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ABSTRACT

Broad-host-range plasmids are frequently associated with antibiotic resistance genes and can quickly spread antibiotic
resistant phenotypes among diverse bacterial populations. Wastewater treatment plants have been identified as reser-
voirs for broad-host-range plasmids carrying resistance genes. The threat of broad-host-range plasmids released into the
environment from wastewater treatment plants has identified the need for disinfection protocols to target broad-host-
range plasmid destruction. Here we evaluate the efficacy of dissolved ozone at 2 and 8 mg-L™" as a primary means for
the destruction of broad-host-range plasmid and chromosomal DNA in simulated effluent. Pilot-scale tests using an
experimental unit were carried out in municipal wastewater treatment plant effluent and compared with ultraviolet
(UV)-irradiation and chlorination methodologies. Genes specific to Escherichia coli (uidA) and IncP broad-host-range
plasmids (trfA) were monitored using real-time quantitative polymerase chain reaction (qPCR), and total DNA was
monitored using absorbance spectroscopy. In wastewater treatment plant experiments, E. coli qPCR results were com-
pared to a recognized culture-based method (Colilert”) for E. coli. In laboratory experiments, dissolved ozone at 8
mg-L" significantly destroyed 93% total, 98% E. coli, and 99% of broad-host-range plasmid DNA. Ozonation,
UV-irradiation, and chlorination significantly reduced DNA concentrations and culturable E. coli in wastewater treat-
ment plant effluent. Chlorination and UV disinfection resulted in 3-log decreases in culture-based E. coli concentrations
in wastewater treatment plant effluent while changes were not significant when measured with qPCR. Only ozonation
significantly decreased the IncP broad-host-range plasmid trfA gene, although concentrations of 2.2 x 10° copies
trfA-L™' remained in effluent. Disinfection processes utilizing high dissolved ozone concentrations for the destruction of
emerging contaminants such as broad-host-range plasmid and total DNA may have utility as methods to ensure down-
stream environmental health and safe water reuse become more important.
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1. Introduction among the compounds leaving wastewater treatment
plants [8]. An obvious threat to public health is disease
from pathogens that may persist in the environment after
release. A less obvious threat is genetic determinants that
can provide antimicrobial resistance phenotypes to
pathogenic populations, such as antibiotic resistance
genes contained on bacterial plasmids and other mobile

Municipal and regional wastewater treatment facilities
remain a cornerstone of urban and economic develop-
ment. While the processes employed at modern waste-
water treatment facilities in the United States and in other
industrialized countries are considerably evolved, the

final effluent leaving these plants is not completely free genetic elements [1,9,10]. In particular, broad-host-range
of biological and chemical materials that are potentially  plasmids have several attributes contributing to concerns
harmful to humans and the environment [1-4]. Of devel- about their control: they can carry genes coding for re-
oping concern are bioreactive compounds that are not sistance to multiple antibiotics and metals [11]; they can
targeted by regulations governing discharge of wastewa- be stably maintained within and transferred among di-
ter. This emerging group of contaminants includes com- verse bacterial taxa [12-14]; and they can persist outside
pounds such as antibiotic resistance genes, disinfection of the cell for possible later uptake and expression by
by-products, pharmaceuticals, and hormones [5-7]. bacterial hosts [15]. As human population density in-

Biological contaminants pose a special set of threats creases, drinking water resources are increasingly likely
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to be downstream from wastewater treatment plant dis-
charges. Thus, to protect drinking water resources and
other downstream uses, limiting the release of mobile
genetic elements and antibiotic resistance genes along
with pathogens from wastewater treatment plants may
need to become a cornerstone of municipal wastewater
treatment and corresponding regulations for discharge.

Typically the final step in wastewater treatment, dis-
infection of wastewater in the US is focused entirely on
reducing numbers of fecal coliforms present in polished
effluent to levels below the USEPA mandated criterion.
Chlorination and UV-irradiation are the most common-
place because of the relative cost and equipment prob-
lems when using ozone as a disinfectant [16,17]. How-
ever, ozone is gaining renewed interest in wastewater
treatment due to decreasing water supplies, ensuing stricter
discharge limits, and increasing concern regarding phar-
maceutical and personal care products along with other
emerging contaminants [18].

While inactivation kinetics of indicator bacteria and
several pathogens using ozone have received attention in
scientific literature historically, little is known about the
effectiveness of ozone in the destruction of bacterial and
plasmid DNA [19-23]. Several studies have shown the
efficacy of ozone disinfection through non-reversible
reactions with amine groups, aromatic rings and double
bonds on compound molecules like pharmaceuticals, mi-
crobial membranes and cellular contents, but these stud-
ies have given less attention to the overall destruction of
chromosomal and plasmid DNA by either ozone or hy-
droxyl radicals in wastewater treatment plant disinfection
[24,25].

To determine if ozone utilized in municipal disinfec-
tion would improve destruction of indicator bacterial and
broad-host-range plasmid DNA, controlled laboratory
tests compared two ozone concentrations (approximately
2.0 and 8.0 mg-L™") in simulated effluent to a no-ozone
treatment. The destruction of DNA by ozone was char-
acterized using qPCR. To deliver ozone in a wastewater
treatment plant, a proprietary, experimental pilot-scale
dissolved ozone delivery system (HyDOZ", BlueInGreen
LLC, Fayetteville, AR, USA) was deployed in a munici-
pal wastewater treatment plant sidestream. The effec-
tiveness of the HyDOZ" ozonation system was measured
using both culturable E. coli and a culture-independent
method to measure DNA destruction. Results were com-
pared to those obtained with UV-irradiation and chlori-
nation.

2. Materials and Methods

A schematic of the dissolved ozone production system
for laboratory use is shown in Figure 1. Briefly, oxygen
gas (USP Grade, Airgas, Inc., Radnor, PA, USA) was con-
verted to ozone gas using a CD2000P ozone generator
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Figure 1. Diagram of the apparatus used to generate dis-
solved ozone solution from oxygen gas in the laboratory.

(Clearwater Tech LLC, Lewiston, ID, USA) and bubbled
into a 20-L polypropylene carboy (Nalgene-Thermo
Fisher Scientific, Rochester, NY, USA) containing 15 L
of reagent-grade water. To ensure homogeneous dissolved
ozone concentrations throughout the carboy, a large poly-
tetrafluoroethylene-coated magnetic stir bar and stir plate
(Corning Life Sciences, Lowell, MA, USA) were utilized
to mix the contents. Dissolved ozone concentrations in
the carboy were monitored continuously using a Q-45H
dissolved ozone meter (Ozone Solutions Inc., Hull, IA,
USA) and output concentrations from the system were
periodically verified throughout testing using a DR/890
portable colorimeter and the indigo colorimetric method
(Hach method 8311, APHA equivalent 4500-O; B) and
AccuVac® ampules (Hach Company, Loveland, CO,
USA) (APHA, 1989).

Dissolved ozone treatments were carried out in sterile,
sealed 1-L polycarbonate reactor vessels (VWR Interna-
tional, Radnor, PA, USA). To produce the two ozone
treatment concentrations, differing amounts of water
containing dissolved ozone were dispensed into prepared
sample solutions containing a buffer, test organisms and
background organic carbon to a final volume of 1 L.
Sterile, stock organic carbon solution for assembly of the
sample matrix was prepared from a garden soil using the
soil extract broth method [26] and the total organic car-
bon concentration determined by combustion using a
Shimadzu TOC-V (Shimadzu Corporation, Kyoto, Japan).
Stock organic carbon solution was diluted into sterile
phosphate buffered saline at pH 7.4 to yield a final con-
centration of 10.00 mg organic carbon L™ in each sample,
representing a maximum background dissolved organic
carbon concentration expected in secondary effluent.
Escherichia coli DH50™ (stabilized cloning vector, In-
vitrogen Corporation, Carlsbad, CA, USA) harboring the
broad-host-range plasmid R751 (IncP-14 subgroup; [27])
was cultured overnight in LB broth (Difco, Beckton
Dickinson and Co., Sparks, MD, USA) containing trime-
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thoprim (Sigma-Aldrich Corporation, St. Louis, MO,
USA) at a concentration of 20 pg'mL™" for use as a seed
organism. Just prior to addition of dissolved ozone, each
reactor was seeded with 0.5 mL of liquid culture E. coli
DHS5a/R751. Triplicate 0.5-mL aliquots of the overnight
seed culture were also transferred to 2-mL Lysing Ma-
trix-E tubes (Qbiogene Inc., Carlsbad, CA) for total DNA
extraction and use as a control.

Reactors were immediately sealed after the addition of
dissolved ozone, mixed by inverting 10 times, and al-
lowed to incubate at room temperature for 15 minutes.
Treated samples were then promptly subjected to vacuum
membrane filtration through sterile 47-mm diameter,
0.22-pm pore-size nitrocellulose membranes (Whatman
GmbH, Dassel, Germany). Upon completion of filtration,
membranes were stored at —80°C until DNA extraction.
Individual membranes were aseptically shredded and
subjected to DNA extraction using the FastDNA® SPIN
Kit for Soil and the FastPrep”™ Instrument (Qbiogene Inc.,
Carlsbad, CA). Total DNA extracts were cleaned by
ethanol precipitation and quantified by UV-Vis spec-
troscopy on a Nanodrop 1000 spectrophotometer (Ther-
mo Fisher Scientific Inc., Waltham, MA, USA) as desc-
ribed previously [2].

A pilot-scale version of the experimental HyDOZ"
dissolved ozone delivery system (BluelnGreen LLC,
Fayetteville, AR, USA) designed to treat approximately
3.8 million liters per day (MLD) of wastewater was in-
stalled in a temporary sidestream just before the disinfec-
tion stage at Springdale municipal wastewater treatment
plant in Springdale, AR, USA. Between October 2010
and March 2011, treated wastewater was collected for
filtration at the Springdale wastewater treatment plant
(chlorination and ozonation) and from a wastewater
treatment plant in Fayetteville, Arkansas (UV-irradiation).
Water samples (1 L) were collected in sterile polycar-
bonate 1-L vessels (VWR International, Radnor, PA,
USA) and subjected to serial filtration through 5.0- and
0.22-um pore-size nitrocellulose membranes (Whatman
GmbH, Dassel, Germany) and DNA extraction as de-
scribed previously [2]. An average ozone treatment con-
dition of 3.7 mg'min-L™" (range 2 - 6 mg-min-L™", equiva-

lent to 0.37 mg-L ™" sustained for 10 min) was reported (G.

S. Osborn, personal communication).

The real-time quantitative polymerase chain reaction
(qPCR) method to quantify a 187-bp region of the E.
coli-specific uidA gene (encodes f-glucuronidase en-
zyme) for E. coli enumeration was modified for use in
this study [28]. We also optimized a qPCR assay for
quantification of a 241-bp fragment of the trfA gene spe-
cific to IncP plasmids based on previously published pri-
mer pairs used in the study of broad-host-range plasmids
[2,9,29]. Assays for uidA and trfA had lower detection
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limits of 64 and 23 gene copies, respectively. Real-time
gPCR runs were performed on an Applied Biosystems
StepOnePlus™ real-time PCR system (Applied Biosys-
tems, Life Technologies Corp., Carlsbad, CA, USA).
Real-time qPCR reactions (20 pL each) consisted of
SYBR" GreenER™ master mix, 200 nmol each of primer,
0.04% bovine serum albumin, 1000 nM ROX (Invitrogen,
Life Technologies Corp., Carlsbad, CA, USA) passive
reference dye and 1 pL of DNA-extracts or dilutions. Am-
plification run temperature profiles, melt curve analyses,
and quality control factors were performed as recom-
mended by the manufacturers.

Cultured-based E. coli most probable number determi-
nation (USEPA-approved) was carried out by diluting
subsamples in sterile phosphate buffered saline and using
Colilert” reagents with Quantitray®/2000 (IDEXX Labo-
ratories, Inc., Westbrook, ME, USA) test materials ac-
cording to manufacturer directions.

Statistical comparisons of appropriate log-transformed
values were made using Oneway Analysis in JMP 9.0
software (SAS Institute Inc., Cary, NC, USA) and Tukey’s
HSD (a = 0.05).

3. Results

In laboratory experiments, we found that only the higher
8.0 mg-L ™" dose of dissolved ozone significantly reduced
total DNA, E. coli chromosomal DNA, and IncP broad-
host-range plasmid DNA in 1-L simulated wastewater
samples containing dissolved organic carbon to provide a
background O; demand (Table 1). Reductions of 1.6 x
10° ng-L™" total DNA, 2.1 x 10* copies uidA-L™, and 1.2
x 10° copies trfA-L™" corresponded to respective de-
creases of approximately 93%, 98%, and 99% in the 8.0
mg ozone L' treatment. No significant differences were
observed for any of the parameters among the 2.0 mg-L ™",
0.0 mg-L™", and direct extraction control.

In wastewater treatment plant experiments, DNA con-
centrations were significantly reduced by 71% - 80%
across all three disinfection processes (Table 2). Cultur-
able E. coli were reduced 95% by ozonation, 99.8% by
chlorination, and 99.9% by UV-irradiation. Interestingly,
culture-independent qPCR assays did not indicate the
same level of reduction in E. coli as the culture-depend-
ent analysis (Table 2). Greater than 18,000 copies L™ of
the E. coli uidA amplicon remained after ozone disinfec-
tion compared to culturable E. coli concentrations of
2000 cells L™'. While three-log reductions occurred in
culturable E. coli numbers in chlorination and UV treat-
ments, only non-significant one-log reductions were de-
tected in uidA gene fragments. In addition, we measured
a significant reduction of 95% of trfA broad-host-range
amplicons after ozone disinfection, while neither chlori-
nation nor UV-iradiation significantly reduced trfA.
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Table 1. Mean bacterial DNA remaining (+ standard error of the mean) and percent reduction with respect to ozone concen-
trations present at 0 mg:L™" after ozone disinfection (n = 3).

Total DNA uidA copies trfA copies

Ozone treatment

Concentration of Concentration of

(mg:L™) Confgitr%go:: Ijic,?)\;ered Rec}t:/c)tlon copies recovered Re(?)l/c)tlon copies recovered Reduction (%)
g ° #x10°LY) ° #x10°L"
Direct extraction 1.7(#0.07) a 25 (x00l)a 0.8(+0.07)a
0 1.7(x0.03)a 2.1 (£0.01)a 1.2(+020)a
2 1.3(+0.02)a N§* 1.0 (£0.00)a NS 1.0 (£ 0.09) a NS
8 0.16 (+0.03) b 93 0.037 (+0.00) b 98 0.01 (+0.01)b 99

“Values in the same column not followed by the same letter are significantly different using Tukey-Kramer HSD (a = 0.05). # Abbreviations: NS, Not signifi-
cant.

Table 2. Enumeration (mean + standard error of the mean) and percent reduction of Escherichia coli (Colilert® and uidA
gene fragment), total DNA and IncP broad-host-range plasmids (trfA gene fragment) in wastewater treatment plant effluent.

Site? Colilert” E. coli Total DNA
MPN (# x 10°L™")”# Reduction (%) DNA (# x 10° ng'L™") Reduction (%)
Fayetteville”
Up 42 (£39)a 11 (£0.08)a
Down-UV 0.021 (£ 0.01) b 99.9 ab 3.0(*0.97)b 7la
Springdale’
Up 40 *10)a 18 (x1.5)a
Down-Cl, 0.027 (£ 0.02) ¢ 99.8a 3.8(044)b 78 a
Down-O; 2 (#*2)b 953b 3.8 (£0.64)b 80 a
Site uidA trfA
Copies (# x 10° L™ Reduction (%) Copies (#x 10°L™") Reduction (%)
Fayetteville
Up 18  (x49)a 27(82)a
Down-UV 37 (£69)a NS 0.8(*2.2)a NS
Springdale
Up 15 (ND)a 27 (£18)a
Down-Cl, 3.1 (£0.95)a NS 42(x15)a NS
Down-Os 18 (=1.8)a ND 0.22 (£0.07)b 95

“Up = upstream of disinfection; Down- = downstream of UV, chlorination (Cl,) or ozone (O;) treatment. PFor each different property within a wastewater treat-
ment plant, values not followed by the same letter are significantly different using Tukey-Kramer HSD (a = 0.05). ’n = 3 for all Fayetteville analyses. °Spring-
dale Up analyses n = 6, except for uidA concentration, n = 1. Springdale Down-Cl, analyses n = 6, except for trfA values, n = 5. Springdale Down-Oj; analyses

n =3, except for uidA concentration, and trfA values, n = 2. Abbreviations: MPN, most probable number; NS, not significant; ND, not determined.

4. Discussion

Chlorination and UV-irradiation, the primary disinfection
processes utilized by the two wastewater treatment plants
tested in this study, effectively reduced culturable E. coli
99.8% and 99.9%, respectively, meeting US EPA-man-
dated criterion related to the discharge of treated effluent.
Ozone disinfection of culturable E. coli also resulted in
significant reductions in E. coli. Furthermore, reduction
using ozone was not significantly different than UV-ir-
radiation on a percentage basis, indicating the possible
utility of ozone disinfection for meeting disinfection
regulations. Results from laboratory experiments had
indicated that dissolved ozone treatments as high as 8.0
mg- L' may be necessary to significantly reduce DNA in
wastewater. Reductions in total DNA in the wastewater
treatment plant were lower than percent reductions in
laboratory experiments using 8.0 mg ozone L™, which is

Copyright © 2012 SciRes.

consistent with the lower concentration of ozone reported
in the pilot-scale HyDoz. However, percent reductions of
total DNA in the wastewater treatment plant were sig-
nificant by each respective disinfection process investi-
gated.

Our results for total DNA remaining after disinfection
in laboratory and wastewater treatment plant experiments
are similar to results of previous studies examining the
release of DNA into receiving streams. Akiyama et al. [2]
found a mean of 3150 ng'L ™' total DNA from multiple
sites in water of two streams receiving effluent from
wastewater treatment plants, one of which was Spring-
dale wastewater treatment plant, the site of the pilot-scale
system evaluated in this study. Using an APHA approved
most probable number procedure, Tripathi et al. [30]
reported removals of approximately 95% and greater
than 99% of viable E. coli from wastewater samples after
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ozone treatment at 5 and 10 mg-min-L ™' (10 minute ex-
posure times), respectively. While we measured lower
DNA reductions of 93% in our laboratory study, our re-
sults of 98% reduction in the uidA gene as a measure to
enumerate E. coli is in agreement with the reduction
percentage measured in Tripathi et al. [30].

Despite these agreements in results across studies, the
wastewater treatment plant results suggest that culturable
E. coli cell counts will provide greater reductions com-
pared to qPCR results targeting the uidA gene. The as-
sumption in utilizing the uidA gene for E. coli enumera-
tion is that one copy is equivalent to one cell, a ratio that
has been demonstrated previously [28]. The disparity we
observed between culture-based and culture-independent
assays for E. coli may have been a result of disinfection
effects on E. coli culturability (Table 2). Disinfection
processes may inhibit short-term culturability of organ-
isms while allowing viable cells to persist through disin-
fection and subsequent release into receiving streams.
When evaluating fluorescent in situ hybridization results
and a viability testing technique in contrast to a common

culture-based most probable number method, Servais et al.

[31] found a disparity similar to our observations. They
noted that ratios of viable-to-culturable E. coli can vary
drastically depending on the nutrient status of wastewater
treatment plant effluents. Additionally, Arana et al. [32]
noted that after chlorination, E. coli cells showed a ten-
dency to aggregate, which could thereby affect the accu-
racy of conventional culture-based methods. A similar
tendency for culture-based methods to enumerate En-
terococci yielded lower values compared to qPCR meth-
ods [33]. More investigations evaluating the relationship
between culture-dependent and culture-independent as-
says for fecal indicator bacteria such as E. coli will be
necessary to achieve true calibration between cultivation-
dependent and cultivation-independent methods.

The lower ozone concentration in the wastewater
treatment plant (reported 3.7 mg'min-L™") compared to
the results in the laboratory using 8.0 mg ozone L™' may
explain the lack of significant reduction in the uidA gene
in the wastewater treatment plant. The primary target
sites of microorganisms during ozone disinfection may
be the outer membranes and cell surfaces [34,35]. While
other disinfection agents may first diffuse through (chlo-
rine-based oxidants) or penetrate (UV-irradiation) cell
walls and cytoplasmic membranes before inactivating
cellular components and inhibiting growth, ozone likely
behaves differently [36,37]. E. coli membrane perme-
ability may be altered after exposure to residual ozone
levels as low as 0.1 - 0.2 mg-L"' [35]. Likewise, Ko-
manapalli and Lau [34] also found initial damage to E.
coli membranes using ozone, but 30 min exposure times
to ozone were necessary to damage intracellular compo-
nents, including DNA. Our observed reductions in DNA
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may have taken place after a portion of the available
ozone and hydroxyl radicals were consumed during cel-
lular membrane destruction. These consumptive reac-
tions of available ozone and hydroxyl radicals may have
reduced the amount necessary to further degrade DNA
from E. coli cells.

We do not expect that the lack of significant reduction
in the uidA gene after disinfection in the wastewater
treatment plant is because the targeted uidA (or trfA)
gene is more refractory than total DNA. The 98% reduc-
tion for the individual gene compared to the 93% reduc-
tion in total DNA in the laboratory indicated that percent
reductions should be greater for individual genes. In fact,
a significant reduction in the trfA gene was detected as a
result of ozone disinfection in the wastewater treatment
plant.

In contrast to ozonation, trfA genes were not reduced
using chlorination and UV-irradiation in the wastewater
treatment plant. The potential of co-extraction of com-
pounds that interfere with the qPCR reactions contributes
to variability in environmental samples. Not all replica-
tions produced reliable gPCR results, which reduced our
final sample size (Table 2), and this contributes to
whether significant differences are detected after each
disinfection process. However, even with a significant
95% reduction by ozonation, 2.2 x 10° copies L' of the
trfA gene specific to IncP broad-host-range plasmids
remained in effluent. Akiyama et al. [2] also showed the
introduction of broad-host-range plasmids into receiving
streams by wastewater treatment plants using chlorina-
tion or UV-irradiation, but the results were not quantita-
tive for broad-host-range plasmids.

The lack of a regulatory standard for broad-host-range
plasmids makes determination of an adequate level of
disinfection difficult to ascertain. In theory, as few as one
mobile genetic element containing antibiotic resistance
determinants is all that is needed to give rise to a resistant
population. Babic et al. [38] observed that a single cell
harboring a mobile genetic element was capable of trans-
ferring genes to >50% of surrounding cells. Furthermore,
81% of recipient cells became donors within 30 minutes
of the first conjugation event, indicating the speed at
which horizontal evolution can spread genes amongst a
population given a small initial abundance. Because IncP
plasmids are particularly promiscuous [39], often associ-
ated with multiple resistance genes [40], and are often
present in wastewater treatment plants [9], this lack of
complete removal may represent a potential concern for
downstream users of streams receiving discharged efflu-
ent. However, epidemiological studies are required to
assess the final health risk of broad-host-range plasmid
discharge into surface water. To what extent broad-host-
range plasmids persist, are disseminated, and stably main-
tained in the environment is still not well understood.
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5. Conclusion

Our results confirm that ozonation, UV-irradiation, and
chlorination all significantly reduce DNA concentrations
and culturable E. coli. Our results indicate the efficacy
for high ozone concentrations for DNA destruction as
measured by total DNA or specific genes targeting
chromosomal or plasmid DNA. Mobile genetic elements
such as broad-host-range plasmids can be considered
emerging contaminants. More investigations will be re-
quired to determine the level of reduction of broad-host-
range plasmids needed to ensure downstream environ-
mental health and safe water reuse. Additionally, dispari-
ties exist between culture-based and culture-independent
assays for the detection of bacteria, and molecular meth-
ods need to be calibrated to culture-based methods for
quantification of fecal indicator bacteria.
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