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Abstract
The antibiotic and heavy metal resistome of a chronically polluted soil (3S) obtained from an automobile workshop in Ilorin, 
Kwara State, Nigeria was deciphered via functional annotation of putative ORFs (open reading frames). Functional annota-
tion of antibiotic and heavy metal resistance genes in 3S metagenome was conducted using the Comprehensive Antibiotic 
Resistance Database (CARD), Antibiotic Resistance Gene-annotation (ARG-ANNOT) and Antibacterial Biocide and Metal 
Resistance Gene Database (BacMet). Annotation revealed detection of resistance genes for 15 antibiotic classes with the 
preponderance of beta lactamases, mobilized colistin resistance determinant (mcr), glycopepetide and tetracycline resist-
ance genes, the OqxBgb and OqxA RND-type multidrug efflux pumps, among others. The dominance of resistance genes 
for antibiotics effective against members of the Enterobacteriaceae indicate possible contamination with faecal materials. 
Annotation of heavy metal resistance genes revealed diverse resistance genes responsible for the uptake, transport, detoxi-
fication, efflux and regulation of copper, zinc, cadmium, nickel, chromium, cobalt, mercury, arsenic, iron, molybdenum and 
several others. Majority of the antibiotic and heavy metal resistance genes detected in this study are borne on mobile genetic 
elements, which facilitate their spread and dissemination in the polluted soil. The presence of the heavy metal resistance 
genes is strongly believed to play a major role in the proliferation of antibiotic resistance genes. This study has established 
that soil is a huge repertoire of antibiotic and heavy metal resistome and due to the intricate link between human, animals 
and the soil environment, it may be a major contributor to the proliferation of multidrug-resistant clinical pathogens.
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Introduction

Soil, the naturally occurring unconsolidated mineral and 
organic material is home to a huge and diverse population 
of microorganisms due to its tremendous range of habitats 
determined by a complex interplay between several biotic 
and abiotic factors. Extensive inundation of the soil envi-
ronment with a coterie of anthropogenic pollutants such 
as heavy metals and antibiotics imposes selective pres-
sure on the microbial community and forces it to develop 

counteractive strategies for adaptation, survival and success-
ful reproduction (Chandra and Kumar 2017). While intrinsic 
resistance against natural antibiotics produced by soil micro-
organisms could select for microorganisms with antibiotic 
resistance phenotypes, acquired resistance caused by the 
presence in the soil of potentially offensive compounds and 
conditions might select for specific and non-specific mecha-
nisms of resistance (Martin and Liras 1989; Hopwood 2007; 
Tahlan et al. 2007; Allen et al. 2010).

It is widely believed that poor sanitary conditions and 
urban infrastructure, lack of regulatory and enforcement 
policies, and corruption, particularly in developing countries 
have allowed unrestricted environmental release of antibi-
otics from diverse point and non-point sources (Collignon 
et al. 2015). This has escalated the incidences of multidrug 
resistance particularly among clinical isolates due to the 
intricate link that exist between humans, animals and their 
environment (Allen et al. 2010). In soil, acquired resist-
ance by microorganisms may be traced to various human 
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activities such as excretion of antibiotics via open defeca-
tion and urination by medicated humans and pets; running 
urban sewage carrying antibiotics from houses and hospitals 
as well as wastewaters from fish ponds in open, exposed 
channel, and sometimes directly onto the streets (Amabile-
Cuevas 2016). Others include leachates from antibiotic-con-
taining wastes; surface runoff from solid waste municipal 
dumpsite; and the usage of antibiotic-containing wastewater 
and livestock manure in agriculture (Arun et al. 2017).

Microorganisms have deployed various strategies to 
counteract the toxic effects of antibiotics. These include 
active efflux of the antibiotic from the microbial cell; modi-
fication of antibiotic targets; enzymatic modification of the 
antibiotic; enzymatic degradation of the antibiotic; creating 
bypass or alternative metabolic pathways to those inhibited 
by the antibiotic; overproduction of the target enzyme; and 
access restriction of antibiotic to target sites via permeabil-
ity changes in the bacterial cell wall (van Hoek et al. 2011; 
Panesyan et al. 2015).

Naturally, soil can have high concentrations of heavy met-
als due to weathering of parental material resulting in high 
concentrations of heavy metal minerals (Kamal et al. 2010). 
However, anthropogenic activities such as mining, long term 
application of sewage sludge, fertilizers, pesticides and her-
bicides, composted municipal solid wastes, improper waste 
disposal practices, smelting, wastewater irrigation, manu-
facturing and agrochemicals, and indiscriminate disposal of 
spent oils rich in heavy metals have exacerbated the heavy 
metals burden in the soil (Sandaa et al. 1999; Gans et al. 
2005; Khan et al. 2017). Microorganisms have developed 
efficient detoxification strategies to counteract the toxic 
effects of heavy metal stress. These include intracellular 
sequestration, export, reduced permeability, extracellular 
sequestration, and extracellular detoxification (Rough et al. 
2005). The resistance determinants are mostly encoded on 
mobile genetic elements such as plasmid and transposons, 
which facilitate promiscuous transmission and dissemination 
of the genes among members of the microbial community 
via horizontal gene transfer (Silver and Walderhaug 1992; 
Osborn et al. 1997).

Evidences abound suggesting that co-selection mecha-
nisms such as co-resistance, cross-resistance and co-reg-
ulation contributed significantly to the maintenance and 
promotion of antibiotic resistance in the microbial popula-
tion in the absence of antibiotics (Pal et al. 2015a, b, 2017). 
Cross-resistance mechanism, which occurs when a single 
mechanism provides resistance to different compounds, have 
been reported for efflux pumps with broad substrate specific-
ity, which protect the cell from both antibiotics and heavy 
metals (Mata et al. 2000; Nies 2003a, b; Blanco et al. 2016). 
Co-selection of antibiotic and heavy metal resistance is also 
promoted by the co-resistance mechanism, which occurs 
when two or more different resistance genes are co-located 

on a plasmid or a transposon. This mechanism has been fin-
gered in co-resistance to copper, erythromycin, vancomycin, 
and tetracycline (Hasman and Aarestrup 2002; Amachawadi 
2011); copper, silver, β-lactam and fluoroquinolone (Fang 
et al. 2016); cadmium, zinc, and methicillin (Cavaco et al. 
2011); copper, silver, mercury, colistin, ampicillin, sul-
phonamide, tetracycline, streptomycin, and chloramphenicol 
(Campos et al. 2016), and several others. Furthermore, there 
are reports that microorganisms use regulatory proteins, 
which control the expression of heavy metal resistance genes 
to confer resistance to antibiotics, a phenomenon termed 
co-regulatory mechanism (Perron et al. 2004; Pal et al. 
2017). The concept of co-selection has heightened the rate 
of spread and dissemination of antibiotic resistance genes in 
the environments, which, in turn has increase the emergence 
of multidrug resistance clinical pathogens, constituting an 
alarming threat to public and environmental health.

The use of shotgun metagenomics to explore perturbed 
and pristine soil environments has gained ascendancy due 
to its ability to reveal intricate details about the structural 
and functional properties of the studied environment. In this 
study, an attempt was made to use shotgun metagenomics to 
unravel the antibiotic and heavy metal resistome of a chroni-
cally polluted soil and highlight the implications of their 
presence on public and environmental health.

Materials and methods

Sampling site description, microcosm set up, 
and determination of residual hydrocarbons

Hydrocarbon-polluted soil samples were collected from an 
automobile workshop at Taiwo, Ilorin, Nigeria. The coor-
dinates of the sampling site were latitude 8°28′ 42.4ʺ N 
and longitude 4°32′15.6ʺ E. The site has a long history of 
hydrocarbon contamination spanning a period of more than 
10 years. Prior to this time, small-scale agriculture is the 
predominant activity in this area. Until date, because the 
workshop is situated on an open expanse of land, traditional 
cattle rearing, as well as poor hygiene practices such as open 
defecation and urination is very common in this area. Sam-
ples were collected at a depth of 10–12 cm with a sterile 
hand trowel, sieved (4 mm) and thoroughly mixed in a large 
plastic bag to avoid variability among the results of replicate 
soil samples. Details on the soil microcosm (polluted soil, 
3S) set up, incubation conditions, and residual hydrocarbons 
have been reported previously (Salam and Ishaq 2019). The 
physicochemical properties of the polluted soil indicate a pH 
of 6.76, organic matter content of 1.38%, total nitrogen of 
0.13%, and phosphorus and potassium content of 6.38 and 
0.15 mg/kg, respectively (Salam and Ishaq 2019).
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DNA extraction, library construction, sequencing, 
and metagenome properties

Total DNA used for metagenomic analysis was extracted 
directly from 3S soil microcosm (0.25 g) using ZYMO soil 
DNA extraction Kit (Model D 6001, Zymo Research, USA) 
following the manufacturer’s instructions. DNA concentra-
tion and quality were ascertained using NanoDrop spectro-
photometer and electrophoresed on a 0.9% (w/v) agarose 
gel, respectively. Shotgun metagenomic of 3S soil micro-
cosm was prepared using the Illumina Nextera XT sample 
processing kit and sequenced on a MiSeq. The protocols 
for total DNA preparation for Illumina shotgun sequenc-
ing were as described previously (Salam 2018; Salam and 
Ishaq 2019). The sequence reads of 3S metagenome were 
deposited on the MG-RAST server with the ID 4704694.3 
and can be accessed with the link https ://www.mg-rast.org/
linki n.cgi?proje ct=mgp18 598.

Sequence reads from the 3S microcosm set up were 
assembled individually by VelvetOptimiser v2.2.5, and 
the resulting contigs fed into the MG-RAST metagenomic 
analysis pipeline. The sequences were assembled into 
1239 unique contigs with a total of 314,848 bp, an average 
sequence length of 254 ± 66 bp, and the mean GC content of 
61 ± 6%, respectively. After dereplication and quality con-
trol by the MG-RAST, sequence reads in 3S metagenome 
reduced to 1,064 with 260,627 bp, and an average sequence 
length of 245 ± 55 bp (Salam and Ishaq 2019).

Accession number

The data, metadata and sequence reads of the metagenome 
used in this study have been deposited in the European 
Nucleotide Archive (ENA) at EMBL-EBI under accession 
number PRJEB36986 (https ://www.ebi.ac.uk/ena/data/view/
PRJEB 36986 ).

Functional analyses of 3S metagenome 
for antibiotic and heavy metal resistome

Gene calling was performed on the 3S contigs using FragGe-
neScan (Rho et al. 2010) to predict open reading frames 
(ORFs). The ORFs were functionally annotated for antibiotic 
and heavy metal resistance genes using the Comprehensive 
Antibiotic Resistance Database (CARD, McArthur et  al. 
2013), the Antibiotic Resistance Gene-ANNOTation (ARG-
ANNOT V6; Gupta et  al. 2014), and BacMet (Pal et  al. 
2014), a function-specific bioinformatics resource for the 
detection of antibacterial biocide and metal-resistance genes. 
In CARD, the Resistance Gene Identifier (RGI 5.1.0, CARD 
3.0.7) was used to predict antibiotic resistome from the protein 
sequences (ORFs) of the 3S metagenome. Strict significance 
was calculated based on CARD curated bitscore cut-offs for 

metagenomic reads, which allow prediction of partial genes. 
In ARG-ANNOT, 3S protein sequences (ORFs) were fed into 
the functional annotation resource, which uses NCBI blastp 
program to annotate the protein sequences and provide infor-
mation on the existing and putative new antibiotic resistance 
genes (ARG) detected in the protein sequences based on cover-
age and similarity. In BacMet, the protein sequences (ORFs) 
were presented as a query to the BacMet database (version 2.0) 
using default parameters for identification of metal-resistance 
genes. A modified stand-alone version of the BLAST program 
(NCBI, version 2.2.2) implemented in the BacMet webserver 
was used for similarity searches against the BacMet sequence 
databases.

Results

Functional annotation of 3S metagenome ORFs using 
CARD, ARG-ANNOT and BacMet revealed the presence 
of antibiotic resistance genes for several antibiotic classes 
and resistance genes responsible for transport, efflux, and 
detoxification of heavy metals.

Antibiotic resistance genes (ARG)

β‑lactamase genes

In 3S metagenome, 144 β-lactamase genes cutting across the 
four Ambler classes (A-D) were recovered (Fig. 1). In class 
A, 60 genes were detected. The predominant genes include 
blaCTX-M (146; 15.7%), blaTEM (142; 15.2%); blaSHV 
(126; 13.5%); blaGES (62; 6.7%), and blaVEB (59; 6.3%). 
Forty-six (46) β-lactamase genes belonging to class B were 
retrieved from 3S metagenome with the preponderance of 
blaNDM (151; 22.1%), blaVIM (106; 15.5%); blaGOB (55; 
8.1%); blaLRA (46; 6.7%); and blaB (44; 6.5%), respectively. 
Twenty-eight (28) genes belonging to class C were recovered 
from 3S metagenome with blaCMY (273; 23.8%), blaLEN 
(161; 14.0%), blaOKP (135; 11.7%), blaPDC (110; 9.6%), 
and blaADC (74; 6.4%) preponderant. Only nine (9) genes 
belonging to class D were retrieved from 3S metagenome 
with the dominance of blaOXA gene (n = 507) constituting 
91.7% of class D β-lactamase genes recovered (Fig. 1). An 
integral membrane β-lactamase regulatory protein blaR1, 
and 17 variants of penicillin-binding protein PBP were also 
recovered from the metagenome.

Aminoglycoside and MLS 
(macrolide‑lincosamide‑streptogramin) resistance 
genes

Fifty-six (56) aminoglycoside resistance genes were recov-
ered from 3S metagenome (Fig. 2a). The recovered genes 
belong to the major classes of aminoglycoside resistance 

https://www.mg-rast.org/linkin.cgi?project=mgp18598
https://www.mg-rast.org/linkin.cgi?project=mgp18598
https://www.ebi.ac.uk/ena/data/view/PRJEB36986
https://www.ebi.ac.uk/ena/data/view/PRJEB36986
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genes. This include acetyltransferase ACT (aac; sat; apmA), 
nucleotidyltransferase/adenyltransferase NUT (aad; sph; str; 
ant), methyltransferase MET (rmt; spc; armA), and phos-
photransferase (aph; vph). Distribution of aminoglycoside 
resistance genes in 3S metagenome revealed the preponder-
ance of aadA (80; 16.6%), aac(6′) (58; 12.1%), aac3 (48; 
10.0%), strB (45; 9.4%), and aph(3′) (24; 5.0%), respectively.

Eighty-five (85) MLS resistance genes responsible for 
resistance mechanisms such as rRNA methylase, efflux 
and inactivating genes were retrieved from 3S metagenome 
(Fig. 2b). Of these, 37 genes (cfr; erm; tlr; myr; emt) is 
responsible for rRNA methylase, 23 genes (Isa; lmr; mef; 
msr; ole; srm; vga; sal(A)) is responsible for efflux, and 25 
genes (esterase (ere); lyase (vgb); transferase (lnu, vat, lin); 
phosphorylase (mph)) is responsible for inactivating genes. 
Distribution of MLS resistance genes in the metagenome 
revealed the predominance of vga(A) (23; 5.1%), lin (16; 

3.6%), ole(B) (15; 3.3%), vga(D) (14; 3.1%), and msr(E) 
(13; 2.9%), respectively. Other MLS resistance gene detected 
only in CARD is macB, a macrolide export ATP-binding 
cassette (ABC) efflux pump (Table 1).

Colistin, phenicol, rifampin, and fosfomycin 
resistance genes

Sixty-one (61) plasmid-borne mobilized colistin resist-
ance determinant (mcr) comprising of mcr-1 to mcr-9 and 
their variants were recovered in 3S metagenome (Fig. 3a). 
The distribution of the mcr variants in the metagenome in 
decreasing order (abundance value in parentheses) indicate 
mcr-3 (27), mcr-1 (18), mcr-4 (6), mcr-5 (3), mcr-2 (2), mcr-
8 (2), mcr-6 (1), mcr-7 (1), and mcr-9 (1), respectively.

Forty-nine (49) phenicol resistance genes comprising cat 
(28), cml (10), cmr (4), cpt (2), dha1 (1), fexA (1), floR (1), 

blaCTX-M blaTEM blaSHV blaGES blaVEB
blaCARB blaKPC blaMOR blaA blaKLUC
blaHERA blaRAHN blaPER penA VEB
blaBEL blaL2 blaSGM blaCIA blaPME-1
blaFRI-1 blaFONA blaLAP cfxA blaBCL-1
blaAST-1 blaIMI blaORN blaMAL-1 blaSPU-1
blaPSE-4 blaDES-1 blaSFO-1 blaVCC blaAER-1
blaTLA-1 blaCKO-1 blaLUT-1 blaFAR-1 blaIBC-2
blaBKC-1 blaERP-1 blaVHW-1 CARB blaSED-1
hugA blaBIC-1 cblA blaSFC-1 blaFPH-1
blaROB-1 blaSCO-1 blaVHH-1 blaBES-1 blaCBP-1
blaCME-1 BLA-1 blaPLA2a aci1 blaLUS-1

blaB blaDIM-1 blaEBR-1
blaGIM blaGOB blaIMP
blaIND blaMUS-1 blaNDM
blaSPM-1 blaTUS-1 blaVIM
cepA cfiA cphA
imiH imiS car-1
blaPLN-1 blaLRA blaL1
blaAIM-1 blaSPR-1 blaPAM-1
blaEFM-1 blaELM-1 blaECM-1
blaCAU-1 blaSFH-1 blaCRD3-1
blaFEZ-1 blaGRD23-1 blaEVM-1
blaTMB-1 blaALG6-1 blaPOM-1
blaEAM-1 bla2a blaKHM-1
BJP-1 Mbl blaSIM-1
blaSFB-1 blaSPG blaLMB-1
blaSMB

blaACC blaACT
blaBUT blaCMG
blaCMY blaDHA
blaFOX blaLEN
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blaOCH blaOKP
blaOXY blaTRU-1
blaZEG-1 cepH
AmpC1_E.coli blaCSA
blaPDC blaADC
blaPEDO blaLHK
blaSRT-1 blaSST-1
blaAZECL blaCMA
blaAQU-1 beta_lactamase_class C
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Fig. 1  Distribution of resistance genes encoding class A (a), class B 
(b), class C (c), and class D β-lactamases in 3S metagenome (d). In 
class A, blaTEM, blaCTX-M, and blaSHV are the dominant resist-
ance genes. In class B, blaNDM, blaVIM and blaGOB are the resist-
ance genes with the highest representation. Class C β-lactamases 

are dominated by blaCMY, blaLEN, blaOKP and blaPDC while in 
class D, blaOXA is predominant. Majority of class A β-lactamases 
and blaOXA detected in this study belong to extended spectrum 
β-lactamases (ESBLs)
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and pexA (1) genes were recovered from 3S metagenome 
(Fig. 3b). Based on resistance mechanism, 31 genes (cat, 
cmlV, cpt) are responsible for phenicol inactivation, while 
the remaining 18 genes (cmlA, cmlB, cmlR, cmr, cmrA, bcr1, 
dha1, fexA, floR, pexA) are responsible for phenicol efflux.

Nine (9) rifampin resistance genes were retrieved from 3S 
metagenome (Fig. 3c). These include the rifampin-inactivat-
ing phosphotransferase (rph, rphD), rifampin resistance pro-
tein (rif), rifampin monooxygenase (iri), and integron (arr2, 

arr4, arr5, arr7) and plasmid (arr3) -encoded rifampin ADP 
ribosyltransferase. While the resistance mechanism of the 
9 genes is antibiotic inactivation, annotation using CARD 
reveal the detection of rpoB gene (a β-subunit of RNA pol-
ymerase) (Table 1) whose mutations confers resistance to 
rifampin due to antibiotic target alteration and replacement.

Seventeen (17) fosfomycin resistance genes were 
retrieved from 3S metagenome (Fig. 3d). These include the 
fosfomycin modifying genes (fosA, fosB, fosC, fosD, fosE, 

 

 

aadA aac3 strB aph(2’’) aac(6’) rmtD rmtB
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aphE ant3’’ ant9 aac-IVa ant6 sph-1 vph

aac(3) aadE ant(4’) aph6 rmtF sph aacA4

aadK-pm aph-VIII apmA rmtC strA aac aac8

aacA29b aacA43 aadB aadC aadS ant(9) aph-Stph

aph(3’) aph(9) aph7 rmtA rmtH sat3 spc

str armA sat-2A sat4A satA

a

vga(A) lin ole(B) vga(D) msr(E) tlr(C) msr(D) ole(C)

tlrC vga(B) msr(A) sal(A) srm(B) Isa(A) lmr(B) vga(E)

erm(30) Isa(C) msr(C) ere(A) ere(A2) erm(F) erm(X) Isa(B)

mph(F) cfr(A) erm(CX) erm(W) emt(A) mph(B) cfr(B) erm(Z)

lmr(A) mef(C) myrA ole(I) ere(B) erm(32) erm(35) erm(N)

erm(R) lnu(C) mph(G) oleD vat(D) vgb(B) ere(D) erm(41)

erm(O) lnu(F) mef(A) mph(C) vat(A) vat(B) vat(F) erm(34)
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mef(B) mef(En2) mph(A) vat(C) vat(E)

b

Fig. 2  Distribution of aminoglycoside (a) and MLS (b) resistance 
genes in 3S metagenome. The dominant aminoglycoside resistance 
genes are those belonging to the acetyltransferases ACT (aac) and 
the nucleotidyltransferase/adenyltransferase NUT (aadA, strB). Based 
on MLS resistance mechanisms, 37 genes (cfr; erm; tlr; myr; emt) is 

responsible for rRNA methylase, 23 genes (Isa; lmr; mef; msr; ole; 
srm; vga; sal(A)) is responsible for efflux, and 25 genes (esterase 
(ere); lyase (vgb); transferase (lnu, vat, lin); phosphorylase (mph)) is 
responsible for inactivating genes
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fosF, fosG, fosH, fosX) and the fosfomycin kinases (fomA, 
fomB, fomC). The resistance mechanism of these genes is 
believed to be antibiotic inactivation.

Tetracycline, glycopeptide, fluoroquinolone, 
and oxazolidinone resistance genes

Fifty-four (54) tetracycline resistance genes were recov-
ered from 3S metagenome (Fig. 4a). These are classified on 
the basis of resistance mechanism into resistance genes for 
ribosomal protection proteins (otrA, tetM, tetO, tetS, tetT, 

tetW, tet(32), tet(36), tet(44), tetQ), resistance genes for 
tetracycline-inactivating enzymes (tet(34), tet(37), tet(47), 
tet(48), tet(49), tet(50), tet(51), tet(52), tet(53), tet(54), tetX), 
and resistance genes for tetracycline efflux (otrB, otrC, tetA, 
tetB, tetAB, tetC, tetD, tetE, tetG, tetH, tetJ, tetL, tetR, tcr-
3, tet(30), tet(31), tet(33), tet(35), tet(38), tet(39), tet(40), 
tet(41), tet(42), tet(43), tet(45), tet(57), tet(58), tet(59), 
tet(60), tetU, tetV, tetY, tetZ).

Eighty-one glycopeptide resistance genes were retrieved 
from 3S metagenome (Fig. 4b). These are classified into 
resistance genes responsible for the production of modified 

mcr-1.1 mcr-1.10 mcr-1.11 mcr-1.12
mcr-1.13 mcr-1.14 mcr-1.15 mcr-1.16
mcr-1.17 mcr-1.18 mcr-1.2 mcr-1.3
mcr-1.4 mcr-1.5 mcr-1.6 mcr-1.7
mcr-1.8 mcr-1.9 mcr-2.1 mcr-2.2
mcr-3.1 mcr-3.10 mcr-3.11 mcr-3.12
mcr-3.13 mcr-3.14 mcr-3.15 mcr-3.16
mcr-3.17 mcr-3.18 mcr-3.19 mcr-3.2
mcr-3.20 mcr-3.21 mcr-3.22 mcr-3.23
mcr-3.24 mcr-3.25 mcr-3.27 mcr-3.29
mcr-3.3 mcr-3.4 mcr-3.5 mcr-3.6
mcr-3.7 mcr-3.8 mcr-3.9 mcr-4.1
mcr-4.2 mcr-4.3 mcr-4.4 mcr-4.5
mcr-4.6 mcr-5.1 mcr-5.2 mcr-5.3
mcr-6.1 mcr-7.1 mcr-8.1 mcr-8.2
mcr-9.1

catA2 catB11 cmrA_variant 1
cmlR cmlV fexA
floR pexA bcr1
cmlA1 cmlA10 cmlA4
cmlA5 cmlB1 cmr
cmxA dha1 cat
cat-86 catA_variant 1 catA9
catB1 catB10 catB2
catB7 cmlA6 cmlA8
cmlB_variant 1 cmrA catA1
catB3 catB4 catB5
catB8 catB9 cpt
cat-pC221 cat-pC223 catA13
catA3 catA4 catA7
catB6 catD catP
catS catU catV
cpt_strepV

rphD rph
rif arr5
arr3 arr2
iri arr7
arr4

fosF fosX fosI
fosE fosA3 fomB
fomA fosX_CC fosD
fosA4 fosC2 fomC
fosB2 fosH fosC
fosG fosA7

a b 

c d

Fig. 3  Distribution of colistin (a), phenicol (b), rifampin (c), and 
fosfomycin (d) resistance genes in 3S metagenome. Colistin resist-
ance genes are dominated by the mobilized colistin resistance (mcr) 
determinants, mcr-1 and mcr-3. Based on phenicol resistance mecha-
nisms, 31 genes (cat, cmlV, cpt) are responsible for phenicol inactiva-
tion, while 18 genes (cmlA, cmlB, cmlR, cmr, cmrA, bcr1, dha1, fexA, 

floR, pexA) are responsible for phenicol efflux. Rifampin-inactivating 
phosphotransferase (rph, rphD) dominated rifampin resistance genes 
in 3S, however, all the resistance genes inactivate rifampin antibiotic. 
Fosfomycin resistance genes include fosfomycin modifying genes 
(fosA, fosB, fosC, fosD, fosE, fosF, fosG, fosH, fosX) and the fosfomy-
cin kinases (fomA, fomB, fomC)
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tetB tet(58) tetM tetQ tet(60)

tet(44) tetAB tetS otrA tet(43)

tetG tetH tetL tet(36) tet(45)

tetO tetR otrC tet(41) tetA

tetJ tetT tetW tetX tcr-3
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vanS-Pt vanS-Pt2 vanS-Rc vanSc3
vanSc4 vanT vanTc vanTc3
vanTc4 vanTr-L vanU vanW-B
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vanX-Ao2 vanX-B vanX-D vanX-M
vanX-Pt vanX-Pt2 vanX-Sc vanX-Yc
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qnrB37 qnrB34 qnrB36 qnrB40 qnrB26
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OptrA OptrA_18 OptrA_17

OptrA_13 OptrA_10 OptrA_8

OptrA_6 OptrA_9 poxtA

a b 

c d

Fig. 4  Distribution of tetracycline (a), glycopeptide (b), fluoroqui-
nolone (c) and oxazolidinone (d) resistance genes in 3S metagenome. 
Tetracycline resistance genes are classified based on their resistance 
mechanisms into ribosomal protection proteins (otrA, tetM, tetO, 
tetS, tetT, tetW, tet(32), tet(36), tet(44), tetQ), tetracycline-inactivat-
ing enzymes (tet(34), tet(37), tet(47), tet(48), tet(49), tet(50), tet(51), 
tet(52), tet(53), tet(54), tetX), and tetracycline efflux (otrB, otrC, tetA, 
tetB, tetAB, tetC, tetD, tetE, tetG, tetH, tetJ, tetL, tetR, tcr-3, tet(30), 
tet(31), tet(33), tet(35), tet(38), tet(39), tet(40), tet(41), tet(42), 
tet(43), tet(45), tet(57), tet(58), tet(59), tet(60), tetU, tetV, tetY, tetZ). 

Glycopeptide resistance genes either modify peptidoglycan precur-
sors (vanA, vanB, vanH, vanZ, vanC, van T, vanE, vanL), hydrolyze 
normal peptidoglycan precursors (vanX, vanY), regulate expression 
of vancomycin resistance (vanR, vanS) or serve as transcriptional 
activator of vancomycin resistance (vanU). Fluoroquinolone resist-
ance genes are dominated by OqxBgb and OqxA RND-type multid-
rug efflux pump and genes responsible for fluoroquinolone target 
protection (qnrB, qnrC, qnrD, qnrS, qnrVC). Oxazolidinone resist-
ance genes is dominated by OptrA (and its variant), a member of the 
ABC-F ATP-binding cassette ribosomal protection protein
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peptidoglycan precursors ending in d-Ala-d-Lac (vanA, 
vanB, vanH, vanZ, and their variants) or d-Ala-d-Ser (vanC, 
van T, vanE, vanL and their variants), hydrolysis of normal 
peptidoglycan precursors d-Ala-d-Ala (vanX, vanY and their 
variants), regulation of expression of vancomycin resistance 
(vanR, vanS and their variants), and transcriptional activa-
tor of vancomycin resistance (vanU). The gene vanW is an 
accessory gene found on vancomycin resistance operons 
with unknown function.

Fifty-nine (59) fluoroquinolone resistance genes were 
recovered from 3S metagenome (Fig. 4c). In terms of abun-
dance, both the integral membrane protein (OqxBgb) and 
membrane fusion protein (OqxA) RND-type multidrug efflux 
pumps are dominant among the fluoroquinolone resistance 
genes. Other fluoroquinolone efflux pump detected is qepA 
gene, a major facilitator superfamily (MFS) antibiotic efflux 
pump. Other resistance genes detected are those responsi-
ble for fluoroquinolone target protection (qnrB, qnrC, qnrD, 
qnrS, qnrVC and their variants) and those responsible for 
increased expression of efflux pump (norA).

Eighteen (18) oxazolidinone resistance genes were 
retrieved from 3S metagenome (Fig. 4d). The resistance 
genes were dominated by OptrA (and its variant), a member 
of the ABC-F ATP-binding cassette ribosomal protection 
protein. The other resistance gene detected is poxtA, also 
a member of the ABC-F ATP-binding cassette ribosomal 
protection protein that confers resistance to tetracycline, 
phenicol and oxazolidinone via modification of the bacte-
rial ribosome.

Trimethoprim, Nitroimidazole, Fusidic acid, and Sulfona-
mide resistance genes.

Thirty-six (36) trimethoprim resistance genes dominated 
by the dfr genes responsible for the modification of trimetho-
prim target enzyme dihydrofolate reductase (dfr) were recov-
ered from 3S metagenome (Fig. 5). Of these, twenty-three 
(23) belong to the dfrA group constituting 63.9% of the tri-
methoprim resistance genes in the metagenome.

Six (6) nitroimidazole (nim) genes were recovered from 
3S metagenome. These are nimA (3), nimC (1), nimI (3), 
nimE (1), nimD (1), and nimJ (1). Functional annotation 
using CARD detected a nitroimidazole resistance gene 
msbA, an ATP-binding cassette (ABC) antibiotic efflux 
pump not detected by ARG-ANNOT (Table 1). Only four 
(4) fusidic acid resistance genes fusB (1), far1 (1), fusH (2), 
fusD (3) were detected in 3S metagenome. For sulfonamide 
resistance genes, four genes designated sul1 (1), sul2 (3), 
sul3 (5) and sul4 (4) were recovered in 3S metagenome.

Functional annotation of 3S metagenome using CARD 
revealed several resistance genes not detected by ARG-
ANNOT. These include arlR, a major facilitator super-
family (MFS) antibiotic efflux pump that confer resist-
ance to fluoroquinolones and acridine dye; TaeA, an 
ATP-binding cassette (ABC) antibiotic efflux pump that 

confer resistance to pleuromutilin antibiotic; and MuxB, 
a resistance-nodulation-cell division (RND) antibiotic 
efflux pump that confer resistance to macrolide, monobac-
tam, tetracycline, and aminocoumarin antibiotics. Others 
include golS (monobactam, carbapenem, cephalosporin, 
cephamycin, penam, phenicol, penem); evgS (macrolide, 
fluoroquinolone, penam, and tetracycline antibiotics); 
mdtA, mdtC (aminocoumarin antibiotic) and several oth-
ers (Table 1).

Heavy metal resistance genes

Copper (Cu) and silver (Ag) resistance genes

In 3S metagenome, copper resistance genes are repre-
sented by several systems (Table 2). These include the cop 
(copA, copB, copC, copD, copS, copR, copY, copZ, copJ, 
copP, copL), cut (cutA, cutC, cutE, cutO), cue (cueA, cueR, 
cueO), cus (cusA, cusB, cusS), cme (cmeB. CmeC) and the 
pco (pcoA, pcoS) systems as well as several transcriptional 
regulators (copR, cueR, copY, hmrR, crdR, baeR, yfmP) and 
transcriptional repressor (csoR). Also detected is a copper-
exporting P-type ATPase ctpV gene and a gold/copper-trans-
locating P-type ATPase golT. It is noteworthy that the genes 
cueA and cusS have dual resistance to copper and silver, 
respectively (Table 2).

dfr16 dfr18 dfr22 dfr23 dfr24 dfr32

dfrA1 dfrA10 dfrA12 dfrA13 dfrA14 dfrA15

dfrA15b dfrA17 dfrA18 dfrA20 dfrA21 dfrA25

dfrA26 dfrA27 dfrA28 dfrA29 dfrA3 dfrA30

dfrA33 dfrA3b dfrA5 dfrA8 dfrA9 dfrC

dfrD dfrE dfrF dfrI dfrK dhfr7

Fig. 5  Distribution of trimethoprim resistance genes in 3S metagen-
ome. The resistance genes are dominated by the dfr genes responsi-
ble for the modification of trimethoprim target enzyme dihydrofolate 
reductase (dfr)
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Iron (Fe), manganese (Mn), and gallium (Ga) 
resistance genes

Majority of resistance genes detected for iron in 3S 
metagenome are genes that also confers resistance on 
other heavy metals such as zinc, cobalt, nickel, copper, 
cadmium, manganese and gallium (Table 2). These genes 
include zupT, pfr, fbpC, fpvA, fieF, yfeB, troB, troA, sitB, 
sitC, and several others. However, specific genes that con-
fer resistance on iron alone such as ideR, ybtP, ybtQ, furA, 
bfrA, fetB, and several others were also detected. All the 
resistance genes detected for manganese and gallium con-
fers resistance on other heavy metals. These include fbpC, 
fbpB, yfeB, mntH, mntA, troD, fptA, yfeA and several oth-
ers (Table 2).

Zinc (Zn), cadmium (Cd), nickel (Ni), and cobalt (Co) 
resistance genes

Several zinc resistance genes were recovered from 3S 
metagenome (Table 2). These include zitB, znuC, mdtB, 
zntR, zneB/hmxB, znuA, ziaA, zur, zraR and several others. 
Resistance genes that confer resistance on zinc and other 
heavy metals such as zntA (Zn/Pb/Cd), pitA (Zn/Te), mdrL 
(Zn/Co/Cr), zipB (Zn/Cd) among others were also detected. 
Cadmium resistance genes such as czcC (Cd/Zn/Co), czrA 
(Cd/Zn), cznA (Cd/Zn/Ni), czcP (Cd/Zn/Co), cadR, among 
others, which confers resistance on cadmium and other 
heavy metals were also detected (Table 2).

In addition, representatives of nickel resistance genes 
(nikA, nikB, nikC, nikD, nikE, nrsA, nrsS, among others) 
and those that confer resistance to nickel and other heavy 
metals (nczA (Ni/Co/Zn), nia (Ni/Fe), nrsD/nreB (Ni/Co), 
dmeF (Co/Ni), fecD (Ni/Co), cnrA (Co/Ni), rcnA (Ni/Co/
Fe)) and several others were also recovered from 3S metage-
nome (Table 2).

Chromium (Cr), tellurium (Te), selenium (Se), 
molybdenum (Mo), tungsten (W) and vanadium (V) 
resistance genes

In 3S metagenome, several chromium resistance genes 
were recovered. These include Cr (IV) reductase, chrA, 
chrB, chrC, chrR, nfsA, yieF (Cr/V/Mo), ruvB (Cr/Te/Se), 
recG (Cr/Te/Se) among others. Tellurium resistance genes 
detected include tehA, tehB, trgB (Te/Cu), and klaC/telB, 
respectively. Representatives of Molybdenum and tungsten 
resistance genes detected include modA (W/Mo), modB 
(mO/W), modC (W/Mo), modE (W/Mo), wtpA (W/Mo), 
wtpC (W/Mo) among others while sodA and sodB genes 
were recovered for selenium resistance (Table 2).

Magnesium (Mg), mercury (Hg), lead (Pb), arsenic 
(As), antimony (Sb) resistance genes

Functional annotation of 3S metagenome revealed the fol-
lowing genes responsible for magnesium, mercury, lead, 
aresenic and antimony resistance: Mg (mntP, mgtA, corA, 
corB, corC, corD); Hg (merA, merT, merB2, merR1, merP, 
merT-P, merC); Pb (pbrA, pbrR, pbrT); As/Sb (pstA, pstB, 
pstC, pstS, arsA, arsB, acr3, arsC, arsM, arsR, glpF, arsen-
ite oxidase small/large subunits) (Table 2).

Discussion

Soil is a principal member of the ecosystem. Its inundation 
with diverse pollutants such as antibiotics and heavy metals 
from diverse sources has resulted in the proliferation of anti-
biotic and heavy metal resistance genes in the soil ecosystem 
with attendant consequences on public and environmental 
health. In this study, an attempt was made to unravel the 
antibiotic and heavy metal resistome in a chronically pol-
luted soil using a shotgun metagenomic approach. This study 
is important for several reasons. First, the alarming rate and 
ease of dissemination and spread of antibiotic resistance 
genes between environmental compartments are disturbing, 
as several authors have indicated that the soil resistome may 
be a critical source for the emergence of novel antibiotic 
resistance genes in clinical pathogens (Willms et al. 2019; 
Zhu et al. 2019). Second, it is widely believed that pris-
tine soil microbiomes comprise a wide array of novel and 
clinically characterized native antibiotic resistance genes, 
whose presence predates clinical use of antibiotics (Perry 
and Wright 2013; Durso et al. 2016). Third, co-selection 
of antibiotic and heavy metal resistance in microorganisms 
via cross-resistance, co-resistance and co-regulatory mecha-
nisms has maintained and promote antibiotic resistance in 
microbial populations in the absence of antibiotics (Pal et al. 
2015a, b).

β-lactamases, produced extracellularly by Gram-positive 
bacteria and in the periplasmic space by Gram-negative bac-
teria inactivate β-lactam antibiotics by binding covalently 
to their carbonyl moiety and hydrolyzing the β-lactam ring. 
Based on Ambler class A-D classification, Ambler classes 
A, C, and D are β-lactamases with serine at their active site 
while Ambler class B β-lactamases are metallo-enzymes that 
require zinc as a metal cofactor for their catalytic activi-
ties (van Hoek et al. 2011). In this study, 144 β-lactamase 
genes were recovered. Of these, 60 (41.7%) belong to class 
A β-lactamases. This is concerning as most of the extended-
spectrum β-lactamases (ESBLs) belong to this class (Eiam-
phungporn et al. 2018). ESBLs, which are plasmid-borne are 
reputed for their ability to hydrolyze third and fourth genera-
tion cephalosporins and monobactams but not cephamycins 
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(e.g. cefoxitin) and carbapenems (meropenem, imipenem, 
ertapenem, and doripenem) and are generally susceptible to 
β-lactamase inhibitors such as clavulanic acid, sulbactam, 
and tazobactam (Paterson and Bonomo 2005; Eiamphung-
porn et al. 2018; Rahman et al. 2018).

Expectedly, though with a narrow margin, the number 
of variants of blaCTX-M (cefotaximase) genes detected 
in this study trumped other Enterobacteriaceae ESBL 
enzymes blaTEM and blaSHV. This may be attributed to 
extraordinary dissemination of blaCTX-M genes in highly 
mobilizable plasmids and transposons and the phenomenon 
of co-resistance especially to aminoglycosides and fluo-
roquinolones synonymous with blaCTX-M gene-carrying 
microorganisms, which might facilitate co-selection pro-
cesses (Canton and Ruiz-Garbajosa 2011; Rogers et  al. 
2011). blaCTX-M β-lactamases exhibit high hydrolytic 
activity against cefotaxime and a higher hydrolytic activity 
on cephalothin when compared to penicillins, cefaloxine and 
ceftazidime (Tzouvelekis et al. 2000). The second dominant 
class A β-lactamase in this study, blaTEM, the first plasmid-
mediated β-lactamase is the most prevalent plasmid-encoded 
β-lactamase in Gram-negative bacteria responsible for 
about 90% of their resistance to ampicillin (van Hoek et al. 
2011; Rahman et al. 2018). Its classic phenotype blaTEM-1 
exhibits hydrolytic activity on penicillin and first-generation 
cephalosporin such as cephaloridine. Also detected are class 
A β-lactamases with carbapenem-hydrolyzing activity such 
as blaKPC, blaGES, and blaIMI. However, of great con-
cern is the detection of blaKPC, as KPC β-lactamases are 
known to efficiently hydrolyze carbapenems, penicillins, 
cephalosporins and aztreonam. They also hydrolyze clini-
cally available β-lactamase inhibitors (with the exception of 
azobactam, which hydrolyze KPC enzymes slowly) such as 
clavulanic acid, sulbactam, and tazobactam (Nguyen et al. 
2016; Bonomo 2017).

The most prominent representatives of class B metal-
loenzymes β-lactamases detected in 3S metagenome are 
blaNDM and blaVIM constituting 22.1% and 15.5% of 
the class B β-lactamases. This is not surprising, as NDM 
(New Delhi MBL), which have been reported from diverse 
geographical locations are not inhibited by commercially 
available β-lactamases, genes are borne on transferable plas-
mids, chromosome and integrons and have tight hydrolytic 
activities on penicillins, cephalosporins and carbapenems 
(Bonomo 2017). In addition, the promiscuous spread of 
blaNDM genes among bacterial species, particularly mem-
bers of Enterobacteriaceae (Darley et al. 2012; Jones et al. 
2014), the possibility of its environmental spread (Walsh 
et al. 2011), and its concomitant carriage of loads of resist-
ance determinants for β-lactamases, carbapenemases, and 
genes associated with resistance to fluoroquinolones and 
aminoglycosides (Bonomo 2017) makes blaNDM a public 
and environmental health menace.

Plasmid-mediated AmpC β-lactamases such as blaCMY, 
blaLEN, blaOKP dominated the class C β-lactamases 
recovered from 3S metagenome. These plasmid-mediated 
enzymes confer resistance to a broad-spectrum of β-lactam 
antibiotics including oxyimino-β-cephalosporins, penicil-
lins, cephamycins and variably aztreonam (Jacoby 2009). 
Previous reports have also indicated co-selection of multiple 
resistance genes by plasmids carrying AmpC β-lactamases, 
which confer resistance to aminoglycosides, chlorampheni-
col, sulfonamides, quinolones, tetracycline and trimethoprim 
as well as genes for other β-lactamases (Jacoby 2009; Rah-
man et al. 2018).

In this study, the predominant class D β-lactamase genes 
are the blaOXA genes constituting 91.7% of the class mem-
bers. The preponderance of the class D OXA-type enzymes 
may be attributed to mutation resulting in amino acid sub-
stitutions and the emergence of a high number of variants 
with an extended and narrow spectrum of activities against 
diverse β-lactam antibiotics such as penicillins, cephalo-
sporins, extended-spectrum cephalosporins and carbapen-
ems (van Hoek et al. 2011; Leonard et al. 2013; Bonomo 
2017). The genes for OXA-type enzymes are also borne on 
plasmids and integrons, which allow promiscuous dissemi-
nation and spread of the resistance across not only members 
of Enterobacteriaceae (Castanheira et al. 2011; Patel and 
Bonomo 2013) but also Gram-positive bacteria belonging to 
the Bacillaceae, Clostridiaceae, and Eubacteriaceae fami-
lies of the phylum Firmicutes (Toth et al. 2016).

Four mechanisms of resistance to aminoglycoside anti-
biotics have been reported. They are active efflux, decrease 
permeability, ribosome alteration, and antibiotic inactiva-
tion by aminoglycoside-modifying enzymes (van Hoek et al. 
2011). In this study, majority of the aminoglycoside resist-
ance genes detected code for aminoglycoside-modifying 
enzymes. Prominent among them is aadA gene, streptomy-
cin 3′-adenyltransferase, a member of the ANT (3″) family, 
which confer resistance to streptomycin and spectinomycin 
and is encoded by plasmids, transposons and integrons in 
Enterobacteriaceae, Acinetobacter baumanii, Pseudomonas 
aeruginosa, and Vibrio cholerae (Hollingshead and Vapnek 
1985). Others include aac(6′) and aac(3) and their variants, 
which are plasmid-encoded aminoglycoside acetyltrans-
ferases that confers resistance to gentamicin, tobramycin, 
kanamycin (aac(3)), neomycin (aac(3)), amikacin (aac(6′)), 
and paromycin (aac(3)), respectively. These plasmid-
encoded genes have been reported in Klebsiella pneumoniae, 
Enterobater cloacae, Actinobacillus pleuropneumoniae, Sal-
monella typhimurium, Citrobacter freundii, Acinetobacter 
spp., Stenotrophomonas spp., and Pseudomonas aeruginosa 
(Allmansberger et al. 1985; Shaw et al. 1993; Mugnier et al. 
1996; Ramirez and Tolmansky 2010; van Hoek et al. 2011).

MLS antibiotics comprise three chemically distinct, but 
functionally similar antibiotic classes. However, due to 
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similar mode of antibacterial action of macrolide and the 
two other antibiotic classes, lincosamide and streptogramin 
B and their comparable antibacterial spectra, they have 
been clustered together as macrolide-lincosamide-strepto-
gramin (MLS) antibiotics (van Hoek et al. 2011; Marosevic 
et al. 2017). Three main resistance mechanisms have been 
reported for MLS antibiotics. These are rRNA methylation, 
active efflux and antibiotic inactivation. In this study, rRNA 
methylation mediated by rRNA methylases encoded by cfr; 
erm; tlr; myr; emt genes is the dominant MLS resistance 
mechanism in 3S metagenome. This is disheartening for two 
reasons. First, rRNA methylases, particularly those encoded 
by erm genes confer cross-resistance between macrolides, 
lincosamides and streptogramin B antibiotics. Second, there 
are several reports detailing co-selection of tetracycline and 
MLS resistance genes (especially erm) on large transpo-
sons such as Tn1545 (tet(M), macrolide-aminoglycoside-
streptothricin element, erm(B)) (Cochetti et al. 2008), and 
CTnDOT family transposons (tet(Q), tet(X), erm(B), erm(F), 
erm(G)) (Shoemaker et al. 2001; Gupta et al. 2003). Moreo-
ver, some of these transposons belong to the Tn916 family, 
which has a broad host range and transfer promiscuously to 
a wide variety of Gram-positive and Gram-negative bacteria 
(Roberts and Mullany 2011).

Colistin, extensively used in agricultural production 
and treatment of clinical pathogens in spite of its poten-
tial nephrotoxicity and neurotoxicity, is the ultimate line 
of defence against critical infections caused by multidrug-
resistant pathogens (Xu et al. 2018). However, the emer-
gence of mobile colistin resistance (mcr) genes is compro-
mising the efficacy of colistin as last-line antibiotic used 
to treat multidrug-resistant Gram-negative bacteria. In this 
study, mcr-3 and mcr-1 are the most prominent mcr genes 
recovered from 3S metagenome. This is not surprising as 
several reports have indicated the preponderance of mcr-1 
and mcr-3 in clinical specimens, clinical isolates, MDR line-
ages of E. coli and in livestocks (pigs, poultries, cows, goats 
as a growth promoter and to treat infections) across several 
continents (Catry et al. 2015; Gao et al. 2016; Hu et al. 2016; 
Ma et al. 2016; Bi et al. 2017; Coates et al. 2017; Haenni 
et al. 2017; Litrup et al. 2017). In addition, most of the mcr-3 
genes and its variants are located on IncHI2-type plasmids, 
IncP-like plasmid, and IncF plasmid, which facilitate their 
spread and dissemination (Haenni et al. 2017). Open defeca-
tion and urination by humans and unregulated rearing of 
livestock and its attendant defecation and urination along 
rearing paths, a regular activity in the geographical region 
where this study is conducted could be fingered as possible 
routes for spread and dissemination of the mcr genes in the 
soil environment.

Chloramphenicol acetyltransferases encoded by the 
cat genes dominated the phenicol resistance genes recov-
ered from 3S metagenome. These enzymes inactivate 

chloramphenicol, thiamphenicol and azidamfenicol by 
attaching an acetyl group from acetyl-CoA to the antibi-
otics, which prevent them from binding to the ribosome 
(Murray and Shaw 1997; Schwarz et al. 2004; Wright 2005). 
Diverse Gram-positive and Gram-negative bacteria species 
have been reported to encode the cat genes. These include 
Acinetobacter calcoaceticus, Agrobacterium tumefaciens, 
Bacillus clausii, Bacillus subtilis, Campylobacter coli, 
Enterococcus faecalis, Enterococcus faecium, Lactococ-
cus lactis, Listeria monocytogenes, Morganella morganii, 
Proteus mirabilis, Serratia marcescens, shigella flexneri, 
Staphylococcus aureus, S. haemolyticus, S. intermedius, 
Streptococcus agalactiae, S. suis, S. acrimycini (Projan et al. 
1985; Schwarz et al. 1991; Tennigkeit and Matzura 1991; 
Cardoso and Schwarz 1992; Perreten et al. 1997; Parkhill 
et al. 2001; Grady and Hayes 2003; Takamatsu et al. 2003; 
Galopin et al. 2009).

Tetracycline antibiotics, well known for their broad 
spectrum of activity, encompasses a wide range of Gram-
positive and Gram-negative bacteria, spirochaetes, atypical 
organisms such as mycoplasmas, chlamydiae and rickett-
siae, as well as protozoan parasites (Kobashi et al. 2006). 
The drug has proven clinical safety, acceptable tolerabil-
ity, and it is available in intravenous and oral formulations 
for most members of the class (Grossman 2016). Extensive 
use of tetracyclines in veterinary medicine and agricultural 
applications, including crop protection and intensive animal 
farming, has contributed to the widespread dissemination of 
tetracycline resistance (Surette and Wright 2017; Wu et al. 
2020). In this study, resistance genes encoding ribosomal 
protection proteins, tetracycline-inactivating enzymes, and 
tetracycline efflux were detected. However, more disturbing 
is the detection in this study, of seven (tetX, tet(49), tet(50), 
tet(51), tet(52), tet(53), tet(54)) out of the nine tetracycline 
destructases that mediate enzymatic inactivation of third 
(tigecycline) and fourth (eravacycline and omadacycline) 
generation tetracyclines known to overcome resistance due 
to efflux and ribosome protection (Jenner et al. 2013; Tanaka 
et al. 2016; Zhanel et al. 2016). The destructases mediate 
covalent destruction of the antibiotic scaffold via enzymatic 
inactivation, which permanently eliminates the tetracycline 
antibiotic challenge by lowering intracellular and extracel-
lular antibiotic concentrations (Markley and Wencewicz 
2018). Moreover, the genes encoding the destructases, which 
are often borne on transferable plasmids, are normally pre-
sent on operons that are co-transcribed (to ensure self-pro-
tection) with biosynthetic genes in the antibiotic-producing 
microorganism (Davies and Davies 2010; Mack et al. 2014; 
Li et al. 2018).

Majority of fluoroquinolone resistance genes recovered 
in this study such as OqxBgb, OqxA, qepA and qnr are plas-
mid encoded, which facilitate their spread and dissemina-
tion via horizontal gene transfer (Hooper and Jacoby 2016). 
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OqxAB gene, first identified as a plasmid-mediated efflux 
pump conferring resistance to the olaquindox, also confer 
resistance to other quinolones ciprofloxacin and norfloxa-
cin as well as other antibiotics such as chloramphenicol, 
nitrofurantoin, and trimethoprim (Hansen et al. 2007; Ho 
et al. 2016) and have been reported in multiple species of 
Enterobacteriaceae. Similarly, plasmid-borne qepA gene 
efflux pump, which has now been found worldwide (Habeeb 
et al. 2014; Zhao et al. 2015), have been reported in clinical 
E. coli isolates (often associated with aminoglycoside resist-
ance) by researchers from Japan and France (Pe´richon et al. 
2007; Yamane et al. 2007). In addition, qnr genes have been 
found regularly in multi-resistance plasmids that also encode 
genes for other resistance determinants such as β-lactamases, 
ESBLs, AmpC enzymes, and carbapenemases (Jacoby et al. 
2014).

The detection of sulfonamide resistance genes sul1-4 in 
the 3S metagenome is interesting because sulfonamides are 
synthetic antibiotics, and naturally occurring enzymes that 
degrade or modify this antibiotic are not to be expected. 
Thus, its detection indicates active pollution of the polluted 
soil with the antibiotic, its residual or antibiotic resistance 
bacteria carrying the sul gene. Mobile genetic elements 
facilitate the spread and dissemination of the sul gene via 
horizontal gene transfer. This is evident in the location of 
the sul gene. While sul1 gene and other resistance determi-
nants is located on class 1 integrons, sul2 gene is located on 
IncQ-type non-conjugative plasmid and large transmissible 
plasmids, and sul3 gene is reported to be encoded on E. coli 
conjugative plasmid pVP440 flanked by two copies of IS 
element IS15∆/26 (Razavi et al. 2017). sul4 gene is also 
believed to be mobile genetic element borne.

The preponderance of antibiotic resistance genes against 
β-lactam antibiotics as well as other antibiotics used to treat 
infection caused by members of the family Enterobacte-
riaceae at the sampling site point to possible direct/indirect 
contamination from faecal materials of medicated humans 
and animals from point and non-point sources.

While the presence of heavy metal resistance genes at the 
sampling site may be attributed to indiscriminate dumping of 
spent oils and other hydrocarbon products rich in heavy met-
als, which normally select for microorganisms with heavy 
metal resistance phenotype, various anthropogenic activities 
that predates this period (i.e. 15 years) may have also con-
tributed to the soil heavy metal burden and the emergence of 
heavy metal resistance genes. In addition, protists are known 
to employ metal poisoning to inactivate their bacteria prey 
before killing them. To counteract this, bacteria have evolved 
diverse metal detoxification strategies such as copper/zinc 
resistance genes to avoid killing via metal poisoning (Hao 
et al. 2015, 2016, 2017). Thus, a non-anthropogenic scenario 
such as this also fuels the spread and dissemination of heavy 
metal resistance genes in bacteria.

Aside from being a constituent of spent oils and hydrocar-
bon products, copper have been used in aquaculture, horti-
culture and a pesticide or antimicrobial in livestock produc-
tion. It is also added to animal feed as a growth promoter by 
influencing the gut microbiota (Pal et al. 2017). Bacterial 
cells have evolved systems for copper homeostasis to pro-
tect against excess copper-mediated toxicity while allowing 
the adequate supply of copper for cellular processes. In this 
study, four copper resistance systems cue, cop, cus, and pco 
used by members of the family Enterobacteriaceae were 
detected. In the cue system of E. coli used under both aero-
bic and anaerobic conditions (Bondarczuk and Piotrowska-
Seget 2013), a MerR family copper (I)-responsive transcrip-
tional activator, CueR, regulates expression of a copper 
efflux P1-type ATPase, CopA and of CueO, a periplasmic 
multi-copper oxidase that oxidize Cu(I) to Cu(II) (Hobman 
and Crossman 2014; Pal et al. 2017). Under anaerobic and 
extreme copper stress conditions, CueO is inactive due to 
oxygen limitation. As a result, E. coli use the cus system 
comprising a two-component regulator CusRS that activate 
expression of cusCFBA (in response to stress and elevated 
Cu(I) levels at the cell envelope); a tripartite RND family 
silver/copper efflux and CusF, a periplasmic metallochaper-
one (Munson et al. 2000; Outten et al. 2001). In the plasmid-
borne copper resistance pco system, only PcoA, a multi-cop-
per oxidase that oxidize Cu(I) to less toxic Cu(II) and PcoS, 
a member of the two-component regulator PcoRS, which 
regulate gene expression from the pco operon (Hobman 
and Crossman 2014) were detected in 3S metagenome. The 
detection of the Gram-positive copYZAB operon cop system 
(Pal et al. 2017); the Gram-negative copABCDRS operon 
cop system (Monchy et al. 2006; Zimmermann et al. 2012; 
Staehlin et al. 2016), cinA of Pseudomonas putida copper-
induced cinAQ system; crdB, crdR, crdS of Helicobacter 
pylori CrdA-CrdB-CzcB-CzcA system; and csoR, ctpV 
of Mycobacterium tuberculosis (Waidner et al. 2005; Liu 
et al. 2007; Quaranta et al. 2009) and several others in 3S 
metagenome further highlight the diverse copper resistance 
systems employed by members of the microbial community 
for detoxification, transport and export of excess copper.

The detection of diverse resistance mechanisms for zinc, 
cadmium, cobalt, and nickel responsible for uptake, detoxi-
fication and efflux in 3S metagenome may be attributed to 
selective pressure imposed by the heavy metal burden on the 
microbial community, which naturally select for members 
of the microbial community with heavy metal resistance 
phenotypes. Resistance genes encoding for the transport of 
zinc and other divalent cations (zupT (Zn/Fe/Co/Ni/Cu/Cd), 
zipB (Zn/Cd) (Fox and Guerinot 1998), high-affinity zinc 
transporter znuA, znuC (Patzer and Hantke 1998), as well 
as nickel (nickel ABC transporter nikA, nikB, nikC, nikD, 
nikE and several others)) were detected. Also detected are 
genes responsible for efflux (ZntA (Zn/Cd/Pb), ZitB (Zn), 
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ncrC (Co/Ni), czrA (Zn/Cd; Hassan et al. 1999), czcA, czcB, 
czcC (Cd/Zn/Co; Nies et al. 1989; Franke et al. 2003; Nies 
2003a, b) and several others), and transcriptional regulation 
(zntR, zraR, zraS, cadR, cmtR) among others (Table 2).

Of great concern is the detection of mer resistance genes, 
which are usually borne on mer operon in 3S metagenome. 
In  Hg2+ detoxification, periplasmic  Hg2+-binding protein 
MerP bound to the  Hg2+ and delivers it to the mercury 
transporter MerT for transport into the cytoplasm, where it 
is reduced in a NADPH-dependent manner to volatile, less 
reactive  Hg0 by MerA, mercuric reductase (Nies 1999; Ore-
gaard and Sorensen 2007). In this study all the genes encod-
ing MerP, MerT, MerA (merP, merT, merA) were detected 
in 3S metagenome (Table 2). More so, resistance gene for 
alternative route of mercury uptake merC (Hamlett et al. 
1992; Sahlman et al. 1997) was also detected in this study, 
thus, indicating that some members of the microbial com-
munity also use the alternative route for mercury uptake. 
In addition, as shown in Table 2, resistance to lead (Pb) 
in 3S metagenome is mediated a P-type ATPase, Pb-efflux 
ATPase pbrA, which facilitate effective efflux of  Pb2+ from 
the cytoplasm.

Arsenic toxicity stem from its structural similarity to 
phosphate, which allows it to interfere in the metabolism 
of phosphorus, a major macronutrient required by microor-
ganisms. Arsenate As(V) enters the cell via the phosphate 
uptake systems (PstA, PstB, PstC) where it is reduced to 
arsenite As(III) by arsenate reductase ArsC to facilitate its 
differentiation from phosphate. As(III) can also be taken up 
directly using GlpF, a MIP (Major Intrinsic Protein) family 
channel protein. The resultant As(III) is thereafter translo-
cated across the cytoplasmic membrane via ArsB or Acr3 
(Nies 1999; Ben Fekih et al. 2018). It is instructive to note 
that genes encoding PstA, PstB, PstC (pstA, pstB, pstC) as 
well as ArsC, ArsB, Acr3, GlpF (arsC, arsB, acr3, glpF) 
and several others were detected in the metagenome. ArsA, 
which catalyse the extrusion of arsenite (Wang et al. 2004); 
arsenite oxidase, which mediates the oxidation of toxic 
arsenite to less toxic arsenate (Ellis et al. 2001); and ArsM, 
which is involved in the conversion of As(III) to a number of 
methylated products (Wang et al. 2014) were also detected 
in this study (Table 2).

The mercury mer operon are usually borne on integrons, 
which of recent are found to be carried on transposons 
such as Tn21. The Tn21 transposons carries In2 integrons 
inserted between the mercury resistance genes and the 
transposition genes, which also carries the integrase gene 
intI1 that can acquire, express and reassort the antibiotic 
resistance cassettes carried by the integrons (Rosewarne 
et al. 2010; Mindlin and Petrova 2013). The consistent link 
between mercury resistance and antibiotic resistance in 
microorganisms from diverse habitats such as faecal and 
oral microbiota of primates (Wireman et al. 1997), fish 

gastrointestinal tracts (Akinbowale et al. 2007), mine sedi-
ments (Nemergut et al. 2004), and freshwater microcosms 
(Stepanauskas et al. 2006) is a cause for serious public 
health concerns and this has been largely fuelled by the 
presence of integron-associated integrases with antibiot-
ics and heavy metal resistance determinants in mercury 
transposons (Pal et al. 2015a, b).

The co-resistance phenomenon is not limited to mercury 
as revealed in several reports. Co-existence of OqxAB, 
blaCTX-M, pco (copper) and silver (sil) resistance oper-
ons on the same plasmid have been reported (Mourao et al. 
2015; Fang et al. 2016). The co-selection of cadmium and 
zinc for methicillin resistance in Staphylococcus aureus 
through HGT of plasmids encoding genes for methicillin 
(mec) and Cd/Zn resistance (czr) have also been reported 
(Cavaco et al. 2010). In addition, the mobile colistin resist-
ance gene, mcr-1 has been found in copper-tolerant iso-
lates (Campos et al. 2016). Furthermore, a Scottish study 
on randomly selected archived agricultural soils spanning 
a period of 30 years revealed the presence of 11 antibiotic 
resistance genes correlated to soil copper, chromium, lead 
and iron levels (Knapp et al. 2011).

Cross-resistance between antibiotics and heavy metals 
has also been documented. For instance, efflux systems 
have been reported to confer cross-resistance to metals and 
antibiotics (Cheng et al. 1996; Mata et al. 2000). In addi-
tion, co-regulation of antibiotic and metal resistance has 
been reported in Pseudomonas aeruginosa cadmium-zinc-
cobalt regulatory system, CzcRS, which regulate not only 
the expression of the czcCBA efflux system that confers 
resistance to cadmium, zinc, and cobalt but also decrease 
expression of OprD porin, resulting in increased resistance 
to carbapenems (Perron et al. 2004).

From the foregoing, it is highly plausible that the 
spread and dissemination of antibiotic resistance genes in 
3S metagenome are facilitated by the presence of heavy 
metal resistance genes, which are often borne on mobile 
genetic elements that also carries resistance determinant 
for various antibiotic classes. This assertion is further 
corroborated by the fact that most of the mobile genetic 
element-encoded heavy metal resistance genes detected 
in this study have been reported in the literature to also 
carry antibiotic resistance genes. Furthermore, exposure 
to multiple heavy metals, as obtained in this study, has 
been shown to be more effective for co-selection for anti-
biotic resistance (Guo et al. 2014). More so, it has been 
observed that the concentrations of heavy metals in natu-
ral environments, which at times can be lower than the 
minimum inhibitory concentration may be enough to drive 
the co-selection of antibiotic resistance genes (Seiler and 
Berendonk 2012), and this has also been demonstrated in 
in vitro studies (Gullberg et al. 2014).
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Conclusions

In summary, this study has unravelled via next-generation 
shotgun metagenomics diverse antibiotic and heavy metal 
resistance genes constituting the resistome of 3S metagen-
ome. Antibiotic resistance genes for 15 antibiotic classes and 
heavy metal resistance genes of various heavy metals were 
detected, their resistance mechanisms explained and the pub-
lic and environmental health implications of their presence 
enunciated. The preponderance in this study, of resistance 
genes against antibiotics used to treat infections caused by 
members of the family Enterobacteriaceae points to possible 
contamination from faecal materials of medicated humans 
and animals via point and non-point sources. Attempt was 
made to establish the possible contributions of the heavy 
metal resistance genes to the spread and dissemination of 
antibiotic resistance determinants in the metagenome. The 
huge repository of antibiotic and heavy metal resistance 
genes in the soil environment poses a significant threat to 
public and environmental health, and due to the intricate link 
between humans and the soil, it may be a huge contributor 
to the proliferation of multidrug-resistant clinical pathogens.
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