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Polyketide synthases (PKSs) catalyze the biosynthesis of polyketides and may contribute to the natural production
of antibiotics and pose selective pressure for the development of antibiotic resistant bacteria in the environment.
Although conventional PCR have been developed to detect the presence of PKS genes, no previous studies have
been done to quantify the abundance of PKS genes in environmental samples. In this study, two sets of degenerate
real-time PCR (qPCR) primers (PKS1-F/PKS1-R, PKS2-F/PKS2-R) with high specificity and sensitivity were developed
to quantify PKS type I and type II genes. These primers were subsequently used to quantify PKS genes in tropical

Keywords:
Poﬁetide synthase gene urban soils, and both PKS genes were widely detected in all soil samples. The absolute abundance of PKS type I
Real-time PCR ranged from 1.7 x 10° to 4.7 x 10° copies per gram of soil and the absolute abundance of PKS type Il genes ranged

Degenerate primer from 2.4 x 10° to 1.5 x 10° per gram of soil, and the abundance of PKS type I gene was consistently higher than that
Soil of PKS type Il gene. The relative abundance of PKS type I gene was positively correlated with that of PKS type Il gene
(p < 0.01). Regression analyses indicate that PKS gene abundance was negatively correlated with environmental
factors, such as selected antibiotics, sulfate, and metals (p < 0.05), but was not correlated with land use type. The
studies on the correlation between environmental factors and PKS genes could provide useful information to under-

stand natural production of antibiotics and its associated environmental risks.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Antibiotics in the environment may exert a selective pressure for the
development of antibiotic resistance, which has been considered as a
global public health concern and has received wide research interests
(Esiobu et al.,, 2002; Levy, 1998; Schnabel and Jones, 1999). The devel-
opment of antibiotic resistant bacteria, especially in environmental
microbial communities, is believed to result from the exposure to
bioactive antibiotics even at very low concentrations and persistence
of antibiotics in the environment (Huerta et al., 2013). Although
human medicines and veterinary drugs have been considered as the
main sources for antibiotics in the environment, biosynthesis of natural
antibiotics by indigenous microorganisms may also contribute to antibi-
otics in natural environment, especially in natural soil samples
(Hu et al., 2010; Huerta et al.,, 2013; Ji et al., 2012; Sarmah et al.,
2006). Evaluation of biosynthesis of natural antibiotics may help us
understand the sources and health risks of antibiotics in the environment.
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Polyketides are carbon backbones of a large family of structurally
diverse natural products possessing a wide range of antibiotic and
other pharmaceutical properties (Katz and Donadio, 1993; Kealey
etal, 1998; Tsoi and Khosla, 1995). The diversity of polyketides derives
from various ways of constructing and folding of the carbon chains,
which are assembled into natural products through a series of reactions.
Polyketides are catalyzed by polyketide synthases (PKSs). PKS type lis a
modular multifunctional protein catalyzing the biosynthesis of
macrolide antibiotics, such as erythromycin and tylosin, and it contains
many different active sites and each site is required for an enzyme-
catalyzed step in the carbon-chain assembly and modification pathway
(Hutchinson, 1995; Paitan et al., 1999; Staunton and Weissman, 2001;
Tsoi and Khosla, 1995; Zucko et al, 2007). PKS type II is a
monofunctional protein catalyzing the biosynthesis of aromatic
polyketides, such as 6-methylsalicylic acid and actinorhodin, and it
contains a single set of iterative active sites that perform the reaction
repeatedly to build the entire carbon-chain backbone (Staunton and
Weissman, 2001; Tsoi and Khosla, 1995). Since the biosynthesis of
many antibiotics is catalyzed by PKSs that are encoded by PKS genes,
the quantification of PKS type I and PKS type II genes can be used
to evaluate the likelihood of natural antibiotic production in
environmental samples.

However, only few studies have been done to detect and quantify
the abundance of PKS genes. Traditionally, membrane-based method
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of DNA-DNA hybridization was used to detect specific genes, but this
method has a low sensitivity and the abundance of target genes has to
be above 10° to be detected (Beller et al., 2001). PCR was developed to
detect low levels of target genes (Saiki et al., 1988). Conventional PCR
has been used to detect the presence/absence of PKS genes in environ-
mental and food samples (Ayuso-Sacido and Genilloud, 2004; Geisen
et al.,, 2004; Metsa-Ketela et al., 1999; Moffitt and Neilan, 2001) and a
fungus species (Amnuaykanjanasin et al., 2005), but it is not suitable
for the quantification of PKS genes because conventional PCR amplicon
sizes are too large (>500 bp). Furthermore, conventional PCR-based
methods can be easily affected by many factors, such as reagent deple-
tion during the amplification of target DNA for end-point detection
and PCR biases caused by competition between PCR amplicons and
primers during template annealing (Becker et al., 2000; Suzuki et al.,
2000). Real-time PCR (qPCR) can overcome this problem by quantifying
PCR amplicons at the exponential phase of DNA reactions, and have ad-
vantages of high sensitivity, high specificity, less time consumption, and
more accuracy in a complex DNA population (Becker et al., 2000;
Hristova et al., 2001; Takai and Horikoshi, 2000). Recently, several sets
of qPCR primers were developed to quantify PKS genes involved in bio-
synthesis of chaetoglobosin in a fungus Chaetomium globosum (Hu et al.,
2012) and ochratoxin in a fungus Aspergillus carbonarius (Atoui et al.,
2007). However, these qPCR primers were used to target PKS genes in
individual fungal strains and therefore they are not suitable to detect
bacterial PKS genes in environmental samples because many species
exist in natural environment and bacteria and fungi have separate
groups of PKS genes (Kroken et al., 2003).

The first objective of this study was to develop two sets of degener-
ate qPCR primers to detect and quantify PKS type I and Il genes in mul-
tiple microorganisms. The second objective was to measure the
occurrence and abundance of PKS type I and type Il genes in tropical
urban soils. We hypothesized that our newly designed qPCR primers
could be used to quantify PKS genes in environmental soil samples,
and PKS genes were widely distributed in tropical urban soils. The cor-
relation between PKS gene abundance and land use types, antibiotic
concentrations, and other environmental factors was also evaluated.
The information in this study allows us to better understand biosynthe-
sis and potential health risks of natural antibiotics in the environment.

2. Materials and methods
2.1. Sampling locations

Soil samples were collected from ten locations covering five land use
types (residential, industrial, open space, park, and agricultural) in
Singapore, a tropical country located at Southeast Asia with an average
temperature between 24.8 °C and 31.2 °C throughout the year. The
sampling sites were selected adjacent to rivers and canals, but these riv-
ers and canals were not affected by discharged wastewater as Singapore
directly discharges its treated wastewater to the sea. Site A is an agricul-
tural land near a flower farm. Site I1 is an industrial land near a canal.
Site 12 is the other industrial land near a wetland. Site O is an open
space beside a natural reservoir. Site P is a park near a lake. Sites R1,
R2, R3, R4, and R5 are residential areas beside rivers or canals.

2.2. DNA preparation

DNA was extracted from both pure cultures and soil samples for PCR
experiments. The positive control strain, Streptomyces albus (S. albus,
DSM 40313), contains both PKS type I and PKS type II genes (DeHoff
et al, 1999) and was purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ) (Braunschweig,
Germany). S. albus was cultivated with DSMZ Medium 65 (glucose
4 g/L, yeast extract 4 g/L, malt extract 10 g/L, CaCO5 2 g/L) at 28 °C
and shaked at 150 rpm for 3 days before DNA extraction. The negative
control strains, Blautida producta (B. producta, DSM 2950) and

Methanococcus maripaludis (M. maripaludis, DSM 14266), were also pur-
chased from DSMZ (Braunschweig, Germany). B. producta was cultivat-
ed with DSMZ Medium 78 and M. maripaludis was cultivated with DSMZ
Medium 141. Total genomic DNA of S. albus, B. producta, and
M. maripaludis was extracted using an UltraClean Microbial DNA Isola-
tion Kit (MoBio Laboratories, CA, USA). Total genomic DNA of soil sam-
ples was extracted using a Power Soil DNA Isolation Kit (MoBio
Laboratories, CA, USA) following the manufacturer's protocol. 1 g of
soil was extracted for 100 pl of total DNA and triplicate extractions
were performed. The concentrations of DNA from pure cultures and
soil samples were measured in NanoDrop ND-1000 (BioFrontier Tech-
nology Co., Germany), and stored at —20 °C. To ensure DNA quality
during extraction process, conventional PCR amplification was per-
formed with universal 16S rRNA gene primer, as previously described
(Fierer et al., 2005). The presence of the 16S rRNA gene was confirmed
in all DNA samples through DNA electrophoresis and UV visualization.

2.3. Primer design

Two sets of degenerate primers (PKS1-F/PKS1-R, PKS2-F/PKS2-R)
were designed in this study to detect and quantify PKS type I and PKS
type Il genes, respectively. Because PKS genes are variable and multiple
oligonucleotides can encode the same amino acid sequences in
synthases, primer design was based on amino acid sequences. All PKS
type I and PKS type Il amino acid sequences were downloaded as
FASTA files from the National Center for Bioinformatics (NCBI, http://
www.ncbi.nlm.nih.gov/) on 30th May 2013. A total of 320 PKS type I
and 15 PKS type Il amino acid sequences (Table S1 and Table S2 in the
Supporting Information) were aligned using the MUSCLE tool in the
software MEGA (Tamura et al., 2011) to identify the most conserved re-
gions in these sequences. Then aligned files were uploaded into the on-
line program iCODEHOP to make blocks of conserved amino acids as
previously described (Rose et al., 2003). A series of degenerate primers
were selected and the best primer sets with low degeneracy and high
specificity were selected with relatively small amplicon sizes for a
high efficiency in qPCR analysis. Finally, the designed primers were
sent for synthesis by AIT Biotech (Singapore). The details of primers
PKS1-F/PKS1-R and PKS2-F/PKS2-R are listed in Table 1.

2.4. Optimization of PCR conditions and comparison with previous primers

PCR conditions were optimized for the newly designed primers.
Conventional PCR experiments were conducted in a Veriti 96-Well
Fast Thermal Cycler (Applied Biosystem, CA, USA). Each conventional
PCR reaction contained 2 pl 10x Faststart PCR buffer (Roche, IN, USA),
0.25 mM dNTPs (Promega, Singapore), 0.0375 unit/ul Taq Faststart
DNA polymerase (Roche, IN, USA), 0.5 mM forward primers
(AlTBiotech, Singapore), 0.5 mM reverse primers (AlTBiotech,
Singapore), and 250 ng genomic DNA template, and the final volume
was adjusted to 20 pl with diethylpyrocarbonate (DEPC)-treated dis-
tilled deionized water (PureLab Option, Elga, Singapore). PCR amplifica-
tions were carried out with the following settings: 95 °C for 5 min;
repeated 40 times with a cycle of denaturation at 95 °C for 30 s, anneal-
ing at annealing temperature for 30 s, elongation at 72 °C for 30 s, and
finally 72 °C for 10 min. The annealing temperature for PKS type I and
PKS type Il primers was optimized by running conventional PCR exper-
iments with a temperature gradient from 58 to 66 °C. A positive control
strain (S. albus) that contains PKS genes and two negative control strains
(B. producta and M. maripaludis) that contain no PKS genes were used in
the conventional PCR experiments. A negative control experiment with
distilled deionized water instead of DNA template was also conducted
to confirm the absence of primer dimers, hairpin products, and other
potential contaminations.

After optimization, primers PKS1-F/PKS1-R and PKS2-F/PKS2-R
were compared with two previously reported conventional PCR primers
targeting PKS type I and PKS type Il genes. One set of primers, K1F/M6R,
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Table 1
Characteristics of PCR primers used in this study.
Primers Primer sequence (5'-3") Suitable for Degeneracy Annealing Target gene/ Amplicon  References
quantification temperature (°C) microorganisms size (bp)
PKS1-F/PKS1-R  CGG GGC ACC GCC ATS AAC MAS GRC Yes 16/16 62 PKS type I/bacteria 201 This study
G/CGC CCA GCG GGG TGS CSG TNC CGT G
PKS2-F/PKS2-R  CCA CCC GCT ACG SSB HCC ACA/CGT Yes 36/32 64 PKS type Il/bacteria 147 This study
TCT GCT TGG TGC CGS WNC CGT GSG C
K1F/M6R TSA AGT CSA ACA TCG GBC A/CGC AGG No 12/4 55 PKS type I/Actinomyces  1200-1400 Ayuso-Sacido and
TTS CSG TAC CAG TA Genilloud (2004)
540F/1100R GGI TGC ACS TCI GGI MTS GAC/CCG ATS ~ No 96/32 64 PKS type lI/Actinomyces 554 Wawrik et al. (2005)
GCI CCS AGI GAG TG
Eub338/Eub518  ACT CCT ACG GGA GGC AGC AG/ATT ACC  Yes 0/0 55 16S rDNA/bacteria 200 Fierer et al. (2005)
GCG GCT GCT GG and archaea

was designed by Ayuso-Sacido et al. to detect PKS type I genes with the
following PCR conditions: 5 min at 95 °C, 35 cycles for 30 s at 95 °C,
2 min at 55 °C, 4 min at 72 °C, and finally 10 min at 72 °C (Ayuso-
Sacido and Genilloud, 2004). The other set of primers, 540F/1100R,
was designed by B. Wawrik et al. to detect PKS type Il genes with the
following PCR conditions: 5 min at 95 °C, 40 cycles for 1 min at 95 °C,
1 min at 64 °C, 1.5 min at 72 °C, and finally 15 min at 72 °C (Wawrik
et al., 2005).

2.5. PCR product analysis

PCR products were analyzed with DNA electrophoresis. 9 ul PCR
products were mixed with 1.5 ul 6x DNA loading dye (Thermo Scientif-
ic, USA) and loaded into a gel with 2% molecular agarose (Invitrogen,
USA), 0.5% TAE buffer, and 0.01% GelRed Nucleic Acid (Biotium, USA).
The gel was run at 100 V for 45 min and visualized under a UV transil-
luminator in E-gel Imager (Life Technologies, CA, USA). Purity of ampli-
fied PCR products was examined through a melting curve analysis
following qPCR reactions. At temperature lower than melting tempera-
ture of PCR products, the double-stranded DNA status allowed SYBR
Green to bind on and turn on its fluorescence. When temperature
reached to Tm, the double-stranded DNA denatured and released
SYBR Green and turned off its fluorescence. Purity of the PCR products
was checked with the melting curve plots. PCR products amplified
using PKS1-F/PKS1-R and PKS2-F/PKS2-R were isolated from an agarose
gel band and then purified through a PCR purification kit (Qiagen, USA)
and analyzed through a sequencing analysis with capillary electropho-
resis method performed by AlTBiotech (Singapore). The DNA sequenc-
ing results were confirmed by blasting on NCBI GenBank.

2.6. qPCR calibration curves and quantification of PKS genes

To build calibration curves, PKS type I and PKS type Il genes were
amplified using primers PKS1-F/PKS1-R and PKS2-F/PKS2-R and 16S
rRNA gene was amplified using primers EUB338/518 with extracted
DNA of S. albus in a conventional PCR. Ten-fold dilution series were pre-
pared to build standard curves for qPCR. Triplicate samples were used
for each dilution. qPCR experiment was performed in a StepOnePlus
Real-Time PCR system (Applied Biosystem, CA, USA) following the stan-
dard protocol provided by Applied Biosystem. Each qPCR reaction
contained 10 pl SYBR Select Master Mix (Applied Biosystem, CA, USA),
0.25 pl 10 mM forward primers, 0.25 pl 10 mM reverse primers, 2 pl
DNA template, and 7.6 il DEPC-treated distilled deionized water. qPCR
reactions were carried out with the following settings: holding at
50 °C for 2 min and 95 °C for 2 min; amplification for 40 times with a
cycle of 95 °C for 15 s and annealing and elongating at 60 °C for
1 min, and finally melting curve analysis at 95 °C for 15 s, 60 °C for
1 min, and 95 °C for 15 s. The amplification profiles for each series of
DNA dilutions during 40 cycles were recorded. The threshold line was
automatically defined within the logarithmic increase phase of the fluo-
rescence data by the StepOnePlus software (Applied Biosystem, CA,

USA). A threshold cycle (C;) value was determined as the cycle number
where fluorescence data crossed the threshold line. Calibration curves
were built by plotting the threshold C; values versus the logarithm of
initial gene copy numbers. The gene copies of PKS type I and PKS type
Il genes were calculated as previously described (Ausubel et al., 1992).
The molecular weight of a gene was determined by multiplying the
size of a gene in base pairs and the average molecular weight of a
double-stranded DNA base pair (649 Da). Absolute gene abundance
was calculated as gene copies normalized to the weight of each soil
sample, and relative gene abundance was calculated as percentage of
PKS genes normalized to the abundance of 16S rRNA gene.

2.7. Measurement of antibiotics

Top layer soils (<10 cm) were collected with grass and plant roots
removed using a methanol-rinsed shovel, and then filled in methanol-
rinsed wide mouth polyethylene bottles. At each sampling site, soil
samples were collected from three different locations and homoge-
neously mixed. Soil samples were stored on ice and transferred to labo-
ratory in dark. All soil samples were processed and stored based on the
United States Environmental Protection Agency (EPA) guideline
(Englert, 2007). Blanks were run along each sampling process to make
sure positive detection was not from contamination.

A total of six antibiotics were analyzed in this study, which include
four macrolide antibiotics (azithromycin, clarithromycin, erythromycin,
tylosin), one lincosamide antibiotic (lincomycin), and one chloram-
phenicol antibiotic (chloramphenicol). All antibiotics and Supel HLB
solid phase extraction (SPE) cartridges (reversed phase, 20 pm PE frit,
60 mg, 3 ml) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Isotope-labeled surrogates were used as internal standards.
Erythromycin (N, N-dimethyl-'3C,) and (+/—)-chloramphenicol
(ring-dy4, benzyl-d,) were purchased from Cambridge Isotope Laborato-
ries (Andover, MA, USA). Individual stocks and calibration solutions
were prepared in methanol and stored at —20 °C in dark. Ammonium
acetate and HPLC-grade acetonitrile and methanol were purchased
from Merck (Darmstadt, Germany). EDTA was purchased from Tokyo
Chemical Industry (Tokyo, Japan). Laboratory reagent water was
prepared in a water purification system from ELGA Labwater
(Wycombe, UK).

Sample preparation procedure followed EPA method 1694 but sam-
ple extraction conditions (pH 2 or pH 7) were optimized for each anti-
biotic. The recommended sample extraction condition in EPA Method
1694 was acidic, but our results indicated that macrolides were recov-
ered more efficiently under neutral extraction condition. Therefore,
neutral extraction was used in EPA Method 1694 for this study. Spiking
recovery experiments were conducted to evaluate the accuracy and
precision of the method and matrix effect was evaluated under different
extraction conditions. HPLC was performed on an Agilent 1290 Infinity
LC system (Agilent Technologies, Santa Clara, CA, USA) and separations
were performed on a reversed phase with a 50 mm x 2.1 mm column
packed with 2.7 pm particles (Agilent Poroshell 120 SB-C18). Mass
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analysis was carried out using Agilent Model 6490 mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA) equipped with electrospray
Agilent Jet Stream technology.

2.8. Measurement of nutrients

Soil samples were air dried and crushed in a mortar and sieved
through a 1.0 mm pore diameter sieve. Inorganic ions were extracted
from soils via aqueous extraction as previously described (Jackson,
2006). 2 g dried soil samples were mixed with 20 ml deionized water,
sonicated for 30 min using an ultrasonicator (Cole-Parmer, Chicago, IL,
USA), and centrifuged and filtered through a 0.20 pm PTFE syringe filter.
The soil extracts were injected to ion chromatography for ion analysis.
Procedure blanks was prepared in every batch to detect contamination.
Tons were analyzed using an IC system (ICS 3000, Dionex, USA). Fluoride
(F7), chlorine (CI7), nitrite (NO3 ), nitrate (NO3), sulfate (SO3 ™) and
phosphorous (PO3 ™) were analyzed with a column IonPac AS11-HS
(Dionex) coupled with a guard column AG12A (Dionex). Ammonia
(NHZ) was analyzed with a column lonPac CS12A (Dionex) coupled
with a guard column AG12A (Dionex). Sample preparation and analysis
were done in duplicates.

2.9. Measurement of metals

Metals were extracted from soils using microwave assisted acid di-
gestion following EPA method 3051 (3051A, U.-E.M., 2007). 0.5 g
dried and grinded soil samples were weighted in perfluoroalkoxy al-
kanes (PFA) digestion vessels and mixed with 10 ml concentrated nitric
acid. The digestion vessels were sealed and placed in the carousel in the
ETHOS One microwave digestion system (Shelton, CT, USA) according
to the manufacturer's recommendation. The temperature of each sam-
ple was increased to 175 °C in less than 5.5 min and kept at 175 °C for
10 min. After cooled to room temperature, the digestates were diluted
20 times in a 50 ml centrifuge tube with deionized water. The diluted
digestates were centrifuged and filtered through 0.20 um membrane sy-
ringe filters. Sample preparation and analysis were done in duplicates.
The filtrates were analyzed using the Optima 7300 DV Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) system
(PerkinElmer, Waltham, MA, USA). The analysis process followed the
US EPA method 6010C (6010C, U.E.M., 2007). A total of 14 metal ele-
ments were tested: sodium (Na), magnesium (Mg), potassium (K), cal-
cium (Ca), chromium (Cr), manganese (Mn), cobalt (Co), nickel (Ni),
copper (Cu), zinc (Zn), cadium (Cd), gallium (Ga), lead (Pb), and arsenic
(As). A multi-element standard was purchased from Merck (Darmstadt,
Germany). Calibration blanks were prepared by acidifying reagent
water to the same concentrations of the acids in the samples (3.5% nitric
acid). Method blanks were run along each sampling process. Spiking ex-
periments at concentrations of 0.02 and 0.2 mg/g dry wt. were conduct-
ed to evaluate the accuracy of the analysis.

2.10. Statistical analysis

All reported data are shown as average values of measurements.
Standard deviations for triplicate measurements or half-range for dupli-
cate measurements were reported as error bars. Pearson correlation and
Spearman correlation analyses were conducted between PKS gene
abundance, six environmental antibiotics, seven nutrients, and 14
metals. Correlation was considered significant with a p value of <0.05.

3. Results
3.1. Specificity and efficiency of primers PKS1-F/PKS1-R and PKS2-F/PKS2-R
The optimal annealing temperature for PKS1-F/PKS1-R was identi-

fied as 62 °C and the optimal annealing temperature for PKS2-F/PKS2-
R was identified as 64 °C. Under the optimized PCR conditions, PKS

type I and PKS type II genes were successfully detected by PKS1-F/
PKS1-R and PKS2-F/PKS2-R (Fig. 1) and the PCR product was specific
to the positive control strain S. albus. Only one single band of PCR prod-
uct was observed in the agarose gel for PKS type I and PKS type II
amplicons with the extracted DNA of S. albus. Moreover, no bands
were detected in the agarose gel for negative controls without DNA
template or with the extracted DNA of positive control strains
B. producta and M. maripaludis. These results suggest that the newly de-
signed PKS primers in this study can be used to specifically amplify PKS
genes. Additionally, strong bands for all three tested strains were de-
tected with the EUB338/518 primers targeting the 16S rRNA gene,
which confirmed the quality of extracted DNA as well as the efficiency
of the PCR experiments.

The comparison results of the primers indicate that PKS1-F/PKS1-R
and PKS2-F/PKS2-R were similar or more efficient than previously re-
ported primers K1F/M6R and 540F/1100R to target PKS genes in envi-
ronmental samples (Fig. 2). The expected amplicon sizes of primer
sets K1F/M6R, 540F/1100R, PKS1-F/PKS1-R, and PKS2-F/PKS2-R were
1200-1400 bp, 560 bp, 201 bp, and 147 bp, respectively (Table 1). For
PKS type I gene, single and strong bands at the expected amplicon size
were observed for S. albus and two environmental soil samples using
primers PKS1-F/PKS1-R, while multiple bands were observed with pre-
viously reported primers K1F/MG6R. For the PKS type II gene, both PKS2-
F/PKS2-R and previously reported primers 540F/1100R showed single
bands at expected sizes for all three tested samples, and a stronger
band was obtained with PKS2-F/PKS2-R for S. albus. For the two soil
samples, slightly weaker bands were detected with the PKS2-F/PKS2-R
primers, which may be related with the amplicon size of PKS2-F/
PKS2-R primers, which is about four times smaller than that of 540F/
1100R, and less amount of nucleotides in the double-strand DNA may
result in less UV absorbance and low intensities. Additional bands for
primers 540F/1100R were detected at the bottom of the electrophoresis
graph, which were possibly primer dimers. The amplicon size of PCR
products of primers 540F/1100R was 560 bp. Although a large amplicon
size may give a bright band under UV light, it is usually not suitable for
quantification with qPCR analysis. Primers PKS1-F/PKS1-R and PKS2-F/
PKS2-R were designed with smaller amplicon sizes (201 bp and
147 bp) that can be used efficiently in qPCR to quantify the absolute
gene copy number of PKS genes.

The specificity of the primers PKS1-F/PKS1-R and PKS2-F/PKS2-R
was also examined by performing sequencing analysis for their PCR
products. Since S. albus was known to possess the PKS genes, its extract-
ed DNA was used as DNA template for the PCR amplification. After a sin-
gle band at the expected size on the agarose gel was confirmed for each
primer, the PCR products were purified and sequenced. The sequences
of the PKS type I and PKS type Il amplicons were blasted on the NCBI

M

300bp—
200bp—

= PKSI1
100bp—|

300bp—

200bp—
bp — PKS2

100bp—

300bp—
200bp—

100bp—

—16S rRNA

Fig. 1. Specificity of PKS1-F/PKS1-R and PKS2-F/PKS2-R primers in conventional PCR. Lane
M: 100 bp DNA marker; lane 1: negative control with DNA template; lane 2: positive
control with Streptomyces albus; lane 3: negative control with Blautida producta; lane 4:
negative control with Methanococcus maripaludis.
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K1F/M6R

PKS1-F/PKS1-R

M 1 2 3 4 1 2 3 4

540F/1100R PKS2-F/PKS2-R
M 1 2 3 4 1 2 3 4

Fig. 2. Comparison between PKS1-F/PKS1-R and PKS2-F/PKS2-R primers and previously reported primers K1F/M6R and 540F/1100R. Lane M: 100 bp DNA marker; lane 1: negative control

without DNA template; lane 2: S. albus; lane 3: soil sample #1; lane 4: soil sample #2.

GenBank, and almost all matched hits with high scores were identified
as PKS type I and PKS type II genes (Table S3). The PKS type I gene
with the highest matched score was identified as S. albus, while that of
PKS type Il gene was identified as uncultured bacterium clone due to
limited sequences of PKS type Il gene in the NCBI database. These results
validated the feasibility of using primers PKS1-F/PKS1-R and PKS2-F/
PKS2-R to amplify PKS genes.

3.2. Accuracy of qPCR

The calibration curves in qPCR were constructed for PKS type [ gene,
PKS type Il gene, and 16S rRNA gene (Fig. S1). The calibration curves in-
dicate that the relationship between C; values and the gene copy num-
bers was negatively correlated with regression equations as C; =
43.906 — 4.158 log,o (gene copy) for PKS type I gene (R?> = 0.999),
C; = 43.398 — 4.435 log,, (gene copy) for PKS type Il gene (R? =
0.994), and C; = 47.525 — 4.388 log;, (gene copy) for 16S rRNA gene
(R?> = 0.998). The PCR products were confirmed on an agarose gel.
The linear correlation and high regression coefficients indicated that
primers PKS1-F/PKS1-R and PKS2-F/PKS2-R were accurate to quantify
PKS genes in qPCR experiments. In the melting curve analysis, there
was only one peak for each gene with the melting temperature at
90.5 °C for PKS type I gene, 91 °C for PKS type Il gene, and 87.5 °C for
16S rRNA gene (Fig. S2), and the results indicated that these primers
bound specifically to DNA templates so that only one PCR product
was generated. The detection limit of the PKS type I and PKS type II
genes evaluated in this calibration curve ranged from 10 to 10° gene
copies/pl.

3.3. Occurrence of PKS genes in tropical urban soils

As shown in Fig. 3, both PKS type I gene and PKS type Il gene were
widely detected in all soil samples. The absolute abundance of PKS type
I ranged from 1.7 x 10° to 4.7 x 10° copies/g soil and the absolute abun-
dance of PKS type Il genes ranged from 2.4 x 10° to 1.5 x 10° copies/g soil.
On average, the abundance of PKS type I gene was 5.8-fold higher than
that of PKS type Il gene. Another interesting observation is the co-
occurrence of PKS type I and PKS type II genes and the relatively high
gene abundance of PKS type I gene, which has not been reported in pre-
vious studies. A linear correlation (p < 0.01) was detected on the relative
abundance of PKS type I gene and PKS type Il in soil samples (Fig. 4),
although such a correlation was not detected in the absolute gene
abundance of PKS type I and PKS type II genes.

3.4. Correlation between PKS genes with land use type, antibiotic
concentrations, and environmental factors

There was no clear correlation between gene abundance and land
use type of soil samples. Among the ten sampling locations, the three
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Fig. 3. Absolute and relative abundance of PKS genes in soil samples.



140
0.25 T T T T T

y=0.1425x + 0.0219
R*=0.6117

0.20

0.15

0.10

0.05

PKS type II gene/16S rRNA (%)

0.00 T T T T T
0.4 0.6 0.8 1.0

PKS type I gene/16S rRNA (%)

1.2

Fig. 4. Correlation between relative abundance of PKS type I gene and PKS type Il gene in
soil samples.

highest absolute gene abundance levels of PKS type I gene were found in
locations R5 (residential land), O (open space), and R4 (residential
land), and the three highest relative gene abundance levels were
found in locations R4 (residential land), P (park), and R5 (residential
land). Conversely, the three highest absolute gene abundance levels of
PKS type Il gene were found in locations A (agricultural land), O (open
space), and R3 (residential land), and three highest relative gene
abundance levels were found in locations R4 (residential land), R3
(residential land), and A (agricultural land). The levels of PKS genes in
residential lands were generally high. Although we expected that PKS
gene levels were high among soils in industrial lands, our results

Table 2
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indicate that the levels of PKS genes in industrial lands (I1, 12) were
among the lowest in our study.

No correlation was detected between PKS gene abundance and
natural antibiotics, except that tylosin was negatively correlated with
relative abundance of PKS type I gene and chloramphenicol was
negatively correlated with absolute abundance of PKS type Il gene
(Table 2). Tylosin is a macrolide antibiotic and the biosynthesis of
tylosin could be catalyzed by PKS type I, and chloramphenicol is an
aromatic antibiotic and the biosynthesis of chloramphenicol could be
catalyzed by PKS type Il (Abraham and Newton, 1960; Glazko et al.,
1950; Kanfer et al., 1998).

The correlations between PKS genes and six environmental antibi-
otics, seven nutrients, and 14 metals were also investigated (Table 2).
Among the 27 tested environmental factors, 9 and 18 factors were
significantly correlated with PKS genes in Pearson's correlation and
Spearman's correlation analyses, respectively. The results indicate that
no correlation was detected between PKS gene abundance and nutri-
ents, except that sulfate was positively correlated with relative abun-
dance of PKS type I gene and negatively correlated with absolute
abundance of PKS type II gene. These unique correlations may enable
PKS genes as potential markers for environmental sulfate salt, a nutrient
factor that is well linked to other environmental factors (Duffy and
Défago, 1999; Ohge et al., 2003). Additionally, the absolute abundance
of PKS type I gene was negatively correlated with Mg and K, and relative
abundance of PKS type I gene was negatively correlated with Ni and Cu.
Conversely, PKS type Il gene was negatively correlated with Na, Mg, K,
Ca, Cr, Mn, Co, Ni, and Cu.

4. Discussion

This study has revealed, for the first time, the wide occurrence of PKS
genes in tropical urban soils. The 100% detection frequency of PKS genes

Correlation between absolute and relative PKS gene abundance and environmental factors in soil samples. Values are correlation coefficients (p-values) in Pearson and Spearman corre-
lation analyses. Significant (p < 0.05) correlation coefficients and their corresponding p-values are marked with underlines.

Environmental factors ~ PKS1 gene copy PKS1 gene/16S (%) PKS2 gene copy PKS2 gene/16S (%)
Pearson Spearman Pearson Spearman Pearson Spearman Pearson Spearman
Antibiotics
Erythromycin 0.407 (0.243) 0.176 (0.627) 0.219 (0.543) —0.079 (0.829) —0.264 (0.461) —0.455(0.187) —0.183(0.613) —0.467 (0.174)
Tylosin —0.305(0.392) —0.398(0.255) —0.417(0.231) —0.701(0.024) —0.260 (0.469) —0.182(0.616) —0.461(0.180) —0.45(0.192)
Clarithromycin —0.140 (0.699) —0.058 (0.873) —0.316(0.373) —0.522(0.122) —0.219(0.542) —0.174(0.631) —0.385(0.272) —0.406 (0.244)
Azithromycin —0.140 (0.699) —0.058 (0.873) —0.316(0.373) —0.522(0.122) —0.219 (0.542) —0.174(0.631) —0.385(0.272) —0.406 (0.244)
Lincomycin 0.479 (0.161) 0.304 (0.393) 0.142 (0.697) 0.045 (0.901) —0.212 (0.557) —0.433(0.211) —0.167 (0.645) —0.433(0.211)
Chloramphenicol —0.149 (0.681) —0.225(0.532) —0.312(0.380) —0.355(0.315) —0.460 (0.181) —0.683(0.029) —0.525(0.119) —0.623 (0.054)
Nutrients
F~ —0.287 (0.422) —0.176 (0.627) —0.392(0.262) —0.273 (0.446) —0.015(0.967) —0.091(0.803) —0.266 (0.458) —0.285 (0.425)
- —0.367 (0.297) —0.176 (0.627) —0.342(0.333) —0.164(0.651) —0.275(0.442) —0.345(0.328) —0.483(0.157) —0.285(0.425)
NO3 0.339 (0.338) 0.297 (0.405) —0.087 (0.812) 0.055 (0.881) 0.406 (0.245) 0.406 (0.244) 0.079 (0.828) 0.188 (0.603)
NO3 0.222 (0.538) 0.115 (0.751) 0.088 (0.809) 0.127 (0.726) 0.152 (0.675) 0.152 (0.676) 0.104 (0.774) 0.236 (0.511)
SO —0.273 (0.478) —0.183 (0.637) 0.752 (0.020) 0333 (0.381) —0.401 (0.285) —0.717 (0.030) 0.203 (0.600) —0.15 (0.700)
NHF —0.080 (0.825) —0.055(0.881) —0.281(0431) —0.236(0.511) —0.228 (0.526) —0.333(0.347) —0.359(0.308) —0.248 (0.489)
PO;~ 0.349 (0.323) 0.236 (0.511) —0.104 (0.774) —0.006 (0.987) 0.617 (0.057) 0.345 (0.328) 0.143 (0.693) 0.079 (0.829)
Metals
Na —0413 (0.236) —0.503(0.138) —0.222(0.537) —0.188(0.603) —0.652(0.041) —0.879 (0.001) —0.555(0.096) —0.491 (0.150)
Mg —0.507 (0.135) —0.648 (0.043) —0.242 (0.501) —0.382(0.276) —0.635(0.048) —0.927 (0.000) —0.529 (0.116) —0.636 (0.048)
K —0.617 (0.058) —0.721(0.019) —0.106 (0.771) —0.37(0.293) —0.694 (0.026) —0.915(0.000) —0.498(0.143) —0.588 (0.074)
Ca —0.264 (0.461) —0.067 (0.855) —0.257 (0.473) —0.103 (0.777) —0.585(0.076) —0.806 (0.005) —0.564 (0.089) —0.600 (0.067)
Cr —0.247 (0.491) —0.176 (0.627) 0.021 (0.953) —0.042 (0.907) —0.645(0.044) —0.648(0.043) —0.460(0.181) —0.467 (0.174)
Mn —0.313(0.379) —0.200 (0.580) —0.268 (0.454) —0.297 (0.405) —0.548 (0.101) —0.745(0.013) —0.524(0.120) —0.552 (0.098)
Co —0.271(0.448) —0.067 (0.855) —0.358(0.310) —0.515(0.128) —0.626 (0.053) —0.624 (0.054) —0.669 (0.034) —0.782 (0.008)
Ni —0472 (0.168) —0.588 (0.074) —0.483(0.158) —0.661 (0.038) —0.709 (0.022) —0.806 (0.005) —0.750(0.012) —0.782 (0.008)
Cu —0.357(0.311) —0.394 (0.26) —0.528 (0.116) —0.709 (0.022) —0.575(0.082) —0.624(0.054) —0.712(0.021) —0.745 (0.013)
Zn —0.119(0.743) —0.176 (0.627) —0.170 (0.640) —0.37(0.293) —0.491(0.149) —0.406(0.244) —0.353(0.317) —0.406 (0.244)
cd —0.250 (0.487) —0.11(0.762) —0.572(0.084) —0.485(0.155) —0.177(0.625) —0.291(0.415) —0.538(0.109) —0.562 (0.091)
Ga —0.302 (0.396) —0.224(0.533) —0.180(0.618) —0.212(0.556) —0.234(0.516) —0.127(0.726) —0.225(0.532) —0.164 (0.651)
Pb 0.034 (0.926) 0.03 (0.934) —0.087 (0.810) —043(0.214) —0.548(0.101) —0.527(0.117) —0.396(0.257) —0.624 (0.054)
As —0.556 (0.095) —0.494(0.147) —0.312(0.379) —0.363(0.303) —0.492(0.149) —0.619(0.056) —0.508 (0.134) —0.488 (0.153)
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in soils suggests that indigenous bacteria may commonly harbor bio-
synthesis genes to synthesize antibiotics to gain growth advantages
over substrates and nutrients in natural environment, which are consis-
tent with previous findings on the natural production of natural
antibiotics that describe antibiotics as a chemically heterogeneous
group of organic, low-molecular-weight compounds produced by micro-
organisms to inhibit the growth or metabolic activities of other microor-
ganisms (Davies, 1990; Raaijmakers and Mazzola, 2012; Thomashow
etal, 1997).

Although co-occurrence of PKS type I and PKS type Il genes was ob-
served, the gene abundance of PKS type [ gene was consistently higher
than that of PKS type Il gene, which may be related with its diversity
in polyketide synthesis. Although both PKS type I and PKS type Il belong
to the same group of enzymes catalyzing the synthesis of polyketides,
they are basically different in structure and function. While PKS type II
are multienzyme complexes that contain a single set of iteratively acting
activities and involve in a biosynthesis of some aromatic polyketides
(e.g., tetracenomycin), PKS type I are multifunctional enzymes includ-
ing many modules and each module possesses a set of non-iteratively
acting activities for the catalysis of one cycle of polyketide chain elonga-
tion as exemplified in biosynthesis of reduced polyketides, such as
macrolides (e.g., erythromycin), polyethers and polyenes (Shen, 2003;
Staunton and Weissman, 2001).

The lack of correlation between PKS genes with land use type and
antibiotic concentrations may be explained by fate and transport of an-
tibiotics in soil samples. As Singapore directly discharges its treated
wastewater to the sea and urban soils are not affected with treated
wastewater, antibiotics detected in soil samples are likely the results
of naturally produced antibiotics from indigenous bacteria. One possible
explanation for the lack of positive correlation between tylosin and PKS
type I gene and between chloramphenicol and PKS type II is that PKSs
are multi-enzyme complexes involved in the biosynthesis of many
antibiotics with similar structures, such as macrolide antibiotics and
aromatic antibiotics, and therefore the abundance of PKS genes in tested
soil samples may involve in the natural biosynthesis of some other
macrolides and aromatic antibiotics that compete the production of
tylosin and chloramphenicol. In addition, some physical and chemical
factors in natural soil environment may have some impact on the
expression of PKS genes and degradation of the antibiotics. Tylosin
was reported with a half-life of 4.4 to 8 days in soil environment
(Carlson and Mabury, 2006; Schliisener and Bester, 2006) and chloram-
phenicol with a half-life of 1 to 4.5 days (Berendsen et al., 2013;
Wongtavatchai et al., 2004). The short half-lives of these two com-
pounds suggest their low persistency in environmental soils, which
might also explain the lack of positive correlation between their envi-
ronmental occurrence and PKS gene abundance. Besides the stability,
antibiotics have various degrees of sorption affinity on soils that could
also influence their environmental fate. For example, the log K, value
of chloramphenicol is 1.14 (Wongtavatchai et al., 2004), indicating little
sorption affinity to soil particles. The low log K,y value suggests that
chloramphenicol would be more likely to be flushed to streams than
to be adsorbed to soils during surface runoff events. Therefore, the
chemical properties can be used to explain lack of correlation between
the occurrence of PKS genes and levels of antibiotics in soil samples in
this study.

The correlation between PKS genes and environmental factors may
be related with statistical methods and the complexity of soil samples.
It is interesting that more significant correlations were identified with
Spearman's correlation analyses for the correlation between PKS
genes and environmental factors. Pearson's correlation was used to
measure linear relationship between normally distributed variables,
while Spearman's correlation was used to measure monotonic relation-
ship without the assumption of normal distribution of tested data. Be-
cause natural environments are open systems and gene abundance
could be affected by many factors, the assumptions of linear relationship
and normal distribution may not be accurate, and therefore Spearman's

correlation may reveal more statistical relationships than Pearson's
correlation. In addition, many studies found that the co-occurrence
of antibiotics and metals resulted in the associated resistance of
microorganisms to both antibiotics and metals in the environment
(Baker-Austin et al., 2006; Dhakephalkar and Chopade, 1994; Ji et al.,
2012; Seiler and Berendonk, 2012). The mechanism of the associated re-
sistance is possibly a result of two separate resistant pathways of antibi-
otics and metals, or a unique resistant mechanism on the antibiotic-
metal complex whose activity and characteristics may vary upon the
combination between antibiotics and metals (Chen and Huang, 2009,
2011), while the complex may also change its physical and chemical
properties (e.g., solubility) and lead to failure in the sample measure-
ment procedure (e.g., sample processing step), but the quantification of
PKS gene was not affected. The mechanisms on the negative correlations
between PKS genes and metals deserve further investigation.

In this study, two new degenerate primers were designed for qPCR
to detect and quantify PKS type I and type Il genes in a broad range of
environmental bacteria in soils. The sensitivity, specificity, and efficien-
cy of detecting the PKS type I and type Il genes in the soil samples of our
newly designed primers were compared with two existing primers in
the literature using conventional PCR. The new primer was better than
the existing primer to target PKS type [ gene, and similar to the existing
primer to target PKS type Il gene. The suitability of using these primers
on other bacteria could be further tested in future studies. In spite of the
limited number of the tested samples, both PKS type I gene and PKS type
Il gene were commonly detected in all soil samples, suggesting that nat-
ural production of antibiotics is a common phenomenon in urban soils.
No correlation was observed between PKS gene abundance and land use
type of soil samples, but negative correlation was detected between PKS
gene abundance and some environmental factors. Further studies on
how environmental factors may affect the development of PKS genes
would be helpful to understand the natural production of antibiotics
with PKS genes and be helpful for a comprehensive environmental
risk assessment of natural antibiotics in the environment.

Acknowledgments

We thank Singapore Public Utilities Board (PUB) and National Parks
Board (NParks) for their kind assistance on sampling and financial
supports from the Singapore Ministry of Education research grant
R-302-000-051-133, Singapore Environment and Water Industry
grant R-706-000-027-279, and Singapore-Peking-Oxford Research
Enterprise, COY-15-EWI-RCFSA/N197-1. We also thank NUS
Environmental Research Institute (NERI) for their financial and
technical support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mimet.2014.08.010.

References

3051A, U.-E.M.,, 2007. Microwave Assisted Acid Digestion of Sediments, Sludges, Soils, and
QOils, Test Methods for Evaluating Solid Waste. US Environmental Protection Agency,
Washington, DC.

6010C, U.E.M., 2007. Inductively Coupled Plasma-Atomic Emission Spectrometry. US
Environmental Protection Agency, Washington, DC, p. 72.

Abraham, E.P., Newton, G.G.F.,, 1960. Chemistry and classification of antibiotics. Br. Med.
Bull. 16, 10.

Amnuaykanjanasin, A., Punya, J., Paungmoung, P., Rungrod, A., Tachaleat, A.,
Pongpattanakitshote, S., Cheevadhanarak, S., Tanticharoen, M., 2005. Diversity of
type I polyketide synthase genes in the wood-decay fungus Xylaria sp. BCC 1067.
FEMS Microbiol. Lett. 251, 125-136.

Atoui, A., Mathieu, F., Lebrihi, A., 2007. Targeting a polyketide synthase gene for Aspergil-
lus carbonarius quantification and ochratoxin A assessment in grapes using real-time
PCR. Int. J. Food Microbiol. 115, 313-318.

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G., Smith, J.A., Struhl, K.,
1992. Short protocols in molecular biology. Trends Biotechnol. 10, 456.


http://dx.doi.org/10.1016/j.mimet.2014.08.010
http://dx.doi.org/10.1016/j.mimet.2014.08.010
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0005
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0005
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0005
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0255
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0255
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0260
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0260
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0015
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0015
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0015
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0020
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0020
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0020
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0025

142 T-H. Le et al. / Journal of Microbiological Methods 106 (2014) 135-142

Ayuso-Sacido, A., Genilloud, 0., 2004. New PCR primers for the screening of NRPS and
PKS-I systems in Actinomycetes: detection and distribution of these biosynthetic
gene sequences in major taxonomic groups. Microb. Ecol. 49, 10-24.

Baker-Austin, C., Wright, M.S., Stepanauskas, R., McArthur, J.V., 2006. Co-selection of
antibiotic and metal resistance. Trends Microbiol. 14, 176-182.

Becker, S., Boger, P., Oehlmann, R, Ernst, A., 2000. PCR bias in ecological analysis: a case
study for quantitative Taq nuclease assays in analyses of microbial communities.
Appl. Environ. Microbiol. 66, 9.

Beller, H.R., Kane, S.R,, Legler, T.C., Alvares, P.].]J., 2001. A real-time polymerase chain
reaction method for monitoring anaerobic, hydrocarbon-degrading bacteria based
on a catabolic gene. Environ. Sci. Technol. 36, 8.

Berendsen, B., Pikkemaat, M., Romkens, P., Wegh, R., van Sisseren, M., Stolker, L., Nielen,
M., 2013. Occurrence of chloramphenicol in crops through natural production by
bacteria in soil. J. Agric. Food Chem. 61, 4004-4010.

Carlson, ].C., Mabury, S.A., 2006. Dissipation Kinetic and Mobility of Chlortetracycline,
Tylosin, and Monensin in an Agricultural Soil in Northumberland County, Ontario,
Canada. Environmental Toxicology and Chemistry. 25. SETAC Press, p. 11.

Chen, W.-R,, Huang, C.-H., 2009. Transformation of tetracyclines mediated by Mn(II) and
Cu(Il) ions in the presence of oxygen. Environ. Sci. Technol. 43, 7.

Chen, W.-R., Huang, C.-H., 2011. Transformation kinetics and pathways of tetracycline
antibiotics with manganese oxide. Environ. Pollut. 159, 1092-1100.

Davies, J., 1990. What are antibiotics? Archaic functions for modern activities. Mol.
Microbiol. 4, 6.

DeHoff, B.S., Kuhstoss, S.A., Rosteck, J., Paul R., Sutton, K.L., 1999. Polyketide synthase
genes. In: Patent Storm (Ed.), Vol. 5876991, Eli Lilly and Company, US.

Dhakephalkar, P.K,, Chopade, B.A., 1994. High levels of multiple metal resistance and its
correlation to antibiotic resistance in environmental isolates of Acinetobacter.
Biometals 7, 8.

Duffy, BK., Défago, G., 1999. Environmental factors modulating antibiotic and siderophore
biosynthesis by Pseudomonas fluorescens biocontrol strains. Appl. Environ. Microbiol.
65, 11.

Englert, B., 2007. Method 1694: Pharmaceuticals and Personal Care Products in Water,
Soil, Sediment, and Biosolids by HPLC/MS/MS. EPA-821-R-08-002. Environmental
Protection Agency (EPA), p. 72.

Esiobu, N., Armenta, L., Ike, ]., 2002. Antibiotic resistance in soil and water environments.
Int. J. Environ. Health Res. 12, 133-144.

Fierer, N., Jackson, J.A,, Vilgalys, R., Jackson, R.B., 2005. Assessment of soil microbial com-
munity structure by use of taxon-specific quantitative PCR assays. Appl. Environ.
Microbiol. 71, 4117-4120.

Geisen, R,, Mayer, Z., Karolewiez, A, Farber, P., 2004. Development of a real time PCR sys-
tem for detection of Penicillium nordicum and for monitoring ochratoxin A production
in foods by targeting the ochratoxin polyketide synthase gene. Syst. Appl. Microbiol.
27,501-507.

Glazko, A, Dill, W.A.,, Rebstock, M.C., 1950. Biochemical studies on chloramphenicol
(chloromycetin): III Isolation and identification of metabolic products in urine. J.
Biol. Chem. 183, 13.

Hristova, K.R., Lutenegger, C.M., Scow, K.M., 2001. Detection and quantification of methyl
tert-butyl ether-degrading strain PM1 by real-time TagMan PCR. Appl. Environ.
Microbiol. 67, 5154-5160.

Hu, X., Zhou, Q., Luo, Y., 2010. Occurrence and source analysis of typical veterinary
antibiotics in manure, soil, vegetables and groundwater from organic vegetable
bases, northern China. Environ. Pollut. 158, 2992-2998.

Hu, Y., Hao, X,, Loy, J., Zhang, P., Pan, ., Zhu, X, 2012. A PKS gene, pks-1, is involved in
chaetoglobosin biosynthesis, pigmentation and sporulation in Chaetomium globosum.
Sci. China Life Sci. 55, 1100-1108.

Huerta, B., Marti, E., Gros, M., Lopez, P., Pompéo, M., Armengol, ]., Barceld, D., Balcazar, J.L.,
Rodriguez-Mozaz, S., Marcé, R., 2013. Exploring the links between antibiotic
occurrence, antibiotic resistance, and bacterial communities in water supply reservoirs.
Sci. Total Environ. 456-457, 161-170.

Hutchinson, C.R., 1995. Polyketide synthase gene manipulation: a structure-function
approach in engineering novel antibiotics. Annu. Rev. Microbiol. 49, 38.

Jackson, P.E., 2006. lon Chromatography in Environmental Analysis. John Wiley & Sons,
Ltd., Encyclopedia of Analytical Chemistry.

Ji, X,, Shen, Q,, Liy, F,, Ma, ], Xu, G,, Wang, Y., Wu, M,, 2012. Antibiotic resistance gene abun-
dances associated with antibiotics and heavy metals in animal manures and agricultural
soils adjacent to feedlots in Shanghai; China. J. Hazard. Mater. 235-236, 178-185.

Kanfer, L., Skinner, M.F., Walker, R.B., 1998. Review analysis of macrolide antibiotics. J.
Chromatogr. A 812, 32.

Katz, L., Donadio, S., 1993. Polyketide synthesis prospects for hybrid antibiotics. Annu.
Rev. Microbiol. 47, 38.

Kealey, ].T., Liu, L., Santi, D.V., Betlach, M.C,, Barr, P.J., 1998. Production of a polyketide
natural product in nonpolyketide producing prokaryotic and eukaryotic hosts. Proc.
Natl. Acad. Sci. 95, 5.

Kroken, S., Glass, N.L,, Taylor, JW., Yoder, O.C,, Turgeon, B.G., 2003. Phylogenomic analysis
of type I polyketide synthase genes in pathogenic and saprobic ascomycetes. Proc.
Natl. Acad. Sci. U. S. A. 100, 15670-15675.

Levy, S.B., 1998. Multidrug resistance — a sign of the times. N. Engl. ]. Med. 338, 1376-1378.

Metsa-Ketela, M., Salo, V., Halo, L., Hautala, A., Hakala, J., Mantsala, P., Ylihonko, K., 1999.
An efficient approach for screening minimal PKS genes from Streptomyces. FEMS
Microbiol. Lett. 6.

Moffitt, M.C,, Neilan, B.A., 2001. On the presence of peptide synthetase and polyketide
synthase genes in the cyanobacterial genus Nodularia. FEMS Microbiol. Lett. 196, 8.

Ohge, H., Furne, J.K,, Springfield, J., Sueda, T., Madoff, R.D., Levitt, M.D., 2003. The effect of
antibiotics and bismuth on fecal hydrogen sulfide and sulfate-reducing bacteria in the
rat. FEMS Microbiol. Lett. 228, 137-142.

Paitan, Y., Alon, G., Orr, E., Ron, E.Z,, Rosenberg, E., 1999. The first gene in the biosynthesis
of the polyketide antibiotic TA of Myxococcus xanthus codes for a unique PKS module
coupled to a peptide synthetase. J. Mol. Biol. 286, 10.

Raaijmakers, .M., Mazzola, M., 2012. Diversity and natural functions of antibiotics produced
by beneficial and plant pathogenic bacteria. Annu. Rev. Phytopathol. 50, 403-424.
Rose, T.M., Henikoff, J.G., Henikoff, S., 2003. CODEHOP (COnsensus-DEgenerate Hybrid

Oligonucleotide Primer) PCR primer design. Nucleic Acids Res. 31, 3763-3766.

Saiki, RK., Gelfand, D.H., Stoffel, S., Scharf, SJ., Higuchi, R., Horn, G.T., Mullis, K.B., Erlich, H.
A., 1988. Primer-directed enzymatic amplification of DNA with a thermostable DNA
polymerase. Science 239, 6.

Sarmah, A.K., Meyer, M.T., Boxall, A.B.A., 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.

Schliisener, M.P., Bester, K., 2006. Persistence of antibiotics such as macrolides, tiamulin
and salinomycin in soil. Environ. Pollut. 143, 565-571.

Schnabel, E.L, Jones, A.L, 1999. Distribution of tetracycline resistance genes and transpo-
sons among phylloplane bacteria in Michigan apple orchards. Appl. Environ.
Microbiol. 65, 10.

Seiler, C., Berendonk, T.U., 2012. Heavy metal driven co-selection of antibiotic resistance
in soil and water bodies impacted by agriculture and aquaculture. Front. Microbiol. 3.

Shen, B., 2003. Polyketide biosynthesis beyond the type I, Il and III polyketide synthase
paradigms. Curr. Opin. Chem. Biol. 7, 285-295.

Staunton, J., Weissman, K.J., 2001. Polyketide biosynthesis: a millennium review. Nat.
Prod. Rep. 18, 380-416.

Suzuki, M.T., Taylor, L.T., Delong, E.F., 2000. Quantitative analysis of small-subunit rRNA
genes in mixed microbial populations via 59-nuclease assays. Appl. Environ.
Microbiol. 66, 10.

Takai, K., Horikoshi, K., 2000. Rapid detection and quantification of members of the
archaeal community by quantitative PCR using fluorogenic probes. Appl. Environ.
Microbiol. 66, 5066-5072.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5:
molecular evolutionary genetics analysis using maximum likelihood, evolutionary
distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731-2739.

Thomashow, L.S., Bonsall, R.F., Weller, D.M., 1997. Antibiotic production by soil and
rhizosphere microbes in situ. In: Hurst, C,, Knudsen, G., McInerney, M., Stetzenbach, L.,
Walter, M.V. (Eds.), Manual of Environmental Microbiology. ASM Press, Washington,
DC p.7.

Tsoi, CJ., Khosla, ¢, 1995. Combinatorial biosynthesis of ‘unnatural’ natural products: the
polyketide example. Current Biology. Chem. Biol. 2, 8.

Wawrik, B., Kerkhof, L., Zylstra, G.J., Kukor, ]J., 2005. Identification of unique type II
polyketide synthase genes in soil. Appl. Environ. Microbiol. 71, 2232-2238.

Wongtavatchai, J., McLean, L.G., Ramos, F., Arnold, D., 2004. WHO Food Additives Series
53: Chloramphenicol. JECFA (WHO: Joint FAO/WHO Expert Committee on Food
Additives). IPCS (International Programme on Chemical Safety) INCHEM, p. 85.

Zucko, J., Skunca, N., Curk, T., Zupan, B., Long, P.F., Cullum, J., Kessin, R.H., Hranueli, D.,
2007. Polyketide synthase genes and the natural products potential of Dictyostelium
discoideum. Bioinformatics 23, 2543-2549.


http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0030
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0030
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0030
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0035
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0035
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0265
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0265
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0265
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0045
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0045
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0045
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0050
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0050
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0270
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0270
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0270
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0055
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0055
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0060
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0060
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0065
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0065
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0070
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0070
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0070
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0075
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0075
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0075
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0275
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0275
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0275
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0080
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0080
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0085
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0085
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0085
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0090
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0090
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0090
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0090
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0095
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0095
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0095
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0100
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0100
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0100
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0105
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0105
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0105
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0110
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0110
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0110
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0115
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0115
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0115
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0120
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0120
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0125
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0125
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0130
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0130
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0130
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0280
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0280
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0140
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0140
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0285
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0285
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0285
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0150
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0150
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0150
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0155
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0160
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0160
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0165
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0165
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0170
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0170
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0170
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0175
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0175
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0175
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0180
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0180
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0185
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0185
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0190
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0190
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0195
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0195
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0195
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0200
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0200
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0205
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0205
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0205
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0210
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0210
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0215
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0215
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0220
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0220
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0290
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0290
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0290
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0225
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0225
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0225
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0230
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0230
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0230
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0295
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0295
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0295
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0295
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0300
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0300
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0245
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0245
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0305
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0305
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0305
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0250
http://refhub.elsevier.com/S0167-7012(14)00244-9/rf0250

	Quantification of polyketide synthase genes in tropical urban soils using real-�time PCR
	1. Introduction
	2. Materials and methods
	2.1. Sampling locations
	2.2. DNA preparation
	2.3. Primer design
	2.4. Optimization of PCR conditions and comparison with previous primers
	2.5. PCR product analysis
	2.6. qPCR calibration curves and quantification of PKS genes
	2.7. Measurement of antibiotics
	2.8. Measurement of nutrients
	2.9. Measurement of metals
	2.10. Statistical analysis

	3. Results
	3.1. Specificity and efficiency of primers PKS1-F/PKS1-R and PKS2-F/PKS2-R
	3.2. Accuracy of qPCR
	3.3. Occurrence of PKS genes in tropical urban soils
	3.4. Correlation between PKS genes with land use type, antibiotic concentrations, and environmental factors

	4. Discussion
	Acknowledgments
	Appendix A. Supplementary data
	References


