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ABSTRACT 

The development and proliferation of antibiotic resistance in pathogenic, commensal, and 
environmental microorganisms is a major public health concern. The extent to which human 
activities contribute to the maintenance of environmental reservoirs of antibiotic resistance is 
poorly understood. In the current study, wastewater treatment plants (WWTPs) were investigated 
as possible sources of tetracycline resistance via qualitative and quantitative PCR (qPCR). 
Various WWTPs and two freshwater lakes were surveyed for the presence of an array of 10 
tetracycline resistance determinants (tetR): tet(A)-(E), tet(G), tet(M), tet(O), tet(Q), tet(S). All 
WWTP samples contained more different types of tetR, as compared to the lake water samples. 
Gene copy numbers of tet(G) and tet(Q) in these samples were quantified via qPCR and 
normalized to both the volume of original sample and to the bacterial 16S rRNA gene copy 
number per sample (a proxy for bacterial abundance). Copies of tet(Q) were found to be highest 
in wastewater influent while tet(G) copies were highest in activated sludge. Investigation of the 
effects of UV disinfection on wastewater effluent showed no reduction in the number of 
detectable tetR types.  
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INTRODUCTION 

The emergence and spread of antibiotic resistance in bacteria is a major public health issue (Levy 
2002). Large quantities of antibiotics are released daily into the natural environment in treated 
wastewater effluent and through use in confined animal feeding operations (Halling-Sorensen et 
al. 1998). Many of these compounds can now be readily detected in our water resources (Lindsey 
et al. 2001; Kolpin et al. 2002; Yang and Carlson 2003), leading to increasing concerns regarding 
their contribution to the presence and persistence of resistance in populations of both pathogenic 
and non-pathogenic microbes. These concerns are fueled partly by a lack of critical information 
regarding the movement of resistance genes within and between microbial populations in the 
environment (Isaacson and Torrence 2002).  
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To understand the ecology of antibiotic resistance, it is necessary to characterize the occurrence, 
fate, and transport of antibiotic resistant bacteria. A first step in this endeavor is the identification 
of major sources of antibiotics and antibiotic resistance to the environment. Wastewater 
treatment plant (WWTP) effluent and biosolids application to agricultural fields are both 
recognized sources of antibiotics to surface waters (Yang and Carlson 2003). Previous studies 
have correlated an increased incidence of antibiotic resistance among culturable bacteria in 
surface water (Harwood et al. 2000; Reinthaler et al. 2003) and groundwater (McKeon et al. 
1995), with WWTP effluent discharge. However, these studies and most others use an operative 
definition of “resistance” based on a phenotype - the ability of (usually Gram negative) bacteria 
to grow on solid medium containing antibiotic. Hence, they provided no information about the 
resistance genotypes. Furthermore, the vast majority of microorganisms in the environment 
cannot be cultivated by standard methods (Amann et al. 1995), and therefore any cultivation-
based approach provides a significant underestimation of the total pool of antibiotic resistant 
organisms present in complex microbial communities such as those found in WWTPs and 
aquatic ecosystems. 
 
The tetracycline class of antibiotics is one of the most commonly used therapeutics in human and 
veterinary medicine (Chopra and Roberts 2001). Over the last 50 years more than 38 tetracycline 
resistance determinants (tetR) have been identified in a variety of bacterial genera (Levy et al. 
1999; Roberts 2005). The two main resistance mechanisms provided by these determinants are 
efflux pump proteins and ribosomal protection proteins (RPPs) (Roberts 1996). TetR are often 
carried on conjugative plasmids or transposons which allow for mobilization via horizontal gene 
transfer.  
 
Several recent studies have used culture-independent methods to study of tetR occurrence in 
waste lagoons and groundwater near swine farms (Chee-Sanford et al. 2001; Aminov et al. 2002) 
and activated sludge (Guillaume et al. 2000). A genotypic “fingerprint” (e.g. tetCDEHZ) could 
be generated for each sample using PCR, providing a more informative descriptor of community 
resistance than that obtained using phenotypic assays. 
 
In the present study, cultivation-independent methods were used to detect tetR in samples from 
two activated sludge WWTPs, to determine which tetR types are typically present in these 
systems. We also analyzed samples from multiple compartments of a WWTP, in order to explore 
the hypothesis that biological treatment creates an environment that encourages transfer of 
resistance genes. Conjugative plasmids carrying tetR and components of multi-drug efflux 
systems are readily recovered from activated sludge communities (Droge et al. 2000).  
 
Qualitative PCR assays were used to screen samples for an array of 10 tetR (tet 
A,B,C,D,E,G,M,O,S,Q) encompassing both efflux pumps and RPPs. We created a genotypic 
fingerprint for each sample by determining if each of these ten genes was present or absent. For 
the purposes of this study, we defined a “diversity index” to reflect the number of different types 
of tetR detected in a sample, such that samples with more different types of tetR present were 
considered to have higher diversity indices. Two determinants, tet(G) and tet(Q), were selected 
for study with real time quantitative PCR (qPCR), a method that was recently used to quantify 
antibiotic resistance genes in community DNA extracted from feedlot lagoons (Smith et al. 2004) 
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and WWTPs (Volkmann et al. 2004). Tet(Q), encoding an RPP, is associated with a self excising, 
self conjugating transposon that also carries erm(F), which confers resistance to erythromycin 
(Li et al. 1995; Salyers et al. 1995). These transposons are commonly found in enteric 
Bacteriodes spp. (Salyers et al. 1995) and have been shown to be transferable to a wide range of 
bacterial genera (Chung et al. 1999). Tet(G) encodes an efflux pump and has been located on 
integrons carrying multi-drug resistance in Salmonella isolates from human and non-human 
sources (Ng et al. 1999) and on small, transmissible plasmids in isolates from agricultural 
sources (Schnabel and Jones 1999).  
 

MATERIALS AND METHODS 

Treatment plants 

Samples were collected from two activated sludge WWTPs in Wisconsin, USA and will here be 
referred to as Plants A and B. Plant A was sampled in March, July and November of 2004 to 
conduct a time series comparison. Plant B was sampled in March of 2004 for comparison across 
plants.  
 
Plant A. The average influent flow rate was 42 million gallons per day (mgd) with a maximum 
hourly rate of 130 mgd. The influent source was mainly domestic with 10 – 15% 
commercial/industrial. This plant services a large municipality (population ~250,000). Plant 
configuration was a modified University of Capetown system to achieve biological phosphorus 
removal and nitrification, with an average mixed liquor suspended solids (MLSS) concentration 
of 2,500 mg/L and a target solids retention time (SRT) of 9 days. Effluent was seasonally 
disinfected from April 15 to October 15 using UV irradiation at a dosage of 30,100 mW-s/cm2. 
Biosolids treatment includes mesophilic anaerobic digestion followed by gravity belt thickening 
from 2.6% solids to 6% then land application as a class B biosolid. 
 
Plant B. The average influent rate was 12 mgd with a maximum hourly rate of 120 mgd. The 
influent source was primarily domestic with service to a mid size municipality (population 
~62,000) and outlying areas. Plant configuration was an aerated plug flow system with an 
average MLSS concentration of 1,700 mg/L and a seasonal SRT of 6 days in summer and 10 
days in winter. Effluent was disinfected year round using chlorine gas. Biosolids treatment 
includes anaerobic digestion, centrifugation to 25% solids, and land application as a class B 
biosolid. 
 
Sample collection and DNA extraction 
 
At each WWTP, samples were collected from influent wastewater (after primary settling), 
treated effluent, activated sludge and treated biosolids. Water samples from two urban lakes—
Lake Mendota (ME) and Lake Wingra (WI)—were also collected to serve as controls. Two-liter 
grab samples were retrieved directly from the treatment plants and decanted into sterile 1 L 
plastic bottles. Samples were kept on ice and transported to the lab for immediate processing 
(within ~2-4 hours). 
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Bacteria from WWTP influent, WWTP effluent, and lake water samples were concentrated by 
filtration onto 0.2-μm filters (Supor-200; Gelman Sciences, Ann Arbor, MI) until the filter 
clogged. The amount of influent filtered ranged from 16 to 50 mL while the amount of effluent 
or lake water filtered ranged from 500 to 750 mL. Filters were stored at -80oC until DNA 
extraction was performed using the FastDNA kit (Qbiogene, Irvine, CA). To concentrate the 
activated sludge and biosolids samples, 50 mL was centrifuged at 11,000 x g for 10 min at room 
temperature. Supernatant was discarded and 250 mg of the pellet was used for DNA extraction 
via the FastDNA kit. Purified DNA concentrations were determined through 
microspectrophotometry (NanoDrop® ND-1000, NanoDrop Technologies, Willmington, DE). 
Extractions were diluted to a concentration of 2 ng DNA/μl in sterile, DNAase-free water. 
 
Qualitative PCR 
 
Amplification was conducted in 25 ul reactions containing (final concentrations) 1X PCR Buffer 
(Applied Biosystems, Foster City, CA), 4 mM MgCl2, 400 uM each dNTP, 400 nM of each 
forward and reverse primer, and 1.25 U of AmpliTaq Gold DNA polymerase (Applied 
Biosystems) on an iCycler thermal cycler (BioRad, Hercules, CA). The thermal cycle was: initial 
denaturation at 95oC for 7 min, followed by a 40 cycles of 95oC for 45 sec, annealing (varied) for 
45 sec, 72oC for 90 sec, with a final extension of 72oC for 7 min. Primer pairs targeting 10 
different tetR are were used in duplex, as described previously (Ng et al. 2001) (Table 1). The 
target pairs were: tet(A) and tet(G), tet(B) and tet(D), tet(C) and tet(E), tet(M) and tet(O), tet(S) 
and tet(Q). Template DNA was added at 2 ng per reaction. PCR product aliquots (10 μl) were 
analyzed by agarose gel electrophoresis.  
 
To ensure reproducibility, duplicate PCR reactions were performed for each permutation of 
sample and primer set, with each assay including positive and negative controls. Positive 
controls were fresh (produced within 7 days) purified PCR products amplified from plasmids 
carrying the proper tetR. PCR conditions were the same as described above. Products were 
purified with a QIAquick PCR purification kit (Qiagen, Valencia, CA) and mixed together as 
equimolar mixes of tet A,B,C,D,E,G and tet M,O,Q,S with 1.51 and 2.27 fm of each template 
added to reactions, respectively. Negative controls were 1 μl of sterile water. Detection limit 
assays were performed with each primer pair and a serial dilution of positive control template.  
 
Real Time quantitative PCR (qPCR) 
 
Two target genes (tet(G) and tet(Q)) were selected for quantitative study with real time PCR. The 
copies of 16S rRNA genes from each sample were also quantified for normalization purposes, 
with 16S rRNA gene copy concentration serving as a proxy for total bacterial cell abundance. 
The number of tetR copies per sample was also normalized to the original sample volume from 
which 2 ng of DNA was extracted, providing quantifications in terms of gene copies per volume 
of original sample.  
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Table 1 - PCR primers targeting tetracycline resistance genes and 16S rRNA genes 

Name Sequences Target Annealing 
(oC) 

Amplicon 
size (bp) 

Resistance 
Mechanism PCR Type Ref 

Positive Control 
Plasmid or 

Strain 
Tet A FW GCTACATCCTGCTTGCCTTC 
Tet A RV CATAGATCGCCGTGAAGAGG tet(A) 55 210 Efflux pump Qualitative Ngc E. coli HB101 

(RP1) 
Tet B FW TTGGTTAGGGGCAAGTTTTG 
Tet B RV GTAATGGGCCAATAACACCG tet(B) 55 659 Efflux pump Qualitative Ngc E. coli HB101 

(pRT11) 
Tet C FW CTTGAGAGCCTTCAACCCAG 
Tet C RV ATGGTCGTCATCTACCTGCC  tet(C) 55 418 Efflux pump Qualitative Ngc E. coli DO-7 

(pBR322) 
Tet D FW AAACCATTACGGCATTCTGC 
Tet D RV GACCGGATACACCATCCATC tet(D) 55 787 Efflux pump Qualitative Ngc E. coli JM109 

(pUC119D) 
Tet E FW AAACCACATCCTCCATACGC 
Tet E RV AAATAGGCCACAACCGTCAG tet(E) 55 278 Efflux pump Qualitative Ngc E. coli HB101 

(pSL1504) 
Tet G FW GCTCGGTGGTATCTCTGCTC 
Tet G RV AGCAACAGAATCGGGAACAC tet(G) 55 468 Efflux pump Qualitative Ngc E. coli HB101 

(pUC119G) 
Tet M FW GTGGACAAAGGTACAACGAG 
Tet M RV CGGTAAAGTTCGTCACACAC tet(M) 55 406 RPPa Qualitative Ngc Cloned plasmid 

(pJIR667) 
Tet O FW AACTTAGGCATTCTGGCTCAC 
Tet O RV TCCCACTGTTCCATATCGTCA tet(O) 55 515 RPP Qualitative Ngc Cloned plasmid 

(pGEM-tetO) 
Tet S FW CATAGACAAGCCGTTGACC 
Tet S RV ATGTTTTTGGAACGCCAGAG tet(S) 55 667 RPP Qualitative Ngc Cloned plasmid 

(pAT451) 
Tet Q FW TTATACTTCCTCCGGCATCG 
Tet Q RV ATCGGTTCGAGAATGTCCAC tet(Q) 55 904 RPP Qualitative Ngc Cloned plasmid 

(pBT-1) 
RT-G FW GCAGAGCAGGTCGCTGG 
RT-G RV CCYGCAAGAGAAGCCAGAAG tet(G) 67.4 134 Efflux pump qPCRb Aminovd PCR product 

RT-Q FW 
RT-Q RV 

AGAATCTGCTGTTTGCCAGTG 
CGGAGTGTCAATGATATTGCA tet(Q) 63 169 RPP qPCR Aminove PCR product 

341 F CCTACGGGAGGCAGCAG 
534 R ATTACCGCGGCTGCTGG 

16S rRNA 
gene 60 193 Not 

applicable qPCR Muyzerf PCR product 

a.  RPP = Ribosomal Protection Protein    b.  qPCR = Real Time Quantitative PCR    c.  Ng et al 2001   d.  Aminov et al 2001    
e.  Aminov et al 2002  f. (Muyzer et al. 1993) 
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Reactions were assembled in 96-well plates with a final volume of 25 μl using iQ™ SYBR® 
Green Super Mix (BioRad, Hercules, CA) as the source of DNA polymerase, Mg2+, dNTPs, 
SYBR Green and fluorescein. Primer sequences and targets were previously developed (Aminov 
et al. 2001; Aminov et al. 2002) (Table 1). Titrations on both primer concentration and annealing 
temperature were performed to determine the optimal conditions which were as follows: Tet(G): 
0.5 μM each primer, annealing at 67oC. Tet(Q): 0.4 μM each primer, annealing at 63oC. 16S 
rRNA gene: 0.3 μM each primer, annealing at 60oC. Template from WWTP and control lake 
samples was added as 1 μl of a working stock at a concentration of 2 ng/μl.  
 
Thermal cycling and fluorescence detection were conducted on a BioRad iCycler with the 
software iCycler iQ version 3.0 (BioRad, Hercules, CA), using the following protocol: 94oC for 
3 min, followed by 45 cycles of 94oC for 45 sec, annealing (varied) for 30 sec, 72oC for 30 sec 
(fluorescence data collected). Melt curve analysis was carried out following each reaction: 94oC 
for 1 min, 55oC for 1 min, followed by 80 cycles of 55oC for 10 sec during which fluorescence 
data was collected and the temperature was increased by 0.5oC after each cycle. TetR and 16S 
rRNA gene copies were quantified in duplicate per assay and two independent assays were 
performed per sample. Results are reported as the average of these four measurements with 
standard deviations. 
 
Standard curves for qPCR were produced by tenfold serial dilution of positive controls. For 
tet(G) and tet(Q), positive controls were fresh purified PCR products amplified and purified as 
described above. A portion of the 16S rRNA gene (~1450 bp) was amplified using universal 
primers (Table 1) and template from Plant B, and purified from an agarose gel using the 
QIAEX®II Gel Extraction kit (Qiagen, Valencia, CA). To ensure the accuracy of standard curves, 
all positive control stocks were quantified via microspectrophotometry and via fluorometry with 
a Gemini SpectraMax spectrofluorometer (Bucher Biotech, Basel, Switzerland) and the Quant-
iTTM PicoGreen® dsDNA Assay kit (Molecular Probes/Invitrogen, Eugene, OR). Slopes for 
qPCR standard curves ranged from -3.39 to -3.28 (threshold cycle vs log(copy number)) 
corresponding to a 97.2% and 101.5% PCR efficiency respectively. A 100% PCR efficiency 
corresponds to a doubling of copies at each increasing cycle. R2 values were greater than 0.99 for 
all standard curves. 
 
RESULTS AND DISCUSSION 

Qualitative PCR to detect tetracycline resistance genes 

The number of different types of tetR genes per sample was assessed using PCR, to generate a 
resistance “fingerprint” for each sample (Table 2). Detection limits for PCR assays ranged from 
~100 to 1,000 gene copies per reaction.  
 
Influent wastewater samples contained the highest number of different tetR. All ten tetR included 
in the survey were detected, with the exception of tet(S) which was not detected in July Plant A 
influent. Chee-Sanford and colleagues (2001) reported similar findings in swine waste lagoon 
samples in which all eight of the tetR investigated were detected. Enteric bacteria from humans 
and animals directly impact wastewater influent and may be the cause of the observed high 
diversity since extensive gene transfer occurs among bacteria in both animal and human 
digestive tracts (Netherwood et al. 1999; Shoemaker et al. 2001).  
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Table 2 - Tetracycline resistance genes detected in wastewater treatment plant samples 

Tetracycline Resistance Genes 
Plant  Sample 

tet(A) tet(B) tet(C) tet(D) tet(E) tet(G) tet(M) tet(O) tet(S) tet(Q) 

Diversity 
index 

 
Plant A March 2004 Influent + + + + + + + + + + 10/10 
 March 2004 ASa + -- + + + + + + -- -- 7/10 
 March 2004 BSb + + + -- + + + + -- + 8/10 
 March 2004 Effluent + + + + + + + + -- + 9/10 
 July 2004 Influent + + + + + + + + -- + 9/10 
 July 2004 AS + + + + + + + + -- -- 8/10 
 July 2004 BS + + + + + + + + -- + 9/10 
 July 2004 Effluent + -- + -- -- + -- -- -- -- 3/10 
 Nov 2004 Influent + + + + + + + + + + 10/10 
 Nov 2004 AS + + + -- + + + + -- + 8/10 
 Nov 2004 BS + -- + -- + + + + -- + 7/10 
 Nov 2004 Effluent + + + -- + + + + -- + 8/10 
 April 2005 Effluent (-UV) + -- + -- + + + + -- + 7/10 
 April 2005 Effluent (+UV) + -- + -- + + + + -- + 7/10 
             
Plant B March 2004 Influent + + + + + + + + + + 10/10 
 March 2004 AS + + + -- + + + + -- + 8/10 
 March 2004 BS + -- + -- -- + + + -- -- 5/10 
 March 2004 Effluent + + + + + + + + -- + 9/10 
             
 Control Lake Mendota  + -- NDc -- -- -- -- -- -- --d 1/10 
 Control Lake Wingra + -- ND -- -- -- -- -- -- --d 1/10 
             

a. AS = Activated Sludge   b. BS = Biosolids   c. ND=not determined  d. tet(G) and tet(Q) were not detected in the lake samples using qualitative PCR, but they 
were detected using real time qPCR (see Figures 1 and 2). Generally, the detection limit for qualitative PCR was much higher than for qPCR. 
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The sample with the lowest number of tetR was effluent from Plant A collected in July 2004 
(Table 2), though this was an exception among effluent samples. It should be noted that seasonal 
effluent disinfection by UV irradiation was performed at Plant A during July but not during 
March or November. Plant B effluent is chemically disinfected with chlorine gas year round, but 
this process did not appear to significantly reduce the diversity of detectable tetR. Initially, we 
hypothesized that UV disinfection reduced the number of detectable tetR. However, effluent was 
collected from Plant A again in April 2005, five days before and four days after the seasonal UV 
disinfection system was activated (Table 2). The fingerprints from both timepoints were the same 
and had much higher diversity than July Plant A effluent. This suggests that the low diversity in 
the July Plant A effluent sample was attributable to something other than UV irradiation. Many 
WWTP operating parameters cannot be controlled or readily accounted for, such as influent 
water temperature, influent composition, or performance of plant components such as clarifiers 
or aerators. Variation in these parameters could conceivably influence tetR genotype diversity 
over time. A more temporally intensive sampling effort is required to further investigate these 
hypotheses and determine which factor is most significantly impacting the suite of tetR present in 
plant effluent.  
 
Biosolids collected from Plant B also contained fewer types of tetR (Table 2). Biosolids samples 
from Plant A ranged from seven to nine tetR detected. Plant B performs biosolids dewatering 
using centrifugation to 25% TSS, while Plant A biosolids are typically ~2.6% TSS at the location 
from which samples were obtained (prior to gravity belt thickening). The reduction in water 
content may contribute to the observed reduction in biosolids tetR diversity although the 
mechanism responsible for this reduction is not clear.  
 
Overall, samples from WWTPs showed much higher tetR diversity than the two control lake 
samples, in which only tet(A) was detected (Table 2). Influent and effluent samples exhibited 
comparable levels of diversity (with the exception of July Plant A), suggesting that the WWTPs 
examined did not significantly reduce tetR diversity during the treatment process. A somewhat 
curious result was the reduction in diversity seen in activated sludge and biosolids samples when 
compared to influents and effluents, particularly with respect to tet(B), tet(D) and tet(Q). This 
was unexpected since a gene found in the beginning and the end of a treatment process must 
certainly be present in the middle. A plausible explanation for this result is the apparent 
“dilution” of tetR relative to the 2 ng of total extracted DNA used in each PCR. That is, activated 
sludge and biosolids contain a much higher concentration of organisms, a lower fraction of 
which may carry resistance genes. Our inability to detect these genes is therefore most like due 
to the limitations of holding the PCR template concentration constant across reactions (see also 
below). Regardless, it appears that, with the exception of tet(S), all of the tetR examined are 
present at some level in WWTP effluents. This supports the hypothesis that discharges from 
WWTPs are indeed sources of a diverse range of tetR. 
 
Quantitative detection using qPCR : number of tetR copies per volume of sample 
 
Real time quantitative PCR (qPCR) was used to determine the number of copies of tet(Q) and 
tet(G) present in each sample. The amount of template was held constant at 2 ng in each qPCR 
reaction to ensure comparable amplification efficiency. However, 2 ng of extracted bulk DNA 
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corresponds to different volumes of original sample depending on the samples’ DNA content, 
and extraction efficiency. The average yield of bulk DNA from each WWTP sample type is 
given in Table 3, in units of mass of DNA per volume of original sample.  
 

Table 3 - Average yield of bulk DNA extracted from WWTP samples. 
Sample Yield 

(ng DNA / mL sample) 
 Plant A (n=3) Plant B (n=1) 
Influent 100 ± 17 51 
Effluent 3.6 ± 1.8 6 
Activated sludgea 3,700 ± 800 5,300 
Biosolidsb 20,000 ± 4,700 170,000 

a. yields comparable to those found in (Bourrain et al. 1999), range 
~2.6 to 16.2 ng/mL  
b. the large difference between plants is due to the additional 
dewatering conducted at Plant B 

 
Tet(Q) was detected at 9.39x101 copies/mL in Lake Mendota and at 1.90x102 copies/mL in Lake 
Wingra. Tet(G) was detected at 3.63x103 copies/mL in Lake Mendota and 3.70x103 copies/mL in 
Lake Wingra. Levels of both these genes were markedly lower in these urban freshwater lakes 
than in any of the wastewater treatment plant samples. 
 
Effluent samples on average contained the lowest concentration of both tet(Q) and tet(G), with 
typical values in the range of 105 to 106 copies/mL (Figure 1). An exception was July effluent 
from Plant A which had even lower copy numbers, an observation that was consistent with the 
results obtained using qualitative PCR assays (Table 2). It should be noted that July influent 
samples from Plant A also contained lower than typical values (as compared to other influent 
samples) for both tet(Q) and tet(G) by one to two orders of magnitude. This suggests that some 
aspect of the influent water quality in July may have caused a reduction tetR levels for the whole 
WWTP. Biosolids samples contained the highest copy number per volume, presumably partly 
because biosolids samples were the most concentrated with respect to extractable DNA content. 
All WWTP samples had significantly higher copies/mL for both genes than the lake samples that 
had concentrations. This suggests WWTPs are a significant source of resistance genes since they 
have much higher concentrations of tetR than surface waters. Previous findings also support this 
notion. One study found significant increases in oxytetracycline resistant Acinetobacter isolates 
downstream of wastewater discharge from a hospital and pharmaceutical plant (Guardabassi et al. 
1998). Another determined that between 16 and 35% of Escherichia coli isolates cultured from 
treated effluent were resistant to tetracycline, though this roughly the matched the resistance rate 
of E. coli in the receiving waters (both upstream and downstream of the discharge) (Reinthaler et 
al. 2003). Unstabilized sludge contained an E. coli resistance rate of up to 57%, while no 
resistant E. coli were detected in Ca(OH)2 treated sludge. 
 
On a volumetric basis, copy numbers for tet(Q) in the influent samples were quite high (Figure 
1A and 1B) compared to other samples. Indeed, the tet(Q) concentrations in the influents were 
higher than those in the activated sludge samples, despite the total extracted DNA being 50 to 
100 times less concentrated; the influent concentrations were similar to those in biosolids 
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samples, which contained 500 to 1000 times more extractable DNA. To a lesser degree, a similar 
trend was observed when comparing tet(G) concentrations in Plant A activated sludge samples to 
tet(G) concentrations in Plant A biosolids (Figure 1C and 1D). With respect to tet(G) copies, the 
two samples are in the same range despite activated sludge samples being 5 to 10 times less 
concentrated than biosolids samples in Plant A. In Plant B activated sludge, the tet(G) 
concentration was considerably lower than Plant A activated sludge (student’s t-test, p<0.02).  
 
 

 
Figure 1 - Copies of tet(Q) and tet(G) normalized to volume of original sample. (A) tet(Q) 
copies across three seasons (spring, summer, fall); (B) tet(Q) copies in two treatment plants (both 
sampled in March) (C) tet(G) copies across three seasons (spring, summer, fall); (D) tet(G) 
copies in two treatment plants (both sampled in March). Experimental results were derived from 
two independent experiments with duplicate samples in each experiment giving a total of four 
replicates. 
 
 
The high influent levels of tet(Q) are not surprising given that tet(Q) is found on the Tcr Emr 
DOT family of mobile genetic elements, which are commonly found in Bacteriodes spp. (Salyers 
et al. 1995). The Bacteroides genus is abundant in the human colon. These elements have been 
shown to transfer to a wide range of bacterial genera (Chung et al. 1999) and are exchanged 
readily in the human gut (Shoemaker et al. 2001). A qPCR study of feedlot lagoons found a 
significantly lower range of 105 to 106 copies/mL of tet(Q) (Smith et al. 2004) suggesting that 
tet(Q) may be more prevalent in human impacted sources than animal impacted sources.  
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Quantitative detection using qPCR : number of tetR copies normalized to 16S rRNA gene 
copies 

In order to conduct a more direct comparison of tetR relative abundance across samples, we 
determined the concentration of bacterial 16S rRNA genes in each DNA sample using qPCR, to 
account for the differences in the amount of total DNA extracted. The volumetric tetR 
concentrations were normalized to copies of 16S rRNA genes. 16S rRNA gene concentrations 
for all samples were in the range of 105 to 106 copies for 2 ng DNA which is consistent with 
theoretical values, assuming an average bacterial genome size of approximately 5 x 106 bp and 
one rrn operon per genome (data not shown). 
 
The 16S rRNA gene-normalized concentrations of tet(Q) and tet(G) in WWTP samples are 
presented in Figure 2. Interestingly, influent samples from both WWTPs contained more 
detectable copies of tet(Q) than 16S rRNA genes (Figure 2.C), producing normalized abundances 
larger than 1.0. These results are in agreement with the higher than typical tet(Q) copies found on 
a volumetric basis in influent samples (Figure 1A and 1B). The mechanism responsible for ratios 
much larger than 1 in the influent is not clear. Either bacteria in the influent carry multiple copies 
of tet(Q) per genome or our qPCR of 16S rRNA produced artificially low copy number per 
sample. The former is certainly possible, since tet(Q) is carried by the CTnDOT family of 
transposons, which are highly mobile and whose transmission is stimulated 100 to 1,000-fold by 
tetracycline (Salyers et al. 1995). Despite these extremely high ratios of tet(Q)/16S rRNA genes 
coming into the plant, subsequent samples (activated sludge, biosolids, effluent) do not have 
proportionally high tet(Q)/16S rRNA gene ratios. This may be evidence of some degree of tet(Q) 
attenuation occurring within the WWTPs. 
 
We observed the opposite phenomenon in Plant A with respect to tet(G) gene copies (Figure 2B). 
The ratios of tet(G)/16S rRNA gene were lower in the four influent samples, as compared to 
activated sludge samples. These results are also in agreement with the tet(G) abundance 
normalized to volume, which were relatively high in Plant A activated sludge samples. The 
tet(G)/16S rRNA gene ratio from activated sludge in Plant B was markedly lower than in Plant A. 
The reason for this inconsistency may be differences in microbial community structure between 
the two plants.  
 
Biosolids samples from Plant B collected in March contained a lower ratio of tet genes to 16S 
rRNA genes for both tet(Q) (Figure 2A) and tet(G) (Figure 2B) than its Plant A counterparts. 
These lower ratios for Plant B biosolids are in agreement with qualitative PCR results which 
suggested lower tetR levels in Plant B biosolids (Table 2). 
 
Effluent samples exhibited the lowest concentrations of both tet(Q) and tet(G) on a volume basis 
(Figure 1), but did not have the lowest relative tetR abundance normalized to 16S rRNA genes 
(Figure 2A and 2B). In Plant A, effluent samples contained marginally higher tet(G)/16S rRNA 
gene ratios than influent samples (sample dates pooled, paired t-test, p < 0.07). Effluent from 
Plant B exhibited the highest ratio of any effluent sample with a tet(Q)/16S rRNA; this was the 
second largest tet/16S rRNA gene ratio observed in any non-influent sample.  
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Figure 2 - Relative abundance of tet(Q) and tet(G) gene copies normalized to the copies of 16S 
rRNA genes in each WWTP sample. The figure legend in panel (B) applies to all three panels. 
(A) Number of tet(Q) copies divided by number of 16S rRNA gene copies. (B) Number of tet(G) 
copies divided by number of 16S rRNA gene copies. (C) Number of tet(Q) copies divided by 
16S rRNA gene copies, in influent wastewater samples. All four influent samples (March, July, 
Nov Plant A; March Plant B) generated a tet(Q)/16S ratio larger than 1.0. Copy numbers for 
tet(Q), tet(G), and 16S rRNA genes were derived from two independent experiments with 
duplicate samples in each experiment giving a total of four replicates. Error bars represent the 
cumulative sample standard deviation accounting for propagation of error. 
 
 
Effluent samples before and after UV disinfection 
 
To further investigate the effects of UV disinfection on tetR fingerprints and abundance, two 
additional effluent samples were collected in April 2005 from Plant A, before and after seasonal 
disinfection was initiated. Analysis of these samples was motivated by the low diversity index 
and volumetric concentrations obtained from July effluent samples collected from Plant A. 
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UV disinfected effluent samples appeared to contain lower amounts of PCR-detectable tet(Q) 
and tet(G) on a volumetric basis (Figure 3A). With UV disinfection, tet(Q) copies were lower by 
~75% while tet(G) copies were lower by ~50%. These differences may be attributable to 
temporal variation as opposed to UV disinfection. Indeed, the abundances of both tet(G) and 
tet(Q) in the disinfected samples were markedly higher than in those collected in July 2004, 
which were about one order of magnitude lower (compare Figures 1A and C to Figure 3A). 
Notably, the abundance of both tet(Q) and tet(G) in April 2005 samples that were not disinfected 
were in the same range as typical effluent samples collected at other times of the year and not 
experiencing UV treatment. 
 
 

 
Figure 3 - Relative abundance of tet(Q) and tet(G) copies (normalized to 16S rRNA gene copy 
number) in Treatment Plant A effluent with and without UV disinfection. (A) Copy number of 
tet(Q) and tet(G) normalized to sample volume. (B) Copy number of tet(Q) and tet(G) 
normalized to 16S rRNA gene copies from each sample. Plant A initiated UV disinfection on 
April 15, 2005. Effluent samples were taken April 10, 2005 (Apr Effluent without UV) and April 
19, 2005 (Apr Effluent with UV). Gene copy number values for tet(Q), tet(G) and 16S rRNA 
were derived from two independent experiments with duplicate samples in each experiment 
giving a total of four replicates. Error bars represent the cumulative standard deviation 
accounting for propagation of error. The average coefficient of variation was 52% for tet(G) and 
45% for tet(Q). 
 
When normalized to 16S rRNA gene copies, UV disinfected effluents exhibited a lower relative 
abundance of tet(Q) but an increase in the relative abundance of tet(G) (Figure 3B). The ratio of 
tet(Q)/16S rRNA genes was significantly lower in the disinfected effluent (p<0.03). The 
difference in the tet(G)/16S rRNA gene ratio between disinfected and non-disinfected effluents 
was not significantly different (p>0.05). While it is difficult to draw any strong conclusions from 
these results, it appears that UV disinfection did not cause significant reduction of tet(Q) or 
tet(G) levels in effluent samples collected in April 2005.  
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CONCLUSIONS 
 
All evaluated compartments within a WWTP contained a considerably higher diversity of tetR, 
concentrations of tetR, and fractions of the population carrying tetR than natural lake water 
samples, indicating WWTPs as likely sources for resistance dissemination. 
Impacts from human waste probably cause wastewater influent to have high diversity and an 
extremely high fraction of the bacterial population carrying tet(Q). 
The fraction of bacteria carrying tet(Q) may be attenuated in activated sludge basins while 
fractions of bacteria carrying tet(G) may be augmented in some cases. 
UV disinfection may or may not reduce the abundance of some tetR and does not reduce tetR 
diversity. 
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