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Abstract

In order to comprehensively characterize the copper and cadmium resistance in activated sludge

of a tannery wastewater treatment plant, a resistance protein database of the two heavy metals

was manually created by retrieving annotated sequences and related information from the public

databases and published literatures. The metagenomic DNA was extracted from the activated

sludge for Illumina highthroughput sequencing, and the obtained 11,973,394 clean reads (1.61

Gb) were compared against the established databases using BLAST tool. Annotations of the BLAST

hits showed that 222 reads (0.019‰) and 197 reads (0.016‰) were identified as copper and

cadmium resistance genes, respectively. Among the identified cadmium resistance genes, czcA

encoding cobaltzinccadmium resistance protein had the highest abundance (83 reads, 0.0069‰),

which was further confirmed by annotation of the open reading frames predicted with the assembly

contigs. Among the copper resistance genes, copA (66 reads, 0.0055‰) was most abundant, followed

by copK and cusR. Alignment against the Clusters of Orthologous Groups (COG) database also

suggested that 87.26% of the matched reads were grouped in COG0474 (cation transport ATPase).

This study may be practically helpful for exploring various functional genes in the environment

using highthroughput sequencing and bioinformatics methods.
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Introduction

Presence of high-concentration heavy metals in

tannery wastewater promotes spontaneous bacterial metal

resistance (Rehman et al., 2008). The heavy metal resistance

is often related with antibiotic resistance (Knapp et al., 2011),

which has become a global threat to human health (Harris et

al., 2012). Bacteria demonstrate a variety of resistance

mechanisms mediated by autologous components and

systems (Gomathy and Sabarinathan, 2010), or the heavy

metal resistance genes (HMRGs) located on chromosomes,

plasmids or transposons (Silver et al., 2001). The HMRGs

are often involved in bacterial adaptation to heavy metals

stress (Davila Costa et al., 2012). Generally, copper resistance

results from exclusion by permeability barrier (Davila Costa

et al., 2012) or efflux systems (Behlau et al., 2011). Enzymatic

detoxification and many other biochemical mechanisms may

be responsible for the cadmium resistance (Intorne et al.,

2012).

Concerns currently focus on isolation of heavy metal

resistant bacteria from wastewater (Ansari and Malik, 2010),

rivers (Rajkumar et al., 2012) and soil (Gupta et al., 2012).

However, assessments of heavy metal resistance based
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solely on bacterial culture often make the results biased

and unrepresentative (Nacke et al., 2011), since it is well

known that most environmental bacteria are uncultivable.

Thus, culture-independent methods are often employed to

investigate the bacterial metal resistance (He et al., 2010;

Hemme et al., 2010). Some specific primers or probes have

been used to detect a limited subset of HMRGs (Li et al.,

2011), but these methods could not gain a whole view into

the HMRGs in complicated environments. The next-

generation sequencing technology is considered as a

powerful tool for analyzing microbial community and

functional genes in the environment (Kristiansson et al.,

2011; Nacke et al., 2011). Zhang et al. (2011) have revealed

the prevalence of various antibiotic resistance genes in

sewage sludge by annotating millions of the sequencing

reads against the antibiotic resistance database. However,

due to the unavailability of the heavy metal resistance gene

or protein database, few studies have been conducted to

characterize HMRGs in environmental samples using high-

throughput sequencing and bioinformatics methods.

In this study, we manually created a comprehensive

database of cadmium and copper resistance proteins by

retrieving annotated sequences and related information from

the public databases and published literatures. The

environmental DNA extracted from the activated sludge of

a tannery wastewater treatment plant was subject to Illumina

high-throughput sequencing and the obtained sequences

were compared against the established database using

metagenomic analysis. The application of high-throughput

sequencing and bioinformatics methods in HMRGs

characterization may be practically helpful for exploring

other functional genes in the environment.

Materials and Methods

Sampling and DNA extraction: Wastewater and activated

sludge samples were collected from the Anoxic/Oxic process

section of a tannery wastewater treatment plant in Henan

province. Samples were immediately transported on ice to

laboratory. Metagenomic DNA was extracted from the

activated sludge by FastDNA® SPIN Kit for Soil (MP

Biomedicals, CA, USA) according to the manufacturer’s

instruction. The concentration and purity of the extracted

DNA was determined by NanoDrop spectrophotometer (ND-

2000, Thermo Fisher Scientific, US) and gel electrophoresis

with 1% (w/v) agarose in 1 × TAE buffer. DNA was stored at

-20 ºC until further analyses. Concentrations of cadmium

and copper in the wastewater were determined with

Inductively Coupled Plasma – Atomic Emission

Spectroscopy (Jarrell-Ash 1100, USA).

High-throughput sequencing: High-throughput sequencing

of the environmental genome was performed by Beijing

Genome Institute (Shenzhen, China) using Illumina Hiseq

2000. The sequencing strategy of index PE101+8+101 cycle

(Paired End sequencing, 101-bp reads and 8-bp index

sequence) was applied to generate 1.61 Gb of clean reads

after removing the sequences containing three or more “N”

or contaminated by adapter (> 15 bp overlap).

Database construction: Amino acid sequences of cadmium

and copper resistance proteins were retrieved from the NCBI

non-redundant protein databases using the key words of

“cadmium or copper resistance protein” or “cadmium or

copper tolerance protein”. Ambiguity and wrong items of

these sequences were manually removed to establish a more

defined database. Finally, the established heavy metal

resistance protein database consisted of 2,092 and 9,825

non-redundant amino acid sequences encoding resistance

to cadmium and copper, respectively. Similarly, Clusters of

Orthologous Groups (COG) associated with heavy metal

resistance were selected from its database to establish a

specialized database for the following bioinformatics

analysis.

Computational and bioinformatics analysis: In order to

characterize the heavy metal resistance in the activated

sludge, all the sequencing reads were compared against the

established heavy metal resistance protein database using

BLASTx with the E-value cut-off < 10-5 (best hit used). A

read was annotated as a heavy metal resistance gene if the

best BLAST hit (blastx) had an amino acid sequence

similarity above a given threshold 95% and the alignment

length was at least 25 amino acids. All sequencing reads

were assembled into contigs by using Velvet (http://

www.ebi.ac.uk/~zerbino/velvet/) with Kmer at 51. Based on

the obtained contigs, open reading frames (ORFs) were

predicted with MetaGeneMark (http://exon.gatech.edu/

metagenome/Prediction/) and then compared against the

established resistance protein database. To analyze the

phylogenetic affiliations of their bacterial hosts, MG-RAST

(http://metagenomics.anl.gov/) was used to draw the radial

phylogenetic tree at the level of phylum (The ORFs were

compared to M5NR using a maximum E-value of 10-5 and a

minimum identity of 80%). Excel 2010 (Microsoft, USA) was

used for statistical analysis of the HMRGs abundance.

Results and Discussion

Abundances of cadmium and copper resistance genes:

Chemical analysis showed that the concentrations of copper

and cadmium in the tannery wastewater were 0.005 and 0.017

mg l-1, respectively. A total of 11,973,394 clean reads (1.61

Gb) were generated by high-throughput sequencing of the

sludge genomic DNA. The reads were then aligned against

the protein database consisting of 11,917 sequences of

cadmium and copper resistance proteins. As shown in Fig. 1,

222 reads (0.019‰) and 197 reads (0.016‰) were identified

as copper and cadmium resistance genes, respectively.
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Although the metals in the wastewater had low

concentrations, a variety of resistance genes were detected

in this study. The results demonstrate that the high-

throughput sequencing technique is a powerful tool for

analyzing environmental HMRGs, which has been

confirmed by using this method to investigate antibiotic

resistance genes in rivers (Kristiansson et al., 2011) and

sewage sludge (Zhang et al., 2011).

Diversity of cadmium resistance genes: Alignment against

the database revealed that 83 reads (0.0069‰) were assigned

to czcA encoding cobalt-zinc-cadmium resistance protein,

which had the highest abundance among the identified

cadmium resistance genes. The efflux system czc is the best

understood genetic mechanism of bacterial metal resistance

that can pump Cd (II), Zn (II), and Co (II) from cells (Intorne

et al., 2012). The czc operon encodes four proteins including

CzcA, CzcB, CzcC, and CzcD (Grosse et al., 2004), and CzcA

is a member of the RND family which modulates low level

resistance to Co (II), Zn (II), and Cd (II) (Rensing et al.,

1997). This study showed that czcA was prevalent in activated

sludge and had a broad range of host species including

Azoarcus sp., Oxalobacteraceae sp., Herminiimonas

arsenicoxydans and Zobellia galactanivorans.

Furthermore, this result was supported by ORFs annotation,

suggesting that one of the ORFs was 83.43% identical with

the RND divalent metal cation efflux transporter CzcA

protein carried by Herminiimonas arsenicoxydans

(Accession No.YP_001099897.1). However, search in COG

database showed that each of the Co/Zn/Cd cation

transporters (COG0053) and Co/Zn/Cd efflux system

component (COG1230) only had one BLAST hit in the

sludge metagenome.

As shown in Fig. 2, cadmium resistance in the sludge

was also conferred by cadA gene of Mycobacterium sp.

and cadD gene of Pseudomonas putida. Similar to czc

system, cad is also an efflux system including cadA and

cadD, and the cad system is often mediated by plasmid

(Bruins et al., 2003; Massidda et al., 2006). As an ion pump,

CadA is homology to P-class ATPase in consequence of

the strong amino acid sequence, which was previously

detected in cadmium-resistant bacteria from cadmium-

polluted soil in China (Zhang et al., 2008). CadD family is

known to consist of four currently sequenced proteins, two

of which regulate cadmium resistance through a proton

antiport mechanism (Naz et al., 2005).

Diversity of copper resistance genes: Fig. 3 illustrates six

copper resistance genes with relatively higher abundance

in the sludge, among which copA family (66 reads, 0.0055‰)

was most abundant, followed by copK family (63 reads,

0.0053‰) and cusR family (15 reads, 0.0013‰).

The gene copA occupied 29.73% of the total matched
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Fig. 1 : Relative abundance of cadmium (Cd) and copper (Cu)

resistance genes in activated sludge metagenome in the tannery

wastewater treatment plant
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Fig. 2 : Relative abundance of various genes responsible for cadmium

(Cd) resistance in microbial community of the tannery wastewater

treatment plant

Fig. 3 : Relative abundance of various genes responsible for copper

(Cu) resistance in microbial community of the tannery wastewater

treatment plant
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reads, which mainly encodes an uptake P-type ATPase of

Cu (II) (Davila Costa et al., 2012), generating multicopper

oxidase in the microbial communities. Previous studies

have indicated that E. coli  multicopper oxidases

contributing to copper tolerance are the central component

of copper homeostasis (Hall et al., 2008) and P-type

ATPase also controls copper homeostasis (Petersen and

Moller, 2000). CopB encoding a P-type efflux ATPase is

also related to metal homeostasis, but this study showed

that copB had fewer matched reads than copA, both mainly

existing in Cupriavidus necator, Paracoccus denitrificans,

Polymorphum gilvum and Xanthobacter autotrophicus.

The genes copA and copB encode copper transport system

(Teixeira et al., 2008), and CopD is similar to CopA due to

the correlation with uptake of copper (Behlau et al., 2011).

CopD is a transmembrane transporter protein and CopF is

a putative copper-transporting p-type ATPase (Crossman

et al., 2008).

This study revealed the presence of copK gene in

the activated sludge, but the role of CopK protein in copper

resistance has not been defined to date. Recently, it has

been indicated that copper binding cooperativity is

conferred by CopK protein, with which a high-affinity Cu(II)

binding site generated by occupation of a high-affinity Cu(I)

binding site is able to enhance the Cu(I) binding

simultaneously (Chong et al., 2009). Blast against the

resistance protein database also showed that one of the

ORFs predicted with assembled contigs was 100% identical

with a hypothetical protein whose region name was copK

of Thauera sp. (Accession No. YP_002890929.1).

Fig. 3 also reveals that cusR family was present in

the activated sludge. This result was supported by the ORFs

prediction, demonstrating that one of the ORFs was 83.48%

identical with cusR gene (Accession No.YP_004676151.1).

Copper resistance gene cusR located on the chromosome

of E. coli K-12 can encode a regulatory system activating

the genes expression when the concentration of copper is

increasing (Munson et al., 2000). Moreover, within the

plasmid-borne cop operon, CopR regulates the expression

of copper resistance genes (Ng et al., 2012).

Alignment against COG database demonstrated that

185 matched reads (occupying 87.26% of the total matched

reads) were grouped in cation transport ATPase COG0474

(Fig. 4), confirming the presence of copper and cadmium

resistance genes in the activated sludge of the tannery

wastewater treatment plant.  MG-RAST analysis showed

that Proteobacteria was predominant in the sludge (Fig. 5).

In this study, BLAST against the heavy metal resistance

proteins database was correlated with, but not exactly

consensus with the annotations of COG and ORFs. Due to

the high biodiversity in the activated sludge (Fig. 5), the

11,973,394 sequences obtained in this study maybe only

cover a fraction of the whole metagenome, which thus

affected the statistical power of detecting HMRGs with lower

abundance and complicated the assembly of the genomes

(Kristiansson et al., 2011; Zhang et al., 2011).

In conclusion, high-throughput sequencing and

metagenomic analysis revealed the prevalence of various

copper and cadmium resistance genes in activated sludge

of tannery wastewater treatment plants. Quantification of

Fig. 5 : Phylogenetic affiliations of heavy metal resistant bacteria in

the activated sludge analyzed by MG-RAST at phylum level

S. Jia et al.
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Fig. 4 : Functional classification of the sequencing reads related to

heavy metal resistance by alignment against Clusters of Orthologous

Groups (COG) database; COG0474: Cation transport ATPase;

COG4300: Predicted permease, cadmium resistance protein;

COG0798: Arsenite efflux pump ACR3 and related permeases;

COG1055: Na+/H+ antiporter NhaD and related arsenite permeases;

COG0053: Predicted Co/Zn/Cd cation transporters; COG1230: Co/

Zn/Cd efflux system component; COG1393: Arsenate reductase and

related proteins, glutaredoxin family
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the HMRGs showed that czc and cad systems were mainly

responsible for the cadmium resistance and cop families

were mainly involved in the copper resistance in the sludge.

High-throughput sequencing combined with the

bioinformatics analysis is a powerful tool for comprehensive

analysis on abundance and diversity of various HMRGs in

the environment.
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