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Abstract This study presents a new coupon sampling
device that can be inserted directly into the pipes within
water distribution systems (WDS), maintaining representa-
tive near wall pipe flow conditions and enabling simulta-
neous microscopy and DNA-based analysis of biofilms
formed in situ. To evaluate this sampling device, fluores-
cent in situ hybridization (FISH) and denaturing gradient
gel electrophoresis (DGGE) analyses were used to investi-
gate changes in biofilms on replicate coupons within a non-
sterile pilot-scale WDS. FISH analysis demonstrated
increases in bacterial biofilm coverage of the coupon
surface over time, while the DGGE analysis showed the
development of increasingly complex biofilm communities,
with time-specific clustering of these communities. This

P.D. and R.S. made equal contributions to this research.

P. Deines - R. Sekar - C. A. Biggs (P<)

ChELSI Institute, Pennine Water Group,
Department of Chemical and Process Engineering,
The University of Sheffield,

Sheffield S1 3JD, UK

e-mail: c.biggs@sheffield.ac.uk

P. Deines - R. Sekar - P. S. Husband - J. B. Boxall
Pennine Water Group,

Department of Civil and Structural Engineering,
The University of Sheffield,

Sheffield S1 3JD, UK

P. Deines - R. Sekar *+ A. M. Osborn
Department of Animal and Plant Sciences,
The University of Sheffield,

Sheffield S10 2TN, UK

P. Deines

Now at School of Biological Sciences,
The University of Auckland,

Private Bag 92019,

Auckland 1142, New Zealand

coupon design offers improvements over existing biofilm
sampling devices in that it enables simultaneous quantita-
tive and qualitative compositional characterization of
biofilm assemblages formed within a WDS, while impor-
tantly maintaining fully representative near wall pipe flow
conditions. Hence, it provides a practical approach that can
be used to capture the interactions between biofilm
formation and changing abiotic conditions, boundary shear
stress, and turbulent driven exchange within WDS.
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Introduction

The provision of microbiologically safe supplies of potable
water, following treatment, represents one of the corner-
stones for maintenance of good public health (Szewzyk et
al. 2000). Disinfectant residuals, typically chlorine based,
are routinely used to reduce the numbers of microorganisms
in water distribution systems (WDS). Nevertheless,
increases in microbial numbers during distribution of
potable water have long been recognized (Baylis et al.
1930) with microbially mediated processes contributing to
the deterioration of water quality. Although disinfection
significantly reduces the numbers of planktonic bacteria in
WDS, multi-species biofilms form on the internal surfaces
of WDS, serving as the primary source of microorganisms
in the WDS (Batté et al. 2004; LeChevallier et al. 1987),
and acting as refugia for bacteria, including pathogens,
against disinfectant residuals (Berry et al. 2006; Gagnon et
al. 2005). While numerous abiotic factors will influence
biofilm formation in WDS, including temperature, disin-
fectant type and residuals (Gagnon et al. 2005; Lund and
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Ormerod 1995), organic matter (Norton and LeChevallier
2000), nutrient concentrations (Chu et al. 2005; Volk and
LeChevallier 1999), substratum (Camper et al. 1996), and
hydraulics (Lehtola et al. 2006), a holistic understanding of
how these factors act in concert to influence and control
compositional changes during biofilm formation and
detachment within WDS remains a key challenge.

One of the major barriers to studying biofilms within
WDS is the lack of suitable experimental systems that both
represent conditions within real pipe networks and enable
the effects of abiotic factors to be explored in a controlled
environment. Ideally, such systems should permit replicate
sampling to allow structural (e.g., via microscopy) and
compositional (e.g., DNA-based fingerprint and/or
sequencing-based) characterization of biofilms over space
and time. Several bench-top laboratory biofilm reactor
systems, such as the rotating disc reactor (Murga et al.
2001), the CDC biofilm reactor (Goeres et al. 2005), the
biofilm annular reactor (Batté et al. 2003a, b), and the
Propella™ reactor (Appenzeller et al. 2001), have been
used to develop and investigate physico-chemical effects
upon biofilms. However, these systems poorly reflect the
conditions of real pipe networks and cannot be used to
study in situ biofilm formation (see Table 1). Other systems
such as the Robbins device (Manz et al. 1993), the
modified Robbins device (Kharazmi et al. 1999), the
Prévost coupon (Prévost et al. 1998), the Bioprobe monitor
(LeChevallier et al. 1998), the pipe sliding coupon holder
(Chang et al. 2003), or the biofilm sampler (Juhna et al.
2007) are more amenable to deployment directly within
WDS or experimental pipe systems (Table 1). However, all
these devices critically alter the flow patterns local to the
sampling points, leading to non-representative boundary
layer flow conditions (i.e., shear stress and turbulence)
which will affect formation and detachment of biofilms and
nutrient exchange rates therein.

The aim of this paper therefore is to present the design
and application of a new, Pennine Water Group (PWG)
coupon that can be deployed within a pilot-scale test facility
representative of a full-scale WDS, enabling simultaneous
quantitative (microscopy based) and qualitative (DNA-
based) compositional characterization of in situ biofilm
assemblages, without disruption to the boundary layer flow
conditions.

Material and methods
PWG coupon design
PWG coupons (Fig. 1) were cut directly from 90-mm

diameter high pressure polyethylene (HPPE) SDR17 pipe,
the current UK standard for new and replacement WDS
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pipes. The coupons are comprised of two parts; an “outer
coupon” (Fig. 1A) used for harvesting biomass for nucleic
acid extraction and community analyses, and an “insert”
(Fig. 1B) which can be removed from within the body of
the outer coupon, and used directly for microscopic
analysis including quantifying biofilm depth and coverage.
Fig. 1C highlights how the coupon and insert fit together.
The “outer coupon” retains the curvature of the pipe from
which it was removed and fits precisely into an aperture
made in a removable and flanged identical pipe section
(Fig. 1D). The coupon is fixed with a gasket to a section of
110 mm SDR 11 medium density polyethylene pipe with
equal internal diameter of 90 mm (see Fig. 1C). Only the
4.5-mm-wide top surface of the “insert” is machined flat to
enable microscopy. This design results in a maximum
deviation from curvature of 0.064 mm, which is of the same
order of magnitude of the surface roughness coefficient
used in hydraulic modeling to represent smooth plastic
pipes, and hence minimal planned distortion of the
boundary flow layer. The pipe sizes and material used here
are suited to the full-scale pilot test facility at the University
of Sheffield. Other sizes and materials can be readily
machined or formed as the design does not rely on threads,
geometries, etc. that are only applicable to one material.

Pilot-scale WDS and coupon sampling

Trials reported here were conducted on a pilot-scale WDS
consisting of a 90-m-long coil of pipe into which coupons
were inserted. The facility was supplied via a 1-m? enclosed
reservoir tank, filled from the local WDS, with water re-
circulated through the system. During operation there was a
gradual turnover of water in the facility from the local
WDS. This ensured hydraulic retention times of 48 h within
the pipe loop (in addition to the system time to reach the
laboratory), maintenance of disinfection residual and
nutrient feed consistent within full-scale WDS systems. In
contrast to bench scale experiments the larger pipe surface
area of the test loop facility also enables sufficient exchange
processes and interactions between the bulk fluid and the
pipe wall to occur, replicating conditions in a typical WDS
(Husband et al. 2008). The system was run at a constant
flow rate of 0.4 1 s™' (velocity=0.08 m s', boundary shear
stress=0.03 N 'm 2, with flow rates up to 8 1 s tested) and
a pressure of 4 bar (tested up to 7 bar), typical of operating
conditions in similar size pipes within UK WDS. Average
water temperature during the trials was 25 °C. Coupon
removal was facilitated by first closing an upstream valve,
removing the pressurizing effects of the system pump, and
then closing a downstream valve, to isolate the pipe section
containing the coupons. By individual coupon removal,
leakage and possible hydraulic disturbance of developing
biofilm on the coupons was minimized. Following removal
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Table 1 Comparison of sampling devices for studying drinking water biofilms

Sampling device Benefits

Limitations

References

Rotating disc
reactor (RDR)

Coupons can be fabricated from any material,
constant conditions possible; imaging
using microscopy possible

CDC biofilm
reactor (CBR)

Consistent biofilm samples and growth
conditions; surface treatments and
antimicrobial agents can easily be tested;
imaging using microscopy possible;
different materials for coupons possible

Slides (sometimes including coupons) can
be manufactured from any material; liquid/
surface shear similar to pipe flow shear
and adjustable through motor speed;
dilution rates can be set to different
conditions; variable treatments can be
easily applied

Reactors are made from water distribution
pipe material; water flow velocity can
be controlled by the propeller; gradients
of shear possible; residence time may
be varied independently

Direct staining of biofilm bacteria for
microscopy possible

Biofilm annular
reactor (BAR)

Propella reactor

Robbins device

Modified Robbins
device (MRD)

Coupons at the end of the pegs are flush
with the upper surface of the flow
chamber (plastic or metal), can be
connected to pipelines to study in
situ biofilm formation

Suitable for studying biofilm formation
in situ in pipelines

Prévost coupon

Bioprobe monitor  Coupons can be fabricated from range
of materials; allows studying in situ
biofilm development in a pipe system;
coupon surface flush with pipe wall

Easily installed within a pilot-scale rig;
coupons can be fixed to microscopic

slides for microscopic analysis

Pipe sliding
coupon holder

Biofilm sampler Can be used in situ in large distribution
systems; holders can easily be taken out
and coupons be processed in the lab;
biofilm cell loss minimized

Can be used in situ in pilot-scale WDS
and WDS; coupon surface flush with
curved pipe wall; constant or variable
conditions easily testable; in situ analysis
of both biofilm structure and community
possible using the same coupon; quantitative
biofilm measurements possible (e.g., biofilm
thickness); coupons can be out of most
pipe materials

PWG coupon

Water flow velocity is adjusted by varying
the rotor speed of the disc which makes

Murga et al. 2001
Mohle et al. 2007

Water flow velocity is adjusted by varying

Biofilm cells have to be detached from slides

Coupons fabricated from stainless steel or

Use of glass, cast iron, or stainless steel
Flow chambers are square and not round;

coupons engineered flat; rest of the

Coupons cannot be used for microscopic

Coupons engineered flat/curved?

Turbulent flow around coupons affects

Coupons engineered flat; coupon

Coupons can be made out of cast iron

controlling shear difficult; residence time

may be adjusted by varying pump

volumes; coupons engineered flat

Goeres et al. 2005
the rotor speed of the magnetic stir bar;

controlling shear difficult; residence times

can be adjusted by varying pump volumes;

coupons engineered flat

Batté et al. 2003a
for microscopic analysis when used without  Baté et al. 2003b
coupons; coupons engineered flat

Parent et al. 1996
cast iron; coupons engineered flat; Appenzeller et al. 2001
nondestructive microscopic analysis of

biofilms not possible

Manz et al. 1993
slides; turbulent flow around the mounted Kalmbach et al. 1997
slides affects biofilm development

McCoy et al. 1981
Kharazmi et al. 1999

system consists of different tubes sizes Millar et al. 2001

LeChevallier et al. 1998
analysis; coupon material iron; surface Prévost et al. 1998
flat/curved?

LeChevallier et al. 1998

Chang et al. 2003
biofilm development; coupons are

engineered flat; no continuous sampling

possible

Juhna et al. 2007
material PVC

This study
but cannot recreate the vast variety

and complexity of “old” non-lined cast

iron pipes, and cement linings

which would have insufficient strength

from the facility, coupons were placed in sterile Falcon
tubes containing 25 ml of the reservoir water prior to
microscopy/molecular analyses, which commenced within
30 min of sampling. Fig. 1E shows application of multiple
coupons within a purpose built temperature controlled

recirculating, full-scale test loop facility that can be
controlled to represent three different time-variable hydrau-
lic regimes. The three individual loops of the system each
consist of nine-and-a-half coils (21.4 m long each) of 90-mm
diameter HPPE pipe.
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A Outer coupon

A

20.0 mm

Y S

4.5 mm
<+—>

45mm Outer
coupon

20 mm

Fig. 1 PWG coupons for in situ analysis of biofilms in drinking water
distribution systems. Coupons have the same internal diameter and
curvature as the distribution pipe and fit flush with the internal pipe
surface. A Schematic representation of coupon showing “outer
coupon” (surface area 224 mm?) with trapezoidal “insert” (surface

Catalyzed reported deposition and fluorescence in situ
hybridization analysis and microscopy

Epifluorescent microscopy using 4',6"-diamidino-2-phenylindole
(DAPI) staining was used to visualize biofilm formation on
coupon inserts with additional targeting of bacteria via
catalyzed reported deposition and fluorescence in situ
hybridization (CARD-FISH) analysis (Pernthaler et al.
2002). Briefly, biofilms present on coupon inserts were
pre-fixed with 2% (w/v) formaldehyde solution for 12 h
at 4 °C, washed with sterile distilled water, and stored at
—20 °C until further processing. Cells were permeabilized
with lysozyme followed by achromopeptidase as de-
scribed previously (Pernthaler et al. 2002; Sekar et al.
2003). Hybridization of biofilm samples was performed
using pooled 5'HRP-labeled (ThermoHybaid, Interactiva
Division, Ulm, Germany) eubacterial (EUB I-III) oligo-
nucleotide probes (Daims et al. 1999), with subsequent
hybridization, washing, and tyramide signal amplification
conducted as described previously for marine bacterio-
plankton (Pernthaler et al. 2002). Samples were visualized
following counter staining with DAPI using an Olympus
BX51 eipfluorescence microscope (Olympus UK Ltd.,
Watford) with a 100X oil immersion objective lens.
Images of FITC and DAPI fluorescence were captured
using CellB imaging software (Olympus UK Ltd., Wat-
ford, UK) at an XY resolution of 1,360x1,024 pixels.
Biofilm coverage (% area) was determined via digital
image analysis using ImageJ software (National Institutes
of Health, USA). One-way analysis of variance (ANOVA)
was used to investigate differences in biofilm coverage
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area 90 mm?). B Schematic of insert. C Coupon and coupon mounting
showing partial insertion of the insert into the outer coupon; coupon
mounting includes a sealing gasket. D Coupon mounting within pipe
section and E pipe sections with multiple coupon sample points/holes
in full-scale laboratory pipe loop. Dimensions as indicated

over time with post-hoc comparison of means using Tukey
tests. Statistical analyses were performed using JMPTM,
The Statistical Discovery Software, Version 5.0.1.2 (SAS
Institute Inc., USA).

DNA extraction

Biofilms present on the “outer coupon” surface were
aseptically harvested via three rounds of scraping using a
sterile nylon brush following additions of ~15 ml of sterile
distilled water (Sharma et al. 1990). Epifluorescent micros-
copy showed this method removed >91% of cells from the
coupon surface (data not shown). Pooled biofilm suspen-
sions (~45 ml) from the “outer coupon” and reservoir water
samples (50 ml) were each vacuum filtered onto 0.22 um
pore size (25 mm diameter) polycarbonate membrane filters
(Millipore UK Ltd., Watford, UK) and stored at —20 °C
prior to DNA extraction. Filters were cut into pieces using a
sterile scalpel and added directly to bead solution tubes
from the Ultraclean Soil DNA Isolation kit (MoBio
Laboratories Inc., Carlsbad, CA, USA) with DNA isolation
following the manufacturer’s protocol. DNA was eluted in
30 pl of sterile nuclease free water.

Polymerase chain reaction amplification and denaturing
gradient gel electrophoresis analysis

16S rRNA genes were amplified by the polymerase chain
reaction (PCR) using primers 338F (with GC-clamp) (Lane
1991) and 530R (Muyzer et al. 1993). Reactions were
performed in a total volume of 50 pl comprising 200 uM of
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each of the dNTPs, 0.3 uM of each primer, 1x PCR Buffer,
1x Q-Solution, and 2.5 U of Taq polymerase (Qiagen Ltd.,
Crawley, UK). Undiluted environmental DNA (1 pl) was
used as template. Reactions were initially denatured at 95 °C
for 2 min, followed by 35 cycles of 95 °C for 1 min, 60 °C
for 1 min, and 72 °C for 2 min, and a final extension at
72 °C for 12 min. Denaturing gradient gel electrophoresis
(DGGE) analysis (Muyzer et al. 1993) was performed using
the Bio-Rad DCode System (Bio-Rad, Hercules, CA, USA).
PCR products (20 or 30 ul depending on product yield) were
loaded onto 8% (w/v) polyacrylamide gels containing a
denaturant gradient of 40% to 70% (80% denaturant
consisted of 5.6 M urea and 32% v/v deionized formamide).
Electrophoresis was performed at 60 °C at 100 V for 16 h
and gels then stained with SYBR-Gold (Invitrogen Ltd,
Molecular Probes, Paisley, UK) for 45 min in the dark, prior
to image capture using an EpiChemi II Darkroom imager
(UVP Inc., Upland, CA, USA). DGGE gel image analysis
was performed using Quantity One (Bio-Rad, Hercules, CA,

Fig. 2 Increase in biofilm
formation on PWG coupons

in a pilot-scale water distribu-
tion system over time. A—C
DAPI-stained images and D-F
CARD-FISH images of biofilms
at day 0, 3, and 11, respectively.
G Increase in biofilm coverage
(% area) on the coupon inserts
over time (days 0, 3, 7, and 11).
Error bars represent standard
deviations in area calculated
from ten XY images on triplicate
coupons sampled at each time
point

USA). Subsequently, cluster analysis was conducted using
the group average linking routine and based on the Bray—
Curtis resemblance matrix derived from DGGE profiles and
performed using Primer-E software (Plymouth Marine
Laboratory, Plymouth, UK).

Results

The application of the PWG coupons to study quantitative
and compositional changes during biofilm formation, via
microscopy/molecular analyses, was evaluated using the
pilot-scale WDS facility. The facility was operational for
11 days, with removal of coupons at days 0 (after 5 min), 3,
7, and 11 (n=3 at each time point). Triplicate water samples
(50 ml) were also taken from the reservoir tank at day O.
The pilot system was not sterile prior to conducting the
tests; however, individual coupons were clean when
inserted on day 0.
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DAPI/CARD-FISH analyses of biofilm formation on PWG
coupons

DAPI and CARD-FISH analyses of the inserts from the
removed coupons showed bacterial cell attachment after
only 5 min of exposure of the clean coupons in the non-
sterile pilot WDS on day 0 (Fig. 2A). By day 3, a
monolayer of microbial cells submerged in the biofilm
matrix was observed (Fig. 2B). Images of day 7 (data not
shown) and day 11 (Fig. 2C) revealed formation of
increasingly complex structurally mature biofilms. CARD-
FISH analysis with bacterial probes demonstrated that the
biofilms were comprised primarily of bacterial cells
(Fig. 2D-F). No significant differences (P>0.05) were
found in biofilm coverage between the triplicate PWG
coupons sampled on individual days, suggesting that
biofilm development proceeded at a similar rate on different
coupons within the system. Significant increases in relative
biofilm coverage (% area) were observed over time (R*=
0.99, F;5=384.37, P<0.0001) reaching ~40% (40.66+
5.62%) on day11 (Fig. 2G).

DGGE-based analysis of biofilm community structure
on PWG coupons

DGGE analysis of 16S rRNA gene sequences amplified
from DNA isolated from the outer coupons showed
formation of increasingly diverse biofilm assemblages over
the 11-day experiment (Fig. 3). For coupons sampled after
5 min exposure on day 0, a single band was seen in all of
the profiles derived from the three replicate coupons at this
time point. Complex DGGE profiles were observed from
coupons on day 3 with further increases in numbers of
DGGE bands observed on day 7 and day 11, although some
bands on day 3 were absent in profiles from coupons
sampled on day 11 (Fig. 3A).

Cluster analysis (Fig. 3B) showed time-specific clustering
of the bacterial communities present on coupons and high
reproducibility (>86.1% similarity) between replicate cou-
pons at each time point. DGGE analysis showed that the
majority of the bands observed in the profile of the
bacterioplankton present within the recirculating WDS at
day 0 were also seen within the coupon biofilm community
profiles, albeit with differing intensities (Fig. 3).

Discussion

The experimental systems that are currently available for
studying biofilm formation in WDS are either small scale
laboratory reactor-based systems (e.g., Appenzeller et al.
2001; Murga et al. 2001; Batté et al. 2003a, b; Goeres et al.
2005), from which results are not readily transferable for
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Fig. 3 DGGE profiles and cluster analysis of bacterial 16S rRNA
gene amplified from DNA extracted from biofilms on outer coupons
within a pilot-scale distribution system over time and from the
reservoir water. A DGGE profiles generated from triplicate coupons
(C1-C3) at each time point and triplicate samples (R/—R3) within the
tank reservoir water. Lanes as indicated. B Cluster analysis was
calculated based on the Bray—Curtis similarity of DGGE profiles

the analysis of biofilm processes within real WDS, or
consist of sampling devices that when placed in situ (e.g.,
Kalmbach et al. 1997; LeChevallier et al. 1998; Prévost et
al. 1998; Kharazmi et al. 1999; Juhna et al. 2007) disrupt
the local flow patterns within the studied WDS (Table 1).
Consequently, there remains a need for improved biofilm
sampling systems that maintain representative flow patterns
within WDS experimental systems (and ideally that could
be used in distribution networks) to enable improved
investigation of the abiotic controls on biofilm formation
and detachment processes. This research therefore reports
the design and subsequent evaluation of the suitability of
new PWG coupons that maintain representative boundary
flow conditions and enable simultaneous quantitative and
compositional characterization of microbial biofilms that
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form in situ within WDS. The trial reported herein utilized
a pilot pipe loop system, constructed from actual WDS
pipes and recreating system conditions including hydraulic
and bulk water properties.

Following deployment of the PWG coupons within the
non-sterile pilot rig system, CARD-FISH studies of biofilm
formation on these coupons showed increasing bacterial
biofilm coverage over the 11-day experiment (Fig. 2). In
contrast, earlier FISH-based studies of biofilms on poly-
ethylene slides using a Robbins device within a WDS
(Kalmbach et al. 1997) showed a peak in bacterial biofilm
coverage at 7 days, followed by a subsequent decline.
Longer term studies of WDS biofilm assemblages in
polyethylene pipe sections, via acridine orange-staining,
showed cell numbers within biofilms continued to increase
over a 100-day period (Lehtola et al. 2004). It should be
stressed that operating conditions across these three studies
were not comparable. Nevertheless, our data demonstrate
that the PWG coupons allow quantitative changes in
bacterial biofilm formation to be investigated. Moreover,
via combinatorial application of additional FISH-probes,
these coupons could be used in future studies to allow
quantitative studies of archaea and eukarya and/or hierar-
chical targeting of particular phyla or species within WDS
biofilms.

A key design feature of the PWG coupon is that it
enables simultaneous quantitative and (qualitative) compo-
sitional characterization of biofilm assemblages formed
within WDS. The “insert” within the coupon enables direct
microscopic observation after fluorescence staining and
FISH. Importantly, the use of a flat “insert” that can be
placed directly on the microscope stage overcomes diffi-
culties in imaging that would arise from studying a curved
surface, but in addition the small dimensions of this flat
insert do not result in changes to boundary flow conditions,
enabling representative imaging of biofilm development
and architecture under realistic in situ pipe conditions. The
“outer coupon” was used for microbial community analysis.
DGGE analysis of these biofilm communities demonstrated
very rapid attachment of one particular bacterial phylotype
to the coupon (Fig. 3A). Such rapid attachment is in
agreement with culture-based studies on a variety of
surfaces in which irreversible bacterial attachment can
proceed within as little as a minute (reviewed in Palmer et
al. 2007). Comparison of the DGGE profiles of the
bacterioplankton present within the recirculating WDS
water to those on the coupons showed that the majority of
the taxa present in the coupon biofilms were also present
within the planktonic community at day 0. This demon-
strates the applicability for the PWG coupons to couple
analysis of planktonic WDS assemblages (e.g., Eichler et
al. 2006) and study in situ community dynamics within
WDS biofilms.

Replicate coupons in the pilot-scale WDS showed time-
specific clustering of biofilm community composition
throughout the 11-day experiment (Fig. 3B), suggesting
that these coupons can be used to reproducibly study
temporal community changes in biofilms in situ. Time-
specific clustering of biofilm bacterial communities has also
previously been demonstrated via T-RFLP analysis of
biofilms present on stainless steel coupons within a model
WDS (Martiny et al. 2003), albeit over far longer periods
revealing separation between communities sampled from
“young” (1-94 days) and “old” (500-1,093 days) biofilms.
However, communities sampled within the first 20 days in
that system did not show temporal clustering. Again, these
differences are likely to reflect the variation between the
experimental conditions of these two studies.

In summary, this research has demonstrated the suitability
of the PWG coupon to enable molecular-based characteriza-
tion of both structural and compositional changes in biofilms
within a pilot-scale WDS. The PWG coupon design allows
direct insertion into the internal wall of WDS pipes, thereby
minimizing the distortion of boundary layer conditions that
may influence biofilm formation. Such a system facilitates
future experimental investigations without disrupting bound-
ary layer flow conditions and enables the impact of changing
abiotic conditions, boundary shear stress, and turbulent
driven exchange with the main water body upon the
formation, growth, and detachment of biofilms to be fully
captured under controlled conditions. Moreover, the coupon
design offers the potential for deployment directly within
distribution network infrastructure wherever the pipeline is
accessible, enabling studies of biofilm dynamics and/or
targeting and enumeration of specific microbial taxa therein.
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