and nutrients were injected into ANC-0008
crude oil, the emulsifying activity (E24) of the bioproducts generated was confirmed. It was noted
that emulsification power against n-hexadecane increased and reached a maximum value of 69%.
Also, the interfacial tension (IFT) of the crude-oil water system decreased from 38 to around 21

mN-m™, thus strongly suggesting microbial production of metabolites such as biosurfactants and
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bioemulsifiers. Another important outcome was that the viscosity of the crude oil decreased 1.25-

fold after biological treatment with the exogenous Riutort microbial population (2.51 mPa-s).

Core-flooding experiments were also conducted to evaluate the potential application of the natural
Riutort consortium and their bioproducts for MEOR. Crude oil recovery after formation water
flooding was about 40% v/v of original oil in place, whereas a significant 7% v/v of additional oil
over the water flooding residual oil saturation was recovered from the column flooded with the
Riutort consortium and nutrients. Both lab-scale sand-pack columns can be considered a two-

dimensional model to calculate crude oil recovery [23].

4. Discussion

4.1. Microbial communities

We collected a total of 17 samples for microbial diversity analyses from the water pools present on
the gallery floor. Our results showed a typical community from a petroleum reservoir, including
microorganisms with aerobic, anaerobic, and facultative metabolisms (see Supplementary Material).
The microbial degradation of hydrocarbons from crude oil occurs under both oxic and anoxic
conditions. Oil degradation was long considered to be an aerobic process because oxygen was
deemed to be critical for hydrocarbon activation. This view was dismissed in the late 1980s after the
isolation of bacteria capable of growing on hydrocarbons using alternate electron acceptors, and the
description of a consortium capable of water-mediated conversion of hydrocarbons to methane and
carbon dioxide. In recent years, it has become apparent that oxygen consumption in most reservoirs
is rapid thus causing aerobic metabolisms to be replaced by anaerobic ones [66-69]. In the case of
the Riutort oil shale mine, previous data indicated predominantly aerobic degradation. However,
many of the genera detected are characterized has having strictly anaerobic metabolisms. Most

likely, these two processes occur almost simultaneously and the rapid consumption of oxygen
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brings the anaerobes into action. External factors such as the occasional opening of the mine and

tourist visits increase the oxygen concentration in the pools and aerobic metabolisms recover.

Our observations demonstrate evident metabolic differences between the pools. Biodegradation
occurred in all the pools, but the microbial communities in 3D, 6D, 8D, 9D, 10S, 11S, 13S, 15D
and 17D were dominated by aerobic sulfur-oxidizing prokaryotes, mainly Thermoplasmatales. The
percentage of SRB was also considerable, which suggests that there a combination of SRB and
SOB (sulfur-oxidant bacteria) populations complete the sulfur cycle at these sites. SOB or SRB
activity will depend on the oxygen concentration at any given time. Similar results were found in
other oil reservoirs [70-71]. Furthermore, we can highlight 9D and 10S, where the high percentage
of Methylobacter points to aerobic oxidation of methane produced by the high numbers of
methanogens. This is another characteristic reaction in this type of reservoir [72]. Samples 1S, 2S
and 6D showed the most relative abundance of methanogenic archaea and these pools were the sites
where consortium and syntrophic associations with hydrocarbon-utilizing organisms such as
Smithella, Pirellula, and Parcubacteria probably occurred [62,73-75]. As already mentioned, the
lack of electron acceptors promotes this type of association to achieve the anaerobic biodegradation

of oil [66-69].

It is also interesting to note the high presence of archaea of the Nitrosopumilaceae group,
ammonium oxidizers, in 4S, 7D, 12W and 161. These aerobic archaea [76] may favor aerobic
degradation. This group is isolated from marine oxic waters, but it has previously been related to oil
degradation [77]. Ammonium oxidation by this group may contribute to the generation of new
electron acceptors for anaerobic degradation during periods of oxygen depletion. The presence of
the ammonium-oxidizing archaeal group ANME-1, which has been associated with SRB on

numerous occasions, could be explained in a similar way. The difference between ANME-1 and
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Nitrosopumilaceae is that the former are strict anaerobes. At samples where ANME-1
predominated, such as 2S, 3D, 5S, 10S, and especially 14S, where ammonium oxidation is
anaerobic and will be coupled to sulfate reduction, anaerobic biodegradation will presumably
predominate. ANME-1 and Nitrosopumilaceae were also detected in 4S, 7D and 161, so these sites
may show alternation between anaerobic and aerobic biodegradation. Sample 12W was the only
place where the relatively more abundant archaea belonged to the Nitrosopumilaceae group. Further
analysis of 12W shows that it stands out from the other sites. The metabolisms detected were
related to the aerobic degradation of oil, and it may be the only place in the mine where aerobic
degradation continuously prevails. Another singular pool is 5S, where we detected a large number
of bacteria from which no major conclusions can be drawn (Gammaproteobacteria unclassified,
Planctomycetota unclassified, and Burkholderiales unclassified). The presence of Planctomyces and
Burkholdreriales suggests aerobic hydrocarbon degradation metabolisms. There was also a high
percentage of Thiothrix, an aerobic sulfide oxidizer. The presence of some strict anaerobes, such as
ANME-1, and the SRB Desulfocapsa, indicate that there would also be an alternation between
aerobic and anaerobic biodegradation at this site. Indeed, this site may reflect a transition to
anaerobiosis due to the rapid consumption of oxygen by previous aerobic degradation. Oxygen
recycling in the mine gallery is complicated since there are no photosynthetic organisms and the
gallery is permanently closed. Of all the samples analyzed, the microbial community of Riutort-161
was particularly remarkable and of potential interest for biotechnological applications. Bacterial
genera such as Pseudomonas and Brevundimonas have proven highly effective at oil biodegradation
[64-65]. The rest of the microorganisms identified were related to oil or oil-derivate environments.
Therefore, the Riutort-161 sample is a potential biodegradation consortium. The differences
between Riutort-161 and the other samples might be due to the lack of hydrocarbon flow rate and

water washing [78].
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4.2. Bioremediation and core flooding experiments

Natural attenuation revealed very little capacity to remediate oily sludge-polluted soil over 60 days
as only achieved a 15% decrease in TPH levels in soil cultures and, consequently, it is not a
promising strategy for bioremediation [79]. In contrast, the combination of the Riutort consortium
and indigenous populations, if including nutrition, led to a decrease in ST and notably accelerated
the biodegradation rate of the oily sludge. This notion is in agreement with previous results obtained
by Jiang and co-workers [80]. Of note, exogenous and indigenous microbial populations showed
compatibility to grow in soil containing oily sludge from La Libertad Refinery. It was also observed
that saturated compounds were the easiest to remove in the three bioremediation approaches [81];
although, the addition of exogenous microbes also increased the biodegradation rate of aromatic and
polar fractions [38]. A set of Pseudomonas and Brevundimonas strains present in the natural Riutort
consortium might produce glycolipids and lipopeptides to collapse the oily sludge [82]. Moreover,
given that the criterion employed for selecting biosurfactant producers is capacity to reduce ST to
below 40 mN-m™ [83], in our case microbial degradation of oily sludge was not solely related to
high biosurfactant production as evidenced by ST measurements but also to the emulsifying and

metabolic capabilities of the microbes and environmental conditions.

Nutrients and counts of total microbial degraders are two main factors influencing the rate of oil
degradation in soil. Indeed, in a context of a total hydrocarbon-degrading microbial count < 10°
CFU/g accompanied by a lack of nutrients, biostimulation and bioaugmentation are necessary for
rapid bioremediation [84]. In our case, the initial indigenous population of oily sludge-degrading
microorganisms excluding nutrition was less than 10* CFU/g of soil. Therefore, bioaugmentation
and biostimulation were needed. Our results corroborated that the growth of the microbial
population was marginal through natural attenuation and that the addition of nutrients alone

(biostimulation), and bioaugmentation plus biostimulation led to higher initial microbial counts
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(3-10* and 10° CFU/g), which were rapidly and strongly increased during the first month
bioremediation trials only in the bioaugmentation test. Our findings also showed that the aromatic
and polar fractions were more recalcitrant to biodegradation than saturated hydrocarbons. Of note,
the degradation of polar compounds was remarkable in the trial including the Riutort consortium. In
this regard, asphaltene degradation by commonly effective hydrocarbon-degrading bacteria such as
Pseudomonas and Brevundimonas strains isolated from petroleum-rich environments has been
previously reported [85-86]. This notable degradation of polar fractions may be attributable in part
to the abovementioned emulsifying capacity of the Riutort consortium [87]. In general, our results
are comparable with those reported by Gholami-Shiri and co-workers in 2017 using synthetic

bacterial consortia.

Here we have also demonstrated the effectiveness of MEOR processes involving the injection of the
exogenous Riutort consortium and nutrients into the cores of a shallow well at the Ancon oilfield.
These microorganisms can biodegrade petroleum fractions and produce surface active agents that
are compatible with the relatively oxic conditions of the Socorro reservoir. Even though exogenous
microbes usually alter reservoir biogeochemistry [88], bioaugmentation and biostimulation can be
combined to enhance oil recovery [89]. The results show that decrease of interfacial tension and oil
viscosity reduction are key mechanisms of oil recovery in this case study. Thus, the increase in the
emulsification index (E24) and decrease in IFT are due to the production of bio-products, thereby
suggesting the presence of bacteria that are phylogenetically related to species such as
Pseudomonas aeruginosa and Brevundimonas [55,65]. In fact, rhamnolipid-producing
Pseudomonas and lipopeptide-producing Brevundimonas species have been successfully applied for
bioremediation and MEOR [38,90]. Accordingly, our observations regarding cell surface
hydrophobicity and IFT results suggest that the petroleum-degrading microbes in the Riutort

consortium have a significant potential to adhere to hydrocarbons and to produce surface-active
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metabolites. In this regard, the capacity of microorganisms to adhere to crude oil is associated with
hydrocarbon biodegradation potential [82]. It has also been reported that selective microbial
degradation of crude oil constituents reduces viscosity and improves mobility in porous systems,
overcoming capillary forces by two mechanisms: a decrease in the average molecular weight of the
hydrocarbon mixture and a change in the physical characteristics of crude oil [91]. Therefore,
optimization of culture and injection conditions could improve the yields of the initial MEOR

studies performed.

5. Conclusions

Our results showed the presence of diverse anaerobic and aerobic bacteria and archaea in the
Riutort oil shale mine, including strains with interesting hydrocarbon degradation potential. A
marked prokaryotic diversity was revealed as different groups, mainly bacteria but also archaea,
with hydrocarbon-degrading activity were found. Aerobic microorganisms were prevalent in most
samples but the presence of facultative microorganisms and a transition to strict anaerobic
conditions in some areas, including methanogens and sulfate-reducing bacteria, were also observed.
Therefore the Riutort mine environment is a unique site for the study of the microbial ecology of oil
degradation. In particular, the Riutort-161 consortium presented an abundance of hydrocarbon-
degrader aerobes, such as Pseudomonas spp., able to notably reduce TPH (including recalcitrant
fractions) in oily sludge-contaminated soils through biostimulation plus bioaugmentation, thus
revealing an excellent potential for bioremediation applications. Indeed, a non-subsurface
consortium such as Riutort-161 was also tested successfully in the laboratory for the first time and

could offer applications in MEOR schemes at relatively low cost in shallow mature oil fields.
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Figure 1. Location map of the Riutort oil shale mine and structural features of the SE Pyrenees.

Figure 2. (a) Schematic map of the Riutort oil shale mine showing the study gallery (modified from Riba, 1985). (b)
Detailed map of the study gallery showing the position of the samples.

Figure 3. Flow chart of the designed experiments in the present study.

Figure 4. Relative abundance of bacterial dominant genus (> 3%), detected by Illumina sequencing of 16S rRNA gene
amplicons. The size of the solid circle indicates the relative abundance.

Figure 5. Principal Component Analyses (PCA) on the relative proportion of archaeal OTUs (at a 0.03 distance). a) 3D
plot of the first 3 components showing the clustering of all samples on the basis of archaeal diversity. Labels indicate
the origin of the samples. b) Hierarchical clustering dendrogram based on principal component analysis of archaeal
OTUs. It shows the similarity in archaeal community composition across sampling sites. Red bubbles indicate
representative clusters.

Figure 6. Relative abundance of archaeal dominant genus (>3%), detected by Illumina sequencing of 16S rRNA gene
amplicons. The size of the solid circle indicates the relative abundance.
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Table 1: Parameters of Ancon formation waters.

Conductivity (mS/cm) 17.8

Salinity (ppm) 11,695
pH 7.2

Chloride (CI") 2469.41
Sodium (Na*) 1612.32
Magnesium (Mg?*) 183.50
Calcium (Ca?*) 236.27
Sulfate (SO4%) 105.72
Bicarbonate (HCO3’) 124.63

Note: ionic concentrations in mg/I.
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Table 2

Table 2. Closest BLAST relative of the most representative 16S rRNA gene clones retrieved from sample Riutort-16l.

Click here to access/download;Table (Editable version);Table

2_sept22.docx

Closest relative by BLAST

Accession n°

Similarity (%)

Environment

Pseudomonas marincola strain 002-Na3 | MG456871 98.87 Oil contaminated sediment [97]
Uncultured bacterium clone N-179
(Pseudomonas sp.) HQ218621 99.33 Response to naphthalene
Brevundimonas mediterranea strain N7 MF156545 99.86 Naphthalene biodegradation [98]
ES%UIZTBM Desulfobacula sp. clone KF059938 98.62 Oil reservoir (unpublished)
Uncultured bacterium clone 91-13
(Gammaproteobacteria) EF157132 97.13 Natural asphalts [70]

. . Isobutane-metabolizing strains, degrading
Mycobacterium fluoranthenivorans CP059894 99.38 ether contaminants (unpublished)
Microbacterium sp. BA45(2011) HQ398381 97.46 Caribbean Sponges [99]
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3.doc

Table 3: Percentages of TPH reduction and SARA fraction removal related to bioremediation methods in
soil media supplemented with 1% (w/v) La Libertad Refinery’s oily sludge at T=25°C and initial pH=7.

Biodegradation approaches Time (day)

30 days after incubation 60 days after incubation

TPH | SAT | ARO | POL | TPH | SAT ARO POL
Natural attenuation 11.9 17.2 14.1 0.2 16.5 24.5 16.4 2.8
Biostimulation 176 | 23.9 18.1 6.0 29.8 29.1 26.1 9.3
Bioaugmentation + biostimulation | 32.3 | 384 | 30.1 23.9 50.8 64.2 41.3 37.4
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Table 4
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Table 4: Total microbial population (CFU/g of soil) related to bioremediation techniques in soil cultures

at T=25°C and initial pH=7.

Biodegradation approaches Time (day)

Onset 30 days after incubation | 60 days after incubation
Natural attenuation 6.54-10° 8.81-10° 9.62-10°
Biostimulation 30.15-10% 55.73-10% 42.95-10%
Bioaugmentation + hiostimulation 3.26-10° 2.14-108 1.45-108
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Appendix: NGS data; total numbers of reads accumulated for each sample in the original datasets

and after filtering and classification; number of total OTUs and Shannon diversity (H) index.

Sample | Initial sequences | Removed chimeras (%) | Final sequences | OTUs | Chao-1 | H index

1S 90655 0.9 65418 296 507.7 4.8

2S 122391 1.1 84417 355 501.7 4.8

3D 110550 1.3 75586 332 484.0 4.7

4S 96118 1.5 67774 376 520.1 4.7

5S 136157 2.1 84417 272 518.6 4.6

6D 128081 1.8 100228 255 439.5 45

7D 120398 1.5 87929 297 421.1 4.9

e 8D 122316 1.2 85379 396 541.0 4.9
28 9D 88024 1.2 61676 355 486.6 4.9
@ 10S 112177 1.1 79678 384 491.0 4.8
11S 132484 1.2 94537 424 580.8 5.0

12W 101454 1.1 70299 337 450.2 45

13S 169355 1.3 120515 477 632.8 5.0

14S 131431 1.3 89391 369 523.7 4.7

15D 180651 1.7 123676 416 523.9 4.8

16l 155373 3.6 110762 362 489.1 4.4

17D 94893 1.2 65827 441 569.3 5.0

1S 211796 1.2 4492 8 11.3 1.8

2S 295652 2.7 4840 5 6.5 1.5

3D 268519 0.8 79176 10 16.0 1.8

4S 331463 2.9 178 5 8.0 1.6

5S 204855 2.1 2098 4 4.5 1.3

6D 278640 2.0 53164 16 19.7 2.5

7D 280132 2.0 5355 7 10.0 1.7

§ 8D 202044 1.6 50673 14 21.5 2.8
5 9D 229779 0.8 37231 13 15.0 1.9
< 10S 237660 2.2 19913 7 9.0 1.7
11S 254540 0.9 36772 9 10.0 1.7

12W 236409 2.1 36671 9 12.0 1.5

13S 257159 0.8 21056 12 22.5 2.0

14S 340369 0.6 217939 14 20.0 1.4

15D 288802 0.9 53437 16 16.6 2.1

16l 256689 2.2 6420 10 10.3 2.2

17D 253754 0.9 60197 11 12.5 1.6

*
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