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ABSTRACT

Antibiotics resistance genes (ARGs) in environmental samples have been implicated in the clinical
spread of resistance to antibiotics. This study was therefore aimed at the metagenomic assessment
of ARGs from various environmental samples. Benthic, epipellic, estuary and soil samples were
collected and analyzed for physicochemical parameters using standard techniques and ARGs via
metagenomics. Metagenomic DNA was extracted from the various samples and sequenced on
Miseq Illumina platform. Following next generation sequencing, gene calling was performed on the
assembled sequence reads using FragGeneScan to predict open reading frames (ORFs), which
were functionally annotated to various taxonomic groups using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Ghost KOALA databases. Results of physicochemical analysis showed
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anthropogenic influence in the various environments. Furthermore, a total of 12 types of ARGs were
identified, that belongs to the RND and ABC superfamilies of ARGs. These were dominated by five
classes of bacteria which were Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria, and the Firmicutes (Clostridia). Our findings suggest that ARGs diversity differs
with samples; with soil being the most abundant and only sample with the multidrug resistant efflux
pumps. Further studies aimed at building a repository of ARGs genes in various environments
should be carried out.

Keywords: Antibiotics resistance genes; environment; efflux pumps; ABC transporters;
metagenomics.

1. INTRODUCTION

The discovery of antibiotics at the onset of the
twentieth century was a turning point in human
history [1]. Since then, they have played
important roles in health and agriculture [2].
Sadly, the gains of this novel discovery are
threatened by widespread antibiotics resistance
[3-6]. Resistance to antibiotics has been
described as an evolutionary adaptation by
microbes and can easily be spread by plasmids
across species in the same genus [3,7-8].
Microorganisms utilize a number of resistance
mechanisms singly or in combination such as
hydrolysis, efflux pumps, alteration of targets,
nucleotidylation and reprogramming
peptidoglycan biosynthesis to mention just a few
[9]. The widespread and indiscriminate use of
antibiotics by humans in health care and
agriculture [10-11] and their arbitrary release into
various environments have given antibiotics
resistance genes (ADRs) a global public health
dimension [2,12-13].

Bacteria are always involved in a constant and
dynamic transfer of ARGs in the environment
and this has the potential to spread to pathogens
and commensal of humans or animals with
eventual amplification and spread of these genes
[1]. Sediments, waste water, surface water,
hospital effluent and ground water are reservoirs
of resistance genes such as ampC, mecA, vanA,
and gentamicin resistant genes [11]. Studies
have shown a significantly positive correlation
between the copy numbers of ARGs and total
concentration of antibiotics in environments
exposed to a high level of antibiotics [14-16].
Furthermore, there is evidence on the
environmental origin of some clinically relevant
resistance genes [17].

Efflux pumps and their proteins are present in
both antibiotics susceptible and resistant bacteria
[18]. Based on a number of criteria, bacterial
efflux pumps are placed into five families. These

families include the resistance-nodulation-
division (RND) family, the ATP (adenosine
triphosphate)-binding cassette (ABC)
superfamily, the major facilitator superfamily
(MFS), the small multidrug resistance (SMR)
family, and the multidrug and toxic compound
extrusion (MATE) family [13,18-20]. The RND
family is common to the Gram negative bacteria
while the other families are well distributed
amongst the Gram positive and negative bacteria
[7,13,19,21-22].

A number of methodologies exists that can be
used to study microbial resistance and their
genes and these can be divided into cultural and
molecular methods. They include isolation and
culture [10], polymerase chain reaction (PCR),
quantitative PCR, DNA microarray [2][5], and
metagenomics [12]. In Nigeria, a number of
studies exist that are based on cultural and
molecular methods that have used culturable
microorganisms to describe resistance and
ARGs [8,10,23-24]. The main challenge with
these methodologies is that the results are based
on the culturable minority and it does not account
for the unculturable majorities in these
environments. In Nigeria, there is a dearth of
information on the metagenomic assessment of
antibiotics resistance genes (ADRs) on various
environments. Thus, this study was therefore
aimed at assessment of ADRs in various
ecosystems in the Niger Delta Region of Nigeria
using metagenomics.

2. MATERIALS AND METHODS

2.1 Sampling Site Description

The samples used in this study were collected
from an oil producing community (Eastern Obolo
Local Government Area of Akwa Ibom State)
located in the Niger Delta Region of Nigeria. The
coordinates of the study site were latitudes 4° 32′
0″ N & longitude 7°42′ 0″ E. The study location
has a total land mass of 117,008 km2 with an
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estimated shoreline of about 184 km. The major
occupation of the indigenous population is
majorly subsistent farming and fishing.  Sampling
was carried out in March 2017 which is the start
of raining season in the Nigeria.

2.2 Collection and Pre-processing of
Samples

Estuary water, soil, benthic and epipellic
sediments samples were all collected from the
study site from five different locations. Estuary
water samples were collected using a sterile
water sample bottles. The water samples were
then pooled together to obtain a composite water
sample. Soil and epipellic samples were
collected using a sterile 22cm long hand held
Dutch auger at each collection point. The soil
samples were collected from a depth of 10-15cm
after getting rid of all surface debris. The soil
samples were then made into a composite
sample after sieving it through a 2 mm mesh
sieve. The sieved composite soil sample was
then stored in a sterile plastic bag. The same
procedures were also repeated for the epipellic
sediment sample. For collection of the benthic
sediment, a Shepek (Wiidco) mud grab was
used. From a depth of 5-10 m below sea level
and from the various locations, the benthic
sediment samples were collected by lowering the
mud grab to collect the benthic sediments and
then placed in plastic bags. The samples were
then sieved and also made into a composite
sample.  All samples were collected at low tide,
stored and transported at -4°C to the laboratory
for further analysis. These were done as
previously described [25-27].

2.3 Physicochemical Analysis

The samples were analyzed for physicochemical
parameters such as pH, temperature, electrical
conductivity, ammonia, phosphorus, sulphide, N-
nitrate and N-nitrite. These were done as
previously described [28-29].

2.4 Metagenomic DNA Extraction, PCR
Amplification and Library
Construction

Following sampling, genomic DNAs were
extracted from all the four composite samples.
These were done using ZYMO soil DNA
extraction Kit (Model D 6001, Zymo Research,
USA). The extractions were done using 0.25 g
soil and sediments samples and 1 ml of the

water sample. Extraction of genomic DNAs were
done by strictly following the manufacturer’s
manual instructions. Following successful DNA
extraction from the samples, the genomic DNA
extract was subjected to gel electrophoresis to
check for purity. Labelled Eppendorf tubes with
sample codes and primer name on the top and
sides were used for amplification. The
amplification were done using the universal
primer pair 341 Forward (5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGAC
AGCCTACGGGNGGCWGCAG-3′) and
785 Reverse (5′-
GTCTCGTGGGCTCGGAGATGTGTATA
AGAGACAGGACTACHVGGGTATCTAATCC-3′)
together with Illumina specific adapter added to
the 5′ end of the primer [26]. Polymerase chain
reactions were carried out using 25 μl reaction
volume. The reaction volume was made up of 2.5
μl genomic DNA, 5 μl of each primer, and 12.5 μl
of 2× KAPA Ready Mix. Ac control, PCR reaction
mix holding 2.5 μl distilled water was used as
control. The PCR was then carried out using a 96
well thermal cycler (2ETM UK) with cycling
conditions set as follows: initial denaturation at
95°C for 3 min, followed by 25 cycles of 95°C for
30 s, 55°C for 30 s, and 72°C for 30 s, and a final
extension at 72°C for 5 min before cooling to
4°C. Construction of libraries, purification and
validation, and other preprocessing steps were
carried out as described previously [26]. Each of
the samples gave approximately 0.4 kb (37ng) of
genomic DNA on amplification.

2.5 Next Generation DNA Sequencing and
Analysis

Sequencing was performed on the Illumina
MiSeq platform, using MiSeq Reagent kit v3 (600
cycles). Overall bioinformatic analysis was done
using NCBI-BLAST-2.2.24 and CLC bio
Genomics workbench v7.5.1. The pair-end of the
four metagenomes was assembled individually
using PEAR (Paired-end read Merger) v.0.9.6.0
(Zhang et al. 2013). The assembled sequence
reads were processed as previously described
using RDP pipeline [30-32].

2.6 Antibiotics Resistance Gene and Data
Analysis

KEGG and GhostKOALA [33] were employed for
functional analyses of the metagenomes. Gene
calling was performed on the assembled
sequenced reads using FragGeneScan [34] to
predict open reading frames (ORFs), which were
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functionally annotated and assigned to the
KEGG and GhostKOALA. In GhostKOALA, each
query gene is assigned a taxonomic category
according to the best-hit gene in the Cd-hit
cluster supplemented version of the non-
redundant pangenome dataset [35].

3. RESULTS

The results of the study are presented in Tables
1 and 2, and Figs. 1 to 5. Fig. 1 shows the
frequency of annotation of the ARGs to various
bacterial classes. Table 1 shows the
physicochemical analysis results across the
various ecosystems. Physicochemical analysis
results indicate anthropogenic interferences in
the environments sampled. Table 2 shows the
KEGG annotation and the bacteria classes. The
ARGs assigned to beta lactamase were the
oligopeptide transport system substrate-binding
protein (oppA, mppA and oppD) and was

elaborated by the firmicutes (clostridia) in both
soil and epipellic sediment samples and
alphaproteobacteria in estuary water sample,
respectively. Others include the beta-lactam
resistance (AmpC system), aminoglycoside
resistance, virginiamycin B lyase, and class A
pen P as shown in Table 2. The various efflux
pump systems (RND and ABC promoters
families) were elaborated only by the class
betaproteobacteria.

Top 100 classes from all the metagenome were
selected and merging based on frequency of
occurrence. The results indicate that soil,
epipellic sediment, benthic sediment and estuary
water metagenome gave a total of 19, 10, 15 and
18 classes, respectively. Soil metagenome was
the most diverse followed closely by estuary
water. Both sediment metagenomes were in
between with the epipellic sediment having the
least.

Table 1. Physicochemical analysis of the various samples

Parameters Soil Epipellic Benthic Estuary water
pH 5.60±0.07 7.30±0.14 6.80±1.14 7.06±0.01
Temperature (oC) 28.70±0.14 27.00±0.71 27.70±0.14 29.5±0.14
Electrical conductivity (s/cm) 11.80±0.14 51.40±0.14 100.40±0.14 38.30±0.14
N Ammonia (mg/L) 0.08±0.01 0.11±0.01 0.50±0.40 0.24±0.01
Phosphorus  (mg/L) 28.50±0.14 20.40±0.14 25.60±0.14 ND
N-nitrite   (mg/L) 41.20±0.14 0.05±0.01 0.05±0.01 2.60±0.14
N-nitrate   (mg/L) 0.040±0.01 102.00±1.41 54.00±1.41 0.03±0.01
Sulphide   (mg/L) 6.00±1.41 201.00±1.41 118.00±1.41 BDL

ND = Not determined; BDL = Below detection level

Fig. 1. Frequency of annotation of the ARGs to bacteria classes
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4. DISCUSSION

The benthic metagenome top 100 classes had a
unique class woesearchaeota, an archae while
every other class across all the metagenomes
were all of bacteria domain. The top five
frequent classes were alphaproteobacteria,
actinobacteria, acidobacteria, thermomicrobia
and deltaproteobacteria for soil. In the epipellic
sediment, they were flavobacteriia,

percubacteria, zetaproteobacteria,
gammaproteobacteria and cytophagia. For
benthic sediment, it was gammaproteobacteria,
alphaproteobacteria, deltaproteobacteria,
planctomycetia and actinobacteria.  Estuary
metagenome revealed gammaproteobacteria,
alphaproteobacteria, actinobacteria,
planctomycetia and deltaproteobacteria. The
characterized ARGs classes were all amongst
the top 100 classes in all the metagenomes.

Fig. 2. Top 100 classes from soil metagenome

Fig. 3. Top 100 classes from epipellic metagenome
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Fig. 4. Top 100 classes from benthic metagenome

Fig. 5. Top 100 classes from estuary metagenome
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soils from south of China. Soil sample elaborated
the highest number of ARGs in this study. This
could be due to the fact soil is known to hold the
highest amount of prokaryotic diversity.
Furthermore, the nitrate and phosphate levels
indicate anthropogenic inference with these
environments most notably from farming and
crude oil exploration. This is further supported by
an earlier study that showed varying levels of
hydrocarbon contaminants [25]. A recent study
that examined ARGs from various environmental
samples (n = 369) showed that that water soil
and sediment generally have low relative
abundance and few varieties of known ARGs[36]
and explains the low abundance and diversity of
ARGs in non-soil samples in this study.

The efflux pump families recovered from our
metagenome were evenly distributed amongst
two families mainly: RND and ABC superfamilies.
The adenosine triphosphate-binding cassette
(ABC) superfamily pumps were oppA, mppA,
Ame ABC and Amp C transport systems. While
the resistance-nodulation-division (RND) family
efflux pumps were mtr C, cme A, Acr A, mex A,
Ade I, sme DEF and TolC efflux pumps. These
two families are associated with the extrusion of
numerous drugs in both Gram positive and
negative organisms [19]. The ARGs were
distributed across five classes namely
alphaproteobacteria, betaproteobacteria,
gammaproteobacteria, deltaproteobacteria and
the firmicutes (clostridia).

Table 2. KEGG annotation of ARGs and proteins

Category/subclass Bacteria groups Antibiotics resistance genes and proteins
Soil metagenome
Beta-Lactam resistance Firmicutes – Clostridia Oligopeptide transport system substrate-

binding protein (oppA, mppA)
Betaproteobacteria Beta-lactamase class A (penP)
Betaproteobacteria acrA, mexA, adeI, smeD, mtrC, cmeA;

membrane fusion protein, multidrug efflux
system

Cationic antimicrobial
peptide (CAMP)
resistance

Betaproteobacteria Multidrug efflux system (acrA, mexA, adeI,
smeD, mtrC, cmeA)

Antimicrobial resistance
genes

Betaproteobacteria Beta-lactamase class A (penP)

Betaproteobacteria Multidrug efflux system (acrA, mexA, adeI,
smeD, mtrC, cmeA)

Drug efflux
transporter/pump

Betaproteobacteria Multidrug resistance efflux pump (AcrAD-
TolC  (acrA, mexA, adeI, smeD, mtrC,
cmeA;

Betaproteobacteria Multidrug resistance, efflux pump (AcrAB-
TolC/SmeDEF (acrA, mexA, adeI, smeD,
mtrC, cmeA)

Betaproteobacteria Multidrug resistance efflux pump (AmeABC,
acrA, mexA, adeI, smeD, mtrC, cmeA)

Drug resistance Betaproteobacteria Beta-lactam resistance, AmpC system
(penP; beta-lactamase class A)

Alphaproteobacteria Aminoglycoside resistance, protease FtsH
Epipellic sediment metagenome
Beta-Lactam resistance Firmicutes - Clostridia Oligopeptide transport system substrate-

binding protein (oppA, mppA).
Antimicrobial resistance
genes

Gammaproteobacteria Virginiamycin B lyase (vgb)

Benthic sediment metagenome
Vancomycin resistance Deltaproteobacteria Alanine racemase (alr)
Estuary water
Beta-Lactam resistance Alphaproteobacteria Oligopeptide transport system (oppD)
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Efflux pumps have poly substrate specificity and
can expel a broad range of antibiotics. Also
worrisome is the fact that they can drive the
acquisition of other resistance mechanisms via
accumulation of mutation and lowering antibiotics
concentration inside cells. Their expression is
tightly regulated and is always in response to
various environmental and physiological signals
[13]. In addition to resistance, they have a role in
the colonization and the persistence of
bacteria in hosts [18], cell to cell communication
(MexAB-OprM) and component of membrane
stress response (MexCD-OprJ) amongst others
[37]

The mex A efflux pump is elaborated by
Pseudomonas aeruginosa, while the Acr A is
elaborated by the Esherichia coli and Salmonella
typhimurium. Others such as cmeA, mtrC, and
sme DEF are common amongst the
Campylobacter jejuni, Neisseria gonorrhoeae
and Stenotrophomonas maltophilia. For the Cme
ABC pumps, the inducible signal is bile salt and
paraquat while it is triclosan (a biocide) for the
Sme DEF pumps. The mexA pumps are induced
by superoxide stress. Furthermore, most of these
pumps excrete the quinolones. In an earlier
study, it was shown that overexpressed mexA or
ampC and reduced oprD were associated with b-
lactam resistance [38].

The AcrAB-TolC and Acr AD- Tol D systems
which belongs to the RND family which were also
recovered in our metagenomes remains the most
characterized efflux pump in E. coli. The pump is
over expressed in clinical isolates and has been
implicated in the export of several drugs and
compounds including chloramphenicol,
tetracycline, fluoroquinolones, fusidic acid,
ethidium bromide, rifampicin and bile salts
[19,39- 41].

The AmpC is linked to beta lactamase resistance
which recent evidence suggests that it is
inducible by major molecular mechanisms
(theAmpG–AmpR–AmpC pathway and BlrAB-like
two-component regulatory system) in Gram-
negative bacteria [42].

Aminoglycoside resistance linked to protease
FtsH expression was also detected in our
metagenome. Hinz et al. [43] showed that
proteolysis particularly that controlled by the
membrane protease FtsH, is a major driver of
resistance of aminoglycosides. Furthermore, they
proposed that that the network of proteases
provides strong defense from aminoglycosides

and other substances via the removal of
membrane-disruptive mistranslation products.

5. CONCLUSION

Across the Niger Delta Region and to the best of
our knowledge, this is the first documented
investigation of different antibiotics resistance
genes in soil, estuary water, benthic and epipellic
sediments using metagenomic on Illumina
platform. Based on our findings, soil sample was
the richest in ADRs compared to other
environments. Furthermore, two out of the five
efflux pumps systems were observed in our
study.
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