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ABSTRACT

Background. Coastal ecosystems are prone to hydrocarbon pollution due to human
activities, and this issue has a tremendous impact on the environment, socioeconomic
consequences, and represents a hazard to humans. Bioremediation relies on the ability
of bacteria to metabolize hydrocarbons with the aim of cleaning up polluted sites.
Methods. The potential of naturally occurring microbial communities as oil degraders
was investigated in Sisal and Progreso, two port locations in the southeast Gulf of
Mexico, both with a low level of hydrocarbon pollution. To do so, we determined the
diversity and composition of bacterial communities in the marine sediment during
the dry and rainy seasons using 16S rRNA sequencing. Functional profile analysis
(PICRUTSt2) was used to predict metabolic functions associated with hydrocarbon
degradation.

Results. We found a large bacterial taxonomic diversity, including some genera reported
as hydrocarbon-degraders. Analyses of the alpha and beta diversity did not detect
significant differences between sites or seasons, suggesting that location, season, and the
contamination level detected here do not represent determining factors in the structure
of the microbial communities. PICRUTSt2 predicted 10 metabolic functions associated
with hydrocarbon degradation. Most bacterial genera with potential hydrocarbon
bioremediation activity were generalists likely capable of degrading different hydrocar-
bon compounds. The bacterial composition and diversity reported here represent an
initial attempt to characterize sites with low levels of contamination. This information
is crucial for understanding the impact of eventual rises in hydrocarbon pollution.

Subjects Microbiology, Molecular Biology, Aquatic and Marine Chemistry, Environmental
Impacts

Keywords Bacteria, Hydrocarbon pollution, Southeast gulf of mexico, Yucatan, Marine
sediments

How to cite this article Suirez-Moo P, Lamelas A, Garcia-Bautista I, Barahona-Pérez LF, Sandoval-Flores G, Valdes-Lozano D,
Toledano-Thompson T, Polanco-Lugo E, Valdez-Ojeda R. 2020. Characterization of sediment microbial communities at two sites with low
hydrocarbon pollution in the southeast Gulf of Mexico. Peer] 8:e10339 http://doi.org/10.7717/peerj.10339


https://peerj.com
mailto:ruby.valdez@cicy.mx
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.10339
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://doi.org/10.7717/peerj.10339

Peer

INTRODUCTION

Contamination of marine ecosystems by hydrocarbons is caused by millions of tons of
oil entering the sea each year through oil-pumping operations, high oil tanker traffic,
refining activities, and the presence of submarine crude oil and refined product transport
pipelines (Brooijmans, Pastink ¢ Siezen, 2009; Daffonchio et al., 2012). Another large source
of hydrocarbon pollution is oil spills. For instance, the Deepwater Horizon rig explosion
released several hundred million liters of oil into the Gulf of Mexico (Crone ¢ Tolstoy,
2010). Hydrocarbon pollution has a significant impact on coastal zones (Bociu et al., 2019;
Han ¢ Prabhakar Clement, 2018), resulting in devastating environmental damage with
serious socioeconomic implications and highly toxic risks to humans (Chronopoulou et al.,
2015; Crone & Tolstoy, 2010).

Crude oil is a complex of thousands of hydrocarbons (aliphatics and aromatics) and
non-hydrocarbons (containing sulfur, nitrogen, oxygen and traces of various metals)
(Mishra & Singh, 2012). Diverse chemical, physical and biological treatments for crude
oil degradation have been deployed to reduce contamination. The choice of method
depends on the type of pollutant and the characteristics of the contaminated site (Mahjoubi
et al., 2018). Bioremediation is based on the metabolic capabilities of microorganisms
and presents several advantages compared to classical remediation techniques, as an
efficient, economic and environmentally friendly method (Bacosa, Suto & Inoue, 2012; Das
& Chandran, 2011; Mahjoubi et al., 2018). For an effective bioremediation strategy, it is
necessary to know the diversity of hydrocarbon-degrading bacteria and their hydrocarbon
degradation potential (Mahjoubi et al., 2018). Bioremediation studies to date have reported
a large number of bacteria as hydrocarbon-degraders (Brooijmans, Pastink ¢ Siezen, 2009)
and that saturated hydrocarbons have the highest biodegradation rates, followed by
light aromatics, whereas high-molecular-weight aromatics and polar compounds exhibit
extremely low rates of degradation (Leahy ¢ Colwell, 1990).

Studies on sediment microbial communities suggest that the presence of hydrocarbons
is one of the primary drivers structuring the microbial communities (Bacosa et al., 2018;
Godoy-Lozano et al., 2018; Mason et al., 2014b). Bacterial diversity decreases with the
increase in hydrocarbon content in sediment (Korlevic et al., 2015; LaMontagne et al.,
20045 Quero et al., 2015) and specific bacterial groups become dominant (Bacosa et al.,
2018; Harayama, Kasai ¢& Hara, 2004; Kessler et al., 2011; Mason et al., 2014b; Mason et al.,
2014a; Mason et al., 2012; Valentine et al., 2010). There are numerous studies on the effect
of hydrocarbon pollution in the microbial communities of sediments in the northern
region the Gulf of Mexico (Bacosa, Liu ¢ Erdner, 2015; Bacosa et al., 2018; Dong et al.,
2019; Liu, Bacosa ¢ Liu, 2017; Liu ¢ Liu, 2013; Mason et al., 2014b; Mason et al., 2014a;
Ramirez et al., 20205 Sdnchez-Soto et al., 2018). However, information concerning the
southern part of this area is lacking. Some studies in the southwestern Gulf of Mexico
indicate that the shallow zone with the greatest aromatic hydrocarbon concentration was
enriched with hydrocarbon-degrading bacteria (Godoy-Lozano et al., 2018). Research by the
Mexican Petroleum Company (PEMEX) indicates that the Yucatan Peninsula is a potential
oil reservoir, particularly in the coastal locality of Progreso. Despite the overwhelming
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consequences of its eventual exploitation, only one report on the marine ecosystems in the
Yucatan Peninsula has been conducted (Reyes-Sosa, Apodaca-Herndndez ¢ Arena-Ortiz,
2018). The authors determined that the bacterial communities differed in sediment and
water samples and established the presence of a high number of hydrocarbon-related genera
in a location on the Yucatan shoreline (Reyes-Sosa, Apodaca-Herndndez ¢~ Arena-Ortiz,
2018).

Nonetheless, for many years, Yucatan has maintained petroleum export activities to
Central America through the Straits of Yucatan. Besides oil transport, these operations
involve discharging and tanker washing (Botello et al., 2005). Coastal sites are prone to
hydrocarbon contamination resulting from the marine current and winds that disperse
the contaminants to shallow zones (Kappell et al., 2014). Despite the current risk, the
hydrocarbon levels at coastal sites of the Yucatan Peninsula are unknown. The sole
existing report on this subject focused on the differences in total petroleum hydrocarbons
(TPH) during the rainy and dry seasons in Progreso (Valenzuela-Sanchez, Gold-Bouchot &
Ceja-Moreno, 2005). Results obtained were above these limits, presenting TPH with higher
weight molecular in rainy seasons.

The analysis of contamination levels accompanied by the microbial taxonomic baseline
profile in a zone with hydrocarbon pollution is crucial for understanding its impact, and
for evaluating and designing contingency plans and mitigation activities (Godoy-Lozano et
al., 2018). In this regard, culture-independent techniques based on molecular tools such
as high-throughput sequencing provide new insights into diversity and the functional
potential of sediment microbial communities (Pandey, Chauhan ¢ Jain, 2009).

In the current study, we describe and compare microbial communities in the sediment
from two coastal sites with hydrocarbon pollution, Sisal and Progreso, during the dry
and rainy seasons. We hypothesized that the presence of low levels of hydrocarbons at the
coastal sites allows the existence of a microbial community with the functional potential for
hydrocarbon degradation, most likely present at a low relative abundance. The knowledge
generated in this work is important for understanding the impact of increased hydrocarbon
pollution associated with an eventual massive petroleum exploitation.

MATERIALS & METHODS

Sediment collection

To study the dynamics of the sediment microbial communities in rainy and dry seasons,
coastal sediment samples were collected in April-May 2013 (dry season) and June-August
2013 (rainy season) from Progreso and Sisal ports, Yucatan, Mexico. Both locations
presented hydrocarbon pollution (Table S1, Fig. 1). Progreso and Sisal have urban,
fisheries and port activities. Progreso is the main port in the Yucatan Peninsula, thus these
activities are intense due to the tourism it receives (Herrera-Silveira et al., 2005). A total
of 12 sediment samples were collected at Progreso (Pr) and Sisal (Si), which belonged to
the dry (Dr) and rainy (Ra) seasons and were clustered in four sets (Tables S1 and S2).
After sampling, samples were deposited in hermetic plastic bags and stored on ice upon
collection and transportation to the lab and maintained frozen (—20 °C) until extraction
was realized two years after.
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Figure 1 Collection site locations. Each site is indicated by a different symbol. The exact same locations

were sampled during the dry and rainy seasons.
Full-size & DOI: 10.7717/peerj.10339/fig-1

Physicochemical conditions and hydrocarbon quantification

Portable probes were used to determine pH, conductivity, temperature and redox of the
sediment samples. A portion of sediments was frozen and processed to determine the total
organic carbon (TOC) by the oxidation technique using potassium dichromate and acid
medium (Brassard, 1997; Bricker, 1982). In addition, total nitrogen (N, T) and phosphorus
(PiT) were quantified following the protocols by Parsons, Maita ¢ Lali (1984) and Adams
(1990).

Total petroleum hydrocarbons (TPH) were quantified by gravimetry using the
methodology described by U.S. EPA (Ferndndez et al., 2006). Principal component analysis
(PCA) of normalized data using a Euclidean distance matrix was performed to explore
and visualize similarities among the samples based on environmental variables (depth,
temperature, pH, the concentration of N2T, PiT, percentage of TOC) and TPH using the R
package “vegan” (v1.17-2) (Oksanen et al., 2018). The statistical analyses used to assess the
influence of the Site and Season factors on the physicochemical variables and TPH were a
Shapiro—Wilk normality test and a two-way MANOVA (multivariate analysis of variance)
test, both performed in R (R Core Team, 2019). A two-way analysis of variance (ANOVA
at p < 0.05) was conducted to find the influence of the two factors (Site and Season) on
each environmental variable using the “aov()” function of R (R Core Team, 2019).

Genomic DNA (gDNA) extraction and generation of 16S rRNA
amplicons

gDNA was extracted from 5 g of sediment following a standard extraction protocol
(Zhou, Bruns ¢ Tiedje, 1996) modified by Osborn et al. (2000) and Garcia-Bautista et al.
(2017). gDNA was precipitated with a solution of sodium acetate/isopropanol (0.3, 0.7
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v/v) and washed with 70% ethanol. RNAse (10 mg/mL) was added to the final solution.
DNA purification was carried out according to Lewis (2015).20 ng/pL of gDNA was used
for the amplification of the V4 region of the 16S rRNA gene using primers 515F (5'-
GTGCCAGCMGCCGCGGTA A -3) and 806R (5'-GGACTACHVGGGTWTCTAAT3').
PCR Products were then quantified using the Quibit 2.0 fluorometer (Life Technologies)
and Illumina adapters were ligated to construct sequencing libraries, which were sequenced
using the paired-end method with an [llumina MiSeq (250-bp paired-end reads) at Research
and Testing Laboratories (RTL) (Lubbock, TX, USA).

Quality filters and sequence analysis.
Raw sequencing data was deposited in the Sequence Read Archive (SRA, http:
//www.ncbi.nlm.nih.gov/sra/) under accession number PRINA631553.

Raw reads were overlapped to form contiguous reads using PEAR v.0.9.8 (Zhang et
al., 2018) and de-multiplexed using a Phred score >Q30 by the QIIME v.1.9.1 pipeline
(Caporaso et al., 2010). Sequences were clustered into operational taxonomic units (OTUs)
and taxonomy was assigned using UCLUST v.1.2.22q (Edgar, 2010) based on 97%
pairwise identity against the SILVA databases (SILVA v132) and Greengenes database
(gg 13_8_otus). To increase taxonomic resolution, assigned and unassigned taxa were
blasted against the NCBI database. Detection and removal of chimeric sequences were
done with MOTHUR v.1.38.1 (Schloss et al., 2009). All OTUs belonging to the chloroplast
and mitochondria, and sequences that did not have at least ten counts across all the samples
were removed from the data set. The data set was rarefied based on the depth from the
smallest library (8,879) using QIIME.

Analysis of the sediment microbial community

We separated the 12 samples into sets (Table 52) to test the importance of the site and
season in the structure of the sediment microbial community from two coastal sites, using
the normalized OTU data. Alpha diversity (observed species, Shannon, and Chao indexes)
estimated using the QIIME v.1.9.1 pipeline (Caporaso et al., 2010) and the differences
among sediment sets were estimated with a Kruskal-Wallis test. Alpha diversity of the
OTUs was visualized with boxplots using the “boxplot()” function in RStudio (RStudio
Team, 2015). To test the importance of the site and season in each OTU and taxonomic
group in the sediment microbial community, differences in the relative abundance of OTUs
and taxa levels were estimated with a Kruskal-Wallis Rank Sum Test for all sediment sets
using the Rhea Pipeline v.2.0 (Lagkouvardos et al., 2017). A rarefaction curve was computed
directly using the “multiple_rarefaction” command of QIIME (Caporaso et al., 2010).

To measure taxonomic diversity among sediment samples (beta-diversity), non-metric
multidimensional scaling (nMDS) ordination with a Bray-Curtis distance matrix was
used (Bray ¢ Curtis, 1957). The effect of the Site and Season factors was evaluated with
a permutational multivariate analysis of variance (PERMANOVA) using a Bray-Curtis
dissimilarities matrix previously calculated considering the relative abundances of OTUs
in the samples. These analyses were performed using “vegan” for R (Oksanen et al., 2018).
The significance threshold for the PERMANOVA was set at p < 0.001.
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“Heat trees” of taxonomic diversity at the genus level from the 12 samples (normalized
count = 8,879 reads) were developed using the R package “metacodeR” v.0.2.1 (Foster,
Sharpton & Grunwald, 2017). In these plots, the node width and color indicate the number
of reads assigned to each taxon. The most abundant OTUs and genera that belonged to
bacteria and archaea were visualized in “barplot” in RStudio (RStudio Team, 2015).

PICRUST (the Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States) version 2 (Douglas et al., 2020) was used to predict functional capacities
of the microbial communities in each sample. The enrichment analysis of pathways was
performed based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
The KEGG Orthologies (KOs) were classified at level 3, and the categories unrelated to
bacterial metabolism and physiology were removed. To illustrate dissimilarities based on
hydrocarbon degradation KOs, a heatmap was built using the R package “gplots” v.3.0.1
(Warnes et al., 2016). Differences in the predicted functions among sediment sets were
tested using a Kruskal-Wallis test (we used the relative frequency, that means, the sum
of the abundance of the KOs associated with a hydrocarbon function was divided by the
abundance sum of all detected functions at level 3 for each sediment sample). Significant
differences between pairs were determined using the pairwise Wilcoxon as a post hoc test
with the Benjamini—-Hochberg false discovery rate correction (Benjamini ¢ Hochberg,
1995). Functional contributions of various taxa to different KOs were computed with
“metagenome_contrib” command in PICRUSt2 (Douglas et al., 2020) and were visualized
by “bar plots” in RStudio (RStudio Team, 2015).

RESULTS

Environmental differences between sites and seasons

The physicochemical variables, and total petroleum hydrocarbons of sediment samples are
shown in Table S1. There were no significant differences among the two sites and seasons
studied here in terms of the physicochemical variables or TPH (MANOVA, p > 0.05).
However, some variables such as temperature and TPH were significantly different between
sites (ANOVA, p < 0.01), and among seasons and sites, respectively (ANOVA, p < 0.01)
(Table S3). The temperature was higher in Sisal (with an average of 29.9 °C and 28.4 °C
for the rainy and dry seasons respectively) than Progreso (with an average of 26.8 °C and
27 °C for the rainy and dry seasons respectively). The concentration of total petroleum
hydrocarbons (TPH) was higher in Progreso (with an average of 157.5 pg/g and 92.5 pg/g
for the rainy and dry seasons respectively) than Sisal (average of 80 png/g and 66.7 pg/g for
the rainy and dry seasons respectively). The principal component analysis based on the
six environmental variables and TPH showed that the 12 sediment samples from Progreso
and Sisal were not grouped according to site, season or sediment set (Fig. S1).

Sediment microbial community.

From the 12 sediment samples, a total of 389,931 high-quality, filtered sequences and
4,323 OTUs were obtained, with a median of 18,566 sequences (ranging between 8879 and
84492) and 1,298 OTUs (ranging between 704 and 2,389) (Table 52). Rarefaction curves of
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the “observed OTUs” from the filtered OTUs table showed a saturating number of OTUs,
indicating adequate sampling of 16S rRNA sequences for all samples (Fig. 52).

To measure the distribution of species diversity within the coastal sediment samples,
alpha diversity metrics (observed species/OTUs, Shannon and Chao) were estimated. No
significant differences in the alpha diversity were found between sediment sets (Fig. 2).
nMDS analysis established that sediment microbial communities were not grouped
according to the coastal site, season or sediment set based on their taxonomic abundance
profiles (Fig. 3). This result was corroborated by permutational multivariate analysis of
variance (PERMANOVA), in which the evaluation of the two factors (Site and Season)
considered in the experimental design and their interaction revealed that none of them
have an influence on sediment microbial communities (PERMANOVA, p > 0.05 for the

two factors and interaction).
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The analysis of the microbial diversity from sediment samples revealed that most OTUs
and genera were shared between sediment sets (Fig. 53). Progreso-dry and Sisal-dry shared
1151 OTUs and 103 genera, representing 39% and 59% of the OTUs and genera present
in both sediment sets. Progreso-rainy and Sisal-rainy shared 1429 OTUs and 102 genera,
representing 40% and 55% of the OTUs and genera present in both sediment sets (Fig.
S3B). Regarding the sediment sets by season, Progreso-dry and Progreso-rainy shared 1487
OTUs and 102 genera, representing 41% and 61% of the OTUs and genera present in both
sediment sets (Fig. S3A). The Sisal-dry and Sisal-rainy sets shared 1275 OTUs and 116
genera, representing 46% and 64% of the OTUs and genera present in both sediment sets
(Fig. S3A). 698 OTUs and 76 genera were shared by all the sediment sets. These results
suggest that the sites and seasons shared a similar microbiome composition. Similar results
were found in the analysis of the abundance of each OTU and taxon, which showed no
significant differences between sediment sets.

The normalized OTU data (normalized count = 8,879 reads) were assigned to different
taxonomic levels, yielding 4,209 OTUs, 212 genera, 143 families, 118 orders, 65 classes,
and 40 phyla. A small number of OTUs and reads were identified as Archaea (451
OTUs/4% of total reads). At the phylum level, members of Proteobacteria, Chloroflexi,
Bacteroidetes, Actinobacteria and Synergistetes dominated with 35.7%, 12.4%, 11.5%,
6.2% and 4.5% respectively (Fig. 4). All other phyla and unclassified phyla contributed
with less than 24% and 6% of total sequences, respectively. The most common classes
were Gammaproteobacteria (19%), Deltaproteobacteria (12%), Anaerolineae (11.6%),
Flavobacteriia (4.9%) and Bacteroidia (4.6%). Dominant families were Moraxellaceae
(7.4%), Desulfobacteraceae (5%), Thioprofundaceae (4.4%), Flavobacteriaceae (3.8%)
and Dethiosulfovibrionaceae (2.6%) (Fig. 4).

A total of 212 genera were identified (Fig. 4), and the 20 most abundant were evenly
distributed among the samples. A similar trend was observed for the 20 most abundant
OTUs (Figs. S4A and S4B). The five most abundant genera (relative abundance of total
reads) in the 12 sediment samples included Psychrobacter (7%), Thioprofundum (4%),
Desulfococcus (2%), Desulforhopalus (2%) and Desulfobacterium (1%) (Table S2 and Fig.
4). Six genera belonging to Archaea (Methanogenium, Nitrosopumilus, Methanolobus,
Methanosalsum, Methanococcoides and Methanobrevibacter) were found in the coastal
sediment samples (Fig. 4). Some bacterial genera found in the sediment microbial
communities have been reported as hydrocarbon-degraders, although their relative
abundance was low (Table 54).

98 KOs related to 10 metabolic functions associated with hydrocarbon degradation were
found among the sediment microbial communities, which represented 0.7% of the total
potential function (total related readings in the functional prediction analysis of 6,834 KOs
detected in our study) (Table S5).

The most abundant metabolic functions were chloroalkane and chloroalkene
degradation, followed by styrene degradation (Fig. 5A). These metabolic capabilities
were compared between localities and seasons based on the relative abundance of the
specific KOs sum predicted by PICRUSt. Only xylene degradation was significantly more
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abundant in the two sediment sets from Sisal (rainy and dry seasons) than in Progreso (X2
= 8.9, p-value = 0.03). However, in the paired test, no pair was significantly different.
PICRUSt analyses of the taxa contributing to the 10 metabolic functions in degradation,
determined that genera such as Oceanicola, Burkholderia, Desulfosarcina, Roseovarius
and Psychrobacter contributed to several hydrocarbon degradation functions (Fig. 5B);
in particular, Haliea (46%) (percentage of contribution) in bisphenol degradation,
and Psychrobacter in chloroalkane and chloroalkene (19%), chlorocyclohexane and
chlorobenzene (23%), ethylbenzene (11%), fluorobenzoate (46%), styrene (14%) and
xylene (40%) degradation. For toluene degradation, the main contributor was Burkholderia
(28%). The genus Oceanicola plays a major role in polycyclic aromatic hydrocarbon
degradation (17%) (Fig. 5B). In naphthalene degradation (24%), the genus Desulfosarcina
(6%) was the main contributor.
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DISCUSSION

Sediment microbial communities at sites with low hydrocarbon
pollution
The main finding of this study indicated that regardless of the presence of hydrocarbons
detected at the two sites along the Yucatan coastline (significantly larger in Progreso), the
levels of contamination do not represent a stress factor that could lead to changes in the
microbial community structure of the sediments in our study area, as has been reported in
other coastal areas (Engel ¢» Gupta, 20145 Quero et al., 2015).

The average level of hydrocarbon pollution determined in this study for the four sediment
sets was 99 pg/g, which is slightly higher than the permissible level in coastal sediments
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(70 pnglg) (UNESCO, 1976). However, in Progreso an increase in hydrocarbon pollution
has been observed over time. Hydrocarbon analyses from 2005 indicated that the mean
TPH value was 16.62 ng/g and 23.25 pg/g for rainy and dry seasons respectively, indicating
an increase in hydrocarbon content in eight years (Valenzuela-Sanchez, Gold-Bouchot ¢
Ceja-Moreno, 2005).

Some authors have suggested that microbial community analysis associated with sites
showing low levels of contamination is crucial for understanding the impact of an increase
in hydrocarbon pollution caused by eventual oil spills (Godoy-Lozano et al., 2018) and/or
by anthropogenic activities (Valenzuela-Sanchez, Gold-Bouchot & Ceja-Moreno, 2005). The
alpha-diversity analysis showed that the sediment microbial community did not differ
between sites or seasons, and no individual OTU or taxa were more abundant in any
sediment set.

Studies have reported a decrease in microbial richness associated with increased chemical
contamination in sediment (Quero et al., 2015), ranging from 200 to 1000+ bacterial genera
depending on the level of hydrocarbon pollution (Korlevic et al., 2015). However, these
variables did not shape community diversity in Progreso or Sisal for either season. We do
not exclude the idea that other chemical pollutants and eutrophication by human activities
at the port sites could have an important influence on the microbial community structure
or some taxa, as has been reported in other coastal areas (Chen et al., 2019; Quero et al.,
2015; Sun et al., 2013).

Hydrocarbons have been considered a primary driver structuring the microbial
community in marine sediments (Bacosa et al., 2018; Godoy-Lozano et al., 2018; Mason
et al., 2014b; Quero et al., 2015; Wang et al., 2016). However, we found no differences
in the microbial communities from two sites along the coastline of Yucatan with
differences in hydrocarbon levels. We suggest that if the two localities had more contrasting
characteristics, such as the physicochemical conditions, environment types and a larger
concentration of hydrocarbon contaminants, differences in the microbial communities
may be evident. Quero et al. (2015) reported differences in community composition and
the formation of two clusters corresponding to two coastal sites with significant differences
in the environmental variables and levels of hydrocarbon contamination. Differences in
sediment microbial communities have been detected between contrasting sites, such as
shallow and deep marine zones (Godoy-Lozano et al., 2018; Sdnchez-Soto et al., 2018), water
versus sediment samples (Reyes-Sosa, Apodaca-Herndndez & Arena-Ortiz, 2018; Ul-Hasan
et al., 2019), sediment from different marine ecosystems (lagoon, sea, wetlands, freshwater
upwelling) (Reyes-Sosa, Apodaca-Herndndez ¢~ Arena-Ortiz, 2018), and in microcosm
experiments with hydrocarbons added in different concentrations (Bacosa et al., 2018;
Wang et al., 2016). We found no clustering by site or season, with a high intra-variation
between samples. A similar pattern was observed by Sdnchez-Soto et al. (2018), which
reported intra-variation among shallow sediment samples versus deep samples from the
northwestern Gulf of Mexico, which were clustered.

The presence of hydrocarbon-degrading microbial populations in marine sediments
with different levels of hydrocarbon pollution has been reported in several marine
ecosystems, such as beaches (Engel ¢ Gupta, 2014), coastal areas (Godoy-Lozano et al.,
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2018; Korlevic et al., 2015; Miettinen et al., 2019; Quero et al., 2015; Sdnchez-Soto et al.,
2018), deep zones (Godoy-Lozano et al., 2018; Sdanchez-Soto et al., 2018) and hydrocarbon-
enriched microcosms using microorganisms or sediments from marine sources (Bacosa
et al., 2018; Wang et al., 2016). An increase in the abundance of hydrocarbon-degrading
bacteria has been reported as an indicator of high levels of hydrocarbon contamination
in sediments from backshore areas (Engel ¢» Gupta, 2014; Kostka et al., 2011), and in
microcosm experiments with hydrocarbon addition (Bacosa et al., 2018; Liu, Bacosa &
Liu, 2017; Wang et al., 2016). We suggest that the microbial composition and diversity
reported in our study are different from those reported in other studies with higher levels
of hydrocarbon pollution. The Colwellia and Cycloclasticus genera were dominant in the
bacterial communities in the deepwater oil plume during the oil spill in the Gulf of Mexico
(Kessler et al., 2011; Mason et al., 2012; Valentine et al., 2010) and were absent in our data.
These genera have been associated with or enriched in heavily oil-impacted sediments
(Mason et al., 2014b; Mason et al., 2014a) and have high potential as hydrocarbon-
degraders (Bacosa et al., 2018; Harayama, Kasai ¢» Hara, 2004). Other genera absent in
our data were Alcanivorax, Oleiphilus and Oleispira, which are widely acknowledged as
“professional hydrocarbonoclastic bacteria” using hydrocarbons as a primary carbon
source (Harayama, Kasai ¢ Hara, 2004). Bacosa et al. (2018) reported an increase in the
relative abundance of Alcanivorax, Bacteriovorax, Pheaeobacter and Octadecabacter with
the addition of oil to marine sediments (Bacosa et al., 2018). These genera were found to be
absent or found at low abundance in our data. The degradation of a particular hydrocarbon
has been positively correlated with the cell density of some bacterial groups, including
hydrocarbon-degrading bacteria (Liu, Bacosa ¢ Liu, 2017). Also, hydrocarbon-degrading
bacteria showed low abundance or were undetectable before hydrocarbon pollution, but
dominate after oil contamination (Yakimov, Timmis ¢ Golyshin, 2007). Overall, of the 20
most abundant genera in this study, only Desulfobacterium, Desulfosarcina, Burkholderia and
Oceanicola have been reported as hydrocarbon-degrading bacteria (Chikere, Okpokwasili ¢
Chikere, 20115 Lee et al., 2016), and most microbial genera with potential as hydrocarbon
degraders found in this study had low relative abundance.

In contrast to the previously mentioned genera, the genus Thioprofundum was one of
the most abundant in our sediment samples. This genus is a known sulfur oxidizer (Takai
et al., 2009), and might play an important role in the cycling of sulfur in coastal sediments.
Godoy-Lozano et al. (2018) reported an increase in the abundance of this genera at sites
with low hydrocarbon concentrations compared with sediments disturbed by an oil spill.
These authors reported that their results are comparable to those in other studies that
failed to recover this genus in oil spill-perturbed sediments, suggesting that the genus
Thioprofundum may act as a biomarker of healthy marine sediments. The presence of
the genus Desulfococcus in this and other studies in shallow sediments conducted at sites
with low contamination that eventually could be subjected to oil extraction activities
(Sdnchez-Soto et al., 2018) may indicate that this genus could represent another biomarker
of healthy marine sediments.
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Functional potential from the sediment microbial community

The results of the PICRUSt2 analysis showed that the sediment microbial communities in
our samples carry 10 metabolic functions associated with hydrocarbon degradation. These
predicted functions represented a low percentage of the total potential functions, which
supports the low levels of hydrocarbons found in the TPH analysis and the fact that the
sediments of our study area are not heavily polluted.

The predicted hydrocarbon degradation found in our study has been reported in
different marine environments characterized by not having a direct source of high levels
of hydrocarbon pollution (Reyes-Sosa, Apodaca-Herndndez ¢ Arena-Ortiz, 2018). In a
PICRUSt analysis on shallow and deep microbial communities from the northwestern Gulf
of Mexico, Sdnchez-Soto et al. (2018) reported the functional potential to degrade aromatic
compounds, such as ethylbenzene, chlorocyclohexane and fluorobenzoate. These authors
suggested that these metabolic functions could contribute to bioremediation in the case of
hydrocarbon contamination due to forthcoming oil exploration and extraction activities.
Some microcosm experiments with hydrocarbon addition showed that the functions
predicted by PICRUSt were similar to those obtained in their hydrocarbon degradation
experiments (Liu, Bacosa & Liu, 2017; Wang et al., 2016).

Hydrocarbon biodegradation and the development of hydrocarbon-degrading microbial
communities depend on environmental conditions (Deeb ¢ Alvarez-Cohen, 1999; Li et al.,
20125 Liu, Bacosa & Liu, 2017) and the nature of the petroleum (Das & Chandran, 2011;
Deeb & Alvarez-Cohen, 1999). Hydrocarbons differ in their susceptibility to microbial
attacks. Saturated (aliphatic) exhibit higher rates of biodegradation followed by aromatic
light compounds (Leahy ¢ Colwell, 1990). These two types of hydrocarbons predominate
in our PICRUSt analysis. Chloroalkane, chloroalkene and styrene degradation pathways
were represented at relatively high frequency in the samples. It would be reasonable to think
that the enrichment in degradation pathways of aromatic and chlorinated hydrocarbon
correlates with the increase of such compounds in these areas. In that sense, n-alkanes are the
main constituents of petroleum and its refined products (Mardanov et al., 2009) and styrene
has been identified as a major soil contaminant, where it is believed to be immobilized in
part due to polymerization (Timmis, 2010). Conversely, low detection of the degradation of
other hydrocarbons such as PAHs could be associated with their hydrophobic nature, which
permits their accumulation in fine-grained sediment (Valenzuela-Sanchez, Gold-Bouchot
& Ceja-Moreno, 2005), and our texture data showed the presence of coarse grains due to
the majority percentage of sand (Table S1).

As in other studies (Bacosa et al., 2018; Engel ¢ Gupta, 2014; Korlevic et al., 2015;
Miettinen et al., 2019; Quero et al., 2015), the analysis of taxa contributing to the 10
metabolic functions through PICRUSt predictions indicated a large genera diversity
associated with hydrocarbon degradation. A larger microbial diversity has shown
advantages for hydrocarbon degradation over a single functional bacterium (Wang et al.,
2008), and generalist bacteria are capable of degrading structurally different hydrocarbons,
such as n-alkanes, branched alkanes and PAHs (Wang et al., 2016). We found that several
bacteria genera have the potential to contribute to degrading different components of
crude oil (PICRUSt analysis).
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For example, the genus Burkholderia had the potential for contribute with functions
associated with the degradation of nine hydrocarbons, mainly toluene. This genus has
been associated with the degradation of xylene and decane (Bacosa, Suto & Inoue, 2012),
and its genome possesses putative gene clusters for biodegradation of various monocyclic
aromatic hydrocarbons (MAHs), including benzoate, toluene, and xylene (Lee et al., 2016).

The genus Rhodovulum had the potential for contribute in eight metabolic
functions,included naphthalene degradation, where was the main contributor. Naphthalene
degradation activities have been previously reported for this genus (Teramoto et al.,
2010). Also, genomes from strains of Rhodovulum encode enzymes associated with the
degradation of naphthalene (naphthalene 1,2-dioxygenase) and other hydrocarbons found
in the PICRUSt analysis, such as polycyclic aromatic hydrocarbons (protocatechuate
3,4-dioxygenase) and fluorobenzoate (catechol 1,2-dioxygenase) (Brown et al., 2015).

Other genera found in this study that had the potential for contributed to hydrocarbon
degradation, were Halioglobus, Loktanella, Pseudoalteromonas, Pseudomonas, and Vibrio,
which had differential expression in oil-degrading (alkanes and aromatic hydrocarbons)
genes in microcosm experiments (Tremblay et al., 2019).

The genera Oceanicola and Desulfosarcina had the potential as main contributors in 10
and nine metabolic functions, respectively. However, to date only naphthalene, toluene
and xylene degradation have been experimentally confirmed (Alain et al., 2012; Chikere,
Okpokwasili & Chikere, 2011; Hassanshahian & Boroujeni, 2016; Weelink, Van Eekert ¢
Stams, 2010).

The formation of bacterial consortiums is a determining factor for hydrocarbon
degradation. Some bacterial genera found in this study could constitute consortiums to
degrade different kinds of polycyclic aromatic hydrocarbons (PAHs) (Bacosa, Suto & Inoue,
20125 Cameotra ¢ Singh, 2008; Li et al., 2012; Wang et al., 2008). For instance, Pseudomonas
and Rhodococcus have the ability to form a microbial consortium to effectively degrade
n-hexadecane by biosurfactant production (Cameotra ¢ Singh, 2008). Rhodococcus was
shown to utilize benzene, toluene and ethylbenzene as primary carbon and energy sources
(Deeb & Alvarez-Cohen, 1999), while Pseudomonas can degrade aromatic hydrocarbons
and has catechol 2,3-dioxygenase genes (Brusa ef al., 2001), which are part of the metabolic
pathways in the degradation of some hydrocarbons found in our PICRUSt analysis, such
as styrene, xylene, chlorocyclohexane and chlorobenzene. In this study the functional
potential was predicted using 16S rRNA gene amplicons, however, we are aware that
this DNA-based method does not discriminate between DNA from live (dormant cells,
growing or non-growing metabolically active cells) and dead microbial cells (Li et al., 2017),
therefore, caution should be exercised in interpreting the activity of predicted functions
and their possible contributors. Considering these limitations, we suggest that future
research in sediment microbial communities should combine high-throughput sequencing
and methods that allow detecting live bacterial cells as Propidium-monoazide (PMA)
and RNA-based sequencing methodologies, which have been used in several bacterial
microbiota studies (Li et al., 2017; De Vrieze et al., 2018; Wurm et al., 2018).
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CONCLUSIONS

The present study represents an attempt to characterize sediment microbial communities
in environments with low hydrocarbon pollution. Degradation profiles of different
bacteria are crucial for the selection of the ideal microbes for future hydrocarbon
bioremediation. Considering the limited 16S rRNA information, this study was not able
to provide a complete picture of the mechanism for hydrocarbon biodegradation by the
sediment microbial communities. Further research should focus on the function (shotgun
metagenomics) and gene expression patterns (metatranscriptomics) of the sediment
microbial communities associated with hydrocarbon pollution in microcosms and in situ.

ACKNOWLEDGEMENTS

We thank Luisa Fernanda Cruz and Roberto Barrientos Medina for their reviews of the
paper, helpful discussions and suggestions.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Consejo Nacional de Ciencia y Tecnologia (CONACyT,
Mexico) through project No. 166371, as well as Itza Garcia-Bautista’s grant (No. 394801).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

The Consejo Nacional de Ciencia y Tecnologia (CONACyT, Mexico) through project No.
166371.

Itza Garcia-Bautista’s: 394801.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Pablo Sudrez-Moo and Araceli Lamelas conceived and designed the experiments,
performed the experiments, analyzed the data, prepared figures and/or tables, authored
or reviewed drafts of the paper, and approved the final draft.

e Itza Garcia-Bautista conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, and approved the
final draft.

e Luis Felipe Barahona-Pérez performed the experiments, analyzed the data, prepared
figures and/or tables, and approved the final draft.

e Gloria Sandoval-Flores performed the experiments, prepared figures and/or tables,

analyzed and calculated hydrocarbon contents in sediments, and approved the final
draft.

Suarez-Moo et al. (2020), PeerdJ, DOI 10.7717/peerj.10339 15/23


https://peerj.com
http://dx.doi.org/10.7717/peerj.10339

Peer

e David Valdes-Lozano performed the experiments, authored or reviewed drafts of the
paper, analyzed physicochemical analysis of sediments, and approved the final draft.

e Tanit Toledano-Thompson performed the experiments, authored or reviewed drafts of
the paper, administrative labor to realize this work, and approved the final draft.

e Erik Polanco-Lugo performed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the paper, analyze experimental data of
sediments, and approved the final draft.

e Ruby Valdez-Ojeda conceived and designed the experiments, analyzed the data, prepared

figures and/or tables, authored or reviewed drafts of the paper, and approved the final
draft.

Data Availability

The following information was supplied regarding data availability:
Raw sequence reads are available at the Sequence Read Archive: PRINA631553.

Supplemental Information

Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10339#supplemental-information.

REFERENCES

Adams VD. 1990. Water and wastewater examination mannual. Michigan: Lewis
Publishers.

Alain K, Harder J, Widdel F, Zengler K. 2012. Anaerobic utilization of toluene by marine
alpha- and gammaproteobacteria reducing nitrate. Microbiology 158:2946-2957
DOI 10.1099/mic.0.061598-0.

Bacosa HP, Erdner DL, Rosenheim BE, Shetty P, Seitz KW, Baker BJ, Liu Z. 2018.
Hydrocarbon degradation and response of sea floor sediment bacterial community
in the northern Gulf of Mexico to light Louisiana sweet crude oil. The ISME Journal
12:2532-2543 DOI 10.1038/541396-018-0190-1.

Bacosa HP, Liu Z, Erdner DL. 2015. Natural sunlight shapes crude oil-degrading
bacterial communities in northern Gulf of Mexico surface waters. Frontiers in
Microbiology 6:1325 DOI 10.3389/fmicb.2015.01325.

Bacosa HP, Suto K, Inoue C. 2012. Bacterial community dynamics during the preferen-
tial degradation of aromatic hydrocarbons by a microbial consortium. International
Biodeterioration and Biodegradation 74:109-115 DOI 10.1016/j.ibiod.2012.04.022.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple hypothesis testing. Journal of the Royal Statistical
Society, Series B (Statistical Methodology) 57:289-300.

Bociu I, Shin B, Wells WB, Kostka JE, Konstantinidis KT, Huettel M. 2019. Decomposi-
tion of sediment-oil-agglomerates in a Gulf of Mexico sandy beach. Scientific Reports
9:1-13 DOI 10.1038/541598-019-46301-w.

Botello AV, Von Osten R, Gold-Bouchot G, Agraz-Hernandez C. 2005. Golfo de
Meéxico Contaminacién e Impacto Ambiental: Diagndstico y Tendencias. Universidad

Suarez-Moo et al. (2020), PeerJ, DOI 10.7717/peerj.10339 16/23


https://peerj.com
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA631553
http://dx.doi.org/10.7717/peerj.10339#supplemental-information
http://dx.doi.org/10.7717/peerj.10339#supplemental-information
http://dx.doi.org/10.1099/mic.0.061598-0
http://dx.doi.org/10.1038/s41396-018-0190-1
http://dx.doi.org/10.3389/fmicb.2015.01325
http://dx.doi.org/10.1016/j.ibiod.2012.04.022
http://dx.doi.org/10.1038/s41598-019-46301-w
http://dx.doi.org/10.7717/peerj.10339

Peer

Auténoma de Campeche, Universidad Nacional Autonoma México, Instituto Na-
cional de Ecologia. Available at https:// epomex.uacam.mx/view/download?file=14/
Golfo%20de%20Me% CC%81xico %20Contaminacio%CC%811n%20e %20Impacto%
20Ambiental%20Diagno %CC%81stico%20y%20Tendencias%20.pdfertipo=paginas.

Brassard P. 1997. Measurement of Eh and pH in aquatic sediments. In: Mudroch A,
Azcue J, Mudroch P, eds. Manual of physico-chemical analysis of aquatic sediments.
CRC Press, Inc. Lewis Publishers, 47—69.

Bray JR, Curtis JT. 1957. An ordination of the upland forest communities of Southern
Wisconsin. Ecological Monographs 27:325-349 DOI 10.2307/1942268.

Bricker OP. 1982. Redox potential: Its measurement and importance in water systems.
In: Minear R, Keith L, eds. Water analysis: inorganic species, part 1. London:
Academic Press, 55-79.

Brooijmans RJW, Pastink MI, Siezen RJ. 2009. Hydrocarbon-degrading bacteria: the
oil-spill clean-up crew. Microbial Biotechnology 2(6):587-594
DOI10.1111/.1751-7915.2009.00151 .x.

Brown LM, Gunasekera TS, Bowen LL, Ruiz N. 2015. Draft Genome Sequence of
Rhodovulum sp. Strain NI22, a naphthalene-degrading marine bacterium. Genome
Announc 3:11-12 DOI 10.1128/genomeA.01475-14.Copyright.

Brusa T, Borin S, Ferrari F, Sorlini C, Corselli C, Daffonchio D. 2001. Aromatic hydro-
carbon degradation patterns and catechol 2, 3-dioxygenase genes. Microbiological
Research 156:49-57 DOI 10.1078/0944-5013-00075.

Cameotra SS, Singh P. 2008. Bioremediation of oil sludge using crude biosurfactants.
International Biodeterioration and Biodegradation 62:274-280
DOI 10.1016/j.ibiod.2007.11.009.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer
N, Pefia AG, Goodrich K, Gordon JIa, Huttley G, Kelley ST, Knights D, Jeremy
E, Ea Ley R, Lozupone C, Mcdonald D, Muegge BD, Reeder J, Sevinsky JR, Turn-
baugh PJ, Walters W. 2010. QIIME allows analysis of high-throughput community
sequencing data. Nature Methods 7:335-336 DOI 10.1038/nmeth.£.303.QIIME.

Chen J, McIlroy SE, Archana A, Baker DM, Panagiotou G. 2019. A pollution gradient
contributes to the taxonomic, functional, and resistome diversity of microbial com-
munities in marine sediments. Microbiome 7:1-12 DOI 10.1186/s40168-019-0714-6.

Chikere CB, Okpokwasili GC, Chikere BO. 2011. Monitoring of microbial hydrocarbon
remediation in the soil. 3 Biotech 1:117-138 DOI 10.1007/s13205-011-0014-8.

Chronopoulou PM, Sanni GO, Silas-Olu DI, Van der Meer JR, Timmis KN, Brussaard
CPD, McGenity TJ. 2015. Generalist hydrocarbon-degrading bacterial commu-
nities in the oil-polluted water column of the North Sea. Microbial Biotechnology
8:434-447 DOI 10.1111/1751-7915.12176.

Crone TJ, Tolstoy M. 2010. Magnitude of the 2010 Gulf of Mexico oil leak. Science
330(6004):634 DOIT 10.1126/science.1195840.

Daffonchio D, Mapelli F, Cherif A, Malkawi HI, Yakimov MM, Abdel-Fattah YR,
Blaghen M, Golyshin PN, Ferrer M, Kalogerakis N, Boon N, Magagnini M, Fava F.
2012. ULIXES, unravelling and exploiting Mediterranean Sea microbial diversity and

Suarez-Moo et al. (2020), PeerJ, DOI 10.7717/peerj.10339 17/23


https://peerj.com
https://epomex.uacam.mx/view/download?file=14/Golfo%20de%20Me%CC%81xico %20Contaminacio%CC%81n%20e %20Impacto%20Ambiental%20Diagno %CC%81stico%20y%20Tendencias%20.pdf&tipo=paginas
https://epomex.uacam.mx/view/download?file=14/Golfo%20de%20Me%CC%81xico %20Contaminacio%CC%81n%20e %20Impacto%20Ambiental%20Diagno %CC%81stico%20y%20Tendencias%20.pdf&tipo=paginas
https://epomex.uacam.mx/view/download?file=14/Golfo%20de%20Me%CC%81xico %20Contaminacio%CC%81n%20e %20Impacto%20Ambiental%20Diagno %CC%81stico%20y%20Tendencias%20.pdf&tipo=paginas
http://dx.doi.org/10.2307/1942268
http://dx.doi.org/10.1111/j.1751-7915.2009.00151.x
http://dx.doi.org/10.1128/genomeA.01475-14.Copyright
http://dx.doi.org/10.1078/0944-5013-00075
http://dx.doi.org/10.1016/j.ibiod.2007.11.009
http://dx.doi.org/10.1038/nmeth.f.303.QIIME
http://dx.doi.org/10.1186/s40168-019-0714-6
http://dx.doi.org/10.1007/s13205-011-0014-8
http://dx.doi.org/10.1111/1751-7915.12176
http://dx.doi.org/10.1126/science.1195840
http://dx.doi.org/10.7717/peerj.10339

Peer

ecology for xenobiotics and pollutants clean up. Reviews in Environmental Science
and Biotechnology 11:207-211 DOI 10.1007/s11157-012-9283-x.

Das N, Chandran P. 2011. Microbial degradation of petroleum hydrocarbon
contaminants: an overview. Biotechnology Research International 2011:1-13
DOI10.4061/2011/941810.

De Vrieze J, Pinto AJ, Sloan WT, Ijaz UZ. 2018. The active microbial community more
accurately reflects the anaerobic digestion process: 16S rRNA (gene) sequencing as a
predictive tool. Microbiome 6(63):63 DOI 10.1186/540168-018-0449-9.

Deeb RA, Alvarez-Cohen L. 1999. Temperature effects and substrate interactions during
the aerobic biotransformation of BTEX mixtures by toluene-enriched consortia
and Rhodococcus rhodochrous. Biotechnology and Bioengineering 62:526—536
DOI 10.1002/(SICI)1097-0290(19990305)62:5<526::AID-BIT4>3.0.CO;2-8.

Dong X, Greening C, Rattray JE, Chakraborty A, Chuvochina M, Mayumi D,
DolfingJ, Li C, Brooks JM, Bernard BB, Groves RA, Lewis IA, Hubert CR]J.

2019. Metabolic potential of uncultured bacteria and archaea associated with
petroleum seepage in deep-sea sediments. Nature Communications 10:1-12
DOI 10.1038/s41467-019-09747-0.

Douglas GM, Maffei V], Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, Huttenhower
G, Langille MGI. 2020. PICRUSt2 for prediction of metagenome functions. Nature
Biotechnology 38:685—688 DOI 10.1038/s41587-020-0548-6.

Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. Bioinfor-
matics 26:2460-2461 DOT 10.1093/bioinformatics/btq461.

Engel AS, Gupta AA. 2014. Regime shift in sandy beach microbial communities fol-
lowing Deepwater Horizon oil spill remediation efforts. PLOS ONE 9:102934
DOI 10.1371/journal.pone.0102934.

Fernandez LC, Rojas NG, Roldan TG, Ramirez ME, Zegarra HG, Uribe R, Reyes RJ,
Flores D, Arce JM. 2006. Hidrocarburos del petréleo en suelo. In: Manual de
técnicas de andlisis de suelos aplicadas a la remediacién de sitios contaminados. Ciudad
de México, México: SEMARNAT, 8§9-112.

Foster ZSL, Sharpton TJ, Grunwald NJ. 2017. Metacoder: An R package for visualization
and manipulation of community taxonomic diversity data. PLOS Computational
Biology 13:1-15 DOI 10.5281/zenodo.158228.

Garcia-Bautista I, Toledano-Thompson T, Dantan-Gonzélez E, Gonzalez-Montilla J,
Valdez-Ojeda R. 2017. Inexpensive metagenomic DNA extraction protocol with
high quality from marine sediments contaminated by petroleum hydrocarbons.
Genetics and Molecular Research 16:gmr16039743 DOI 10.4238/gmr16039743.

Godoy-Lozano EE, Escobar-Zepeda A, Raggi L, Merino E, Gutierrez-Rios RM, Juérez
K, Segovia L, Licea-Navarro AF, Gracia A, Sanchez-Flores A, Pardo-Lépez L.

2018. Bacterial diversity and the geochemical landscape in the southwestern Gulf of
Mexico. Frontiers in Microbiology 9:1-15 DOI 10.3389/fmicb.2018.02528.

Han Y, Prabhakar Clement T. 2018. Development of a field-testing protocol for identify-
ing Deepwater Horizon oil spill residues trapped near Gulf of Mexico beaches. PLOS
ONE 13:1-18 DOI 10.1371/journal.pone.0190508.

Suarez-Moo et al. (2020), PeerJ, DOI 10.7717/peerj.10339 18/23


https://peerj.com
http://dx.doi.org/10.1007/s11157-012-9283-x
http://dx.doi.org/10.4061/2011/941810
http://dx.doi.org/10.1186/s40168-018-0449-9
http://dx.doi.org/10.1002/(SICI)1097-0290(19990305)62:5\lt 526::AID-BIT4\gt 3.0.CO;2-8
http://dx.doi.org/10.1038/s41467-019-09747-0
http://dx.doi.org/10.1038/s41587-020-0548-6
http://dx.doi.org/10.1093/bioinformatics/btq461
http://dx.doi.org/10.1371/journal.pone.0102934
http://dx.doi.org/10.5281/zenodo.158228
http://dx.doi.org/10.4238/gmr16039743
http://dx.doi.org/10.3389/fmicb.2018.02528
http://dx.doi.org/10.1371/journal.pone.0190508
http://dx.doi.org/10.7717/peerj.10339

Peer

Harayama S, Kasai Y, Hara A. 2004. Microbial communities in oil-contaminated seawa-
ter. Current Opinion in Biotechnology 15:205-214 DOI 10.1016/j.copbio.2004.04.002.

Hassanshahian M, Boroujeni NA. 2016. Enrichment and identification of naphthalene-
degrading bacteria from the Persian Gulf. Marine Pollution Bulletin 107:59—65
DOI 10.1016/j.marpolbul.2016.04.020.

Herrera-Silveira JA, Cirerol NA, Ghinaglia LT, Comin FA, Madden C. 2005. Eu-
trofizacién costera en la Peninsula de Yucatan. Los ecosistemas del Golfo de Mexico
2:821-847.

Kappell AD, Wei Y, Newton R]J, Nostrand JDvan, Zhou J, McLellan SL, Hristova KR.
2014. The polycyclic aromatic hydrocarbon degradation potential of Gulf of Mexico
native coastal microbial communities after the Deepwater Horizon oil spill. Frontiers
in Microbiology 5:1-13 DOI 10.3389/fmicb.2014.00205.

Kessler JD, Valentine DL, Redmond MC, Du M, Chan EW, Mendes SD, Quiroz EW,
Villanueva CJ, Shusta SS, Werra LM, Yvon-Lewis SA, Weber TC. 2011. A persistent
oxygen anomaly reveals the fate of spilled methane in the deep Gulf of Mexico.
Science 331:312-315 DOI 10.1126/science.1199697.

Korlevi¢ M, Zucko J, Dragi¢ MN, Blazina M, Pustijanac E, Zeljko TV, Gacesa R,
Baranasic D, Starcevic A, Diminic ], Long PF, Cullum J, Hranueli D, Orli¢ S.

2015. Bacterial diversity of polluted surface sediments in the northern Adriatic Sea.
Systematic and Applied Microbiology 38:189—-197 DOI 10.1016/j.syapm.2015.03.001.

Kostka JE, Prakash O, Overholt WA, Green SJ, Freyer G, Canion A, Delgardio J,
Norton N, Hazen TC, Huettel M. 2011. Hydrocarbon-degrading bacteria and
the bacterial community response in Gulf of Mexico beach sands impacted by the
deepwater horizon oil spill. Applied and Environmental Microbiology 77:7962—7974
DOI 10.1128/AEM.05402-11.

Lagkouvardos I, Fischer S, Kumar N, Clavel T. 2017. Rhea: a transparent and modular R
pipeline for microbial profiling based on 16S rRNA gene amplicons. Peer] 5:¢2836
DOI10.7717/peer;j.2836.

LaMontagne MG, Leifer I, Bergmann S, Van de Werfhorst LC, Holden PA. 2004. Bac-
terial diversity in marine hydrocarbon seep sediments. Environmental Microbiology
6:799-808 DOI 10.1111/;.1462-2920.2004.00613.x.

Leahy JG, Colwell RR. 1990. Microbial degradation of hydrocarbons in the environment.
Microbiological Reviews 54:305-315 DOI 10.1128/MMBR.54.3.305-315.1990.

Lee SY, Kim GH, Yun SH, Choi CW, Yi YS, Kim J, Chung YH, Park EC, Il KimS. 2016.
Proteogenomic Characterization of monocyclic aromatic hydrocarbon degradation
pathways in the aniline-degrading bacterium Burkholderia sp. K24. PLOS ONE
11:e0154233 DOI 10.1371/journal.pone.0154233.

Lewis M. 2015. METHODBOOK: DNA extraction from agarose gels (basic method).
Available at https:// www.methodbook.net/ dna/ gelextrc.html (accessed on 6 November
2015).

LiR, Tun HM, Jahan M, Zhang Z, Kumar A, Fernando D, Farenhorst A, Khafipour
E. 2017. Comparison of DNA-, PMA-, and RNA-based 16S rRNA Illumina

Suarez-Moo et al. (2020), PeerJ, DOI 10.7717/peerj.10339 19/23


https://peerj.com
http://dx.doi.org/10.1016/j.copbio.2004.04.002
http://dx.doi.org/10.1016/j.marpolbul.2016.04.020
http://dx.doi.org/10.3389/fmicb.2014.00205
http://dx.doi.org/10.1126/science.1199697
http://dx.doi.org/10.1016/j.syapm.2015.03.001
http://dx.doi.org/10.1128/AEM.05402-11
http://dx.doi.org/10.7717/peerj.2836
http://dx.doi.org/10.1111/j.1462-2920.2004.00613.x
http://dx.doi.org/10.1128/MMBR.54.3.305-315.1990
http://dx.doi.org/10.1371/journal.pone.0154233
https://www.methodbook.net/dna/gelextrc.html
http://dx.doi.org/10.7717/peerj.10339

Peer

sequencing for detection of live bacteria in water. Scientific Reports 7:1-11
DOI 10.1038/s41598-017-02516-3.

Li H, Zhang Q, Wang XL, Ma XY, Lin KF, Di LiuY, GuJD, Lu SG, Shi L, Lu Q, Shen TT.
2012. Biodegradation of benzene homologues in contaminated sediment of the East
China Sea. Bioresource Technology 124:129-136 DOI 10.1016/j.biortech.2012.08.033.

Liu J, Bacosa HP, Liu Z. 2017. Potential environmental factors affecting oil-degrading
bacterial populations in deep and surface waters of the Northern Gulf of Mexico.
Frontiers in Microbiology 7:1-14 DOI 10.3389/fmicb.2016.02131.

Liu Z, Liu J. 2013. Evaluating bacterial community structures in oil collected from the sea
surface and sediment in the northern Gulf of Mexico after the Deepwater Horizon oil
spill. MicrobiologyOpen 2:492—-504 DOT 10.1002/mbo3.89.

Mahjoubi M, Cappello S, Souissi Y, Jaouani A, Cherif A. 2018. Microbial Bioreme-
diation of Petroleum Hydrocarbon—Contaminated Marine Environments. In:
Zoveidavianpoor M, ed. Recent Insights in Petroleum Science and Engineering. Rijeka,
Croatia: Intechopen DOI 10.5772/intechopen.72207.

Mardanov AV, Ravin NV, Svetlitchnyi VA, Beletsky AV, Miroshnichenko ML, Bonch-
Osmolovskaya EA, Skryabin KG. 2009. Metabolic versatility and indigenous origin
of the archaeon Thermococcus sibiricus, isolated from a siberian oil reservoir, as
revealed by genome analysis. Applied and Environmental Microbiology 75:4580-4588
DOI 10.1128/AEM.00718-09.

Mason OU, Han J, Woyke T, Jansson JK. 2014a. Single-cell genomics reveals features
of a Colwellia species that was dominant during the Deepwater Horizon oil spill.
Frontiers in Microbiology 5:332 DOI 10.3389/fmicb.2014.00332.

Mason OU, Hazen TG, Borglin S, Chain PSG, Dubinsky EA, Fortney JL, Han J, Holman
HYN, Hultman J, Lamendella R, MacKelprang R, Malfatti S, Tom LM, Tringe SG,
Woyke T, Zhou J, Rubin EM, Jansson JK. 2012. Metagenome, metatranscriptome
and single-cell sequencing reveal microbial response to Deepwater Horizon oil spill.
ISME Journal 6:1715-1727 DOI 10.1038/ismej.2012.59.

Mason OU, Scott NM, Gonzalez A, Robbins-Pianka A, Belum J, Kimbrel J, Bouskill
NJ, Prestat E, Borglin S, Joyner DC, Fortney JL, Jurelevicius D, Stringfellow WT,
Alvarez-Cohen L, Hazen TC, Knight R, Gilbert JA, Jansson JK. 2014b. Metage-
nomics reveals sediment microbial community response to Deepwater Horizon oil
spill. ISME Journal 8:1464-1475 DOI 10.1038/ismej.2013.254.

Miettinen H, Bomberg M, Nyyssonen M, Reunamo A, Jorgensen KS, Vikman M. 2019.
Oil degradation potential of microbial communities in water and sediment of Baltic
Sea coastal area. PLOS ONE 14:1-31 DOI 10.1371/journal.pone.0218834.

Mishra S, Singh SN. 2012. Microbial degradation of n-hexadecane in mineral salt
medium as mediated by degradative enzymes. Bioresource Technology 111:148—154
DOI 10.1016/j.biortech.2012.02.049.

Oksanen JF, Blanchet G, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR,
O’Hara RB, Simpson GL, Solymos P, Henry HMS, Szoecs E, Wagner H. 2018.
vegan: Community Ecology Package. R Package Version 2.5-1. Available at hiip:

// CRAN.Rproject.org/ package=vegan.

Suarez-Moo et al. (2020), PeerJ, DOI 10.7717/peerj.10339 20/23


https://peerj.com
http://dx.doi.org/10.1038/s41598-017-02516-3
http://dx.doi.org/10.1016/j.biortech.2012.08.033
http://dx.doi.org/10.3389/fmicb.2016.02131
http://dx.doi.org/10.1002/mbo3.89
http://dx.doi.org/10.5772/intechopen.72207
http://dx.doi.org/10.1128/AEM.00718-09
http://dx.doi.org/10.3389/fmicb.2014.00332
http://dx.doi.org/10.1038/ismej.2012.59
http://dx.doi.org/10.1038/ismej.2013.254
http://dx.doi.org/10.1371/journal.pone.0218834
http://dx.doi.org/10.1016/j.biortech.2012.02.049
http://CRAN.Rproject.org/package=vegan
http://CRAN.Rproject.org/package=vegan
http://dx.doi.org/10.7717/peerj.10339

Peer

Osborn AM, Moore ERB, Timmis KN. 2000. An evaluation of terminal-restriction
fragment length polymorphism (T-RFLP) analysis for the study of microbial
community structure and dynamics. Environmental Microbiology 2(1):39-50
DOI 10.1046/7.1462-2920.2000.00081 .x.

Pandey J, Chauhan A, Jain RK. 2009. Integrative approaches for assessing the ecological
sustainability of in situ bioremediation. FEMS Microbiology Reviews 33:324-375
DOI10.1111/j.1574-6976.2008.00133.x.

Parsons TR, Maita Y, Lali C. 1984. A manual of chemical and biological methods for
seawater analysis. London: Pergamon Press.

Quero GM, Cassin D, Botter M, Perini L, Luna GM. 2015. Patterns of benthic bacterial
diversity in coastal areas contaminated by heavy metals, polycyclic aromatic hydro-
carbons (PAHs) and polychlorinated biphenyls (PCBs). Frontiers in Microbiology
6:1053 DOI 10.3389/fmicb.2015.01053.

RStudio Team. 2015. RStudio: integrated development for R. Boston: RStudio, Inc.
Available at http:// www.rstudio.com/ .

R Core Team. 2019. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. Available at http:// www.R-project.org/ .
Ramirez D, Vega-Alvarado L, Taboada B, Estradas-Romero A, Soto L, Juarez K. 2020.
Bacterial diversity in surface sediments from the continental shelf and slope of the

North West gulf of Mexico and the presence of hydrocarbon degrading bacteria.
Marine Pollution Bulletin 150:110590 DOI 10.1016/j.marpolbul.2019.110590.

Reyes-Sosa MB, Apodaca-Hernandez JE, Arena-Ortiz ML. 2018. Bioprospecting for
microbes with potential hydrocarbon remediation activity on the northwest coast
of the Yucatan Peninsula, Mexico, using DNA sequencing. Science of the Total
Environment 642:1060—1074 DOI 10.1016/j.scitotenv.2018.06.097.

Sanchez-Soto JMF, Cerqueda-Garcia D, Montero-Muioz JL, Aguirre-Macedo ML.
2018. Assessment of the bacterial community structure in shallow and deep
sediments of the Perdido Fold Belt region in the Gulf of Mexico. Peer] 6:¢5583
DOI 10.7717/peerj.5583.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski
RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B, Thallinger GG,

Van Horn DJ, Weber CF. 2009. Introducing mothur: open-source, platform-
independent, community-supported software for describing and comparing
microbial communities. Applied and Environmental Microbiology 75:7537-7541
DOI 10.1128/AEM.01541-09.

Sun MY, Dafforn KA, Johnston EL, Brown MV. 2013. Core sediment bacteria drive
community response to anthropogenic contamination over multiple environmental
gradients. Environmental Microbiology 15:2517-2531 DOI 10.1111/1462-2920.12133.

Takai K, Miyazaki M, Hirayama H, Nakagawa S, Querellou J, Godfroy A. 2009.
Isolation and physiological characterization of two novel, piezophilic, thermophilic
chemolithoautotrophs from a deep-sea hydrothermal vent chimney. Environmental
Microbiology 11:1983-1997 DOI 10.1111/5.1462-2920.2009.01921 .x.

Suarez-Moo et al. (2020), PeerJ, DOI 10.7717/peerj.10339 21/23


https://peerj.com
http://dx.doi.org/10.1046/j.1462-2920.2000.00081.x
http://dx.doi.org/10.1111/j.1574-6976.2008.00133.x
http://dx.doi.org/10.3389/fmicb.2015.01053
http://www.rstudio.com/
http://www.R-project.org/ 
http://dx.doi.org/10.1016/j.marpolbul.2019.110590
http://dx.doi.org/10.1016/j.scitotenv.2018.06.097
http://dx.doi.org/10.7717/peerj.5583
http://dx.doi.org/10.1128/AEM.01541-09
http://dx.doi.org/10.1111/1462-2920.12133
http://dx.doi.org/10.1111/j.1462-2920.2009.01921.x
http://dx.doi.org/10.7717/peerj.10339

Peer

Teramoto M, Suzuki M, Hatmanti A, Harayama S. 2010. The potential of Cycloclasticus
and Altererythrobacte r strains for use in bioremediation of petroleum-aromatic-
contaminated tropical marine environments. Journal of Bioscience and Bioengineering
110:48-52 DOI 10.1016/j.jbiosc.2009.12.008.

Timmis KN. 2010. Handbook of hydrocarbon and lipid microbiology. Berlin: Springer
DOI 10.1007/978-3-540-77587-4.

Tremblay J, Fortin N, Elias M, Wasserscheid J, King TL, Lee K, Greer CW. 2019.
Metagenomic and metatranscriptomic responses of natural oil degrading bac-
teria in the presence of dispersants. Environmental Microbiology 21:2307-2319
DOI10.1111/1462-2920.14609.

Ul-Hasan S, Bowers RM, Figueroa-Montiel A, Licea-Navarro AF, Michael Beman
J, Woyke T, Nobile CJ. 2019. Community ecology across bacteria, archaea and
microbial eukaryotes in the sediment and seawater of coastal Puerto Nuevo, Baja
California. PLOS ONE 14(2):e0212355 DOT 10.1371/journal.pone.0212355.

UNESCO. 1976. Guide to Operational Procedures for the IGOSS Pilot Project on Marine
Pollution Petroleum. Monitoring Manual and Guides No 7. Paris, Intergovernmental
Oceanographic Commission.

Valentine DL, Kessler JD, Redmond MC, Mendes SD, Heintz MB, Farwell C, Hu
L, Kinnaman FS, Yvon-Lewis S, Du M, Chan EW, Tigreros FG, Villanueva C]J.
2010. Propane respiration jump-starts microbial response to a deep oil spill. Science
330:208-211 DOI 10.1126/science.1196830.

Valenzuela-Sanchez I, Gold-Bouchot G, Ceja-Moreno V. 2005. Hidrocarburos en agua
y sedimentos de la laguna de Chelem. In: y puerto Progreso, Yucatdn, México. In:
Vizquez-Botello A, Osten Von ], Gold-Bouchot G, Agraz-Hernandez C eds. Golfo de
Meéxico Contaminacion e Impacto Ambiental: Diagndstico y Tendencias. Universidad
Autonoma de Campeche, Universidad Autonoma Nacional de Mexico, Instituto
Nacional de Ecologia, Universidad Juarez Autonoma de Tabasco, Universidad
ISTMO Americana, 311-328.

Wang B, Lai Q, Cui Z, Tan T, Shao Z. 2008. A pyrene-degrading consortium from
deep-sea sediment of the West Pacific and its key member Cycloclasticus sp. P1.
Environmental Microbiology 10:1948—1963 DOI 10.1111/j.1462-2920.2008.01611.x.

Wang H, Wang B, Dong W, Hu X. 2016. Co-acclimation of bacterial communities
under stresses of hydrocarbons with different structures. Scientific Reports 6:1-12
DOI10.1038/srep34588.

Warnes GR, Bolker B, Bonebakker L, Gentleman R, Liaw WHA, Lumley T, Maechler
M, Magnusson A, Moeller S, Schwartz M, Venables B. 2016. gplots: various R
programming tools for plotting data. Version 3.0.1. Available at https://cran.r-
project.org/ web/ packages/ gplots/.

Weelink SAB, Van Eekert MHA, Stams AJM. 2010. Degradation of BTEX by anaerobic
bacteria: physiology and application. Reviews in Environmental Science and Biotech-
nology 9:359-385 DOI 10.1007/s11157-010-9219-2.

Wurm P, Dorner E, Kremer C, Spranger J, Maddox C, Halwachs B, Harrison U,
Blanchard T, Haas R, Hogenauer C, Gorkiewicz G, Fricke WF. 2018. Qualitative

Suarez-Moo et al. (2020), PeerJ, DOI 10.7717/peerj.10339 22/23


https://peerj.com
http://dx.doi.org/10.1016/j.jbiosc.2009.12.008
http://dx.doi.org/10.1007/978-3-540-77587-4
http://dx.doi.org/10.1111/1462-2920.14609
http://dx.doi.org/10.1371/journal.pone.0212355
http://dx.doi.org/10.1126/science.1196830
http://dx.doi.org/10.1111/j.1462-2920.2008.01611.x
http://dx.doi.org/10.1038/srep34588
https://cran.r-project.org/web/packages/gplots/
https://cran.r-project.org/web/packages/gplots/
http://dx.doi.org/10.1007/s11157-010-9219-2
http://dx.doi.org/10.7717/peerj.10339

Peer

and quantitative DNA- and RNA-Based analysis of the bacterial stomach microbiota
in humans, mice, and gerbils. mSystems 3:1-17 DOI 10.1128/msystems.00262-18.
Yakimov MM, Timmis KN, Golyshin PN. 2007. Obligate oil-degrading marine bacteria.
Current Opinion in Biotechnology 18:257-266 DOI 10.1016/j.copbio.2007.04.006.
ZhangJ, Kobert K, Flouri T, Stamatakis A. 2018. PEAR: a fast and accurate Illumina
Paired-End reAd mergeR. Bioinformatics 30:614—620
DOI 10.1093/bioinformatics/btt593.
Zhou J, Bruns MA, Tiedje JM. 1996. DNA recovery from soils of diverse composition.
Applied and Environmental Microbiology 62:316-322
DOI10.1128/AEM.62.2.316-322.1996.

Suarez-Moo et al. (2020), PeerJ, DOI 10.7717/peerj.10339 23/23


https://peerj.com
http://dx.doi.org/10.1128/msystems.00262-18
http://dx.doi.org/10.1016/j.copbio.2007.04.006
http://dx.doi.org/10.1093/bioinformatics/btt593
http://dx.doi.org/10.1128/AEM.62.2.316-322.1996
http://dx.doi.org/10.7717/peerj.10339

