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Emerging investigators series: sewer surveillance
for monitoring antibiotic use and prevalence of
antibiotic resistance: urban sewer epidemiology

Nicole Fahrenfeld*® and Kevin J. Bisceglia®

Sewer surveillance may be a useful tool for epidemiology that would benefit from improved understanding
of the fate of microbial agents and prescription antibiotics during conveyance in sewer systems. The aim of
this review is to provide an overview of the factors affecting the loading and fate of antibiotics and antibi-
otic resistant bacteria (ARB) in sewer systems. A review of surveillance studies for antibiotics and antibiotic
resistant bacteria is presented. Then, the role of potentially complicating sewer inputs (e.g., the presence of
health care facilities in a sewershed),and evidence for temporal variations in antibiotics and ARB are
reviewed. Recommendations for best practices for sampling are made. Finally, evidence is presented for
in-sewer attenuation of antibiotics and attenuation, growth and gene transfer for ARB. There is potential
for, but limited evidence of, sewers serving as a reservoir for ARB growth and horizontal gene transfer. This
review highlights the need for better understanding of ARB carriage in the general population and the im-
pact of in-sewer processes on the fate of antibiotics and ARB.

Sewer surveillance may be a useful tool for epidemiology that would benefit from improved understanding of the fate of microbial agents and prescription
antibiotics during conveyance in sewer systems. Improving our understanding of these contaminants in sewer systems may also help in characterization of

risk in sanitary and combined sewer overflows and the general potential exposure hazard for public works employees.

Manuscript

An executive order recently called for improved antibiotic
stewardship and monitoring of antibiotic resistance in the
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U.S." Sewer surveillance may be a useful tool for epidemiolo-
gists wishing to monitor antibiotic resistance in sewered
communities,> that would benefit from improved under-
standing of the fate of microbial agents and prescription
antibiotics during conveyance in sewer systems. Monitoring
antibiotic resistance at the community level often focuses
on aggregating results from patients seeking treatment for
infections, which limits our understanding of resistance
carriage in non-health care associated populations. Alterna-
tively, municipal sewage can serve as an all-inclusive
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reservoir of community-level public health data. Indeed,
using sewage rather than individual fecal samples has been
suggested as a “practical target” for antibiotic resistance
screening to improve detection while reducing workload.>*
To date, the main focus of using sewer surveillance has
been in the illicit drug monitoring community,” but it
has also been successfully applied to other markers of
health (e.g., Tamiflu consumption,® polio virus,”® incidence
of obesity®). Knowledge of antibiotic consumption may facili-
tate tracking the incidence of infections, prescription com-
pliance, and use of antibiotics of last resort. It is likely that
a broad range of useful data may be collected in sewer sys-
tems by including the monitoring of biological agents.

Understanding the fate of antibiotic resistant bacteria
(ARB) in sewer systems may help in characterization of the
potential exposure hazard for public works employees and
risk in sanitary sewer and combined sewer overflows, which
are poorly characterized sources of ARB in the environment.
Alarmingly, but not surprisingly, high levels of antibiotic re-
sistant bacteria were found in surface waters affected by com-
bined sewer overflows.'”'! Because sewer deposits represent
a major portion of the solids and biological loading in com-
bined sewer overflows,'” understanding their relative loading
of ARB is critical.

The aim of this review is to provide an overview of the fac-
tors affecting the loading and fate of antibiotics and antibi-
otic resistant bacteria in sewer systems, make recommenda-
tions about best practices in the monitoring of AR and ARB
in sewer systems, compile evidence for the role of sewers in
the survival and growth of ARB, and highlight areas of uncer-
tainty that merit additional study.

1. Potential for surveillance of
antibiotic use

Sewer surveillance may prove especially useful for monitoring
community-level public health where there is a lack of alter-
native means of tracking (e.g., illicit drug use™) or where it is
exclusively associated with specific behaviors (e.g., tracking
Tamiflu® and antiviral compliance,'* or cotinine and nicotine
use™). The potential benefits of tracking antibiotics directly
include (1) to understand their potential role in selection for
and survival of antibiotic resistant organisms and genetic ele-
ments in sewers (section 5), (2) to estimate rates of prescrip-
tion compliance, and (3) to provide an alternative record for
monitoring trends in the use of specific drug classes, espe-
cially in locations where prescription/sales records are not
available. Methods for quantifying antibiotics and their me-
tabolites in sewage generally involve one or more cleanup
steps (such as filtration), then pre-concentration (e.g., solid
phase extraction) followed by liquid chromatography-
(tandem) mass spectrometry. Necessary analytical conditions
are dictated by the structure of the desired biomarker. A re-
cent review of the analytical approaches in agriculture, which
are similar to those employed in wastewater analysis, is avail-
able elsewhere.'® This review also highlights the important
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consideration that measured concentrations do not necessar-
ily represent bioavailability.

Antibiotics entering sewage collection systems should re-
flect excreted concentrations because patients are no longer
directed to dispose of unused antibiotics in sewerage sys-
tems."” Sewer surveillance could represent an improvement
over monitoring via sales'® or prescription rates.'® Where
prescriptions rates were available, researchers found a posi-
tive but insignificant correlation between prescription rates
for four fluoroquinolones and detection rates in hospital sew-
age.”® Outside of medical settings, prescription rates may be
a less accurate measure of antibiotic use given that there is a
9.9-44% worldwide admitted non-compliance rate for antibi-
otics prescribed for acute infections.”* Thus, using sewage-
based monitoring could be beneficial to understanding com-
pliance outside of hospitals which is especially important be-
cause non-compliance may result in antibiotic resistance in
patients [e.g., Thomas et al.*”].

Sewage monitoring for antibiotics requires understanding
of excretion rates which will differ from administered doses
of antibiotics due to compound specific differences in ad-
sorption and metabolism. For example, 90% of tetracycline
and only 15% sulfamethoxazole is excreted in urine and feces
(as reviewed by Jjemba®®). Excretion has been noted as a
source of uncertainty in sewage studies tracking illicit drug
use.”® There are varying reports for the agreement between
predicted environmental concentrations (PEC, ug L) and
observed antibiotic concentrations in raw sewage. Several re-
searchers have calculated PEC for antibiotics in raw sewage:

_IxPxf

PEC =
0x365

(1)

where I is the per capita annual consumption (mg per capita
per year), P is the number of people contributing sewage to a
given wastewater treatment plant (WWTP), fis the fraction of
parent compound reaching the plant inlet taking into ac-
count only excretion rates, and Q is the flow rate (m® per day)
at the WWTP. Using this approach, observed concentrations
of fluoroquinolones ciprofloxacin and ofloxacin were 2-3.3%
of PEC in a hospital sewage line.** Carballa et al>* found
that measured influent concentrations for two WWTP in
Spain were either within the range of PEC or 9.6-250% above
the maximum PEC for sulfamethoxazole, roxithromycin,
erythromycin, and trimethoprim. Using a similar approach
that also accounted for potential dilution at higher flow rates,
Gobel et al.®® found theoretical loads were within a factor of
two for measured concentrations of antibiotics in sewage in-
fluent. A similar study focusing on other pharmaceuticals®”
highlighted uncertainties related to sampling (missing
pulses), degradation in sewers, pharmacokinetics, and dump-
ing of unused drugs. PEC estimates represent a yearly average
and need to be adjusted to account for temporal variations in
excretion (section 4) and losses in sewer (section 1.1). None-
theless, they serve as evidence of the relationship between
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antibiotics in sewers and antibiotic prescription and pre-
sumed use.

1.1 Evidence for fate and transport affecting antibiotic levels
in sewers

Lower levels of antibiotics may reach sewage system intakes
than are excreted if sorption and/or losses to biodegradation
occur during conveyance. The redox conditions, hydraulics,
sewer type, sediment type, and degradation rate may impact
the fate of antibiotics during conveyance. While sewers are
designed to convey wastewater and any suspended solids
they contain, sediment deposition in sewers is ubiquitous.*®
Sewer sediments and biofilms develop in sanitary, storm,
and combined sewer systems.>® Sorption of antibiotics to bio-
film has been demonstrated in annular biofilm reactors®
and should be occurring in sewer lines. In a simulated sewer
system collecting wastewater from a hospital, fluoroquino-
lone was found to accumulate in sewer sediments.**
Jarnheimer et al.** concluded that sewer sediments would
provide a “time-integrated” measure of antibiotic use and
can be expected to attenuate flux of antibiotics in sewer sys-
tems. Whether this attenuation results in an environment
driving selection for resistance is important to understand
(section 5).

The potential for biodegradation of other high molecular
weight compounds in sewers has been demonstrated.*'*>
Biodegradation of antibiotics in sewers can be expected to be
a function of antibiotic class and redox conditions. Gravity
sewers will be re-aerated while pressurized (rising main)
sewers will be anaerobic®® and this difference in redox state
will affect biodegradation. While there is a growing body of
knowledge on the biodegradation of antibiotics in WWTP
and soils, no known research has assessed the biodegrada-
tion of antibiotics in sewer lines. However, studies comparing
PEC and influent concentrations provide some insight. For
example, researchers comparing consumption rates to WWTP
influent concentrations noted that the administered ratio of
sulfamethoxazole and trimethoprim was consistent with the
ratio observed in the treatment plant influent®® suggesting if
excretion of these compounds is the same that either a lack
of transformation or similar rates of degradation/sorption is
occurring for these compounds during conveyance. More in-
formation is needed to determine the importance of biotrans-
formation of antibiotics during conveyance.

2. Potential for surveillance of
antibiotic resistance in sewers

Programs for tracking antibiotic resistance in humans in
health care settings are underway on several continents
[North America: Canadian Antimicrobial Resistance Surveil-
lance System (CARSSR) in Canada, National Antimicrobial Re-
sistance Monitoring System for Enteric Bacteria (NARMS) in
the US; Australia (administered through the Australian Com-
mission on Safety and Quality in Health Care); European
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Antimicrobial Resistance Surveillance Network (EARS-Net),
and Central Asian and Eastern European Surveillance of Anti-
microbial Resistance (CASEAR)]. These surveillance programs
for antibiotic resistance target sick populations and re-
searchers have noted that resistance rates in healthy
populations are not well monitored.>* In contrast, results of
sewer surveillance have potential for revealing population
level variations in resistance for both healthy and sick human
populations.

Using sewage rather than individual fecal samples has
been suggested as a “practical target” for antibiotic resistance
screening to improve detection while reducing workload.**
Sewer surveillance would primarily target antibiotic resistant
bacteria (ARB) excreted in human feces and urine, but may
also contain ARB washed off skin and in saliva, mucus, spu-
tum, etc., entering waste collection systems. The majority of
the excreted ARB may be expected to be commensal ARB,
given that resistance can persist in intestinal flora following
antibiotic treatment [e.g., Jakobsson et al*"]. In contrast to
individual gut microbiomes, which vary to the point that no
single core set of bacterial species has been found in all guts,
a growing body of research indicates that human fecal bacte-
ria that survive in sewers are highly conserved across munici-
palities in the US**® and that variations in this community
are related to public health (e.g., obesity).” It has been
suggested that the averaging that is accomplished by sewage
sampling would allow for broader analysis of demographic
influences (e.g., comparing cities, countries).

Currently applied methods to detect antibiotic resistant
bacteria in sewage fall into two general -categories:
cultivation-based phenotypic (e.g., disc diffusion or micro-
dilution) and genotypic approaches (e.g., PCR, quantitative
PCR, metagenomics). The cultivation based techniques pro-
vide proof of viable ARB and standard methods are available
(e.g:, disc diffusion methods). Genotypic methods provide evi-
dence of the presence of ARG and can be used in mixed
microbial communities. Genotypic results may be reported as
presence/absence (PCR), quantitative (qPCR), or semi-
quantitative (metagenomics, which have not yet been
reported for sewer surveillance). For a more complete review
of current methods and the advantages and disadvantages,
the reader is referred to a recent review.*’

Measurements of ARB in sewage have demonstrated in-
creases in resistance over time that match trends observed in
health care associated populations. Multiple antibiotic resis-
tance (MAR) increased over a three year study period in ur-
ban wastewater E. coli isolates matching trends in data from
the European Center for Disease Prevention and Control
(ECDC).*® Similarly, antibiotic resistance in E. coli isolates
sampled nine years apart in sewage sludge (not raw influent)
increased for the majority of the antibiotics (11/15) tested.*
This result matched trends in the human fecal E. coli isolate
population from the same period. In both of these studies
some or all the antibiotics tested showed lower resistance
rates in urban wastewater compared to the available human
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isolate data. This is likely because the available human iso-
late data is collected from health care settings where higher
levels of resistance may be expected. Less resistance to amox-
icillin, amoxicillin/clavulanic acid, ciprofloxacin, norfloxacin,
and trimethoprim-sulfamethoxazole was observed for E. coli
in sewage sludge compared to human isolates (urine, spu-
tum, stool, wound swabs, etc.).** Comparing urban wastewa-
ter isolates to the most recent ECDC data for human blood
isolates revealed urban wastewater had lower percentages of
ampicillin, ciprofloxacin, cefotaxime, and gentamicin resis-
tant isolates than the ECDC.*° Both of these differences could
be explained by higher antibiotic use in health care settings
where the isolate samples were collected from patients. In-
creased antibiotic use (based on sales data) has also been
linked with higher rates of resistance. For example, in Swe-
den where vancomycin purchases were known for two hospi-
tals, higher levels of vancomycin-resistant Enterococcus (VRE)
were demonstrated in the sewage from hospitals that pur-
chased five times more vancomycin per hospital bed.*" Thus,
sewage based, population level screening may be useful for
elucidating the relationship between antibiotic use and resis-
tance rates for a broader spectrum of antibiotics.

Few studies have attempted to make direct comparisons
between AR observed in sewage and AR in the sewage gener-
ating population. Comparing coliform isolates from hospital
sewage to clinical isolates showed that the hospital sewage
had higher frequencies of resistance to ampicillin, ampicillin/
sulbactam, cefazolin, and cefotaxime than clinical isolates
and a higher prevalence of multiple antibiotic resistance
(MAR) (>5/8 antibiotics)."® But, the lack of data on the fre-
quency of antibiotic resistance in non-health care associated
human populations has limited the ability to perform such
comparisons between the general population and urban
sewage.>*

3. Role and relative importance of
other sources of antibiotics and ARB
in sewers

Sewersheds containing hospitals can be expected to have dif-
ferent antibiotic profiles from urban sewage. Certain antibi-
otics reserved for difficult to treat infections (‘antibiotics of
last-resort,” examples provided in Table S1f) may only be
present in hospital sewage. In a study in Portugal, the antibi-
otic profiles detected in hospital sewage compared to residen-
tial sewage matched prescription patterns: ciprofloxacin, ofl-
oxacin were higher in hospital sewage and sulfamethoxazole,
tetracycline, and penicillin G were higher in raw urban influ-
ent.*> Therefore, hospital inputs in a sewershed must be de-
lineated before interpreting surveillance results for antibi-
otics. The relative role of hospital sewage as a source of
antibiotics and other pharmaceutical micropollutants has re-
ceived considerable attention and the reader is referred to
other studies and reviews for further information on this
topic and state of science regarding the potential necessity
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for pre-treatment.'®***¢ Several studies have measured anti-
biotics in urban and/or hospital sewage and we have summa-
rized the levels observed in (Fig. 1 adapted from Verlicchi
et al.*®). Our literature review confirms several cephalosporin,
tetracyclines, macrolide, and quinolone antibiotics are pres-
ent in municipal and hospital sewage above the predicted
no-effect level [previously estimated by Kiimmerer and
Henninger by dividing the minimum inhibitory concentra-
tion for 50% of the population (MICso) by 10].*” Whether
these concentrations are selecting for ARB in sewers will be
in part a function of their bioavailability (section 1.1).

3.1 Hospital and health care associated ARB

The best studied potential complicating factor in using
sewer surveillance for ARB is the contribution of hospitals in
the sewershed. Urine and fecal matter from patients with in-
fectious diseases can enter sanitary sewers because our waste-
water treatment systems are designed to inactivate infectious
agents.”® Because of the different antibiotic prescription
rates'>*>* and patterns in hospitals compared to municipal
populations, hospital sewage has the potential to be a con-
centrated and/or unique source of ARB. For example, hospital
sewage may serve as a source of emerging resistance determi-
nants and MAR pathogens like carbapenem-hydrolysing beta-
lactamase KPC-2-producing Klebsiella pneumonia.”®

Hospital effluents contribute ARB to sewers: a significantly
higher proportion of sulfamethoxazole resistant E. coli was
observed downstream of hospital inputs in municipal sewers
compared to upstream of the hospital.>® This type of in-sewer
study is rare and more often comparisons are made between
municipal influent and hospital effluents. Generally, hospital
effluents have been found to have higher rates of AR and se-
lect ARG compared to municipal effluent (Table 1). There
have been reports of exceptions to this trend. Higher inci-
dence of resistance in isolates from municipal influent than
hospital effluent was reported for (1) E. coli with tetracycline
in Denmark,”” ceftazidime in Poland,> ciprofloxacin in Ire-
land,* (2) Enterococci with nitrofurantoin in Portugal,”* van-
comycin in Sweden, Spain, and the UK,>"' and (3) coliform
with amoxicillin in Portugal®® and cephaloridine in South Af-
rica.>® The matrix with the highest incidence of resistant iso-
lates was not necessarily consistent for the same organism
with different antibiotics. For example, while higher inci-
dence of erythromycin resistant Enterococci were observed in
hospital effluent, higher incidence of vancomycin resistant
Enterococci were observed in municipal sewage in Sweden.’
Of particular interest is the prevalence of VRE in municipal
influents which was especially surprising in Sweden, given
that a reduction in clinical VRE infections occurred after use
of the growth promoter avoparcin ceased. The VRE observed
in municipal influents may represent high level of sustained
resistance due to co-selecting factors.*' This finding was not
consistent across geographies, with higher incidence of VRE
in municipal influent in Sweden and the UK**' and higher
incidence of VRE in hospital effluent in Spain and
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class
cephalosporin

+ chloramphenicol
lincosamide

* macrolide
nitroimidazoles

* penicillin
quinolone

* sulfonamide
tetracycline

* trimethoprim

AMP AMXAZM CFZ CHL CIP CLI CLRCROCTX CXMDOXENX ERY MTZNOROFXROXSDZ SMXSRZ TET TMP

Antibiotic

Fig. 1 Box and jitter plot of hospital sewage (triangles) and municipal sewage (squares) antibiotic concentrations for select antibiotics. Red lines
represent predicted no-effects concentrations (MIC/100) reported by Kiimmerer and Henninger.*” Color coding for jitter based on antibiotic class.
Antibiotic data from ref. 20, 24-26, 43, 63, 80-103. AMP = ampicilin, AMX = amoxicillin, AZM = azithromycin, CFZ = cefazolin, CHL = chloram-
phenicol, CIP = ciprofloxacin, CLI = clindamycin, CLR = clarithromycin, CRO = ceftriaxone, CTX = cefotaxime, CXM = cefuroxime, DOX = doxycy-
cline, ENX = enoxacin, ERY = erythromycin, MTZ = metronidazole, NOR = norfloxacin, OFX = ofloxacin, ROX = roxithromycin, SDZ = sulfadiazine,
SMX = sulfamethoxazole, SRZ = sulphamerazine, TET = tetracycline, TMP = trimethoprim.

Portugal.>*” Clonal analysis and typing confirmed the clinical
origin of the VRE in sewage in Portugal.>* Whether hospital
ARB loads affect municipal influent will depend in part on
the proportion of the municipal influent that comes from
hospitals (i.e., dilution of hospital inputs) and may be ob-
scured by high levels of community resistance. However,
these inputs could be amplified if ARB are able to preferen-
tially grow or engage in horizontal gene transfer (HGT) in
sewer systems (see section 5).

The impact of other another health care settings is less
well studied. Biumlisberger et al”® investigated ARGs and
mobile genetic elements (MGE) arising from German nursing
home wastewater effluent by sampling sewage upstream and
downstream in different seasons. Although they found sea-
sonal differences in both microbial community structure and
the ARG and MGE abundance, they concluded that nursing
homes are not significant sources of ARG or MGE, because
upstream and downstream samples were not significantly
different.

3.2 Non-human fecal sources of antibiotics and ARB

Other non-human sources of ARB may be present in sewers
that could complicate interpretation of sewer surveillance.
Slaughterhouse wastewater contains ARB.”® However, a study
comparing slaughterhouse and municipal wastewater found
higher levels of extended spectrum beta-lactamse (ESBL)-pro-
ducing E. coli in the municipal wastewater.®® Combined and
separate sanitary sewers may both contain feces from domes-
tic pets from intentional disposal or livestock or domestic
pets from runoff. Domestic pets have been shown to carry
ARB, as reviewed by Guardabassi et al.®' Food waste may also
be a source of ARB in sewers given that foods may carry
ARB.®* The relative importance of these sources of ARB would
need to be better understood to correctly interpret sewer sur-
veillance data.

792 | Environ. Sci.. Water Res. Technol., 2016, 2, 788-799

4. Temporal variations and sampling
design

Best practices for sampling sewage for sewer surveillance
may be taken from reviews of the illicit drug literature. How-
ever, some considerations for antibiotics and ARB supported
by the literature are included here. Antibiotic concentrations
often vary across the day in sewage. The variation of antibi-
otic concentrations in sewage will be partly a function of the
timing and number of doses of an antibiotic, half-life in the
body, sewage flow rate, discharge timing, and conveyance sys-
tem residence time. In two separate studies of hospital sew-
age, considerable variation in antibiotic concentrations in
sewage was observed over a 24 h period.””®® Adjusting for
variation in flow rate did not explain the variation in ofloxa-
cin, ciprofloxacin, sulfamethoxazole, trimethoprim, metroni-
dazole, and doxycycline in hospital sewage.®® It is possible
that accounting for dosing and half-lives could help explain
these results. The fairly consistent concentrations of sulfon-
amides and trimethoprim across a day in municipal sewage
was explained by the twice daily dosing and ~10 h half-life.”®
In contrast, the variable daily profile of macrolides in sewage
was explained by the once a day dosing and 10-14 h half-
lives in the body.*® Likewise, certain antibiotics (e.g., macro-
lides) have shown seasonal variation in sewage that
corresponded to seasonal variation in sales.”® The potential
for daily and seasonal variation must be considered when de-
signing sampling schemes for antibiotic surveillance in
sewers.

Likewise, sampling of sewage has revealed temporal varia-
tion in ARB and ARG that a surveillance program must take
into account. Seasonal variation in resistance was observed
in Enterobacteriaceae isolated from hospital sewage: a higher
prevalence of ESBL-positive and beta-lactamase producing
isolates were observed in summer and spring corresponding
to greater antibiotic consumption.®® Variation in mecA

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ew00158k

View Article Online

Frontier

Environmental Science: Water Research & Technology

LT 0 NVA
LE 144 LAL
8v (43 ULS
9 14" LIN
0 0 NIT
%91 duva 19 6V NWI
%7¥8 vuna ov 0¢ NID
%7¥8 dquita 69 6S Add
BIll
%¥8 -(.€)ydp LT T THD
(u,2)ydp SL LT dio
(TIA ST =N)
¥S qe1n %0% (@aA0=N)  -(,9)wp L(1e6 = N) s (ze=N) 11 dINV 100000193Ug [eSnyiod
SH 10§ qe1s ‘Sy 9TNVA
£S 103 ausodwod 4 ¥ A (1e€=N) %8s (16T = N) %z¢E vuna 8(e=N9)¥T =N ¥ 1D 100000193UH eSmuiod
8°CT g€ ra1n
(s£=N*) 12S (soz =N ) £S¥ CEXINY BLI9)0ROINUT
L°0T L€ isife}
@n =N .uu 3'8¥ ? ‘SOz = Zv [ 5 74 CEXINY  SPRUOWOPNISJ/SPRUOWOIdY
SH qeis ‘sy g6l 9L Yd10
¢y 10J 9n1sodwiod 4 $¢ (sz=N%)gLg (soz =N ‘) £'8¢ CEXINY sydonoialoH [esmuiodq
9¢ 1T TIALL
8¢ €1 LLAL
6T 9 £ado
Y4 LT VYN
L T INID
L € YdID
0t € CETHD
SH 10J 9T € YZvD
Ou_mOQEOU yv hmvm ST € Nvm uapams
ov 10§ ausodwiod Y ¥¢ X #+(ITSY = N) 9¢ (192€T =N) 9T  LO®® ANV 17702 7 ‘W[OYPPOIS
uapams
SH 10j qe1d %08 %% quna ‘eresddn
‘S pareidaqur (TIA S =N) (TIA €T =N) pue
154 MO[J 10 qerd %07¢ %96 yuona Amwﬁ = Zv 9¢ mmmm = Zv 09 SNVA 1000001a]uy WO 20I1S
1€ 4 “CLAL
€L se €ts
9L (44 Cd1S
8¥ L €2AX0
LE T €COUAN
6€ € SINWVI
9 Sv SCTHD
ST 61 peicie} BV
9¢ (s6 =N ) 8¢ (s6 =N ) 02 SCANY wIojIjoD yinos
PPy PWRYdS Gurdwes  sojdures ,o3emas ,93eMmas DIV oavV ?-qa NdaD 10 %) aoMmBum (,_Tw NAD 10 %) ,PnH0Iq-HUY )e[0ST uoned0T
[earurp rendsoy ogv [eadsoy ur surens nomgém ur surens
10 10 sayefost ‘sojdwres 10 ‘sajefost ‘sojdures
aseqejep ‘S3UN0D JURISISAY ‘SIUNOD JUBISISIY
uewny
03 ‘dwon oIV adfrouayd soueysisar onoiqnuy
abemas jedidiunw snsian jeydsoy ul HYY J0/pue gyy JO aduepunde aAneR4 3y} buiedwod salpnys YyoJeasal jo Alewwns T a)qel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd ¥€:22°2T 9202/22/T U0 papeo|umod "9T0Z snbny T U0 paus!idnd 9oy sse00Yy usdo

793

2016, 2, 788-799

Water Res. Technol.,

Environ. Sci.:

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ew00158k

View Article Online

Environmental Science: Water Research & Technology

Frontier

+ + Wil q S'8T ¢9T LS
_ _ m.E\XFUGNQ
(;_ T (1w NN
15 qein + + TWXIOplg  NAIW (0T x 8€'S =N) 8'6€ 40T X 8'8 =N) §'FC EINV 1703 °q pue[aII
[1)8 VA4 ml>Iw~u~Q ov 1T w.mN\mN.ﬁyﬁxm
8T 0 VXOppq 6T €1 OSTHD
4 0 Nm\EWHGNQ ¥ ¥ oﬁz&m
8 81 OvWdIp)g s 34 OENINV
0 6 ‘rWdlpg 69 19 OINID
%L8 %L TWilpg €1 L EA: VA
%TE %8T ¢ WXIOpjq 99 19 'add
%8T %Le FNXIOp)q €L 6L 0lzvD
(t1gsd¢9=N) (171954 1T =N) puejod
€S qein %9 %81 "N X1loppq (19T = N) 26 (196 = N) s6 SX1D 1702 °q ‘ufyzs|o
TS
S (sTT=N) £9 OINVA
(scz=N) 8T SNVA N
7T 06 OCNVA
0¢ 86 SNVA
(sez=N) €8 (s6¥% = N) 00T DRI uredg
9¢ LS OCNVA
5% LS SNVA
¢ qein (SFT =N) 98 (sse =N) 92 Dl 10000013Ug uapams
dINL
sg/L €g 1AL
€€ 88 ALS
00T 88 XINS
%L %6¢  I-(,2) uv 00T 9L
SH 10§ saysodwod %LT %8¢ AI-(€) ovp (d Nao st =N) €6 (1A NAD LT = N) €9 dNV
sdures-g ‘sq Yy (3syNAD ST =N) (IS,NID 1T = N)
TS ¥ pawydiom mopg A %99 %ee  I1-(€) oop LTW NAD 9€ LW NdAD 1T NAD 7700 "4 O>Hewuaq
VNYI VNY1
ST/ 0T 0T S9T/c.; 0T, 0T sx(AA)22
VNY1 VNY1
S91/ 01—, OT  S9T/g; 0T~ OT s TINS
VNIL VNRIL
S9T/6 0T~ OT  S9T/gy 0T~ OT  xSiUb
SYNRIT VNI
ST/ 0T 0T S9T/gy 0T—., OT sy 8ULLD
VNI VNYI ureds
S6 qerd S9T/4p 0T OT  S9T/gg 014, OT 5" 1D)q ‘euoIID
VN S9T/,...0T VNI S9T/,.. 0T xaVUDA
VNUI S9T/g, 0T VNI SOT/,.c 0T  sesVADUL
SH 10§ 13 ‘SY VNI S9T/¢ 0T VNI S9T/,-, 0T 44"V ID)q € 1 ifiite}
S¢  10j ay1sodwiod y $¢ VNN S9T/,., 0T VNUI S9T/., 0T s LU (se=N9) 1T (sv =N ) 8F EIINV woJIj0D [edmuaog
3o PWIYIS Suridwes  sojdures ,23emas ,93eM3s DIV DAV (,_TwW NAD 10 %) %w@sum (,/Tw nAD 10 %) ,PHoIg-HUY je[OST uoned0]
[earurp rendsoy oyv rendsoy ur surens %Mm\som ur surens
10 10 sajefosl ‘sopdwres 10 ‘sajefost ‘sojduues
aseqelep ‘SJUNOD JUR)ISISIY SJUNOD JUB)ISISIY
uewny
03 *dwop oav adfrouayd soueysisar onoiqnuy

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd ¥€:22°2T 9202/22/T U0 papeo|umod "9T0Z snbny T U0 paus!idnd 9oy sse00Yy usdo

(panunuoo) T s1qel

This journal is © The Royal Society of Chemistry 2016

794 | Environ. Sci.. Water Res. Technol., 2016, 2, 788-799


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ew00158k

View Article Online

Frontier

Environmental Science: Water Research & Technology

“I9ZINSIAIOIAGIM Sursn saIn3y IdLDSNUBW WOL PIJEWNST 4 “INdul [e3rdsoy 10few Jo WEassSumMop 93emas Ueqin + 'Sy = 93eMds UBQIN MEI ‘SH = 23emds [e3IdsoH , *(—/+) 2ouasqe/adud
-sa1d 10 ‘sordod suad YNYI $9T/s91dod oudd ‘(Tdsd) sdre[ost Sutonpoid dseweIdR]-EIaq WNNIAS-PIpPUaIXd 10 ‘(IS,NHD) SUIBL}S JUBISISIL UPIWEIUS ‘(1) SIIB[OSI ‘(AYA) S9IR[OSI [09000133uy
JuE)SISAI upAwoduea Jo sageyusadrad se pajtodar srem DYV , (1d,NTD) sare[ost padL) dHAJ IueISISaT upruEeIuag Juad1ad 10 ‘(1) saje[ost juelsisal Jusdrad ‘(_Tw NdN) Tw 19d roqunu

a1qeqoid jsowr Juesisar Juadrad (s) sajdwes Jo OqUINU UIALS B Y3IM Apmis & Ul () syun Sururio Auojod juelsisar Juadiad ‘(s) souelsisar yam sajdwes jo sadejuadiad jussardar pajsi| sanfea
a3ejuadrag ‘syun Apnys Juisn payrodar agejusorad B se 10 | TW NJD IUBISISAI SB UMOYS SI douesisar adjouayd , ‘upiwodues = NVA ‘weloeqozey-ul[ioerddid = dz1 ‘wndoypwiin = JWL

‘urpAdena = 11 ‘widoylowiny/ajozexoylowejns = XS ‘U woydans = YIS ‘O[0zexoyjowej[ns = XS ‘OPIWEBUOJ[NS = S ‘QUI[IAOBIINAX0 = AXO ‘UIOJUBINJONIU = TIN ‘UIDAWOaU = QAN
‘pIok JIXIPI[RU = TYN ‘PI[OZaUI] = NIT ‘UrAweuey = NV ‘wauadiwr = WdI ‘UAweiuad = NID ‘URIX0Jad = XOd ‘UIAWOIYIATd = XY ‘OWIXe}oJad = XID ‘dwrxopodjad = adD ‘uroexopjoidrd
= dID ‘JootusydweIo[yo = THD ‘QUIPILIONe]ad = YAD “QUWIIPIZBIJID = ZVD ‘UI[[IDIXOWR = XNV ‘UI[[IIdure = JINV ‘UIoBIWe = YAV ‘90UB)ISISI 10J PISa) 1 dw sajouap snoiqnuy uo iduosqns ,

SP'e 11°0 “x0d
Vs STL rd1o
(A 0 X1D
LT V'L TLAL
+ - AHSp)q 9'cC T'Tr ISeIXS
399 pwaydg Surdwes  sajdures ,23emas ,93eM3s DIV D9V (,_Tw NID 10 %) ,93emds (,/Tw NAD 10 %) ,PnoIg-HuUy 1e[0ST uoneso

[earulp
10
aseqejep
uewiny
01 *duwop

rendsoy oav

rexdsoy ur surens
1o sajejost ‘sojduues
‘S3UN0D JURISISAY

,23eMds UI surens
10 ‘sajefost ‘sojduues
‘SIUNOD JUBISISAY

oav

adfrouayd soueysisar onoiqnuy

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd ¥€:22°2T 9202/22/T U0 papeo|umod "9T0Z snbny T U0 paus!idnd 9oy sse00Yy usdo

(panupuo2) T s1qe)

795

2016, 2, 788-799

Water Res. Technol.,

Environ. Sci.:

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ew00158k

Open Access Article. Published on 31 August 2016. Downloaded on 1/22/2026 12:22:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Frontier

(conferring beta-lactam resistance) concentrations were ob-
served across a year of grab sampling municipal wastewater
influent in Sweden, but no seasonality was observed.®®
Detecting seasonal variations may depend on sampling de-
sign. As with other contaminants, transient, diurnal, and
weather related variations in flow may not be adequately de-
scribed without targeted sampling, compositing, and correc-
tion for flow variations. Kwak et al.** discuss the challenges
with cultivating E. coli in wastewater with respect to knowing
what small samples represent and how solids can impact
counts. Therefore, best practices for sampling wastewater
must be employed for surveillance studies. Despite this,
many studies comparing hospital and municipal influent
used different sampling methods for the two matrices given
the difficulty of obtaining access to hospital sewage often
limiting researchers to grab samples, while WWTP were pre-
pared for 24 h composite sampling. Ideas for how to normal-
ize observations to the population level can be gleaned from
the illicit drug literature [e.g., Lai et al.®°).

5. Evidence for the survival and
selection for ARB in sewers?

Using sewage for surveillance relies upon understanding the
potential for growth and decay of ARB during conveyance,
and the exchange of resistance genes in sewer systems.
Sewers act as bioreactors®” and sewer microbial communities
are distinct from microbial communities in wastewater treat-
ment plants.®® The microbial community in sewage arriving
at the treatment plant changes from that present in fecal in-
puts with a majority of sewage bacteria not associated with
fecal sources.’’”®® This is due in part to other non-fecal
microbial inputs. For example, the presence of certain fresh-
water protists in sewage was considered evidence of infiltra-
tion impacting the microbial community.”® The difference in
the temperature of the sewer and gut environment may also
impact the microbial community. Typical chemical character-
istics in sewers are included as Table S2.f There is evidence
of not only survival of indicator organisms but also multipli-
cation of fecal coliform in storm water sewer sediments.”*
Biological activity in sewer sediments is also apparent
from the changes in redox,”> bulk density,”> organic car-
bon,”* and extrapolymeric substances in the deposits.”” Low
dissolved oxygen conditions could help facultative aerobes
and anaerobic fecal microbes survive in sewer deposits.
Sewers deposits have also been shown to attenuate the flux of
microbial agents. A release of polio virus in a sewer was de-
tectable at the wastewater treatment plant inlet for more than
four days after the release.”® Thus, the factors effecting the
prevalence of ARB in sewer systems may be expected to in-
clude dilution,’” attenuation in biofilms or sewer sediments,
growth/decay, and gene exchange. Seasonal variations are not
expected to be due to changes in sewer water temperature,
which was not shown to impact sewer microbial community
structures.>” Rather, VandeWalle et al®” demonstrated that
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water quality parameters in sewers were found to drive tem-
poral patterns in sewer microbial communities. The impact
of pH is evident from efforts to control sulfate reducing and
methanogenic communities in sewer biofilms.”” Likewise,
dissolved oxygen and nitrate were found to be associated
with shifts in microbial communities in sewer biofilm sam-
pled at different locations within a collection system.”®
Sewers are warm (10-30 °C, see Table S21), moist, nutrient
rich, and contain biofilm, all of which may support survival,
HGT, or growth of ARB. Identification of PFGE typed isolates
of gentamicin resistant E. coli from hospitals in wastewater
treatment plant inflow was evidence of the survival of these
ARB in sewers.>>

The potential for the spread of antibiotic resistance in
sewers was proposed based on the observation that levels of
antibiotics in sewage can exceed the semi-maximum inhibi-
tory concentration and that sewers have high concentrations
of bacteria.””*® While there is potential for gene exchange
and growth of ARB based on comparison of predicted no-
effect concentrations and observed sewage concentrations
(Fig. 1), there is limited evidence demonstrating these phe-
nomena in sewers/sewage beyond the measurement of high
concentrations of ARB and ARG in sewage (Table 1). A study
of hospital wastewater in a simulated sewer system did not
find evidence for selection for fluoroquinolone resistance de-
spite accumulation of fluoroquinolone in sewer sediments.**
Antibiotic residuals were associated with different bacterial
communities in hospital and urban sewage via correspon-
dence analysis and the percentage of ARB and the concentra-
tions of penicillin G, tetracycline, and ciprofloxacin were cor-
related.** However, the relative importance of selection for
resistance after excretion into sewers or prior to excretion is
unknown. Other compounds present in sewers may co-select
for resistance including heavy metals and disinfectants,”
which could explain persistence of resistance in observed
sewers. Correlations between ARB prevalence and arsenic
were also observed in sewers."

Limited evidence is available for determining the role of
HGT in sewers. HGT of gentamicin resistance plasmids in
Staphylococcus aureus has been observed in dewatered sew-
age and sewage bioreactors.*® But, the antibiotic concentra-
tions observed in hospital sewage for this study were
reported to be below the levels needed to increase plasmid
transfer frequencies indicating that HGT was likely not able
to occur in sewers. However, HGT is one possible explana-
tion for the observation of the identical resistance profiles
for ESBL producers from different Phene Plate (PhP) typed E.
coli isolates in hospital sewage.’® Many other factors may af-
fect the survival of ARB and potential for HGT in sewers in-
cluding sewer type (combined versus separate sanitary
sewers), pipe material (a variety of original and liner mate-
rials may be used that could affect pH and the chemical
microenvironment), flow type (open channel versus forced
main), amount of sewer deposits, and sewer maintenance
(i.e., frequency of cleaning, amount of infiltration and
inflow).

This journal is © The Royal Society of Chemistry 2016
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6. Conclusions

Sewers systems may serve as an important role in under-
standing population level trends as interest increases in mon-
itoring antibiotic resistance and mitigating its spread in the
environment. Sewage contains measurable levels of antibi-
otics that may be reasonably estimated via PEC calculations.
But, comparisons to PEC are complicated by the variability in
excretion rates, attenuation, and degradation in sewer lines.
Sewage is also a source of ARB. Some correspondence exists
between ARB found in sewage and in human waste and sera,
but the paucity of data on ARB carriage in non-health care as-
sociated populations limits our ability to perform compari-
sons. Hospitals are a concentrated source of both ARB and
ARG that may need to be accounted for in sewage surveil-
lance studies. However, higher levels of certain ARB have
been observed in municipal sewage that does not contain ex-
ceptional amounts of hospital waste, which highlights the
gap in knowledge that exists about ARB in general (ie.,
healthy) populations. In general trends can be expected to
vary by antibiotic identity, ARB identity, and geography. Sev-
eral pertinent factors (e.g., sewer pipe/liner material, system
type) likely influencing the transmission of antibiotics and
ARB in sewers have not been studied. Most notably, there is
potential for, but limited data demonstrating, the growth/de-
cay/HGT for ARB in sewer systems. Improved understanding
of the processes occurring in our sewer infrastructure is
needed to understand the health risk to public works em-
ployees and with sewer overflows, and to aid in interpretation
of sewer surveillance data. This may be achieved through the
application of techniques to better understand the resistome
of the sewage microbial community (i.e., metagenomics) and
the selective pressure applied by mixtures of antibiotics, their
degradation products, and other co-selecting chemicals in
sewers.

Acknowledgements

This work was supported in part by a grant from the National
Science Foundation (#1510461).

References

1 B. Obama, Executive Order, 2014.

2 R. G. Sinclair, C. Y. Choi, M. R. Riley and C. P. Gerba, Adv.
Appl. Microbiol., 2008, 65, 249-269.

3 A. Blanch, J. Caplin, A. Iversen, I. Kithn, A. Manero, H.
Taylor and X. Vilanova, J. Appl Microbiol., 2003, 94,
994-1002.

4 K. B. Linton, M. H. Richmond, R. Bevan and W. A.
Gillespie, J. Med. Microbiol., 1974, 7, 91-103.

5 E. Zuccato, C. Chiabrando, S. Castiglioni, D. Calamari, R.
Bagnati, S. Schiarea and R. Fanelli, Environ. Health, 2005, 4,
1-7.

6 A. C. Singer, J. D. Jarhult, R. Grabic, G. A. Khan, G.
Fedorova, J. Fick, R. H. Lindberg, M. J. Bowes, B. Olsen and
H. Soderstrom, PLoS One, 2013, 8, €60221.

This journal is © The Royal Society of Chemistry 2016

10

11

12

13

14

15

16

17

18

19

20

21

22

23
24

25

26

27

28

29
30

View Article Online

Frontier

Y. Manor, R. Handsher, T. Halmut, M. Neuman, A. Bobrov,
H. Rudich, A. Vonsover, L. Shulman, O. Kew and E.
Mendelson, J. Clin. Microbiol., 1999, 37, 1670-1675.

T. Poyry, M. Stenvik and T. Hovi, Appl. Environ. Microbiol.,
1988, 54, 371-374.

R. J. Newton, S. L. McLellan, D. K. Dila, J. H. Vineis, H. G.
Motrrison, A. M. Eren and M. L. Sogin, mBio, 2015, 6, €02574-14.
Y. Suzanne, J. Andrew and D. O'Mullan Gregory, J. Water
Health, 2013, 11, 297-310.

S. L. McLellan, E. J. Hollis, M. M. Depas, M. Van Dyke, ]J.
Harris, C. O. Scopel and J. Gt, Lakes Reservoirs, 2007, 33,
566-580.

A. Hannouche, G. Chebbo and C. Joannis, Environ. Sci.
Pollut. Res., 2014, 21, 5311-5317.

K. J. Bisceglia and K. A. Lippa, Environ. Sci. Pollut. Res.,
2014, 21, 4453-4460.

T. Azuma, N. Nakada, N. Yamashita and H. Tanaka,
Chemosphere, 2013, 93, 1672-1677.

T. Rodriguez-Alvarez, R. Rodil, M. Rico, R. Cela and J. B.
Quintana, Anal. Chem., 2014, 86, 10274-10281.

D. S. Aga, M. Lenczewski, D. Snow, J. Muurinen, J. B.
Sallach and J. S. Wallace, J. Environ. Qual., 2016, 45,
407-4109.

P. Ortner and M. McCullagh, J. Hosp. Palliat. Nurs.,
2010, 12, 15-26.

T. P. Van Boeckel, S. Gandra, A. Ashok, Q. Caudron, B. T.
Grenfell, S. A. Levin and R. Laxminarayan, Lancet Infect.
Dis., 2014, 14, 742-750.

A. Schuster, C. Hidrich and K. Kiimmerer, Water, Air, Soil
Pollut.: Focus, 2008, 8, 457-471.

V. Diwan, A. J. Tamhankar, R. K. Khandal, S. Sen, M.
Aggarwal, Y. Marothi, R. V. Iyer, K. Sundblad-Tonderski and
C. Stalsby-Lundborg, BMC Public Health, 2010, 10, 414.

J.-C. Pechere, D. Hughes, P. Kardas and G. Cornaglia, Int. J.
Antimicrob. Agents, 2007, 29, 245-253.

J. K. Thomas, A. Forrest, S. M. Bhavnani, J. M. Hyatt, A.
Cheng, C. H. Ballow and J. J. Schentag, Antimicrob. Agents
Chemother., 1998, 42, 521-527.

P. K. Jjemba, Ecotoxicol. Environ. Saf., 2006, 63, 113-130.
P.-A. Jarnheimer, J. Ottoson, R. Lindberg, T.-A. Stenstrom,
M. Johansson, M. Tysklind, M.-M. Winner and B. Olsen,
Scand. J. Infect. Dis., 2004, 36, 752-755.

M. Carballa, F. Omil and J. M. Lema, Chemosphere,
2008, 72, 1118-1123.

A. Gobel, A. Thomsen, C. S. McArdell, A. Joss and W. Giger,
Environ. Sci. Technol., 2005, 39, 3981-3989.

A. L. van Nuijs, A. Covaci, H. Beyers, L. Bervoets, R. Blust,
G. Verpooten, H. Neels and P. G. Jorens, Environ. Sci. Pollut.
Res., 2015, 22, 9110-9118.

R. M. Ashley and T. Hvitved-Jacobsen, in Wet-weather flow
in the urban watershed: Technology and management, ed. R.
Field and D. Sullivan, Lewis Publishers, Boca Raton, FL,
2003.

R. Crabtree, Water Environ. J., 1989, 3, 569-578.

D. B. Wunder, V. A. Bosscher, R. C. Cok and R. M.
Hozalski, Water Res., 2011, 45, 2270-2280.

Environ. Sci.: Water Res. Technol., 2016, 2, 788-799 | 797


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ew00158k

Open Access Article. Published on 31 August 2016. Downloaded on 1/22/2026 12:22:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Frontier

31

32

33

34

35

36

37

38

39

40

41

42

43

44
45

46

47

48

49

50

51

52

53

54

798

P. Jin, B. Wang, D. Jiao, G. Sun, B. Wang and X. C. Wang,
Water Res., 2015, 84, 112-119.

L. A. Rodenburg, S. Du, H. Lui, J. Guo, N. Oseagulu and
D. E. Fennell, Environ. Sci. Technol., 2012, 46, 6612-6620.

Y. Liu, B.-J. Ni, R. Ganigué, U. Werner, K. R. Sharma and Z.
Yuan, Water Res., 2015, 70, 350-359.

F. F. Reinthaler, G. Herbert, F. Gebhard, H. Doris, L. Eva,
M. Franz, M. Angelika, P. Josefa, P. Brigitte and W. Ingrid,
J. Water Health, 2013, 11, 13-20.

H. E. Jakobsson, C. Jernberg, A. F. Andersson, M. Sjolund-
Karlsson, J. K. Jansson and L. Engstrand, PLoS One,
2010, 5, €9836.

O. C. Shanks, R. J. Newton, C. A. Kelty, S. M. Huse, M. L.
Sogin and S. L. McLellan, Appl. Environ. Microbiol.,
2013, 79, 2906-2913.

J. L. VandeWalle, G. W. Goetz, S. M. Huse, H. G. Morrison,
M. L. Sogin, R. G. Hoffmann, K. Yan and S. L. McLellan,
Environ. Microbiol., 2012, 14, 2538-2552.

S. L. McLellan, R. J. Newton, J. L. Vandewalle, O. C. Shanks,
S. M. Huse, A. M. Eren and M. L. Sogin, Environ. Microbiol.,
2013, 15, 2213-2227.

L. Rizzo, C. Manaia, C. Merlin, T. Schwartz, C. Dagot, M. C.
Ploy, 1. Michael and D. Fatta-Kassinos, Sci. Total Environ.,
2013, 447, 345-360.

Y.-K. Kwak, P. Colque, S. Byfors, C. G. Giske, R. Mollby and
I. Kiihn, Int. J. Antimicrob. Agents, 2015, 45, 25-32.

A. Iversen, I. Kithn, A. Franklin and R. Mollby, Appl
Environ. Microbiol., 2002, 68, 2838-2842.

C. M. Yang, M. F. Lin, P. C. Liao, H. W. Yeh, B. V. Chang,
T. K. Tang, C. Cheng, C. H. Sung and M. L. Liou, Lett. Appl.
Microbiol., 2009, 48, 560-565.

A. R. Varela, S. André, O. C. Nunes and C. M. Manaia,
Water Res., 2014, 54, 327-336.

K. Kiimmerer, Chemosphere, 2009, 75, 417-434.

K. S. Le Corre, C. Ort, D. Kateley, B. Allen, B. I. Escher and
J. Keller, Environ. Int., 2012, 45, 99-111.

P. Verlicchi, A. Galletti, M. Petrovic and D. Barcel9,
J. Hydrol., 2010, 389, 416-428.

K. Kiimmerer and A. Henninger, Clin. Microbiol. Infect.,
2003, 9, 1203-1214.

CDC, Interim guidance for environmental infection control
in hospitals for Ebola virus, http://www.cdc.gov/vhf/ebola/
hep/environmental-infection-control-in-hospitals.html#eight).
K. Kiimmerer, Chemosphere, 2001, 45, 957-969.

T. P. G. Chagas, L. M. Seki, D. M. da Silva and M. D.
Asensi, J. Hosp. Infect., 2011, 77, 281.

S. Galvin, F. Boyle, P. Hickey, A. Vellinga, D. Morris and M.
Cormican, Appl. Environ. Microbiol., 2010, 76, 4772-4779.

L. Jakobsen, D. Sandvang, L. H. Hansen, L. Bagger-Skjot, H.
Westh, C. Jorgensen, D. S. Hansen, B. M. Pedersen, D. L.
Monnet, N. Frimodt-Moller, S. ]J. Sorensen and A. M.
Hammerum, Environ. Int., 2008, 34, 108-115.

E. Korzeniewska, A. Korzeniewska and M. Harnisz,
Ecotoxicol. Environ. Saf., 2013, 91, 96-102.

C. Novais, T. M. Coque, H. Ferreira, J. C. Sousa and L.
Peixe, Appl. Environ. Microbiol., 2005, 71, 3364-3368.

| Environ. Sci.. Water Res. Technol., 2016, 2, 788-799

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

View Article Online

Environmental Science: Water Research & Technology

C. Narciso-da-Rocha, A. R. Varela, T. Schwartz, O. C. Nunes
and C. M. Manaia, J. Glob. Antimicrob. Resist., 2014, 2,
309-315.

W. O. K. Grabow and O. W. Prozesky, Antimicrob. Agents
Chemother., 1973, 3, 175-180.

A. R. Varela, G. Ferro, J. Vredenburg, M. Yanik, L. Vieira, L.
Rizzo, C. Lameiras and C. M. Manaia, Sci. Total Environ.,
2013, 450-451, 155-161.

M. Baumlisberger, L. Youssar, M. B. Schilhabel and D.
Jonas, PLoS One, 2015, 10, €0122635.

N. Ayaz, Y. Gencay and 1. Erol, Ann. Microbiol., 2014, 1-8,
DOI: 10.1007/s13213-014-0961-5.

A. A. Diallo, H. Brugere, M. Kérourédan, V. Dupouy, P.-L.
Toutain, A. Bousquet-Mélou, E. Oswald and D. Bibbal,
Water Res., 2013, 47, 4719-4729.

L. Guardabassi, S. Schwarz and D. H. Lloyd, J. Antimicrob.
Chemother., 2004, 54, 321-332.

H. Sorum and T. M. L'Abée-Lund, Int. J. Food Microbiol.,
2002, 78, 43-56.

R. Lindberg, P.-A. Jarnheimer, B. Olsen, M. Johansson and
M. Tysklind, Chemosphere, 2004, 57, 1479-1488.

E. Korzeniewska and M. Harnisz, J. Environ. Manage.,
2013, 123, 1-7.

S. Borjesson, S. Melin, A. Matussek and P.-E. Lindgren,
Water Res., 2009, 43, 925-932.

F. Y. Lai, S. Anuj, R. Bruno, S. Carter, C. Gartner, W. Hall,
K. P. Kirkbride, J. F. Mueller, J. W. O'Brien, J. Prichard,
P. K. Thai and C. Ort, Environ. Sci. Technol., 2015, 49,
999-1008.

T. Hvitved-Jacobsen, J. Vollertsen and P. H. Nielsen, Water
Sci. Technol., 1998, 37, 233-241.

T. Hvitved-Jacobsen, J. Vollertsen and A. H. Nielsen, Sewer
processes: microbial and chemical process engineering of
sewer networks, CRC press, 2013.

S. L. McLellan, S. M. Huse, S. R. Mueller-Spitz, E. N.
Andreishcheva and M. L. Sogin, Environ. Microbiol.,
2010, 12, 378-392.

A. Korajkic, L. W. Parfrey, B. R. McMinn, Y. V. Baeza, W.
VanTeuren, R. Knight and O. C. Shanks, Water Res.,
2015, 69, 30-39.

R. P. Marino and J. J. Gannon, Water Res., 1991, 25,
1089-1098.

S. Clegg, C. F. Forster and R. W. Crabtree, Environ. Technol.,
1992, 13, 561-569.

R. Banasiak, R. Verhoeven, R. De Sutter and S. Tait, Water
Res., 2005, 39, 5221-5231.

J. Vollertsen and T. Hvitved-Jacobsen, Water Res., 1999, 33,
3127-3141.

J. Cooke and C. F. Forster, Environ. Technol., 1994, 15,
175-181.

T. Hovi, M. Stenvik, H. Partanen and A. Kangas, Epidemiol.
Infect., 2001, 127, 101-106.

O. Gutierrez, D. Park, K. R. Sharma and Z. Yuan, Water
Res., 2009, 43, 2549-2557.

J. Luo, H. Liang, L. Yan, J. Ma, Y. Yang and G. Li, Bioresour.
Technol., 2013, 148, 189-195.

This journal is © The Royal Society of Chemistry 2016


http://www.cdc.gov/vhf/ebola/hcp/environmental-infection-control-in-hospitals.html#eight)
http://www.cdc.gov/vhf/ebola/hcp/environmental-infection-control-in-hospitals.html#eight)
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ew00158k

Open Access Article. Published on 31 August 2016. Downloaded on 1/22/2026 12:22:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Water Research & Technology

79

80

81

82

83

84

85

86

87

88

89

90

M. Ferreira da Silva, I. Vaz-Moreira, M. Gonzalez-Pajuelo,
0. C. Nunes and C. M. Manaia, FEMS Microbiol. Ecol.,
2007, 60, 166-176.

K. Ohlsen, T. Ternes, G. Werner, U. Wallner, D. Loffler, W.
Ziebuhr, W. Witte and J. Hacker, Environ. Microbiol.,
2003, 5, 711-716.

A. L. Batt, S. Kim and D. S. Aga, Chemosphere, 2007, 68,
428-435.

H. A. Duong, N. H. Pham, H. T. Nguyen, T. T. Hoang, H. V.
Pham, V. C. Pham, M. Berg, W. Giger and A. C. Alder,
Chemosphere, 2008, 72, 968-973.

P. Gao, Y. Ding, H. Li and 1. Xagoraraki, Chemosphere,
2012, 88, 17-24.

G. C. Ghosh, T. Okuda, N. Yamashita and H. Tanaka, Water
Sci. Technol., 2009, 59, 779-786.

E. M. Golet, A. C. Alder and W. Giger, Environ. Sci. Technol.,
2002, 36, 3645-3651.

E. M. Golet, 1. Xifra, H. Siegrist, A. C. Alder and W. Giger,
Environ. Sci. Technol., 2003, 37, 3243-3249.

A. Gulkowska, H. W. Leung, M. K. So, S. Taniyasu, N.
Yamashita, L. W. Y. Yeung, B. ]J. Richardson, A. P. Lei, J. P.
Giesy and P. K. S. Lam, Water Res., 2008, 42, 395-403.

A. Jelic, M. Gros, A. Ginebreda, R. Cespedes-Sanchez, F.
Ventura, M. Petrovic and D. Barcelo, Water Res., 2011, 45,
1165-1176.

A. Joss, E. Keller, A. C. Alder, A. Gobel, C. S. McArdell, T.
Ternes and H. Siegrist, Water Res., 2005, 39, 3139-3152.

B. Kasprzyk-Hordern, R. M. Dinsdale and A. J. Guwy, Water
Res., 2009, 43, 363-380.

This journal is © The Royal Society of Chemistry 2016

91

92

93

94

95

96

97

98

99

100

101

102

103

View Article Online

Frontier

D. E. Koch, A. Bhandari, L. Close and R. P. Hunter,
J. Chromatogr. A, 2005, 1074, 17-22.

A. Y.-C. Lin and Y.-T. Tsai, Sci. Total Environ., 2009, 407,
3793-3802.

J. Radjenovic, M. Petrovic and D. Barceld, Anal. Bioanal.
Chem., 2007, 387, 1365-1377.

P. H. Roberts and K. V. Thomas, Sci. Total Environ.,
2006, 356, 143-153.

S. Rodriguez-Mozaz, S. Chamorro, E. Marti, B. Huerta, M.
Gros, A. Sanchez-Melsi6, C. M. Borrego, D. Barceld and J. L.
Balcazar, Water Res., 2015, 69, 234-242.

M. Seifrtova, A. Pena, C. M. Lino and P. Solich, Anal
Bioanal. Chem., 2008, 391, 799-805.

W.-J. Sim, J.-W. Lee, E.-S. Lee, S.-K. Shin, S.-R. Hwang and
J.-E. Oh, Chemosphere, 2011, 82, 179-186.

A. L. Spongberg and ]. D. Witter, Sci. Total Environ.,
2008, 397, 148-157.

S. Suarez, J. M. Lema and F. Omil, Bioresour. Technol.,
2009, 100, 2138-2146.

Q. Sui, J. Huang, S. Deng, G. Yu and Q. Fan, Water Res.,
2010, 44, 417-426.

S. Terzi¢, 1. Senta, M. Ahel, M. Gros, M. Petrovi¢, D.
Barcelo, J. Miiller, T. Knepper, I. Marti, F. Ventura, P.
Jovan¢i¢ and D. Jabucar, Sci. Total Environ., 2008, 399,
66-77.

A. J. Watkinson, E. J. Murby and S. D. Costanzo, Water Res.,
2007, 41, 4164-4176.

J. Xu, Y. Xu, H. Wang, C. Guo, H. Qiu, Y. He, Y. Zhang, X.
Li and W. Meng, Chemosphere, 2015, 119, 1379-1385.

Environ. Sci.. Water Res. Technol,, 2016, 2, 788-799 | 799


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ew00158k

	crossmark: 


