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metabolic groups at petroleum legacy
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ing bacteria (CD) are inferred in soil
cores.
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CD operational taxonomic units (OTUs).
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count for CD distribution and function.
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ARTICLE INFO ABSTRACT
Editor: Dr. R. Maria Sonia Petroleum hydrocarbon contamination is a global problem which can cause long-term environmental damage and
impacts water security. Natural source zone depletion (NSZD) is the natural degradation of such contaminants.
Keywords: Chemotaxis is an aspect of NSZD which is not fully understood, but one that grants microorganisms the ability to
gatura;l source zone depletion (NSZD) alter their motion in response to a chemical concentration gradient potentially enhancing petroleum NSZD mass
roundwater

removal rates. This study investigates the distribution of potentially chemotactic and hydrocarbon degrading
microbes (CD) across the water table of a legacy petroleum hydrocarbon site near Perth, Western Australia in areas
impacted by crude oil, diesel and jet fuel. Core samples were recovered and analysed for hydrocarbon contami-
nation using gas chromatography. Predictive metagenomic profiling was undertaken to infer functionality using a
combination of 16 S rRNA sequencing and PICRUSt2 analysis. Naphthalene contamination was found to signifi-
cantly increase the occurrence of potential CD microbes, including members of the Comamonadaceae and Geo-
bacteraceae families, which may enhance NSZD. Further work to explore and define this link is important for
reliable estimation of biodegradation of petroleum hydrocarbon fuels. Furthermore, the outcomes suggest that the
chemotactic parameter within existing NSZD models should be reviewed to accommodate CD accumulation in
areas of naphthalene contamination, thereby providing a more accurate quantification of risk from petroleum
impacts in subsurface environments, and the scale of risk mitigation due to NSZD.
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1. Introduction

Groundwater is an essential source of drinking water across the
world, however the resource is vulnerable to anthropogenic petroleum
hydrocarbon contamination. Petroleum hydrocarbons are released into
the subsurface in the form of crude oil, gasoline, diesel fuels and jet
range fuels (Gkorezis et al., 2016; Hidalgo et al., 2020), with their
release commonly being associated with spills (Gkorezis et al., 2016)
and leakages from storage tanks (Chang and Lin, 2006). These fuels
differ significantly in their hydrocarbon composition, including poly-
cyclic aromatic hydrocarbons (PAHs), such as naphthalene (Sulimov
et al., 1965), and monoaromatic hydrocarbon compounds like benzene,
toluene, ethylbenzene, and xylenes (BTEX). They are all generally
described as being light non-aqueous phase liquids (LNAPLs), with a
density generally less than that of water. LNAPLs are common con-
taminates at legacy sites (Reid et al., 2018) but with a carcinogenic risk
profile (Li et al., 2007). LNAPLs also pose broad contamination risks
because LNAPL components can partition into air and water phases
creating pathways of exposure for human health and the environment.
Since LNAPLs effectively “float” at the top of the capillary fringe, this
promotes lateral and vertical proliferation of contaminants within the
subsurface. These factors both enjoin remedial and management action
be taken but also make LNAPLs very difficult to remediate (Johnston
et al., 1998, 2002).

Multiple physical remediation techniques have been developed to
clean up contaminated sites and limit the spread of LNAPL petroleum
hydrocarbons, such as, air sparging and bioventing (Sookhak Lari et al.,
2020). Air sparging is the injection of high pressurised air below the
lowest level of contamination in the saturated zone (Hu et al., 2010).
This creates a transient moment when pore spaces are filled with air,
triggering partitioning to the air phase and transport of the contaminates
from the saturated zone to the unsaturated zone above. Bioventing is a
process which provides oxygen to the subsurface above the water table;
this can stimulate the degradation rate of indigenous microorganisms
(Frutos et al., 2010). However, these techniques can be expensive, and in
some cases ineffective (Sookhak Lari et al., 2020). Biodegradation of
petroleum hydrocarbons occurs naturally by indigenous microbes and is
an inexpensive and sustainable option (Gupta and Yadav, 2019). During
biodegradation petroleum hydrocarbons breakdown into less hazardous
substances. The whole mass loss of LNAPLs due to partitioning and
physical and biological degradation is termed natural source zone
depletion (NSZD) (Sookhak Lari et al., 2019).

Understanding how microbial communities interact with specific
chemical contaminants is an important step towards predictive model-
ling and manipulation of sites to promote NSZD. A number of studies
have investigated the microbial communities and physical conditions
that may contribute to the NSZD of petroleum hydrocarbon compounds
(Blanco-Enriquez et al., 2018; Dobson et al., 2007; Maila et al., 2005).
These studies have considered the role of different redox conditions on
biodegradation (Chapelle et al., 2002) and the role of microorganisms in
constraining contaminant expansion in the subsurface (Essaid et al.,
2015; Franzmann et al., 2002). Research has also highlighted the role of
microorganisms in degrading more recalcitrant contaminants (Davis
et al., 1999; Lee et al., 2020), and the role of maintaining a diverse
biodegrading population (Dell’Anno et al., 2012; Franzmann et al.,
1998), along with investigating the formation of biodegradation
by-products (e.g., polar compounds) in weathered diesel and their fate
(Bruckberger et al., 2018; Lang et al., 2009).

Chemotaxis is an important mechanism used by microbes to exploit
otherwise inaccessible resources, including petroleum hydrocarbons
(Parales and Ditty, 2018). Many microbes have been demonstrated to be
capable of chemotaxis-assisted degradation of alkanes and other hy-
drocarbon compounds (Li et al., 2017; Zhang et al., 2012). Microbial
species that exhibit chemotaxis-assisted hydrocarbon degradation have
been shown to enhance the rate of NSZD in column and microcosm
experiments (Wang et al., 2012; Olson et al., 2004; Marx and Aitken,
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2000). In a laboratory experiment, a chemotactic Pseudomonas putida G7
(PpG?7) strain degraded 90% of naphthalene in six hours, compared to
30 h for a non-chemotactic mutant strain (C1) and a non-motile mutant
strain (R2) (Marx and Aitken, 2000). Indigenous microbes present in the
subsurface have been reported to possess the ability for chemotactic
assisted petroleum hydrocarbon biodegradation, such as; Alcaligenaceae
to alkanes extracted from a crude oil-polluted seawater in Daya Bay,
South China Sea (Hong et al., 2017) and Brevibacteriaceae to anthracene
and other PAHs isolated from a contaminated refinery in Mathura, India
(Chaudhary et al., 2015). Exploitation of this chemotaxis mechanism to
manipulate microbe-driven NSZD could therefore have far reaching
bioremediation potential at sites undergoing NSZD (Wang et al., 2012;
Olson et al., 2004; Marx and Aitken, 2000).

The distribution of chemotactic microbes and the exact nature of the
role chemotaxis plays in the NSZD of petroleum hydrocarbons under
field conditions remains unclear (Sookhak Lari et al., 2019). Addressing
this challenge requires characterising microbial diversity, community
composition and the functional potential of community members for
hydrocarbon degradation and chemotaxis. Although culturing specific
bacteria can provide direct evidence of chemotaxis and degrading
functions, the vast majority of soil microbes are not culturable (Lloyd
et al., 2018; Rappé and Giovannoni, 2003) and environmental samples
are typically too diverse to make this feasible for characterising com-
munities. Alternatively, shotgun metagenomic sequencing, which aims
to assemble whole genomes from short fragments, can be used to
determine gene content and thus functional potential of microbial
communities. However, it is limited if there is little community biomass
or host contamination, and remains a significant bioinformatic chal-
lenge (Douglas et al., 2020). An alternative approach indirectly infers
the functional potential of individual species by comparing
community-derived marker gene sequences against a database of
reference genomes from organisms with known functions (Douglas
et al., 2020). For example, Crampon et al. (2018) used this approach to
infer that operational taxonomic units based on 16S rRNA amplicon
sequences were abundant in metabolic pathways linked to higher
polycyclic aromatic hydrocarbon degradation potential. The widespread
use of this approach for inferring community functional potential and
the recent improvements in database coverage and optimised genome
prediction algorithms (Douglas et al., 2020) make this a robust option
for microbial community functional inference.

The research presented here describes a field study of the inferred
spatial distribution of predicted chemotactic and hydrocarbon degrad-
ing microbes linked with crude oil, diesel and jet fuel contamination at a
legacy petroleum hydrocarbon site. The aim of the study was to explore
the association of the predicted functional potential of microbial com-
munities at these sites with these legacy contaminants, and test whether
the distribution of petroleum hydrocarbon and LNAPL compounds in-
fluences the abundance of the inferred chemotactic and hydrocarbon
degrading microbes. This was achieved by comparing the predicted
metagenome profiles of operational taxonomic units (OTUs) derived
from 16S rRNA marker gene sequences, to the distribution and con-
centration of legacy petroleum hydrocarbon and LNAPL compounds
across the site. Investigating the preferential occurrence of the predicted
chemotactic and hydrocarbon degrading microbes to various petroleum
products and depth allows for the development of more accurate NSZD
models (Sookhak Lari et al., 2021). The methodology applied in this
study assists in potential bioprospecting and screening of chemotactic
and hydrocarbon degrading microbes potentially capable of enhancing
NSZD. This will provide a clearer picture of risk to groundwater re-
sources (Singh and Choudhary, 2021).

2. Materials and methods
2.1. Site description and soil core recovery

The study site has stored significant volumes of crude oil, as well as
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diesel and jet fuels. It is approximately 50 km south of Perth, Western
Australia. The site overlies a shallow superficial unconfined sand aquifer
(Johnston et al., 1998), which is located on the Swan Coastal Plain
(Fig. 1). The dominant surficial lithology is a Safety Bay Sands unit with
deeper Becher Sand units; these lithographic units are relatively ho-
mogenous and composed of sub-horizontal layered aeolian and littoral
calcareous sands (Johnston et al., 1998). The sand is predominately fine
to medium grained with some thin inter-bedded layers of course grained
sands and gravel, with low concentrations of organic matter (Davis
et al., 2005). Cores recovered from the site were taken from the pre-
dominantly homogenous aeolian and littoral calcareous sands as
described in detail by Johnston et al. (1998). Limited air-sparging,
bioventing, LNAPL skimming, slurping, vacuum extraction and a
mixture of such remediation techniques have been trialled on the site
over time, however the site is now undergoing assessment and man-
agement through NSZD (Johnston et al., 2002; Sookhak Lari et al.,
2018).

Groundwater at the site is typically fresh with a low electrical con-
ductivity (50-160 mS/m) and has a pH typically in the range 7.5-8.5
buffered by the calcareous nature of the superficial sand formation.
Regionally nitrate and sulfate are present in groundwater due to agri-
cultural and urban influences. However, within the site these electron
acceptors (along with oxygen) are strongly depleted within groundwater
due to natural attenuation processes (Davis et al., 1999). Bicarbonate
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ranges from 250 to 940 mg/L and dissolved methane is found across
large areas of the groundwater due to hydrocarbon degradation pro-
cesses (King, 2009). Methane production also indicates that other elec-
tron acceptors are strongly depleted (Wiedemeier et al., 1999).

Soil cores were recovered using a Geoprobe 6620 drilling rig
(Bruckberger et al., 2021). One core was recovered from a representa-
tive background control area unaffected by petroleum hydrocarbon
contamination (B6), three cores were recovered from the crude oil
contaminated area (T7, D10a and D10b), two cores were recovered from
the diesel contaminated area (D6, T3), and three cores were recovered
from the jet fuel contaminated area (D7, D9 and T5) (Fig. 1). The nine
core locations were sampled from depths of 1.50-5.10 m below ground
level. Each core was cut into 0.05 m sections, sealed in tins and imme-
diately transported on ice to the CSIRO laboratory. Upon arrival at the
laboratory, tins were sub-sampled for chemical and biological analysis.
For each core, four representative sections were selected from the Top
section (above the water table at an average of 2.28 m in depth), Water
Table section (an average of 3.05m in depth), Middle section (an
average of 3.78 m in depth and below the water table), and Bottom
section (an average of 4.48 m in depth) (Bruckberger et al., 2021)
(Fig. 1). Chemical analysis using GS-MS and GS-FID was undertaken on
these 36 section samples. For biological analysis, triplicate samples
(5 g), from each of the 36 sections, were collected using sterile tech-
niques and stored at — 80 °C until DNA extraction. For chemical
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Fig. 1. Map of sampling sites showing position of contaminated zones relative to maximum historic groundwater levels, and proximity to the Indian Ocean. The
figure also shows the depth profile of the contaminated core sections after GC-FID and GC-MS analysis. The concentrations of TPH and the selected aromatic LNAPL
components identified (1-methylnaphthalene (1-MN), 1,3,5-trimethylbenzene (1,3,5-TMB), ethylbenzene, o-xylene, 1,2,3-trimethylbenzene (1,2,3-TMB), 2-methyl-
naphthalene (2-MN), m/p-xylene, phenanthrene, 1,2,4-trimethylbenzene (1,2,4-TMB), benzene, naphthalene, and toluene) are shown. The solid horizonal black lines
indicate the subsections within the core, along with concentrations at each sample section. Inferred and extrapolated linear lines are then used to postulate con-
centrations between the core sample sections. Different line types are used to differentiate between individual contaminants. The Background core is green, the Crude
Oil cores are orange, the Diesel Fuel cores are blue and the Jet Fuel cores are pink. On the right-hand side of the figure, circles represent the Top section, squares
represent Water Table section, rhombuses represent the Middle section and triangles represent the Bottom section.
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analysis, 3-5 g were sampled and immediately extracted using 4 mL of
dichloromethane (containing deuterated internal standards) (d6-ben-
zene, d8-toluene, d10-p-xylene, d8-naphthalene, d14-p-terphenyl) as
described in Bruckberger et al. (2021). The Water Table section of the
core was differentiated from the other core sections by re-weighing the
remaining core samples before and after drying, and comparing the
moisture loss (Bruckberger et al., 2018). This was achieved by initially
air-drying a portion of the core section to remove excess chemicals for
48 h, and then heating it in an oven for 24 h at 105 °C to calculate
moisture loss (%) (Bruckberger et al., 2021). Geochemical analysis of a
subset of soil cores samples (24 in total) for a range of parameters (TOC,
N, P, pH, moisture, electrical conductivity, Al, As, B, Ca, Cd, Co, Cr, Cu,
Fe, K, Mg, Mn, Mo, Na, Ni, Pb, S, and Zn) was conducted at a government
NATA accredited laboratory (ChemCentre Western Australia) using
standard methods (Rayment and Lyons, 2011) (Fig. S1).

2.2. Petroleum hydrocarbon chemical analysis

Total petroleum hydrocarbon (TPH) analysis of the core sample ex-
tracts was carried out using an Agilent 6890 gas chromatography—flame
ionisation detector (GC-FID) system (Bruckberger et al., 2021). Internal
and petroleum hydrocarbon external standards were used. Gas chro-
matography-mass spectrometry (GC-MS) analysis of the core sample
extracts was carried out using an Agilent 7890 gas chromatograph and
an Agilent 7000B mass spectrometer (Bruckberger et al., 2021). Quan-
titation of selected analytes was performed using external standards
(benzene, toluene, ethylbenzene, m-xylene, p-xylene, o-xylene, 1,3,5-tri-
methylbenzene (1,3,5-TMB), 1,2,4-trimethylbenzene (1,2,4-TMB),
naphthalene, 2-methylnaphthalene (2-MN), 1-methylnaphthalene
(1-MN) and phenanthrene) containing the same internal standards
used for the samples (Fig. S1).

2.3. 16S rRNA gene amplification and bioinformatics

Genomic DNA was extracted from the 36 core sections in triplicate
(36 x 3), using 0.5 g of soil and the PowerBiofilm DNA Isolation Kit
(MoBio Laboratories, Inc., Carlsbad, CA, USA), and quantified with a
Qubit fluorometer (Invitrogen) (Bruckberger et al., 2018). A 300 base
pair (bp) area of the V4 region of the 16S rRNA was amplified using the
515f (5-GTGCCAGCMGCCGCGGTAA-3’) and 806rcbe (5°-GGAC-
TACHVGGGTWTCTAAT-3’) primer set (Parada et al., 2016), following
the Earth Microbiome Project protocol (https://earthmicrobiome.org/
protocols-and-standards/16s/) and barcoding and sequencing library
preparation followed the Illumina 16S protocol (Illumina, USA). After
amplification the PCR products were individually purified with SPRI
beads (Ampure XP beads, Beckman Coulter) and then barcodes added
through a second round of PCR. Following a second round of bead-based
purification, samples were quantified and pooled in an equimolar
manner ready for sequencing. Forward and reverse sequencing was
undertaken on the Illumina MiSeq (v3 600 cycle), following the manu-
facturer’s instructions (Illumina, USA) (Bruckberger et al., 2021). Data
has been published online (https://data.csiro.au/collections/collectio
n/Clesiro:49662v1). Sequences were processed using QIIME2 version
2019.1 (Bolyen et al., 2019). The imported paired-end sequences were
denoised and merged using the DADA2 workflow (Callahan et al.,
2016), which involved trimming the first 19 nucleotide bases from each
read and truncating at 190 bases. This process utilises exact amplicon
sequence variants (ASVs) instead of conventional OTU workflows. The
ASVs were clustered using the de novo “q2-vsearch” clustering algorithm
(Rognes et al., 2016) at 97% similarity, with borderline chimeras being
retained. Representative OTU sequences were classified against the Silva
138 515F/806R database (Quast et al., 2013; Yilmaz et al., 2014) using
the “classify-sklearn” algorithm (Bokulich et al., 2018). OTUs which
were not classified as prokaryotes were removed. R Studio version 4.0.3
(RStudio Team, 2020) was then used to merge the biological sample
replicates and undertake further analysis with the “phyloseq”
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(McMurdie and Holmes, 2013) and “vegan” packages (Oksanen et al.,
2020). Alpha diversity metrics (the number of OTUs and Chaol esti-
mator) were calculated from a single rarefaction at 10,000 reads per
sample, this was selected after manual inspection of rarefaction curves
and Good’s coverage calculation (Figs. S2 and S3). The Water Table and
Middle section of the Jet Fuel core T3 failed to pass the rarefaction
threshold and were excluded from further analysis. Homogeneity of
variance for each metric grouped by Zone (Background, Crude Oil,
Diesel or Jet Fuel) and Section (Top, Water Table, Middle, Bottom) were
tested with Levene’s test implemented in the “car” package. Two-way
ANOVA tests of the alpha diversity estimates were used to test for sta-
tistically significant differences in microbial diversity between Zone and
Section.

2.4. Predictive metagenomic profiling

For further analyses the dataset was rarefied 1000 times at 10,000
reads and averaged relative abundances retained. The resulting OTUs
were then imported into PICRUSt2 v2.3.0-b (Douglas et al., 2020) and
placed into a reference phylogenetic tree, with metagenome content
being predicted using an ancestral-state reconstruction algorithm to
predict the metagenomes based on 16S marker gene information. The
resulting tree was used for functional metabolic prediction, through the
utilisation of Kyoto Encyclopedia of Genes and Genomes (KEGG) reac-
tion pathways (Kanehisa and Goto, 2000; Kanehisa, 2019), with a
minimal nearest-sequenced taxon index (NSTI) value of 2 set to improve
accuracy of pathway assignment (Douglas et al., 2020). The OTUs were
split into four groupings, based on the predicted presence of chemotaxis
and petroleum hydrocarbon KEGG degradation pathways.

The chemotactic and hydrocarbon degrading (CD) group included
OTUs inferred to possess the pathways associated with bacterial
chemotaxis (ko02030), as well as at least one of the hydrocarbon
degradation pathways; benzoate degradation (ko00362), bisphenol
degradation (ko00363), chloroalkane and chloroalkene degradation
(ko00625), chlorocyclohexane and chlorobenzene degradation
(ko00361), toluene degradation (ko00623), nitrotoluene degradation
(ko00633), xylene degradation (ko00622), caprolactam degradation
(ko00930), ethylbenzene degradation (ko00642), naphthalene degra-
dation (ko00626) and/or polycyclic aromatic hydrocarbon degradation
(ko00624). It is important to highlight here that this does not explicitly
mean that a given CD OTU is necessarily chemotactic directly towards
one of the hydrocarbons, but that it may also include microbes that are
chemotactic towards other compounds. The chemotactic (C) group
included OTUs inferred to possess only the chemotaxis pathway and
none of the hydrocarbon degradation pathways. The hydrocarbon
degrading group (D) included OTUs inferred to possess at least one of the
hydrocarbon degradation pathways and no bacterial chemotaxis
pathway. Finally, the non-chemotactic and non-hydrocarbon degrading
(NCND) group contains OTUs without inferred bacterial chemotaxis or
any of the hydrocarbon degradation pathways. It is important to note
that individual OTUs are assigned to a single group based on their
inferred functionality. Since OTUs within the same family may differ in
their inferred functional grouping, it is possible for a single family to
contain OTUs assigned to different functional groups.

2.5. Molecular ecology, genetic diversity and statistical analysis

Family-level relative abundance heatmaps were generated to visu-
alise the alpha diversity and taxonomic community composition of the
predicted metagenomic groupings and their distribution across the site.
A heatmap of the community composition of the groupings at a genera
level is present in the supplementary information. The “vegan” package
(Oksanen et al., 2020) was used to visualise the beta diversity among the
samples through non-metric multidimensional scaling (NMDS) ordina-
tion of the Bray-Curtis dissimilarity matrix. This approach is commonly
used to inspect the dissimilarity of contaminated petroleum
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hydrocarbon sites (Mangse et al., 2020; Hamdan et al., 2019).

Environmental drivers of community composition and CD OTU dis-
tribution were identified independently using constrained ordination
and Generalised Linear Modelling (GLM). For both analyses multi-
collinearity of the environmental variables was assessed using the vifcor
function in the “usdm” package to calculate variance inflation factors
(Naimi et al., 2014), with a correlation threshold of 0.7 being imple-
mented to remove any strong multicollinear signals. Nine of the 13
variables had collinearity issues and were removed for further analyses.
The remaining environmental variables were Depth, Naphthalene,
Phenanthrene and Benzene. TPH was also omitted from further analysis
due to a confounding relationship with the LNAPLs (Lundegard and
Sweeney, 2004). This is because TPH can also be representative of col-
loids or sorbed phase hydrocarbons on particulate matter, as well as
dissolved hydrocarbons and dissolved nonhydrocarbons, which leads to
collinear relationships (Lundegard and Sweeney, 2004). The contami-
nant concentration and depth were standardised using the “decostand”
function in the “vegan” package (Oksanen et al., 2020). Distance-based
constrained redundancy analysis (db-RDA) of the Bray-Curtis dissimi-
larity matrix was performed using the “capscale” function in the “vegan”
package in order to investigate which of the remaining parameters
(Depth, Naphthalene, Phenanthrene and Benzene) drive structural dif-
ferences between samples. Statistically significant variables were iden-
tified using step-wise model selection procedure implemented in the
ordistep function in vegan with a cutoff p-value < 0.05). This analysis
was also used to explore the difference in the distribution of the various
inferred functional chemotactic and hydrocarbon degrading groups. To
aid clarity, the OTUs from each group were visualised separately on the
common db-RDA axes.

A generalised linear model (GLM) assuming a binomial distribution,
with a logit link function, was used to test the association between CD
group microbes, depth and contaminant concentration. The model
counts OTUs assigned to the CD group, as “successes” and OTUs assigned
to the C, D and NCND groups as “failures”. Variable selection was un-
dertaken using a bi-directional step-wise model using the “MASS”
package (Venables and Ripley, 2002) and the AIC criterion to select
significant variables and model with a p-value of < 0.05.

3. Results
3.1. Overview of the site and chemical analysis

Soil cores collected from the site had different ranges of petroleum
hydrocarbon (crude oil, diesel fuel and jet fuel) contamination as well as
a representative background core (Fig. 1). Cores were analysed for
concentrations of TPH, LNAPL components, and selected aromatic
compounds (the main water soluble aromatic compounds present in
significant abundances) (Fig. 1). The representative background control
location was found to contain negligible concentrations of TPH and
LNAPL components (data not shown). Across all core locations
contaminated with different petroleum types, TPH had peak concen-
trations of 20-100 g/kg, which generally occurred below the water table
(Fig. 1). The Crude oil contaminated cores contained a limited range of
identifiable LNAPL components; primarily these were the aromatic
components 2-MN, naphthalene, 1-MN, phenanthrene and ethyl-
benzene. These were generally found in two of the three Crude oil cores.
The diesel cores were generally dominated by 2-MN, 1-MN, naphthalene
and phenanthrene, with a more diverse range of up to a dozen dominant
aromatic components in the LNAPL detected in the Jet Fuel cores
(Fig. 1). In the Water Table and Middle sections of the Crude oil cores
(T7, D10a), concentrations peaked at approximately 10-100 mg/kg for
ethylbenzene, naphthalene, 1-MN, 2-MN and phenanthrene, although
highest concentrations were in the Middle section (Fig. 1). D10b was
similar, however the core did not contain ethylbenzene and had lower
concentrations of naphthalene and phenanthrene, with the highest
concentrations in the Middle section. D10b also contained very low

Journal of Hazardous Materials 430 (2022) 128482

concentrations of 2-MN in the Bottom section. Concentrations in core T7
were above detection levels in the Top section, with low concentrations
of 2-MN in the Bottom section. In the Diesel cores (T3, D6), naphthalene,
phenanthrene, 1-MN and 2-MN had peak concentrations in the range
10-100 mg/kg. TPH and 1-MN were detected in the Bottom section of
D6 (Fig. 1).

The two Jet Fuel cores, D9 and T5, were found to contain elevated
concentrations of selected aromatic components in the Middle section of
the cores, with concentrations ranging from approximately 10 to
3000 mg/kg (Fig. 1). Notably, all the BTEX (benzene, toluene, ethyl-
benzene and xylenes) and trimethylbenzene (TMB) isomers were
detected in these cores, as well as 1-MN, 2-MN and naphthalene.
Phenanthrene was only detected in T5. Exceptionally elevated concen-
trations of m/p-xylene and 1,2,4-TMB were recorded in the Middle
section of both cores. In D9, the shallower Water Table section, a smaller
range of the selected aromatic compounds were recorded (1,2,3-TMB,
1,3,4-TMB, 1,3,5-TMB, m/p-xylene, o-xylene, ethylbenzene), with
toluene and benzene not being detected. However, all compounds were
detected in the Bottom section of this core. In contrast, no TPH was
detected in the Water Table section of the T5 Jet Fuel core, and ethyl-
benzene, 1-MN, naphthalene and 2-MN were the only LNAPL compo-
nents detected in the Bottom section of this core (Fig. 1).

3.2. Molecular ecological genetic diversity analysis

3.2.1. Alpha diversity analysis

The 250 bp paired-end MiSeq run produced 5,057,077 reads, of
which 4,786,072 reads passed all quality control, denoising and chimera
removal steps. Rarefaction curves of observed and Shannon’s diversity
and a Good’s coverage of 96.5-99.8% for all samples in the rarefied
dataset suggest that 10,000 reads was appropriate and captures the vast
majority of microbial diversity in most samples (Figs. S2 and S3). The
Chaol diversity estimator ranged from 169.5 (T5 Jet Fuel Bottom sec-
tion) to 1377.003 (B6 Background Water Table) (Fig. S3). Background
‘Zone’ samples had the highest alpha diversity within each section,
except the Top section of D10b (Fig. S3). Two-way ANOVA showed that
the Zone (Background, Crude, Diesel or Jet Fuel) had a significant effect
on the Chaol diversity across the site (F = 5.267, df = 3, P = 0.009), but
neither Section (F = 2.665, df = 3, P = 0.08) nor the interaction of Zone
and Section (F = 0.725, df = 9, P = 0.681) had a statistically significant
effect. Pairwise Wilcoxon rank sum tests using a Benjamin-Hochberg
correction for multiple tests showed that Background samples had
significantly higher alpha diversity than Diesel (P = 0.048) and Jet Fuel
(P = 0.024) samples, but not Crude oil samples (P = 0.059) (Figs. S2
and S3). Multivariate dispersion was significantly lower for the Back-
ground Zone than all other Zones (betadisper F =13.26, df =3, P
< 0.001; TukeyHSD P < 0.001 for all Background Zone pairwise
comparisons), which indicated that Background sample Sections were
highly similar to each other. After rarefaction, averaging and predictive
metagenomic sequencing analysis, 7583 unique bacterial and archaeal
OTUs were identified and were assigned to Prokaryote taxa
(Figs. S2-54).

3.2.2. Community composition analysis

Background Sections at all depths and Top Sections of most cores
were characterised by high abundance of OTUs in the Methylomir-
abilaceae, Nitrosopumilaceae, Nitrosotaleaceae, Nitrososphaeraceae, and
Rokubacteriales. Community composition was more variable in deeper
sections of contaminated cores, but some common patterns were
evident. The Middle and Bottom sections of most contaminated cores
were charactersied by high abundance of OTUs in the Anaerolineaceae,
Methanocellaceae and Methanosaetaceae. Aminicenantales OTUs were
common in the Crude and Diesel cores only, whereas Smithellaceae and
Methanoreulaceae were more abundant in Diesel and Jet Fuel cores. In
contrast, the Middle Sections of Crude core T7 and Jet Fuel core D9 were
characterised by communities that included a high abundance of OTUs
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in the Geobacteraceae and Pseudomonadaceae. No Geobacteraceae OTUs
were detected in the Background core, with Pseudomonadaceae OTUs
only being detected in low abundances in the Bottom section. Meth-
anogenic families (e.g., Methanocellaceae and Methanosaetaceae) were
notably present throughout the site (Fig. 2).

After grouping by inferred functional potential, the CD group con-
tained 1831 OTUs, and were most commonly assigned to Geo-
bacteraceae, Comamonadaceae, Smithellaceae, —Methanoregulaceae,
Methanocellaceae, Nitrosopumilaceae, Pseudomonadaceae, and Desulfo-
capsaceae (Fig. S5a). The D group contained 3411 OTUs, which were
most commonly assigned to families including Nitrosotaleaceae, Anae-
rolineaceae, Methylomirabilaceae, Woesearchaeales, Methanocellaceae,
Methanobacteriaceae, Rokubacteriales, Dysgonomonadaceae, and Nitro-
sopumilaceae. The C group contained 938 OTUs, with high abundance
families including Rokubacteriales, Hungateiclostridiaceae and Omni-
trophaceae. Finally, the NCND contained 1403 OTUs with those assigned
to Anaerolineaceae, Aminicenantales and Methylomirabilaceae being most
abundant.

3.2.3. Beta diversity analysis

Non-metric multidimensional scaling (NMDS) ordination was un-
dertaken on the cores across the site. NMDS enabled a way to condense
information from multidimensional data, into an interpretable two-
dimensional dissimilarity ordination plot. In this molecular ecological
ordination, if the points were closer, then the corresponding OTUs
within the samples were more closely related. The Background core
samples from all depths clustered together, indicating that they were
highly similar in composition (Fig. 3). The majority of the Top sections
of the Jet fuel, Diesel and Crude Oil clustered with the Background. The
other contaminated sections formed two loose clusters: one comprised
the Middle and the Bottom sections of the Diesel and Crude Oil cores; the
other comprised samples from the Jet Fuel cores, T7 core and Top sec-
tion of D10a (both Crude Oil).

3.2.4. Environmental drivers of community structure and CD group OTU
distribution

Constrained ordination analysis was performed in order to better
understand the drivers of differences in community composition. The
stepwise model selection procedure selected depth and naphthalene
contamination as significant variables (Fig. 4A and S6). Constrained
ordination of a subset of samples for which a more extensive chemical
analysis was available further confirmed naphthalene and depth as
significant variables in addition to pH and arsenic concentration (Fig
S7). The following results and discussion focused on the results for the
statistically robust full sample dataset since both analyses identified
naphthalene as a major explanatory vector orthogonal to depth, and the
pH vector was congruent with the depth vector. Congruent with the
NMDS result, Background Zone samples clustered with samples from
Top and Water Table Sections and were influenced by low naphthalene
and depth with low contamination levels (Fig. 4A). The additional
analysis of the subset of samples suggests that higher arsenic may also
contribute to this observation (Fig. S7). However, the composition of
samples from some Jet Fuel and Crude Oil Zones were strongly influ-
enced by high naphthalene levels (Fig. 4A). The side-by-side comparison
of the db-RDA plots enabled easier interpretation of the relationship
between the OTUs in the predicted chemotactic and hydrocarbon
degrading groups and depth and naphthalene (Fig. 4B). The distribution
of a subset of OTUs appeared to be influenced by naphthalene
contamination and all were assigned to the CD group (Fig. 4B). Separate
subsets of OTUs assigned to the CD, D, and NCND groups were predicted
to be influenced by depth. The OTUs assigned to the C group were not
strongly influenced by either variable. The subset of CD OTUs influenced
by naphthalene were assigned to the four microbial families, Pseudo-
monadaceae, Desulfocapsaceae, Comamonadaceae and Geobacteraceae.
The subset of CD OTUs influenced by depth were assigned to three
families, Methanocellaceae, Nitrosopumilaceaes and Smithellaceae.
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A generalised linear model (GLM) assuming a binomial distribution
with a logit link function was used to test the relationship between the
occurrence of CD OTUs vs. Non-CD (C, D, NCND) OTUs and contaminant
concentration and depth (Table 1). CD OTU occurrence was found to be
significantly influenced by naphthalene contamination across the site,
with a significantly negative relationship with depth, as well as the
concentration of the soluble aromatic components, benzene and phen-
anthrene, across multiple vertical transects across the water table
(Table 1).

4. Discussion

This study tested the association and distribution of microbes and
petroleum LNAPL contaminants based on their inferred chemotactic and
hydrocarbon degrading ability across multiple vertical transects across
the water table of a legacy petroleum hydrocarbon site undergoing
NSZD. Samples with low contaminant concentrations, including all
Background sections and the Top sections of the Diesel, Crude Oil and
Jet Fuel cores, tended to have similar community structure and
composition, whereas the composition of deeper, more contaminated
sections was more influenced by contaminant type. Two independent
analyses identified naphthalene concentration as a driver of community
structure and CD OTU distribution. Concentrations of naphthalene were
found to have a significantly positive relationship with the occurrence of
predicted CD group microbes, while concentrations of benzene and
phenanthrene, along with depth, were significantly negatively related
(Table 1). OTUs that were particularly influence by naphthalene con-
centration were assigned to the four microbial families, Pseudomona-
daceae, Desulfocapsaceae, Comamonadaceae and Geobacteraceae. Existing
NSZD models do not incorporate the role of CD microbial taxa and the
results presented here provide further evidence supporting their inclu-
sion to improve prediction of risk and remediation of petroleum in
subsurface environments.

4.1. The role of predicted chemotactic and hydrocarbon degrading
communities in NSZD

As expected, CD OTUs were found at higher abundance in the
contaminated cores (Crude Oil, Jet Fuel and Diesel) in contrast to the
Background core (Fig. 2). Naphthalene concentration was identified as a
driver of CD OTUs distribution (Fig. 4A & B, Table 1). These CD OTUs
were assigned to the microbial families Geobacteraceae, Comamonada-
ceae, Pseudomonadaceae and Desulfocapsaceae (Fig. 4B). In particular,
Pseudomonadaceae, Geobacteraceae and Comamonadaceae appear to co-
occur in samples with similar community composition (Fig. 2).
Furthermore, the families Pseudomonadaceae, Comamonadaceae and
Geobacteraceae have been noted to contain members which are elec-
troactive microbes (Hassan et al., 2018) and family members are
involved in the formation of biofilms which can further enhance the
degradation of petroleum hydrocarbon compounds (Sharma et al.,
2020).

Comamonadaceae family members have been reported in other leg-
acy contaminated sites in Kuwait (Bruckberger et al., 2019). The family
includes specific genera, such as Comamonas which is similar to some
Pseudomonas species in its biology, ecology and ability to metabolise
aromatic compounds (Lessner et al., 2003). However, they generally do
not assimilate carbohydrates for growth, preferring organic acids and
aromatic compounds (Wang et al., 2019). The Acidovorax sp. strain JS42
is a notable example of a CD group microbe of the Comamonadaceae
family and has been specifically associated with aromatic and nitro-
aromatic degradation at manufacturing sites (Rabinovitch-Deere and
Parales, 2012).

All Geobacteraceae OTUs were classified as CD group taxa. Previous
work has shown that members of this family can degrade multiple hy-
drocarbons in LNAPLs and are strictly anaerobic (Kunapuli et al., 2010;
Zhang et al., 2014). However, chemotaxis towards hydrocarbons has not
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Fig. 2. Community composition heatmap of relative abundances arranged by similarity of distribution of the families in their chemotactic and hydrocarbon
degrading groups based on predictive metagenomic profiling. The heatmap is faceted by group, with the purple shading representing their relative abundance. The
Other taxa of each group contains microbes with a maximum relative abundance < 2%; including uncultured taxa, with unknown taxa also being shown. The y-axis
is arranged by similarity of distribution, with the x-axis being arranged by core section and contamination zone. The Background core is green, the Crude Oil cores are
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been observed, but Geobacteraceae species have been shown to be
chemotactic towards Fe (II) or Mn (II) oxide (Childers et al., 2002). It is
therefore likely that Geobacteraceae OTUs are chemotactic towards
compounds other than hydrocarbons, and that they may instead be
considered part of the D group.

Pseudomonadaceae are part of the Gammaproteobacteria class of mi-
crobes, with this class being reported previously in high abundances
throughout cores of a legacy petroleum hydrocarbon contaminated site
in Kuwait (Bruckberger et al., 2019, 2020). All of the CD group OTUs
from this family were from the genus Pseudomonas (Fig. S4), species of
which are generally aerobic Gram-negative rod-like bacteria, however
some members can also survive in certain anaerobic environments
(Sampedro et al., 2015; Lacal et al., 2011). Many Pseudomonas species
are able to degrade and/or metabolise many petroleum hydrocarbon
compounds (Lacal et al., 2011; Sampedro et al., 2015; Luu et al., 2015),
as well as being highly chemotactic towards aromatic hydrocarbons
found in petroleum LNAPL zones (Sampedro et al., 2015), thereby
potentially assisting in NSZD.

Members of Geobacteraceae and Pseudomonadaceae, G. sulfurreducens
and P. aeruginosa, have been reported to facilitate interspecies electron
transfer (IET). This permits extracellular electron exchange in environ-
ments of mixed resources (Semenec et al., 2018). P. aeruginosa has been
reported to exhibit both direct interspecies electron transfer (DIET) and
hydrogen interspecies electron transfer (IET) with G. sulfurreducens
(Semenec et al., 2018). This could be another reason for their
co-occurrence and is worthy of further investigation. The scope and
nature of chemotaxis in the Geobacteraceae family poses compelling
questions (Childers et al., 2002). Further research needs to be under-
taken to determine if members of the Geobacteraceae family are
chemotactic toward hydrocarbons, and their co-occurrence with Pseu-
domonadaceae species is due to their synergetic DIET relationship
(Semenec et al., 2018). Alternatively, their positioning within the sub-
surface could be due to a bacteria-bacteria transport (Sungthong et al.,
2016). This mode of transport is where Pseudomonadaceae or other mi-
crobes which are chemotactic directly towards petroleum hydrocarbons
drag the generally non-motile Geobacteraceae along its chemotactic
gradient towards hydrocarbon compounds (Sungthong et al., 2016;
Grenier, 2013; Stanton et al., 2017).

The other CD OTU influenced by naphthalene is assigned to the
genus Desulfoprunum (Figs. S5b and S5c) in the Desulfocapsaceae family
(Fig. 4B). This genus has been recorded at hydrocarbon contaminated
sites previously and are capable of using benzoate during sulfate

reduction (Zhuang et al., 2019; Pilloni et al., 2019). Chemotactic re-
sponses of this family and genera however have not been directly
observed but were inferred from the functional potential of genes pre-
sent in metagenome-assembled genomes (MAGs) found as epibionts in
Rimicaris exoculata shrimp in deep-sea hydrothermal vents and assigned
to this family (Cambon-Bonavita et al., 2021). The KEGG pathway for
naphthalene degradation includes benzoate degradation as a possible
next step in naphthalene degradation, as well as being a central inter-
mediary in the degradation of other petroleum hydrocarbons (Zhuang
et al., 2019; Pilloni et al., 2019). OTUs assigned to the families Pseu-
domonadaceae, Comamonadaceae and Geobacteraceae all possess this
pathway (Fig. S8). The negative relationship with depth and CD OTU
presence could be explained by the fact many of the CD microbes are
more tolerant of various environments and prefer to be where the
attractant (food source) is present (Sampedro et al., 2015; Lacal et al.,
2011; Kunapuli et al., 2010; Zhang et al., 2014).

Overall, these results indicate the presence of CD group OTUs (that
is, OTUs that were predicted to have the functional potential for
chemotaxis and hydrocarbon degradation) is positively associated with
naphthalene contamination and thus suggests a role for chemotaxis
assisted degradation contributing to NSZD of petroleum hydrocarbons.
In addition, these results have generated novel hypotheses regarding the
contribution of the four OTUs significantly associated with naphthalene.
Further research is needed to characterise the role of the CD OTUs in the
families Pseudomonadaceae, Desulfocapsaceae, Comamonadaceae and
Geobacteraceae in order to define their contribution to NSZD. Further
research will lead to a more accurate understanding of the role
chemotaxis plays in NSZD and lead to better mitigation of risk from
petroleum releases.

4.2. Community connections between CD and D group microbes

A subset of CD OTUs assigned to Smithellaceae (assigned to the genus
Smithella) (Fig. S4) and Methanocellaceae (assigned to the genus Meth-
anocella) (Fig S4) were found to be significantly associated with
increasing depth. Smithellaceae were recorded throughout the site,
however at an elevated presence in the cores D10a (Crude Oil), T5 (Jet
Fuel), and D6 (Diesel). Members of the family are sulfate-reducing,
strictly anaerobic and hydrocarbon degrading microbes (Embree et al.,
2014; Tischer et al., 2013), which may possess the ability for chemotaxis
(Wawrik et al., 2016). Family members have been linked with playing a
role in anaerobic syntrophic food chains (Embree et al., 2014; Tischer
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Fig. 4. Distance-based Bray-Curtis con-
strained redundancy ordination analysis
(db-RDA) of samples and individual OTUs.
In both figures naphthalene and depth are
the significant variables, but only shown in
panel A. (A) A db-RDA of samples and sig-
nificant variables (p < 0.05) following step-
wise model selection. Naphthalene and
depth are the significant variables, with the
length of the arrows gauging relative sig-
nificance of each variable, the longer the
arrow the greater the influence the variable
has. The first axis (CAP1) explains 6.37% of
variation across samples, with the second
axis (CAP2) explaining 5.2% of variation,
with the db-RDA explaining 13.2% of total
variation. The Background samples are
green, Crude Oil is orange, Diesel Fuel is
blue and Jet Fuel is pink, with core sections
through the water table being illustrated by
shapes, and the different line types showing
the differences between the cores. Circles
represent the Top section, squares represent
the Water Table section, diamonds repre-
sent the Middle section and triangles
represent the Bottom section, line-types link
core samples. (B) Different chemotactic and
hydrocarbon degrading groups, the taxa of
notable OTUs and how they are driven by
significant variables within the db-RDA.
The C group is red, the CD group is green,
the D group is blue and the NCND group is
purple.
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Table 1

Statistical summary of the generalised linear model developed to investigate
chemotaxis and hydrocarbon degradation across the legacy petroleum hydro-
carbon site.

Dependent variable

Frequency of CD OTUs vs. non-CD OTUs

Depth Estimate —0.040
Pr(>|z]) = 0.0137*
Benzene Estimate —0.201
Pr(>|z|) = <2e-16***
Naphthalene Estimate 0.273
Pr(>|z]) = <2e-16***
Phenanthrene Estimate —0.125
Pr(>|z]) = 1.1e-11%
Constant Estimate —0.936
Pr(>|z|) = <2e-16***
Observations 34
Log Likelihood -545.707
Akaike Inf. Crit 1,101.413

Note: *p < 0.1; **p < 0.05; ***p < 0.01

et al., 2013). Interestingly, a CD OTU in the Methanocellaceae, a petro-
leum hydrocarbon degrading and potentially chemotactic family (Sakai
et al., 2010, 2011) co-occurred with a CD OTU in the Smithellaceae
(Fig. 2). Co-occurrence of these families has been previously reported by
others (Tischer et al., 2013). Members of the Methanocellaceae are
capable of both anoxic and oxic methanogenesis (Angel et al., 2011).
Methanogenesis has been commonly reported in groundwater at the site
(King, 2009). This could explain its presence above and below the water
table in cores D6 and D7, where it has been hypothesised to act as
scavengers for hydrogen, working with Smithellaceae and other related
families (Tischer et al., 2013).

Although our study has focused on inferred chemotaxis assisted hy-
drocarbon degradation, the role of other non-chemotactic functional
groups in NSZD is of interest. For example, Tischer et al. (2013),
described a methanogenic and potentially hydrocarbon degrading con-
sortium that included CD group taxa, such as Smithellaceae and Meth-
anocellaceae and D grouped taxa such as members of the acetoclastic
Methanosaetaceae family and the hydrogenotrophic family Methanor-
egulaceae. Interestingly, this consortium was able to reduce volatile fatty
acid accumulation, therefore liberating the molecules required to
enhance chemotactic activity within the subsurface (Zhang et al., 2020).
Methanogenic families, such as Methanobacteriaceae have been reported
previously at legacy petroleum hydrocarbon sites such as the Huabei
Oilfield, China (Tan et al., 2015). Interestingly, some Acinetobacter
species are known to be capable of chemotaxis assisted alkane and hy-
drocarbon degradation (Li et al., 2017; Zhang et al., 2012), however the
OTUs assigned to Acinetobacter species in this study were found to be
assigned to the D group which were predicted to be non-chemotactic.
This further emphasises the importance of this functional group in
NSZD. In summary, the D group microbes are potentially a valuable
avenue of further study, both to evaluate CD community interaction and
to understand their combined role in NSZD.

5. Conclusions

This novel study defines the distribution and associations of indige-
nous microbes based on their predicted chemotactic and hydrocarbon
degrading ability across the water table of a legacy petroleum hydro-
carbon site. It provides an unprecedented view of the microbial func-
tional metabolic groups operating across the water table of an
unconfined superficial sand aquifer undergoing NSZD spanning a range
of LNAPL types, water saturations, LNAPL component concentrations
and air phase conditions. Critical distributions and associations have
been defined for three petroleum types, crude oil, diesel fuel and jet fuel,
and compared to a background location in the same hydrogeochemical
and lithological setting. This forms a valuable foundation for future
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research to explore this important biological phenomenon. Naphthalene
concentration was found to be a driver for the presence of potentially
chemotactic and hydrocarbon degrading microbes. Further investiga-
tion is required to confirm this association and to assess the role of OTUs
identified as being influenced by naphthalene concentrations during
LNAPL NSZD. Moreover, further research is required to investigate how
the CD and D group OTUs, including methanogens, interact to promote
NSZD. Addressing these challenges will enable the development of more
sophisticated models (Sookhak Lari et al., 2021) incorporating such
biological processes to more accurately predict NSZD outcomes.
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