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Abstract The tendency for chlorinated aliphatics and
aromatic hydrocarbons to accumulate in environments such
as groundwater and sediments poses a serious environmental
threat. In this study, the metabolic capacity of hydrocarbon
(aromatics and chlorinated aliphatics)-contaminated
groundwater in the KwaZulu-Natal province of South Africa
has been elucidated for the first time by analysis of pyrose-
quencing data. The taxonomic data revealed that the
metagenomes were dominated by the phylum Proteobacte-
ria (mainly Betaproteobacteria). In addition, Flavobacteri-
ales, Sphingobacteria, Burkholderiales, and Rhodocyclales
were the predominant orders present in the individual me-
tagenomes. These orders included microorganisms (Flavo-
bacteria, Dechloromonas aromatica RCB, and Azoarcus)
involved in the degradation of aromatic compounds and
various other hydrocarbons that were present in the
groundwater. Although the metabolic reconstruction of the
metagenome represented composite cell networks, the
information obtained was sufficient to address questions
regarding the metabolic potential of the microbial commu-
nities and to correlate the data to the contamination profile of
the groundwater. Genes involved in the degradation of
benzene and benzoate, heavy metal-resistance mechanisms
appeared to provide a survival strategy used by the microbial
communities. Analysis of the pyrosequencing-derived data
revealed that the metagenomes represent complex microbial
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communities that have adapted to the geochemical condi-
tions of the groundwater as evidenced by the presence of key
enzymes/genes conferring resistance to specific contami-
nants. Thus, pyrosequencing analysis of the metagenomes
provided insights into the microbial activities in hydrocar-
bon-contaminated habitats.

Keywords Hydrocarbon-contaminated metagenomes -
Taxonomic assignments - Metabolic profiles

Introduction

Groundwater environments can hold the largest pool of
microorganisms in the biosphere with estimates of bacterial
abundances reaching 3.8-6.0 x 10°° cells [37]. However,
the complete characterization of microbial communities in
natural systems remains a challenge due to their high
diversity and the uncultured status of approximately 99 % of
the microbial population [14]. However, the emergence of
metagenomic techniques has provided researchers with the
tools to resolve the full extent of the uncultured microbial
diversity as well as allowed access to the biochemical
pathways within these uncultured microorganisms [19].
High-throughput pyrosequencing technology, which does
not require cloning or PCR amplification, has been recently
applied in the metagenomic characterization of environmental
microbial communities [36]. This approach has increased the
number and scope of metagenomic sequencing projects [16].
Sequencing of microbial communities from several environ-
ments, including acid-mine drainage, marine water, sedi-
ments, and soil have provided insights regarding novel gene
discovery, metabolism, community structure, function, and
evolution [14] and thus opens a new window to the hidden
world of microbial communities. The sites investigated in this
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study were within an industrial plant which has been in
operation for the past 60 years. During this time, an array of
anthropogenic pollutants (chlorinated aliphatics and aromat-
ics) have been deposited at the plant with seepage into the
subsurface environments which could potentially contami-
nate the surrounding potable water source posing serious
problems on human health. The duration, cost, and uncertain
success of pumping out of these contaminants are daunting
obstacles both to the protection of groundwater and to the
recycling and re-development of industrially contaminated
land [31]. However, microorganisms have been shown to
evolve an extensive range of enzymes and pathways that are
able to degrade a wide array of xenobiotics [22].

In this study, we investigated the taxonomic and meta-
bolic profiles of the resident microbial communities from
two hydrocarbon-contaminated groundwater samples to
gain insights into the adaptation of the microbial commu-
nities to severe environmental contamination. In addition,
mechanisms for the detoxification of environmental con-
taminants from the sequence data were predicted.

Materials and Methods
Site Sampled

Groundwater samples were collected from two boreholes,
designated Borehole 1 and Borehole 2 within a contami-
nated site from KwaZulu-Natal, South Africa, in April
2009. This site has been in operation since 1907, during
which time a diverse range of chemicals including chlorine,
herbicides, pesticides, paints, and explosives have been
manufactured. In addition, an assessment of the studied site
conducted by Palmer et al. [30] showed that the waste
deposited at the site is comprised mainly of chlorinated
hydrocarbons, a number of inorganics, predominantly
BTEX (benzene, toluene, ethylbenzene, and xylene). A
total volume of 5 L was collected from a depth of 15 m and
transferred to sterile Schott bottles. Upon collection, the
samples were transported to the laboratory at room tem-
perature. The pH and temperature of the water measured on
site was shown to be 5.96 and 25 °C, respectively.

Analysis of the Contaminated Water Samples

The groundwater was analyzed to determine the level of
volatile organic compounds (VOC) as well as the major
cations present in the groundwater. The VOC analysis
(Table 1) was carried out in duplicate by purge and trap
GC-MS at the Council of Scientific and Industrial
Research (CSIR) in Modderfontein, South Africa. The
presence of major cations was performed by CLEAN
STREAM Scientific Services (Pty) Ltd., Pretoria, South

Africa, and the data are represented in Table 2. A paired
t test was used to compare the level of contamination
(VOC) and chemical properties (cations) of the two
Boreholes.

Isolation of Total DNA

A total volume of 5 L for each sample was filtered using a
47-mm Advantec water filtration system (Toyo Roshi
Kaisha, Ltd.) fitted with a 0.22-um nylon filter (Satorius).
Filters were then washed overnight in PBS at 4 °C. Fol-
lowing washing, the filters were vortexed to dislodge the
sample matrix from the filter and centrifuged to pellet the
sample material. The filters were discarded and the DNA
isolation was performed on the resultant pellet. DNA was
isolated using the UltraClean Soil DNA Kit (MoBio Labo-
ratories, Inc.). Numerous DNA isolation kits were tested;
however, the best performance was recorded with the above-
mentioned kit. The resulting DNA preparations were quan-
tified and checked for purity using the Nanodrop 1000
Spectrophotometer (Thermo Scientific). Owing to the low
microbial biomass in groundwater systems, we used multiple
displacement amplification before pyrosequencing. This
method has been used widely to amplify DNA before
sequencing [37]. In this study, GenomiPhi was used on both
water samples analyzed here, therefore any bias in the pro-
cess is applied to both samples.

Pyrosequencing and Analysis of GS FLX Titanium
Data

DNA was sequenced (70 x 75 mm PicoTitrePlate) on a
Roche GS FLX titanium pyrosequencer. Pyrosequencing
library construction and sequencing was performed as
described by Margulies et al. [25]. The raw reads obtained
were assembled into contigs using the CLC Genomics de
novo assembly tool default settings (Aarhus, Denmark).
Raw 454 reads were directly exported to the database. Fol-
lowing sequencing, simple contig sequences were created
using all the information which was in the read sequences.
This was the actual de novo part of the process. These simple
contig sequences do not contain any information about
which reads the contigs are built from. Second, all the reads
were mapped using the simple contig sequence as reference.
This was done to show, e.g., coverage levels along the
contigs and enabling more downstream analysis like SNP
detection and creating mapping reports. The output of the
assembly was not a graph, but a list of contig sequences.
When all the previous optimization and scaffolding steps had
been performed, a contig sequence was produced for every
non-ambiguous path in the graph. If the path was not fully
resolved, Ns were inserted as an estimation of the distance
between two nodes.
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Table 1 VOC analysis of contaminated water samples

Sample ID Borehole 1 (pg/L) Borehole 2 (ng/L) Sample ID Borehole 1 (pg/L) Borehole 2 (ng/L)
Dichlorodifluoromethane <10 <10 Dibromochloromethane <10 <10
Vinyl chloride 790 2800 1,2-Dibromoethane <10 <10
Trichlorofluoromethane <10 <10 Chlorobenzene 83 <10
1,1-Dichloroethene 1300 <10 1,1,1,2-Tetrachloroethane <10 <10
Dichloromethane <40 <40 Ethylbenzene <10 <10
trans-1,2-Dichloroethene 40 24 m,p-Xylene <20 <20
1,1-Dichloroethane 210 <10 o0-Xylene <10 <10
cis-1,2-Dichloroethene 2100 1300 Styrene <10 <10
2,2-Dichloropropane <10 <10 Bromoform <10 <10
Bromochloromethane <10 <10 Isopropylbenzene <10 <10
Chloroform 120 <10 1,1,2,2-Tetrachloroethane 19 46
1,1,1-Trichloroethane <10 <10 1,2,3-Trichloropropane 15 <10
1,1-Dichloropropene <10 <10 Bromobenzene <10 <10
Carbon tetrachloride <10 <10 n-Propylbenzene <10 <10
1,2-Dichloroethane 480 39 2-Chlorotoluene <10 <10
Trichloroethene 390 260 1,3,5-Trimethylbenzene <10 <10
1,1,1,2-Tetrachloroethane <10 <10 4-Chlorotoluene <10 <10
Benzene 25 <10 tert-Butylbenzene <10 <10
1,2-Dichloropropane <10 <10 1,2,4-Trimethylbenzene <10 <10
Dibromomethane <10 <10 sec-Butylbenzene <10 <10
Bromodichloromethane <10 <10 4-Isopropyltoluene <10 <10
1,1,2-Trichloroethane 1900 <10 1 1,3-Dichlorobenzene <10 <10
1,3-Dichloropropane <10 <10 1,4-Dichlorobenzene <10 <10
1,2-Dibromo-3-chloropropane <10 <10 n-Butylbenzene <10 <10
1 1,2,4-Trichlorobenzene <10 <10 1,2-Dichlorobenzene 10 <10
Hexachlorobutadiene 12 <10 Naphthalene <10 <10
1,2,3-Trichlorobenzene <10 <10

Table 2 Major cations present in the contaminated samples

Cation (mg/L) Site 1 Site 2
Calcium (Ca) 80.278 473.515
Magnesium (Mg) 22.003 807.58
Sodium (Na) 359.35 1000.24
Potassium (K) 5.371 13.992
Aluminum (Al) <0.006 <0.006
Iron (Fe) 0.028 0.035
Manganese (Mn) 0.012 5.402
Total chromium (Cr) 0.002 0.025
Copper (Cu) 0.028 0.31
Nickel (Ni) 0.02 0.348
Zinc (Zn) 0.009 0.082
Cobalt (Co) <0.002 <0.002
Cadmium (Cd) <0.001 <0.001
Lead (Pb) 0.03 0.29
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The assembled data was annotated using the MetaGenome
Rapid Annotation using Subsystem Technology (MG-RAST)
[28]. In addition, the raw reads were imported into
MG-RAST; however, the data output obtained were not dif-
ferent from the data obtained with the assembled reads.
MG-RAST performs a normalization step for all uploaded
data. This step involves the generation of unique internal IDs
and the removal of exact duplicate sequences from 454
datasets (These sequences are an artifact of the sequencing
technique and are not scientifically meaningful). The proce-
dure included two steps which were applied, independently, to
each metagenomic sample: transformation and standardiza-
tion. After each sample had undergone transformation and
standardization, the values for all considered samples were
scaled from O (the minimum value of all considered samples)
to 1 (the maximum value of all considered samples). This was
a uniform scaling that does not affect the relative differences
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of values within a single sample or between/among two or more
samples. This procedure placed all values on a scale fromOto 1,
and was used to produce figures where the entire abundance
range (for all samples under consideration) was expressed on a
scale from O to 1. This eliminates negative abundance values
presenting all abundance counts in a more intuitive scale. The
sequences were then screened for potential protein encoding
genes by means of a BLASTX search against the SEED com-
prehensive non-redundant database. All BLAST searches were
performed using an expected value of 1 x 10~ and a mini-
mum alignment length of 50 bp. At this cutoff, 3 of the
observed hits would be expected to occur at random [2].

Results and Discussion
Analysis of the Groundwater Samples

Data obtained for the VOC and major cation analysis of the
samples are represented in Tables 1 and 2, respectively.
According to the VOC analysis, low to moderate concen-
trations of aromatics, such as benzene, and chlorinated
aliphatic hydrocarbons (CAHs), such as vinyl chloride
(VC), trans-1,2-dichloroethene, cis-1,2-dichloroethene, 1,2-
dichloroethane (DCA), trichloroethene (TCE) and tetra-
chloroethene (PCE), were detected at the individual sites
(Table 1). However, there was no significant difference
(p = 0.377) in the concentrations of the organic compounds
present in the individual boreholes. We can only assume that
the higher concentration of VC (2,800 pg/L) observed in
Borehole 2 when compared to borehole 1 (790 pg/L) may be
indicative of biodegradation of chlorinated hydrocarbons by
the resident microbial community in that sample. This would
also suggest that the microbial community harbors catabolic
pathways for CAHs [9]. In addition, the low concentration
observed for benzene (<10 pg/L) also suggested the pres-
ence of possible aromatic degradative pathways. However,
the amplification of benzene-degradative genes by gene-
specific PCR merits future research, which will contribute to
more conclusive evidence regarding the presence of benzene
catabolic genes. However, VOC analysis of Borehole 1
revealed higher concentrations of PCE, TCE, and cis-1,2-
DCE, but a lower concentration of VC, suggesting that the
resident microbial community is yet to acquire catabolic
genes for the CAHs or that the genes may be present, but their
expression requires an external source for stimulation (e.g.,
vitamins and nutrients). However, all these assumptions
need to be validated with the sequence data. Although the
cationic composition of the groundwater indicated that the
calcium concentration was 5-fold, magnesium 36-fold,
sodium 2-fold, and potassium 2-fold higher in Borehole 2
than in Borehole 1 (Table 2), statistical analysis revealed
that there was no significance difference (p = 0.09) in the

levels of major cations in both the samples. Therefore, the
direct contribution of the cations in the sample that may act
as biostimulants for degradation of the contaminants cannot
be confirmed. However, by analyzing the taxonomic distri-
bution and metabolic potential of the microorganisms pres-
ent in the individual boreholes, a more holistic view of the
processes taking place at the sites will be achieved.

Overview of the Metagenomic Sequencing

Pyrosequencing generated data was used to analyze the
composition and metabolic potential of the microbial
communities present in the individual metagenomes. The
dataset for Borehole 1 (MG-RAST ID: 4450733.3) con-
tained 4,573 sequences totaling 3,967,039 basepairs with an
average length of 867 bps. Zero sequences (0.0 %) failed to
pass the QC pipeline. From the dataset, 3,139 sequences
(68.6 %) contain predicted proteins with known functions
and 1,426 sequences (31.2 %) contain predicted proteins
with unknown function. Likewise, the dataset for Borehole
2 (MG-RAST ID: 4450734.3) contained 8,091 sequences
totaling 4,524,932 base pairs with an average length of
559 bps. Zero sequences (0.0 %) failed to pass the QC
pipeline. Of the sequences that passed QC, 45 sequences
(0.6 %) contain ribosomal RNA genes. Of the remainder,
4,694 sequences (58.0 %) contain predicted proteins with
known functions and 3,297 sequences (40.7 %) contain
predicted proteins with unknown function.

Phylogenetic Composition of the Bacterial Community

The phylogenetic diversity of the metagenome was asses-
sed by the evaluation of similarities to conserved protein
families and domains in the pyrosequencing data set using
MG-RAST’s underlying SEED database [28] and CARMA
[21]. CARMA involves the characterization of species
composition and the genetic potential of microbial samples
using short reads. In contrast to the traditional 16S-rRNA
approach for taxonomical classification, CARMA uses
reads which encode for known proteins. By assigning the
taxonomic origins to each read, a profile is constructed
which characterizes the taxonomic composition of the
corresponding community.

A shiftin dominant taxa was seen between Borehole 1 and
Borehole 2 with different communities inhabiting each
environment. Based on the data obtained, bacterial sequen-
ces dominated the boreholes with the majority of the
sequences belonging to the phylum Bacteriodetes and Pro-
teobacteria repectively. In addition, the current study
employed further phylogenetic analysis by amplifying the
bacterial 16S rRNA variable regions, conducting denaturing
gradient gel electrophoresis (DGGE) analysis and
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sequencing of 15 of the most dominant DGGE bands (data
not shown). However, it was observed that sequence data
obtained from a 200-bp product is not adequate for providing
an absolute phylogenetic affiliation; it is a mere estimation of
the microbial population present in that community. The data
obtained with CARMA [21] confirmed the sequence data
obtained with the SEED analysis (Figs. S1, S2).

Comparisons of the sequences to MG-RASTSs underly-
ing SEED database revealed that Borehole 1 was domi-
nated by the Bacteriodetes (Fig. 1a) to which most of the
sequences belonged to Flavobacteriales and Sphingobac-
teria (Fig. 2a). The dominant phylum present in Borehole 2
was Proteobacteria (Fig. 1b) of which most of the prote-
obacterial sequences were assigned to the class Betapro-
teobacteria. In addition, the majority of the bacterial
sequences that dominated Borehole 2 belonged to the
orders Burkholderiales and Rhodocyclales (Fig. 2b).

A study conducted by Schmeisser et al. [34] revealed that
a drinking water biofilm 16S rRNA clonal library contained
a vast majority of clones belonging to the bacterial phylo-
type Flavobacterium-Bacteroides group, as evidenced in
this study. In subsurface communities when nutrient levels
are low, microbes attach themselves to sediment particles
and biofilms. Therefore, microbes dominating groundwater
systems are commonly found attached to surfaces rather
than being in suspension [37]. Within, the current study’s
dataset sequences contributing to biofilm formation were
identified such as exopolysaccharides (rhamnose-contain-
ing glycans). During the sampling process, it was possible
that the biofilms were dislodged, thus being present in the
sample which was processed.

However, of interest to the current study, was data
reported by [13] who highlighted the hydrocarbon degra-
dative properties of Flavobacterium isolates. In addition,
previous studies reported on the bioremediation of poly-
cyclic aromatic hydrocarbons using a bacterial consortium
[18, 23] with Sphingobacteria shown to be one of the
dominant microorganisms present in these environments.
In this study, Borehole 1 was also shown to be a dominated
by Sphingobacteria.

A study conducted by Aburto et al. [1], which investigated
benzene biodegradation in hydrocarbon-contaminated
groundwater, showed that the most abundant phylogenetic
group of Bacteria in the most contaminated groundwater was
the Betaproteobacteria. In this study, Borehole 2 was dom-
inated by Betaproteobacteria and this was evidenced by an
over-representation of Burkholderiales and Rhodocyclales
(Fig. 2b). Burkholderiales were shown to dominate a stres-
sed groundwater microbial community which had been
exposed to high concentrations of heavy metals, nitric acid,
and organic solvents for about 50 years [14].

Similarly, Rhodocyclales were shown to be over-repre-
sented in an unconfined groundwater system which was
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shown to contain an abundance of resistance genes (anti-
biotic resistance). In addition, Rhodocyclales are well
known for their ability to degrade aromatic compounds
[37]. Previous studies have shown that microorganisms
such as Azoarcus sp. EbN1 and Dechloromonas aromatica
RCB, which belong to this order, have been implicated in
the degradation of hydrocarbons present in contaminated
sites, which is characteristic of the groundwater samples in
this study [3, 32, 35]. In addition, the files containing data
obtained by protein recruitment plots showed the greatest
similarity to Dechloromonas aromatica RCB and Azoarcus
sp. EbN1 (Additional Files 1 and 2 in Supplementary
Material). The recruitment plot tool was used to provide a
selected sequenced microbial genome as a scaffold to map
metagenome-derived sequences to only sequences which
were annotated from a metagenome used as the queries.
The initial view provided a ranked list of microbial gen-
omes that contained the most number of matched sequen-
ces from the metagenome. This gave an indication of the
relative representations in terms of genomic content found
within the metagenome. These results generated from the
recruitment plots showed the link between the contamina-
tion profile of the groundwater samples and dominant
microorganisms present. Previous studies [3, 32, 35] have
reported that Dechloromonas aromatica and Azoarcus
possess enzymes which make up pathways involved in the
degradation of hydrocarbons [11], Azoarcus evansii has
also been shown to utilize benzoate, 3-hydroxybenzoate,
and gentisate aerobically as sole sources of carbon and
energy sources [3]. In addition, studies conducted by [42]
have also confirmed the ability of Azoarcus to utilize
benzoate as the sole carbon and energy source. Therefore,
it is possible that a similar scenario is taking place in the
groundwater communities. However, there is still a need
for further investigation regarding this assumption.

Strains of Dehalococcoides involved in the dechlorina-
tion of various CAHs were also shown to be present in
Borehole 2 (Fig. S5 in Supplementary Material) albeit at a
moderate level.

Bacteria have been shown to play a major role in
hydrocarbon degradation due their ability to utilize the
hydrocarbons to satisfy their cell growth and energy needs.
According to [41], bioremediation of sites which are
severely polluted is achieved by the synergistic interactions
of members of the microbial population. It is possible that
one type of microorganism removes the toxic metabolites
that may inhibit the activities of other microorganisms
present in the population. In addition, one microorganism
may be able to degrade compounds that another degrades
only partially. These findings provided evidence regarding
the adaptive abilities of microbial populations residing in
contaminated environments. However, to draw similar
conclusions from the current study, the microorganism
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will need to be isolated from the sample material and their
hydrocarbon degradative abilities elucidated.

Metabolic Profile of the Metagenomes

By translating the nucleotide sequences in all six reading
frames and mapping the translated sequences to known
proteins present in the SEED database, a metabolic profile
of the metagenome was generated using the MG-RAST
pipeline. This approach has previously been used to ana-
lyze the metabolic signatures of a number of metagenomes
[38]. The analysis (annotation) was performed by MG-
RAST’s underlying SEED database [28]. The annotation
using SEED occurs through the development of subsys-
tems. Subsystems are referred to as groups of genes that
function together, the products of which are involved in a
metabolic pathway or make up a cellular structure [10].

_
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The metabolic pathways are classified in a hierarchical
structure. At the highest level of organization, the subsys-
tems include both catabolic and anabolic functions and at
the lowest levels, the subsystems are specific pathways
[33]. A summary of the subsystem categories is shown in
(Fig. 2) and all matches to subsystems are provided as
supplementary material (Additional Files 3 and 4).

The subsystems present in the sequenced groundwater
samples indicated that the pyrosequencing-generated data
represented a large percentage of clustering-based subsys-
tems, protein metabolism, carbohydrates, cell wall and
capsule, amino acids and derivatives, and respiration. In
addition, the metabolic potential that was expected to be
present in the contaminated groundwater, namely the
metabolism of aromatic compounds, was evident (Fig. 3).
Genes involved in the degradation of aromatics (benzene
and benzoate), efflux components (CzcABC, CzcD), MarA
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Fig. 2 Taxonomic assignments according to order of the pyrose-
quencing data using the MG-RAST’s-underlying SEED database.
This data were calculated using a maximum e-value of le—0, a
minimum identity of 0 %, and a minimum alignment length of 1. The
data have been normalized to values between O and 1. a Borehole 1
shows that the majority of the sequences cluster within the order

family, and MerR were most likely associated with a sur-
vival strategy of the microbial communities present at the
contaminated sites.

Therefore, the subsystems present in the metagenomes
may provide some insight into the microbial ecology of the
environment [10].

Metabolic Reconstruction of the Metagenomes

Metabolic reconstruction was performed to determine the
metabolic capabilities of the microbial community.
Sequence coverage of the metagenomes was sufficient for
the metabolic reconstruction. Although the reconstruction
represents composite cell networks, the information
obtained is sufficient to address questions regarding the
metabolic potential of the microbial communities and to
correlate the data to the contamination profile of the
groundwater. Identification of carbon transport systems
suggests that the microbial communities persist primarily
on monosaccharides and disaccharides. A complete TCA
pathway was identified; however, partial pathways for
pentose phosphate and the urea cycle were identified. In
addition, complete and partial pathways were also identi-
fied for the degradation of specific contaminants (e.g.,
benzene, benzoate, and 1,2-dichloroethane).

Fermentative pyruvate conversion enzymes (pyruvate
formate-lyase and pyruvate/ferredoxin oxidoreductase)

@ Springer

Flavobacteria and Sphingobacteria which house an aromatic degra-
dative potential, b Borehole 2 displayed a majority of SEED hits with
Burkholderiales and Rhodocyclales (hydrocarbon degraders). Both
these orders contain species that are reported to use hydrocarbons as a
sole energy source

were identified. It is unclear whether microbial community
carries out fermentation to a significant degree as compared
to respiration although fermentative species such Clostrid-
iales were shown to be present at moderate levels (Fig. S3).

Genes involved in both aerobic and anaerobic respiration
were identified in the metagenomes. There was an abun-
dance of genes involved in aerobic respiration, whereby
electrons are transferred from hydrogenases to quinones
(e.g., ubiquinone) and then to cytochromes as compared to
genes involved in anaerobic respiration (nitrate reductase
and glutamine synthase-like genes). Aerobic respiration in
many bacteria is performed by oxygen reductase members
(e.g., cytochrome c oxidase) of the heme-copper oxidore-
ductase superfamily [7]. These redox-driven proton pumps
couple the reduction of O, to the translocation of protons
across the membrane. Genes/enzymes involved in the bio-
genesis of cytochrome C oxidases (complex [-IV) were
shown to be prevalent in the metagenomes.

The presence of genes involved in nitrogen metabolism
(assimilatory nitrate reduction, ammonia assimilation, and
allantoin degradation) was identified and this implied that
respiration involving inorganic nitrogen sources is present in
the groundwater communities. The most abundant nitrogen-
cycling genes were shown to be involved in ammonia
metabolism, and it appears that the ammonia is being pro-
duced through a combination of nitrate/nitrite ammonifica-
tion and allantoin degradation. Similar observations were
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4 Fig. 3 Subsystems present in the groundwater samples following
normalization to reduce redundancies in the sequence data as
conducted by MG-RASTSs annotation. For both sequenced sites, a
majority of the sequences was classified as clustering-based systems
and carbohydrate metabolism. Despite the identification of composite
cell networks for both sequenced samples, a category denoted
metabolism of aromatic compound was shown to be present. The
Borehole 2 (b) metagenome contained a larger percentage of
hydrocarbon degradative genes when compared to the Borehole 1
metagenome (a) and this is also linked to the observed degradation
profiles (obtained from VOC and GC analysis) of these compounds
within the sampled sites

Proteobacteria, which are known to be metabolically ver-
satile facultative aerobic bacteria [6].

Among the major anthropogenic pollutants, chlorinated
aliphatics and aromatics are of great concern in environ-
ments such as groundwater and sediments where they tend
to accumulate [26]. The duration, cost, and uncertain suc-
cess of pumping out dissolved contamination is a daunting
obstacle both to the protection of groundwater and to the
recycling and re-development of industrially contaminated
land [12]. Their environmental persistence, toxicity, and/or
carcinogenicity and potential for bioaccumulation in food
chains are of serious environmental concern [15]. Degra-
dation of contaminants requires specific specialized multi-
step pathways [40]. Microorganisms have been shown to
evolve an extensive range of enzymes and pathways that
enable them to degrade a wide array of xenobiotics [22].

Chlorinated compounds are probably the most important
class of environmental pollutants and include numerous
halogenated compounds [27]. Chlorinated ethenes can be
biologically degraded to less-chlorinated and, in some
cases, completely dechlorinated to the non-toxic end
product ethane [17]. As mentioned previously, strains of
Dehalococcoides, belonging to the phylum Chloroflexi
were reported to be associated with the degradation of
chlorinated hydrocarbons [27]. This genus was shown to be
present at a moderate level in Borehole 2. In addition, in a
previous study conducted by our research group (data not
published), the degradation of CAHs was assessed by gas
chromatography. The results obtained indicated that PCE,
TCE, DCE, and DCA were readily degraded by the
microbial communities present at the contaminated sites.
However, the higher concentration of CAHs observed in
Borehole 1 as compared to Borehole 2 could be attributed
to the very low levels of the phylum Chloroflexi, being
present. This phylum includes strains involved in CAH
degradation (Fig. S2).

In this study, several putative degradative pathways for
specific compounds were determined (e.g., butanol
[butyryl-CoA dehydrogenase] and 1,2-DCA).

As shown in Table 1, a higher degradation potential for
1,2-DCA, the degradation product of TCE, resulting in an
accumulation of VC was observed at Borehole 2 as com-
pared to Borehole 1. However, we were unable to identify a
complete CAH degradative pathway.

Table 3 Collection of gene products associated with benzoate/benzene catabolism and degradation accessed from both metagenomes (Borehole

1 and 2)

Gene products

Function

2-Ketocyclohexanecarboxyl-CoA hydrolase (EC 4.1.3.36)
Beta-ketoadipate enol-lactone hydrolase (EC 3.1.1.24)
3-Oxoadipate CoA-transferase subunit A (EC 2.8.3.6)

Mandelate racemase/muconate lactonizing enzyme family protein
4-Oxalocrotonate decarboxylase (EC 4.1.1.77)

Phenol hydroxylase large subunit

2-Hydroxymuconic semialdehyde hydrolase (EC 3.7.1.9)
3,4-Dihydroxyphenylacetate 2,3-dioxygenase (EC 1.13.11.15)

5-Carboxymethyl-2-hydroxymuconate semialdehyde dehydrogenase
(EC 1.2.1.60)

2,4-Dihydroxyhept-2-ene-1,7-dioic acid aldolase (EC 4.1.2.-)
3-Oxoadipate CoA-transferase subunit B (EC 2.8.3.6)
Benzoate 1,2-dioxygenase (EC 1.14.12.10)

Benzoate dioxygenase, ferredoxin reductase component
Benzoate catabolic operon transcription regulator

Aromatic hydrocarbon utilization transcriptional regulator CatR
(LysR family)

BenABC operon transcriptional activator BenR

Benzoate transport protein

Anaerobic benzene ring biodegradation

Catechol branch of beta-ketoadipate pathway

Catechol branch of beta-ketoadipate pathway

Catechol branch of beta-ketoadipate pathway

Central meta-cleavage pathway of aromatic compound degradation
Central meta-cleavage pathway of aromatic compound degradation
Central meta-cleavage pathway of aromatic compound degradation
Central meta-cleavage pathway of aromatic compound degradation

Central meta-cleavage pathway of aromatic compound degradation

Central meta-cleavage pathway of aromatic compound degradation
Benzoate catabolism
Benzoate catabolism
Benzoate degradation
Benzoate degradation

Benzoate degradation

Benzoate degradation

Benzoate degradation
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In addition to carbohydrates, aromatic compounds rep-
resent the second most abundant class of natural products and
are efficiently used as growth substrates by microorganisms
[11]. Degradation of aromatic compounds is mainly per-
formed by microorganisms and occurs in oxic as well as
anoxic environments [20]. Microorganisms containing var-
ious dioxygenases capable of cleaving aromatic compounds
(e.g., benzoate and benzene) have been reported [20]. During
degradation, the aromatic compounds are invariably con-
verged by dioxygenases into more reactive dihydroxylated
intermediates, e.g., catechol [20]. Catechol is then degraded
by either catechol 1,2-dioxygenase (ortho cleavage path-
way) or catechol 2,3-dioxygenase (meta cleavage pathway)
[39]. The intermediates of benzoate and benzene degradation
pathways eventually lead to the TCA cycle. Genes involved
in benzoate catabolism were also identified (Table 3). Tak-
ing into considerable the data on the recruitment plots for
Borehole 2, it is not uncommon to identify genes involved in
aerobic benzene and benzoate degradation since the ability
of Azoarcus to degrade aromatics aerobically has been well
documented. Similar observations were made in the study of
Hemme et al. [14], in which no complete pathways for aro-
matic compounds were elucidated from a stressed ground-
water community. In addition, by generation of a heatmap
using the MG-RAST pipeline, we compared the subsystems
data (normalized data) between the two boreholes. The
heatmap/dendrogram is a tool that allows an enormous
amount of information (e.g., the abundance values of thou-
sands of functional roles across dozens of metagenomic
samples) to be presented in a visual form that is amenable to
human interpretation. Dendrograms are trees that indicate
how similar/dissimilar a group of vectors (list of values, like
the abundance counts from a single metagenome) are to each
other. Vectors in a dendrogram are usually ordered with
respect to their level of similarity: similar vectors are placed
next to each other and more distantly related vectors are
placed further apart. The MG-RAST heatmap/dendrogram
has two dendrograms, one indicating the similarity/dissim-
ilarity among metagenomic samples (x-axis dendrogram)
and another to indicate the similarity/dissimilarity among
categories (e.g., functional roles; the y-axis dendrogram. A
distance metric (euclidean distance) was used to determine
the similarity/dissimilarity between every possible pair of
sample abundance profiles. The resulting distance matrix
was used with a clustering algorithm. Each square in the
heatmap dendrogram represents the abundance level (as
MG-RAST normalized values) of a single category in a
single sample. Using the subsystems data from the Borehole
1 and 2, a heatmap was generated (Fig. 4). According to the
dendrogram, there were no major differences in the abun-
dance ranking observed for the subsystems of interest in this
study, such as the metabolism of aromatic compounds, vir-
ulence, and stress response in the individual metagenomes.

These data were consistent with the observed subsystem
categories which have been represented as percentages in
Fig. 3.

From the literature, it was observed that numerous me-
tagenome-sequencing studies from hydrocarbon-contami-
nated sites [1, 5, 8] focused on the amplification of the 16S
rRNA gene or the detection of a single resistance gene
rather than analyzing the sequence data of the entire
microbial community. Therefore, our basis for comparisons
with published 454 metagenomic data was limited. How-
ever, with the available whole genome sequences present in
the MG-RAST database, we performed a principal com-
ponent analysis (PCA) which is part of the MG-RAST
pipeline. PCA allows for samples which exhibit similar
abundance profiles (taxonomic or functional) to be grouped
together. This analysis was performed on the normalized
data. According to the analysis (Fig. 5), the functional
categories for the studied metagenomes showed dissimi-
larity to other aquatic metagenomes (coastal surface waters,
marine water metagenomes and freshwater metagenomes).
Based on this grouping profile, it is evident that the
sequences present in the microbial communities of the
studied metagenomes are dissimilar to other aquatic envi-
ronments, thereby meriting the uniqueness of the sequences
and processes of the studied microbial communities.

Fatty Acids Lipids and Isoprenoids

Phages Prophages Transposable elements Plasmids
Cofactors, Vitamins, Prosthetic Groups, Pigments
Virulence, Disease and Defense

Regulation and Cell sgnaling

Nudleosdes an 1 et

Stress Response

Membrane Transpon
Respiration

DNA Metabolism

Cell Wall and Capsule

RNA Metabolism

Amino Acids and Derivatives
Miscellaneous

Protein Metabolism
Clusiering-based subsysems
Carbohydrates
Photosynthess

Phosphorus Metabolism

Cell Divison and Cell Cycle
Metabolism of Aromatic Compounds
Iren acquisition and metabolism
Potassum metabolism
Sulfur Metabolism
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I
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EPELOSHY
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Fig. 4 Heatmap generated for Borehole 1 and 2 using the MG-RAST
pipeline. The cluster analysis represents the SEED subsystems.
Analysis was based on the relative abundances of the non-redundant
protein dataset within each metagenome. The each square in the
heatmap dendrogram represents the abundance level with 0 being the
least abundance (red) and 1 being the most abundant (bright green)
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Fig. 5 PCA (principal component analysis) of the studied metage-
nomes (indicated by the red circle) together with whole genome
sequence data which are available in the MG-RAST public and
project databases. Comparisons were with sequence data available
from other aquatic sequencing based projects. PCA allows for
samples which exhibit similar abundance profiles (taxonomic or
functional) to be grouped together. From the generated data figure, it
is evident that the sequence data contained in the studied metage-
nomes is quite dissimilar to the sequence data present in other aquatic
environments based on functional (SEED) abundance ranks

From our data, it was evident that there is a higher
percentage of stress response genes (2 %) and virulence
genes (3 and 4 %, respectively) in both boreholes when
compared to genes involved in the metabolism of aromatic
compounds (0.8 and 1 %, respectively); therefore, we
suggest that the communities may be compensated for by a
more general stress response systems such as metal efflux
proteins, acid resistance mechanisms, and the presence of
virulence determinants (resistance to antibiotics and toxic
compounds) (Additional Files 3 and 4). A similar scenario
was observed in data published on stressed groundwater
metagenomes investigated by Hemme [14] and Smith [37].

A complement of heavy metal-resistance genes Cd*"/
Zn**/Co*" efflux components (CzcABC, CzcD) divalent
cation transporters and mercuric resistance genes has also
been identified in the groundwater communities. Genes
involved in heavy metal efflux have been identified in
D. aromaticus, the sequences of which were present in
abundance in Borehole 2 [29]. In addition, mercury-resis-
tant genes (mer) are often located on transposons or con-
jugative plasmids [24]. In this study, the broad host range
conjugative plasmid (pSB102) conferring mercury resis-
tance was identified only in the Borehole 2 metagenome.

@ Springer

The results obtained revealed insights into microbial
community diversity, structure, and function as well as
suggested possible processes by which microbial commu-
nities adapt to environmental contamination. It is understood
that conclusions on the functional role of the microorganisms
inhabiting contaminated sites cannot be made. This is
because the amount of sequence information generated for
individual habitats is still relatively limited [34]. The results
obtained in this study indicated that the groundwater com-
munities were able to metabolize a host of complex com-
pounds; however, additional experiments are vital to
establish a link between the occurrences of catabolic genes
that were identified by the sequencing with in vivo catabo-
lism of the compounds.

Adaptation of microbial communities to environmental
stresses is a key issue in ecology [14]. The pyrosequencing
analysis has revealed that the microbial communities resid-
ing at the contaminated sites are well adapted to the geo-
chemical conditions of the groundwater. The identification
of degradative genes and detoxification pathways in these
microorganisms have a potential application for bioreme-
diation. However, their full potential is yet to be exploited.

Conclusions

The focus of this paper was to provide genomic informa-
tion of hydrocarbon contaminated boreholes in Durban,
South Africa. This study was the first to employ high-
throughput sequencing analysis of the respective sites, and
has therefore served as a foundation for numerous future
studies which will include bioremediation. Analysis of the
taxonomic composition and metabolic potential revealed
that the communities are dominated by the Bacteriodetes
and Proteobacteria, both groups encompassing aromatic
degraders. Although the metabolic reconstruction repre-
sented composite cell networks, the information obtained
was sufficient to address questions regarding the metabolic
potential of the microbial community and to correlate the
data to the contamination profile of the Boreholes. The
metabolic potential that was expected to be present in the
contaminated metagenomes, including metabolism of aro-
matic compounds (benzene and benzoate degradative
pathways), and a general stress response system (virulence,
heavy metal resistance, efflux proteins) were evident.
Therefore, this study provided insight regarding the growth
and survival strategies for microbial communities inhabit-
ing contaminated environments.
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