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Abstract Class 1 integrons and gene cassettes containing
antibiotic resistance genes (ARGs) in five different sewage
treatment plants (STPs) were characterized and quantified
using polymerase chain reaction (PCR), sequencing, and
quantitative real-time PCR (qRT-PCR) in this study. Class 1
integronase gene (infl1) was found commonly occurring in
all of activated sludge samples from the five STPs, as well
as in influent and effluent of two STPs at Hong Kong. One
hundred and nine lactose-fermenting Enterobacteriaceae
(LFE) strains were isolated from activated sludge of Shatin
STP. Among them, 36 strains (33.0%) were found to carry
class 1 integrons. PCR assays showed that 11 of the 36
intl1-carrying isolates harbored a common type of gene
cassette array of about 1,600 bps, as well as the static genes
(sull and gacEA1) on class 1 integrons. This gene cassette
array was found phylogenetically close to antibiotic
resistance genes dfi'17 and aadAS, encoding dihydrofolate
reductase conferring resistance to trimethoprim and adeny-
lyltransferase conferring resistance to spectinomycin/strep-
tomycin, respectively. Antimicrobial susceptibility analysis
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demonstrated that all the 11 LFEs carrying gene cassette
were multi-resistant, especially having common resistance
to trimethoprim and streptomycin. qRT-PCR assay showed
that genes copies of both class 1 integron and the gene
cassette varied significantly among the activated sludge
sampled from different STPs, at different time points or
different treatment steps. More than 90% of class 1
integrons and the gene cassette were removed by activated
sludge processes in two STPs, while the disinfection
process removed 94% integron and 77% gene cassette in
one STP.

Keywords Antibiotic resistance gene - Gene cassette -
Integron - qRT-PCR - Sewage treatment plant

Introduction

Antibiotics have wide applications in protecting the health
of human beings and animals or to increase growth rate of
animals as food additive. The most of antibiotics are
excreted unchanged into the environment. Concerns about
the potential impact of antibiotic residues in the aquatic
environment keep growing recently (Sarmah et al. 2006;
Wright 2007; Kemper 2008). In addition to chemical
pollution caused by antibiotics themselves, the use of
antibiotics may also accelerate the development of antibiotic
resistance genes (ARGs) and bacteria which shade health
risks to humans and animals (Kemper 2008). These bacteria
may transmit from environment to human via direct or
indirect contact (Iversen et al. 2004; Kim et al. 2005;
Rodriguez et al. 2006). Considering the growing evidences
that clinical resistance is intimately associated with environ-
mental ARGs and bacteria (Tatavarthy et al. 2006; Prabhu et
al. 2007; Abriouel et al. 2008), it is clear that the research
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activities need to be expended to include nonpathogenic or
environmental microorganisms.

ARG may be carried in many forms in antibiotic
resistant bacteria, including insertion sequences, transpo-
sons, conjugative plasmids, and integrons. So far, at least
five classes of mobile integrons have been observed to have
a role in the dissemination of ARGs, among which class 1
integrons are the most common one (Mazel 2006). All
integrons known today contain three key elements: (1) an
intl1 gene encoding a site-specific integrase responsible for
integration and excision of gene cassettes, which occurs at
(2) the a#fl site, and (3) a promoter (Pj,) that drives
expression of inserted gene cassettes. A gene cassette
generally consists of at least one gene and an imperfect
inverted repeat of 57 to 141 bp, i.e., attC which is the
recognition site for the integrase (Mazel 2006). Class 1
integron possesses a conserved segment at downstream of
the gene cassette, which is composed of the genes gacEA1,
sull, and orf5 (Fig. 1), encoding a small exporter protein
that confers resistance to quaternary ammonium com-
pounds, a dihydropteroate synthetase for sulphonamide
resistance, and a hypothetical protein of unknown function,
respectively (Paulsen et al. 1993).

Class 1 integrons are frequently reported to carry gene
cassettes associated with clinical antibiotic resistance (Li et
al. 2006; Mendes et al. 2007; Labuschagne et al. 2008).
Recently, integrons have been detected in some microbial
species from various environments, including wastewater
(Tennstedt et al. 2003; Taviani et al. 2008), river water
(Mukherjee and Chakraborty 2006), and soil (Agerse and
Sandvang 2005), suggesting that the dissemination of
integrons may be a noteworthy problem of environmental
pollution and public health (Stokes et al. 2006). Different
from direct detection of environmental ARGs, investigation
on integrons and associated gene cassettes can provide
evidence for multiple antibiotic resistances of environmental
bacteria and horizontal transfer of ARGs among the species
since integrons are able to incorporate and disseminate gene
cassettes containing antibiotic resistance genes (Alekshun
and Levy 2007).

Gene cassette

Previous studies were mainly focused on characterization
of integrons and antibiotic-resistance gene cassettes recovered
from environmental bacterial species. However, few
researches have been conducted to investigate elimination
and fate of integrons and gene cassettes in sewage treatment
plants (STPs). The objectives of this study are (1) to detect
class 1 integrons and associated gene cassettes in isolated
bacteria from activated sludge of STP and (2) to quantitatively
investigate elimination of the integrons and gene cassettes in
STPs.

Materials and methods
Sampling and DNA isolation

Activated sludge samples were sampled from aeration tank
of Shatin STP and Stanley STP (Hong Kong, China),
Minhang STP (Shanghai, China), San Jose STP (CA,
USA), and Palo Alto STP (CA, USA). The sampling in
the two STPs of Hong Kong was conducted every month
from March 2007 to March 2008. Water samples were
collected from influent of primary settler, effluent of
secondary sedimentation tank in both Shatin and Stanley
STPs, and effluent of disinfection tank in Stanley STP.
Biosolids (digestion sludge) were also sampled from the
two STPs of Hong Kong. Water and sludge samples were
kept on ice and transported to the lab for immediate
processing (within 2—4 h). Wastewater (50-200 ml) and
sludge samples (10 ml) were centrifuged at 4,000 rpm for
10 min at 4°C. Supernatant was discarded, and the pellet
was used for DNA extraction using the FastDNA soil kit
(Zymo Research, USA).

Isolation and identification of bacterial isolates

Lactose-fermenting Enterobacteriaceae (LFE) strains were
isolated from STPs on MacConkey media, and polymerase
chain reaction-restriction fragment length polymorphism
(PCR-RFLP) was used to group the isolates. In detail,
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Fig. 1 Components of class 1 integron and target positions of PCR
primers. Class 1 integron consists of the integrase gene intll, the
promoters P;, and P,,, the integron-specific attachment site (atfl),
quaternary ammonium compound resistance gene gacEA1, sulphona-
mide resistance gene sull, and orf5 of unknown function. Integron
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activated sludge samples (10 ml) collected from Shatin STP
were mixed with 90 ml PBS buffer (pH7.2) and 5 ml 5-mm
glass bead and shaken at 200 rpm for 2 h. The suspension
was used to isolate LFE on Macconkey agar (Difco) using
the spread plate method after serial dilution (Kim et al.
2007). Colonies with pink color were defined as LFE.
Almost full sequence of 16S rDNA of the LFE strains was
amplified using the primer set EUB8F/Univ1392R and
digested using Rspl. Strains were typed based on RFLP
profile on 1% agarose gel. One to three representative
sequences of each RFLP type were sequenced to identify
the taxonomy affiliation.

Specific PCRs of class 1 integron and gene cassettes

With the primers listed in Table 1, PCR was used to detect
intl1, gene cassette, gacEA1, and sull in the environmental
samples and bacterial isolates. Primers specific for the 5’
conserved segment (5'CS) and 3’ conserved segment (3'CS)
were used to amplify the variable region of class 1
integrons. Based on DNA sequence of the common gene
cassette detected with 5'CS and 3'CS, the primer set of G¢F
and GcR was designed and used to target a partial fragment
(895 bp) on the gene cassette commonly present in the
environmental samples and bacterial isolates. PCR ampli-
fications of infl1, sull, and gacEA1 were performed in 30 ul
volumes solution with 1x PCR buffer, 1.5 mM MgCl,, 100
uM dNTP, 3 pmol of each primer, 100 ng of template
DNA, and 1 U of Taq polymerase. Conditions of these
PCRs were initial denaturation at 94°C for 5 min, followed
by 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for
60 s, with a final extension at 72°C for 8 min. PCRs of
gene cassettes were performed in 30pl reaction system
including 1x PCR buffer, 1.5 mM MgCl,, 200uM dNTP,
6 pmol of each primer, 200 ng of template DNA, and 2 U
of Taq polymerase. Conditions of gene cassette PCRs were
initial denaturation at 94°C for 7 min, followed by 30 cycles
of 94°C for 40 s, 55°C for 40 s, and 72°C for 80 s, with a
final extension at 72°C for 10 min. Duplicate PCR reactions

were performed for each combination of sample and primer
set. Sterile water was used as the negative control for each
assay.

PCR products were analyzed by electrophoresis using
1% agarose gel with ethidium bromide in 1% TAE buffer at
120 V for 15 min. After agarose gel electrophoresis, PCR
products of the target genes (1pl each) present in each
sample were mixed up in a centrifuge tube. The mixture
(1ul) was added in each sample well of DNA chips to
analyze the size of the DNA fragments using Agilent 2100
BioAnalyzer (USA). The analysis was conducted with
Agilent DNA100 Kit (USA) according to the manufacturer
instructions. Amplification product of each target gene was
purified with PCRquick spin™ PCR Product Purification
Kit (iNtRon Biotechnology, South Korea) and sent out for
DNA sequencing (TechDragon, Hong Kong, China) to
check if the target DNA fragments were amplified.

qRT-PCR

Class 1 integronase gene infll and the gene cassette
detected in specific PCR assay was quantified with
quantitative real-time PCR (qRT-PCR) for the wastewater
and sludge samples from the five STPs wastewater
treatment plants. The qRT-PCR primers of infll were the
same with those used in specific PCRs (Table 1). The
specific primer set (GecF and GeR) was used for qRT-PCR
of the gene cassette detected in specific PCRs. Reactions
were conducted in 96-well plates with a final volume of 20
pl using 10p1 iQ™ SYBR® Green Supper Mix (BioRad,
Hercules, CA), plus 1ul each primer of 2 mM and 8pul
template DNA. Thermal cycling and fluorescence detection
were conducted on a BioRad iCycler with the software
iCycler iQ version 3.0 (BioRad), using the following
protocol: 94°C for 3 min, followed by 45 cycles of 94°C
for 30 s, 55°C for 30 s, 72 °C for 60 s. Each reaction was
run with duplicate.

PCR products of intl1 and the gene cassette were cloned
using the TA Cloning Kit (Invitrogen, Carlsbad, CA, USA),

Table 1 Primers of intfl1, gacEA1, sull, and gene cassette located on class 1 integron

Target gene Primer Sequence (5'-3") Product size References

intl1 IntF GGGTCAAGGATCTGGATTTCG 484 bp Mazel et al. 2000
IntR ACATGCGTGTAAATCATCGTCG

qacEA1 QacF ATCGCAATAGTTGGCGAAGT 230 bp Sandvang et al. 1998
QacR CAAGCTTTTGCCCATGAAGC

sull SulF CGGCGTGGGCTACCTGAACG 433 bp Kerm et al. 2002
SulR GCCGATCGCGTGAAGTTCCG

Gene cassette 5'CS GGCATCCAAGCAGCAAG Variable Lévesque et al. 1995
3'CS AAGCAGACTTGACCTGA
GcF AAAAGCTGCCGCTGAACTTA 895 bp This study
GcR AAGCAGACTTGACCTGA
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and the plasmid-carrying target gene was extracted and
purified using PureLink™ Quick Plasmid Miniprep Kit
(Invitrogen). The copy number of infll and gene cassette
per microliter plasmid DNA solution was calculated
according to Liang et al. (2008). Calibration curves (C;
value versus Log value of initial target gene copy number
per reaction) with at least five points for qRT-PCR were
generated using tenfold serial dilution of the plasmid-
carrying target gene (Zhang and Fang 2006; Liang et al.
2008). Calibration curve was run together with each
measurement. The PCR efficiencies ranged from 97.6% to
102.2%, and R? values were over 0.992 for all calibration
curves. Based on the calibration curves, C; value of a test
sample with an unknown concentration was used to
calculate copy number of target gene, and then the latter
was normalized against mass (nanogram) of the extracted
DNA samples and the volume (milliliter) of original water
or sludge samples.

Antibiotic susceptibility analysis

LFE strains carrying gene cassettes were sent to the
Department of Microbiology, Queens Mary Hospital, The
University of Hong Kong for antibiotic susceptibility
analysis using disc diffusion method according to Clinical
and Laboratory Standards Institute (2006).

Nucleotide sequence accession numbers

DNA sequences of the test gene cassettes were submitted to
GenBank, and the accession numbers were provided for the
gene cassettes isolated from Escherichia coli (FJ463742)
and Klebsiella pneumoniae (FJ463743).

Results

Detection of integrons in activated sludge and sewage
samples

PCR amplifications suggested that class 1 integronase gene
infll was present in all activated sludge samples of the five
STPs, influent and effluent water of both STPs in Hong Kong.
The PCR products of infll were verified by DNA sequencing.

PCRs using the primer set of 5'CS and 3'CS showed that
several types of gene cassettes with different sizes occurred
in the activated sludge samples (data not shown).

Detection of integrons and gene cassettes in isolated
bacteria

Among the 109 LFE strains isolated from activated sludge
of Shatin STP, 36 isolates (33.0%) were found to carry infl1

@ Springer

(Table 2). PCR assays showed 11 of the 36 infll-carrying
isolates harbored a common type of gene cassette, as well
as sull and gacEA1, the static genes on class 1 integrons
(Table 2 and Fig. 2). The full length of the common gene
cassette detected with 5'CS and 3'CS as PCR primers was
about 1,600 bp. Based on DNA sequencing and Blast results,
the sequence obtained demonstrated the detectable gene
cassette array with the highest similarity (87.7%) to class 1
integron dfi'l 7-aadAS for dihydrofolate reductase and amino-
glycoside-3'-adenylyltransferase, which are associated with
resistance to trimethoprim and streptomycin, respectively.
Figure 3 showed that the gene cassette array identified in
E. coli or K. pneumoniae strains obtained in this study were
phylogenetically close to those found in the isolates of

Table 2 sull, gacEA1, and gene cassette in the LFE isolates carrying
intll

Strain no. sull qacEA1 Gene cassette
M4 + + -
M8 - - -
M16 + + -
M36 + + +
MAL1 - - -
MA2 + + +
MA3 + + +
MA4 + + +
MAS - - -
MAI12 + + -
MA24 + + -
MA25 + + +
MA28 + + +
MK2 - - -
MK4 + + -
MKS - - -
MKS8 - - -
MK9 + + -
MKI12 - - -
MK13 + + -
MK 14 - - -
MKI15 - + -
MK16 - - -
MK17 - - -
MK18 - + -
MK19 + - -
MK20 - - -
MK22 + + -
MK25 + + +
MK26 + + +
MK29 + + +
MK31 - - -
MK33 + + -
MK34 + + +
MK35 - + -
MK36 + + +

+ positive result,—negative result
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Fig. 2 Gel image generated by

bp Ladder M36 MA2 MA3 MA4 MA25 MA28 MK25 MK26 MK29 MK34 MK36 Blank

Agilent 2100 BioAnalyzer used 1500 .
to analyze PCR products of 1000 -—x S — Gene cassette
infl1, sull, gacEA1, and gene A0 = (895 bp)
cassette carried by 11 LFE 500 ——— s— — — intl1 (484 bp)
isolates from activated sludge 400 ~———— — sull(433 bp)
300 -——
200 — qacEA1
150 ~—— (230 bp)
100 ——r
50 -—r
15

E. coli (EU598449), Caenorhabditis elegans (AB291062),
Enterobacter cloacae (EF571855), Staphylococcus epider-
midis (AB291061), Acinetobacter genomo (EF015498), and
Pseudomonas aeruginosa (DQ838665). The length of the
gene cassette array was beyond the ladder range (0-
1,500 bp) of DNA marker of Agilent 2100 BioAnalyzer,
thereby a new primer set (GcF and GcR) was designed
according to the sequencing result of the common gene
cassette array and used for specific amplification of a partial
fragment (895 bp) on the gene cassette (Fig. 2).

Antibiotic susceptibility of the isolated bacteria harboring
gene cassette array

The 11 isolates carrying the gene cassette array were subject to
antimicrobial susceptibility analysis, and all were found to be
resistant to at least three antibiotics tested (Table 3). All
isolates were resistant to tetracycline and ampicillin, and
most of them were resistant to co-trimoxazine, neomycine,
and streptomycin. Multiple resistances of the isolates to
co-trimoxazine and streptomycin may be associated with the
ARGs of dfrr17 and aadA5, which were probably located on
the integrons carried by these isolates.

3—— Pseud

11

Quantification of class 1 integrons and gene cassettes
in activated sludge

Class 1 integronase gene and the gene cassette array
detected in activated sludge samples from the five STPs
were quantified using qRT-PCR. Figure 4 showed that
genes copies of both integrons and gene cassettes varied
greatly among the activated sludge samples from different
STPs or from the same STP sampled at different time
points. The highest gene concentrations of both integrons
and gene cassettes occurred in Minhang STP, which were
4.03x10° and 1.78x10%copy/ng DNA, respectively. The
gene copy ratio of gene cassette/integron ranged from
0.04% to 20.83%, indicating that only a small part of
integrons carried the gene cassette.

Elimination of class 1 integron and gene cassette in sewage
treatment plants

Class 1 integron and the gene cassette array were quantified
for the influent, activated sludge, effluent of secondary
sedimentation tank, effluent of disinfection tank, and
biosolids from Shatin and Stanley STPs. The relative

aeruginosa class I integron dfrA17 and aadAS genes (DQ838665)
Escherichia coli clone 012 class I integron (EF488368)
Escherichia coli class 1 integron dfr17 and aadAS5 genes (AY748452)
Acinetobacter genomo sp. 13TU class 1 integron (EF015498)
——— Staphylococcus epidermidis class 1 integron dfr17 and aadAS5 genes (AB291061)
Enterobacter cloacae class I integron dfr17 and aadAS5 genes (EF571855)
65 ?!: Caenorhabditis elegans class 1 integron dfr17 and aadAS genes (AB291062)

3

—
L

1

—

1

0

0

Escherichia coli strain ECT10 plasmid class I integron (EU650403)
Escherichia coli class I integron dfr17 and aadA5 genes (AY828551)
Escherichia coli strain E020 class 1 integron dfr17a and aadA5 genes (DQ865198)
Escherichia coli isolate E3 class I integron dfr17 and aadAS genes (DQ663488)
Uncultured bacterium class I integron (FM179325)

& Escherichia coli or Klebsiella pneumoniae class I integron gene cassette (this study)
Escherichia coli strain P65 class I integron dfrA17 and aadAS genes (EU598449)

Fig. 3 Phylogenetic tree of the gene cassette identified in LFE
isolates from activated sludge constructed with the neighbor-jointing
method of MEGA 3.1. GenBank accession numbers of sequences are

given in parenthesis, and genetic similarity is 87.7% between the gene
cassette detected in this study and each corresponding sequence
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Table 3 Antibiotic susceptibility of LEF isolates carrying gene cassette array

Antibiotic M36 MA2 MA3 MA4 MAZ25 MAZ28 MK25 MK26 MK29 MK34 MK36
Ampicillin RO RO RO RO RO RO RO RO RO RO RO
Cephalothin R10 M17 M17 RO S21 RO M16 M17 S19 R12 R13
Cefuroxime S24 S21 S21 RO S25 RO S24 S24 S22 S21 S23
Gentamicin S25 S18 S22 S24 S25 RO RO RO S24 RO RO
Co-trimoxazine S26 RO S21 RO RO RO RO RO RO RO RO
Levofloxazine S25 S24 S30 RO S27 RO R9 R9 S20 R8 R9
Ceftazidime S29 S28 S28 Ml16 S30 S29 S30 S31 S26 S31 S28
Augument RO S19 S19 MI5 S23 S21 S20 S20 S19 S20 S20
Ceftrazine S29 S30 S29 R10 S33 M18 S31 S30 S30 S31 S31
Tetracyline RO RO RO RO RO RO RO RO RO RO RO
Neomycine S23 S21 S20 R12 S22 S22 R11 R12 R12 R11 R11
Tazocine S22 S23 S24 S25 S29 S28 S27 S28 S24 S28 S27
Streptomycin R8 S16 RO RO Mi2 RO RO RO M14 RO RO

Numbers: diameters (millimeter) of bacteriostatic rings
S sensitive, R resistant, M moderate

concentrations of class 1 integron and gene cassette were
normalized to both DNA mass and original sample volume
(Fig. 5). It was found that more than 90% of integron and
gene cassette were removed by activated sludge process in
the two STPs, in terms of relative concentration based on
DNA mass and sample volume. In Stanley STP, the applied
disinfection method removed 94% integron and 77% gene
cassette. The levels of gene cassettes in Shatin and Stanley
biosoilids were below the detection limit (3.12 gene copy/ng
DNA).

Discussion

In this study, class 1 integronase gene infl1 was found to be
present in the sludge samples of all the five STPs, as well as
influent and effluent water of the two Hong Kong STPs.
Previous reports demonstrated that integrons carrying
various ARGs frequently occurred in different water
environments, including animal production or aquaculture
areas (Schmidt et al. 2001; Moura et al. 2007; Akinbowale

et al. 2007; Jacobs and Chenia 2007), sewage treatment
plants (Szczepanowski et al. 2004; Tennstedt et al. 2005;
Da Silva et al. 2007; Taviani et al. 2008), surface waters
(Poppe et al. 2006; Mukherjee and Chakraborty 2006; Lin
and Biyela 2005), and sediments (Dalsgaard et al. 2000).
These results together with those obtained in this study
indicate that class 1 integrons are widespread in environmental
samples.

Among the 109 LFE strains isolated from activated
sludge, 36 isolates (33%) were found harboring detectable
class 1 integrons (11 isolates carrying a common gene
cassette array of about 1,600 bp). The proportion of LFE
strains carrying integrons is comparable to those of other
studies. It was reported that 26% (five of 19) of antibiotic-
resistant Vibrio spp. isolated from surface urban water (river
and sea) contained class 1 integrons (Taviani et al. 2008). da
Silva et al. (2007) investigated the resistance characteristics
of enterobacteria isolated from raw and treated wastewater of
a municipal treatment plant and found that 31 of 343
enterobacteria contained class 1 integrons, with integron-
specific variable regions of 0.9-3 kbp. Tennstedt et al. (2003)

Fig. 4 Abundance of class 1
integron and the gene cassette
detected in activated sludge

B Class 1 integron
B Gene cassette (dfrl17-aadAS)

—]

sampled from the STPs of
Shatin (S7), Minhang (MH), San
Jose (SJ), and Palo Alto (PA4).
Number after STP name means
sampling time point, 0705 for
May of 2007

number per ng DNA

Log value of gene copy

ST0703

@ Springer

ST0705

STO0706
ST0707
ST0708
STO0709
STO710
STO0711
ST0712
STO0801
STO0802
STO0803
PAO710
SJ0710

MHO0711

DNA extracted from activated sludge of different STPs



Appl Microbiol Biotechnol (2009) 82:1169-1177 1175

8 6
~ Ointegron M Gene cassette  (2) | _ (b)
g — g «
a6 [ S 7
2w o 24 H =i
4] = = =14}
5 2 N : 2
584 M S §
sz i B B =
-_— = 2 -
o O [} — - E
%52 > E
h 0 5 [
—
0 L | I_I 0 ;
Influent Effluent Activated Biosolids Influent Effluent Effluent Activated Biosolids
sludge of SST of DT sludge
10 10
= © | > = (d)
?i 8 H S8 —
o E <
v 3 g 2
$—= 6 SE 6
5 E P
S 5 = S g
g & 4 P Fod —|
— E Y]
- Y =
> 82 wE 2 [ m
oL |
5 b B =
0 : 0 :
Influent Effluent Activated Biosolids Influent Effluent Effluent Activated Biosolids
sludge of SST of DT sludge

Fig. 5 Abundance of class 1 integron and the gene cassette detected in Shatin (a and ¢) and Stanley (b and d) STPs. a and b normalized to DNA
amount; ¢ and d normalized to volume of original sample. SS7 secondary sedimentation tank, DT disinfection tank

found 12% of 97 multi-resistance plasmids isolated from a et al. 2007). Tennstedt et al. (2003) found eight different
wastewater treatment plant carried gene cassettes with sizes ~ gene cassettes (class 1 integron) containing aad and seven
of 1.2-3.0 kbp. Different PCR primers were used in these = gene cassettes containing dfi located on antibiotic resis-
studies of class | integron detection, including CS primers  tance plasmids isolated from one STP, and one gene
and class 1 integrase gene primers. Which primer set is more  cassette array was identified to be dfirl7-aadAS, which
effective to detect integrons is still unknown. In this study, = was just like the one found in this study. Szczepanowski et
both CS primers and integrase-directed primers were used to  al. (2004) isolated an integron-containing plasmid named
ensure the gene cassettes detected were located on class 1 pRSBI101 from activated sludge of a wastewater treatment
integrons. Also, the detections were further confirmed by  plant and found that the plasmid mediated multiple
successful PCRs of sull and gacEA1, the static genes located ~ antibiotic resistances, and the variable region of integrons
on 3’ conserved segment of class 1 integron. carried the genes dfi'l and aadA?2. da Silva et al. (2007) found
In this study, 11 LFE isolates were found to carry class 1 the variable regions of class 1 integrons, detected in
integrons with a common gene cassette array, which was  Escherichia spp. isolates from STPs, contained predominantly
phylogenetically close to ARGs of dfrl7 and aadAS5,  the gene cassettes aadAl/dfil.
encoding dihydrofolate reductase mediating resistance to Among the 36 isolates containing infll, only 11 carried
trimethoprim, and adenylyltransferase mediating resistance  gene cassettes, indicating that this type of gene cassette
to spectinomycin/streptomycin. The genotypic results were  array was only carried by a small part of integrons. The
further confirmed by phenotypic analysis on antimicrobial  ratio of gene copy number (gene cassette/integron) ranged
susceptibility. The 11 LFEs were found to be multi- from 0.04% to 20.83%, demonstrating that most of the
resistant, and almost all the isolates were resistant to  integrons are free of gene cassette or carry other types of
trimethoprim and streptomycin (Table 3). The dfir and aad  gene cassettes. Integrons with as many as nine antibiotic
genes were frequently found to be acquired on variable  resistance genes, typically four or five, are frequently found
regions of class 1 integrons in bacterial isolates from STPs  in clinical environment (Crowley et al. 2008; Labuschagne
(Tennstedt et al. 2003; Szczepanowski et al. 2004; da Silva et al. 2008), agricultural wastewater (Jacobs and Chenia
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2007), urban wastewater (Tennstedt et al. 2003; da Silva et
al. 2007), and even in the water not exposed to antibiotics
(Park et al. 2003; Obst et al. 2006). However, the dispersal
of integrons may have begun before the antibiotic resis-
tance since integrons without gene cassettes of antibiotic
resistance have been recently recovered from different
bacterial species residing in soil and sediments (Stokes et
al. 20006).

This is the first study to apply qRT-PCR to quantify class
1 integrons and gene cassettes in STPs. The qRT-PCR is
usually used to quantify target DNA on the basis of the
principle that initial concentration can be estimated accord-
ing to the change of PCR product concentration with
amplification cycles (Zhang and Fang 2006). Among the
several fluorescent reagents developed for qRT-PCR,
SYBR Green is the most common method used to quantify
ARGs in environmental samples, for example, tetracycline
resistance genes (fef) in beef cattle farm (Yu et al. 2005),
groundwater (Mackie et al. 2006), river sediments (Pei et al.
2006), and STPs (Auerbach et al. 2007), as well as sull
genes in river sediments (Pei et al. 2006) and neomycin
resistance genes (npt) in river water (Zhu 2007). However,
gRT-PCR quantification of integrons and gene cassettes in
environmental sample was seldom reported. Hardwick et al.
(2008) developed a SYBR Green-based qRT-PCR assay
and quantified the relative abundance of class 1 integrons in
environmental samples normalized to 16S rRNA gene in
each sample and found that 2.7% of bacterial cells in creek
sediment potentially harbored one class 1 integron.

In this study, most of class 1 integron and the detected
gene cassette were found to be removed by activated sludge
process in both Shatin and Stanley STPs, in terms of
relative concentration based on DNA mass and sample
volume (Fig. 5). In addition, the disinfection method used
in Stanley STP had a high removal of integron and gene
cassette (Fig. 5). So far, no information has been available
about the effects of wastewater treatment processes on
elimination of gene copy number of integrons and gene
cassettes in wastewater. Some researchers investigated the
abundance of ARGs in STPs with qRT-PCR. Auerbach et al.
(2007) found that tetQ concentrations were highest in
wastewater influent while tetG concentrations were highest
in activated sludge, and UV disinfection had no effect on
reduction in the amount of detectable et genes in wastewater
effluent. Engemann et al. (2006) found the loss rate of fefM,
O, P, and W in aquatic environment had a significantly
positive correlation to simulated sunlight exposure. Howev-
er, environmental fates of ARGs and integrons have not been
reported and should be paid more attention.

Acknowledgment The authors wish to thank the Hong Kong
Research Grants Council for the financial support of this study
(HKU 7195/06E).

@ Springer

References

Abriouel H, Omar NB, Molinos AC, Lépez RL, Grande MJ,
Martinez-Viedma P, Ortega E, Cafiamero MM, Galvez A (2008)
Comparative analysis of genetic diversity and incidence of
virulence factors and antibiotic resistance among enterococcal
populations from raw fruit and vegetable foods, water and soil,
and clinical samples. Int J Food Microbiol 123:38-49

Agerse Y, Sandvang D (2005) Class | integrons and tetracycline
resistance genes in Alcaligenes, Arthrobacter, and Pseudomonas
spp. isolated from pigsties and manured soil. Appl Environ
Microbiol 71:7941-7947

Akinbowale OL, Peng H, Barton MD (2007) Class 1 integron
mediates antibiotic resistance in Aeromonas spp. from rainbow
trout farms in Australia. Int J Antimicrob Agents 29:S113

Alekshun MN, Levy SB (2007) Molecular mechanisms of antibacte-
rial multidrug resistance. Cell 128:1037-1050

Auerbach EA, Seyfried EE, McMahon KD (2007) Tetracycline
resistance genes in activated sludge wastewater treatment plants.
Water Res 41:1143-1151

Crowley D, Cryan B, Lucey B (2008) First detection of a class 2
integron among clinical isolates of Serratia marcescens. British J
Biomed Sci 65:86-89

da Silva MF, Vaz-Moreira I, Gonzalez-Pajuelo M, Nunes OC, Manaia
CM (2007) Antimicrobial resistance patterns in Enterobacteria-
ceae isolated from an urban wastewater treatment plant. FEMS
Microbiol Ecol 60:166-176

Dalsgaard A, Forslund A, Serichantalergs O, Sandvang D (2000)
Distribution and content of class 1 integrons in different Vibrio
cholerae O-serotype strains isolated in Thailand. Antimicrob
Agents Chemother 44:1315-1321

Engemann CA, Adams L, Knapp CW, Graham DW (2006) Disap-
pearance of oxytetracycline resistance genes in aquatic systems.
FEMS Microbiol Lett 263:176-182

Hardwick SA, Stokes HW, Findlay S, Taylor M, Gillings MR (2008)
Quantification of class 1 integron abundance in natural environ-
ments using real-time quantitative PCR. FEMS Microbiol Lett
278:207-212

Iversen A, Kithn I, Rahman M, Franklin A, Burman LG, Olsson-
Liljequist B, Torell E, Mdllby R (2004) Evidence for
transmission between humans and the environment of a
nosocomial strain of Enterococcus faecium. Environ Microbiol
6:55-59

Jacobs L, Chenia HY (2007) Characterization of integrons and
tetracycline resistance determinants in Aeromonas spp. isolated
from South African aquaculture systems. Int J Food Microbiol
114:295-306

Kemper N (2008) Veterinary antibiotics in the aquatic and terrestrial
environment. Ecol Indic 8:1-13

Kerrn MB, Klemmensen T, Frimodt-Moller N, Espersen F (2002)
Susceptibility of Danish Escherichia coli strains isolated from
urinary tract infections and bacteraemia, and distribution of su/
genes conferring sulphonamide resistance. J Antimicrob Chemo-
ther 50:513-516

Kim SH, Wei CI, Tzou YM, An HJ (2005) Multidrug-resistant
Klebsiella pneumoniae isolated from farm environments and
retail products in Oklahoma. J Food Prot 68:2022-2029

Kim S, Jensen JN, Aga DS, Weber AS (2007) Tetracycline as a
selector for resistant bacteria in activated sludge. Chemosphere
66:1643-1651

Labuschagne CDJ, Weldhagen GF, Ehlers MM, Dove MG (2008)
Emergence of class 1 integron-associated GES-5 and GES-5-
like extended-spectrum-lactamases in clinical isolates of Pseu-
domonas aeruginosa in South Africa. Int J Antimicrob Agents
31:527-530



Appl Microbiol Biotechnol (2009) 82:1169-1177

1177

Lévesque C, Pich¢ L, Larose C, Roy PH (1995) PCR mapping of
integrons reveals several novel combinations of resistance genes.
Antimicrob Agents Chemother 39:185-191

Li XH, Shi L, Yang WQ, Li L, Yamasaki S (2006) New array of
aacA4-catB3-dfiAl gene cassettes and a noncoding cassette from a
class-1-integron-positive clinical strain of Pseudomonas aeruginosa.
Antimicrob Agents Chemother 50:2278-2279

Liang DW, Zhang T, Fang HHP (2008) Real-time quantifications of
dominant anaerobes in an upflow reactor by polymerase chain
reaction using a TagMan probe. Water Sci Technol 57:1851-1855

Lin J, Biyela PT (2005) Convergent acquisition of antibiotic resistance
determinants amongst the Enterobacteriaceae sp. isolates of the
Mhlathuze River, KwaZulu-Natal (RSA). Water SA 31:257-260

Mackie RI, Koike S, Krapac I, Chee-Sanford J, Maxwell S, Aminov
RI (2006) Tetracycline residues and tetracycline resistance genes
in groundwater impacted by swine production facilities. Anim
Biotechnol 17:157-176

Mazel D (2006) Integrons: agents of bacterial evolution. Nat Rev
Microbiol 4:608-620

Mazel D, Dychinco B, Webb VA, Davies J (2000) Antibiotic resistance
in the ECOR collection, integrons and identification of a novel aad
gene. Antimicrob Agents Chemother 44:1568-1574

Mendes RE, Castanheira M, Toleman MA, Sader HS, Jones RN,
Walsh TR (2007) Characterization of an integron carrying bla
(IMP-1) and a new aminoglycoside resistance gene, aac(6')-31,
and its dissemination among genetically unrelated clinical
isolates in a Brazilian hospital. Antimicrob Agents Chemothr
51:2611-2614

Moura A, Henriques I, Ribeiro R, Correia A (2007) Prevalence and
characterization of integrons from bacteria isolated from a
slaughterhouse wastewater treatment plant. J Antimicrob Chemother
60:1243-1250

Mukherjee S, Chakraborty R (2006) Incidence of class 1 integrons in
multiple antibiotic-resistant Gram-negative copiotrophic bacteria
from the River Torsa in India. Res Microbiol 157:220-226

Obst U, Schwartz T, Volkmann H (2006) Antibiotic resistant
pathogenic bacteria and their resistance genes in bacterial
biofilms. Int J Artif Organs 29:387-394

Park JC, Lee JC, Oh JY, Jeong YW, Cho JW, Joo HS, Lee WK, Lee
WB (2003) Antibiotic selective pressure for the maintenance of
antibiotic resistant genes in coliform bacteria isolated from the
aquatic environment. Water Sci Technol 47:249-253

Paulsen IT, Littlejohn TG, Radstrom P, Sundstrom L, Skold O,
Swedberg G, Skurray RA (1993) The 3’ conserved segment of
integrons contains a gene associated with multidrug resistance to
antiseptics and disinfectants. Antimicrob Agents Chemother
37:761-768

Pei RT, Kim SC, Carlson KH, Pruden A (2006) Effect of River
Landscape on the sediment concentrations of antibiotics and
corresponding antibiotic resistance genes (ARG). Water Res
40:2427-2435

Poppe C, Martin L, Muckle A, Archambault M, McEwen S, Weir E
(2006) Characterization of antimicrobial resistance of Salmonella
Newport isolated from animals, the environment, and animal
food products in Canada. Can J Vet Res 70:105-114

Prabhu DIG, Pandian RS, Vasan PT (2007) Pathogenicity, antibiotic
susceptibility and genetic similarity of environmental and clinical
isolates of Vibrio cholerae. Indian J Exp Biol 45:817-823

Rodriguez C, Lang L, Wang A, Altendorf K, Garcia F, Lipski A
(2006) Lettuce for human consumption collected in Costa Rica
contains complex communities of culturable oxytetracycline- and
gentamicin-resistant bacteria. Appl Environ Microbiol 72:5870—
5876

Sandvang D, Aarestrup FM, Jensen LB (1998) Characterisation of
integrons and antibiotic resistance genes in Danish multiresistant
Salmonella enterica Typhimurium DT104. FEMS Microbiol Lett
160:37-41

Sarmah AK, Meyer MT, Boxall ABA (2006) A global perspective on
the use, sales, exposure pathways, occurrence, fate and effects of
veterinary antibiotics (VAs) in the environment. Chemosphere
65:725-759

Schmidt AS, Bruun MS, Dalsgaard I, Larsen JL (2001) Incidence,
distribution, and spread of tetracycline resistance determinants
and integron-associated antibiotic resistance genes among motile
acromonads from a fish farming environment. Appl Environ
Microbiol 67:5675-5682

Stokes HW, Nesbo CL, Holley M, Bahl MI, Gillings MR, Boucher Y
(2006) Class 1 integrons potentially predating the association
with Tn402-like transposition genes are present in a sediment
microbial community. J Bacteriol 188:5722-5730

Szczepanowski R, Krahn I, Linke B, Goesmann A, Piihler A, Schliiter
A (2004) Antibiotic multiresistance plasmid pRSB101 isolated
from a wastewater treatment plant is related to plasmids residing
in phytopathogenic bacteria and carries eight different resistance
determinants including a multidrug transport system. Microbiol-
ogy-SGM 150:3613-3630

Tatavarthy A, Peak K, Veguilla W, Reeves F, Cannons A, Amuso P,
Cattani J (2006) Comparison of antibiotic susceptibility profiles
and molecular typing patterns of clinical and environmental
Salmonella enterica serotype Newport. J Food Prot 69:749-756

Taviani E, Ceccarelli D, Lazaro N, Bani S, Cappuccinelli P, Colwell
RR, Colombo MM (2008) Environmental Vibrio spp., isolated in
Mozambique, contain a polymorphic group of integrative con-
jugative elements and class 1 integrons. FEMS Microbiol Ecol
64:45-54

Tennstedt T, Szczepanowski R, Braun S, Piihler A, Schliiter A (2003)
Occurrence of integron-associated resistance gene cassettes
located on antibiotic resistance plasmids isolated from a
wastewater treatment plant. FEMS Microbiol Ecol 45:239-252

Tennstedt T, Szczepanowski R, Krahn I, Piihler A, Schliiter A (2005)
Sequence of the 68, 869 bp IncP-la plasmid pTB11 from a
waste-water treatment plant reveals a highly conserved backbone,
a Tn402-like integron and other transposable elements. Plasmid
53:218-238

Wright GD (2007) The antibiotic resistome: the nexus of chemical and
genetic diversity. Nat Rev Microbiol 5:175-186

Yu ZT, Michel FC Jr, Hansen G, Wittum T, Morrison M (2005)
Development and application of real-time PCR assays for
quantification of genes encoding tetracycline resistance. Appl
Environ Microbiol 71:6926-6933

Zhang T, Fang HHP (2006) Applications of real-time polymerase
chain reaction for quantification of microorganisms in environ-
mental samples. Appl Microbiol Biotechnol 70:281-289

Zhu B (2007) Abundance dynamics and sequence variation of
neomycin phosphotransferase gene (npfll) homologs in river
water. Aquat Microb Ecol 48:131-140

@ Springer



	Characterization and quantification of class 1 integrons and associated gene cassettes in sewage treatment plants
	Abstract
	Introduction
	Materials and methods
	Sampling and DNA isolation
	Isolation and identification of bacterial isolates
	Specific PCRs of class 1 integron and gene cassettes
	qRT-PCR
	Antibiotic susceptibility analysis
	Nucleotide sequence accession numbers

	Results
	Detection of integrons in activated sludge and sewage samples
	Detection of integrons and gene cassettes in isolated bacteria
	Antibiotic susceptibility of the isolated bacteria harboring gene cassette array
	Quantification of class 1 integrons and gene cassettes in activated sludge
	Elimination of class 1 integron and gene cassette in sewage treatment plants

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


