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Abstract
Biofilms are organized structures composed mainly of cells and extracellular polymeric sub-

stances produced by the constituent microorganisms. Ubiquitous in nature, biofilms have

an innate ability to capture and retain passing material and may therefore act as natural col-

lectors of contaminants or signatures of upstream activities. To determine the persistence

and detectability of DNA passing through a sink drain environment, Bacillus anthracis strain
Ames35 was cultured (6.35 x 107 CFU/mL), sterilized, and disposed of by addition to a sink

drain apparatus with an established biofilm. The sink drain apparatus was sampled before

and for several days after the addition of the sterilized B. anthracis culture to detect the pres-

ence of B. anthracis DNA. Multiple PCR primer pairs were used to screen for chromosomal

and plasmid DNA with primers targeting shorter sequences showing greater amplification

efficiency and success. PCR amplification and detection of target sequences indicate per-

sistence of chromosomal DNA and plasmid DNA in the biofilm for 5 or more and 14 or more

days, respectively.

Introduction
Biofilms are found in most environments, particularly at the interfaces of solid, liquid, and
atmospheric environments, and may range in appearance from the dry desert varnish found
on rock surfaces in arid environments to the more familiar “slimes” including periphyton
found in aquatic environments. The structure of a biofilm allows microorganisms to form a
distinct microenvironment that is separate from, yet interactive with the surrounding environ-
ment [1]. A critical feature is the matrix of extracellular polymeric substances (EPS) secreted
by cells that reside in the biofilm. The EPS is composed of a heterogeneous mixture of polysac-
charides, lipids, nucleic acids, and proteins [2]. Each component of the EPS plays a particular
role in providing protection, sorption capabilities, nutrient/waste processing, and/or plank-
tonic release of progeny cells [3]. Of particular interest, for this study, is the molecular sieve
capability of an established biofilm that allows it to capture, sort, and sequester particular mole-
cules from passing water [4], a sort of sticky trap (cf. flypaper) for passing cells, biomolecules,
and metals. This collection potential has several implications, including the extent to which
biofilms may create and preserve a historical record of passing chemistry.

Little is currently known about the accumulation and retention properties of environmental
biofilms, except that they allow microorganisms to survive and prosper even in nutrient-
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limited, dynamic, or hazardous environments. External DNA (eDNA) is an integral part of
many biofilms that provides structural support and, in the case of the microorganism Pseudo-
monas aeruginosa, is a requirement for biofilm formation and permanence [5]. The addition
of the DNA cleaving enzyme, DNase I, was shown to prevent biofilm formation and cause the
dissolution of an established biofilm [6]. Although many microorganisms, including those in
established biofilms, actively release extracellular enzymes to breakdown macromolecules into
smaller, more easily assimilated materials [7], the dependence of eDNA for biofilm structural
support suggests that DNA trapped from the surrounding aqueous environment may be retained
by a biofilm for an extended period of time. DNA can remain intact for longer than 50,000 years
in an ideal, stable aqueous environment [8]; however, the dynamic hydration state and chemistry
of a sink drain biofilm environment may not be ideal for the preservation of DNA.

Sink drains have been previously investigated for their ability to harbor a particular commu-
nity of microorganisms [9], to examine the diversity of drain communities [10], and to exam-
ine the potential emergence of resistance to antimicrobial agents found in wastewater [11];
however, the capability of biofilms to retain genetic signatures from the surrounding environ-
ment has not previously been studied. To better understand the dynamics of waste-stream
DNA retention by biofilms, this project utilized laboratory sink drain biofilms and sterilized
bacterial cultures as a practical model. The sterilized cultures provide DNA that is still located
within the cell bodies and DNA that has been released from ruptured or fragmented cells. As
our interest was to determine the ability of biofilms to retain any genetic signature from the
waste stream, we made no effort in this study to differentiate between the preservation of intra-
cellular or extracellular DNA.

Materials and Methods

Biofilm Establishment
A set of 5 identical sink drains were connected to a shared source input to assure that each
drain was exposed to identical fluid streams (Fig 1A). Because sample collection disturbs and
removes sections of the biofilm, the replicate drains were necessary to allow us to collect multi-
ple samples over time and from equivalent biofilms. The sink drain apparatus was built using
standard polypropylene-based 1-1/2” sink drain plumbing with each drain having a tailpiece,
p-trap, and p-trap extension (Fig 1B). Initial seeding of the biofilm for the drain system was
accomplished by physical removal of biofilm from an existing laboratory p-trap, vortexing to
homogenize, and subsequently adding a fraction of this biofilm mixture to each of the 5 test
drains. This biofilm material was allowed to establish in the test drains over a period of 2
months with weekly additions of Milli-Q (18 MO ultrapure) H2O to replenish evaporative
losses and bi-weekly nutrient supplementation by addition of 4 mL nutrient broth and 4 mL
potato dextrose broth to promote the growth of microorganisms.

Cell Culturing
Bacillus anthracis strain Ames35 (BEI# NR-10355) was cultured in 500 mL aliquots of Luria
broth (LB) medium for 36 hours at 37°C at 125 rpm. A 100 μL sample of the culture was
removed for serial dilution and plating to determine the number of viable colony forming units
(CFU) on LB agar plates (incubated at 37°C). The remaining culture was split into two equal
fractions with one fraction sterilized by addition of household bleach (final concentration
equal to 10%), while the other fraction was sterilized using an autoclave (121°C for 15 minutes).
Three 1 mL aliquots were removed from both sterile fractions and stored at -85°C for reference
analysis. The remaining ~1.4 L of sterilized material was poured into to the inlet reservoir and
distributed amongst the five sink drains. This material was allowed to sit in the apparatus for
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24 hours at which time 2 Liters of 50/50 (v/v) mix of Milli-Q H2O and hot tap water was added
to the inlet reservoir. This 2 Liter flush was repeated approximately every 24 hours, for the
length of the experiment to simulate periodic use of the drain system. Additionally, all staff
using the adjacent sink collected and recorded the volume and contents of all wastewater each
day, which was also disposed of down the drain system.

Biofilm Sampling
A sample of biofilm was collected from one of the 5 drains prior to adding the sterile cell
culture material and again prior to each daily flush with water. At each sampling time point,
the first sample was obtained utilizing a sterile synthetic Dacron swab (Copan Diagnostics
Incorporated, Murrieta, CA) to sample the tailpiece of the sink drain, after which the tip was
removed and placed in 1 mL of nuclease-free H2O. Subsequently, a custom made sampling
device was used to sample the p-trap and p-trap extension using both a foam-insert tip (Figs 2
and 3), and a copper-insert tip (Fig 2). The sampling device was sterilized by submersion
in 10% household bleach for a minimum of 10 minutes. The sampling tips were soaked in
DNAzap (Ambion, Grand Island, NY), rinsed using 18 MOMilli-Q H2O, sterilized by
autoclaving (121°C for 15 minutes) and finally allowed to dry at 60°C. When collecting samples

Fig 1. A) Sink drain apparatus for establishment andmaintenance of experimental biofilms and B)
Cross-section and identification of the different sections of a sink drain; I, sink drain connection; II,
tailpiece; III, tailpiece extension; IV, p-trap; V, p-trap extension; VI, out pipe to sewer.

doi:10.1371/journal.pone.0134798.g001

Fig 2. Custom designed sampling device with PVC coating for chemical and heat resistance, rigid
support (I), flexible shaft to sample past the p-trap (II), and male bolt end (III) to attach various
sampling tips.

doi:10.1371/journal.pone.0134798.g002
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with the foam tip, the tip was allowed to absorb fluids for 30 seconds, in the p-trap, prior to
sampling throughout the remainder of the drain. After sampling, the tips were first rinsed with
10 mL of nuclease-free H2O, in a 50 mL falcon tube, to retrieve any loosely associated material,
and then the tips were removed from the sampling device and placed in the same vial of nucle-
ase-free H2O that was used for rinsing. Finally, a 10 mL sterile, disposable, graduated pipette
was inserted into the drain system to obtain 5 mL of soluble/suspended p-trap material. All
sample material was stored at -85°C.

DNA Isolation
DNA was isolated from the samples by first vortexing each sample in a pulsating on/off pattern
for 30 seconds, followed by centrifugation at 16,100 x g for 90 minutes at 4°C. After centrifuga-
tion the pelleted material was removed by pipette with minimal supernatant carryover. The
transferred pellet sample was then split into two fractions. DNA from the first fraction was iso-
lated using the MOBIO DNA Clean-up Kit (Carlsbad, CA) following manufacturer protocols
with a final elution volume of 50 μL, while DNA from the second fraction was isolated using
the MOBIO PowerSoil DNA Kit with final elution volume of 100 μL. While both DNA isola-
tion methods used silica column binding as their final step, both chemical and mechanical lysis
were utilized upstream to reduce DNA isolation bias that could ultimately produce false nega-
tives in the results. The two DNA preparations from each sample were then combined and
used as template DNA for PCR.

Polymerase Chain Reaction and DNA Fragment Visualization
Multiple primer sets detailed in Table 1 below were utilized to amplify specific regions of DNA
from B. anthracis using 5 μL of template DNA in 25 μL reactions with 2.5 units of GoTaq Flexi

Fig 3. Sampling tips with female tap ends to attach to the tip of the sampling device. Various sample
materials shown, from left to right: copper wire, nylon fibers, and polyether foam.

doi:10.1371/journal.pone.0134798.g003

Table 1. Primers utilized for Bacillus anthracis & eubacteria DNA amplification and the expected amplicons.

Bacillus anthracis primers Expected Amplicon Size(s) (bp) Primer Target Specificity

ITSeub [16] 225, 232, 459 Ribosomal Intergenic Spacer Region eubacteria

BA813 [17] 168 Chromosomal marker BA-813 B. anthracis

BA-5449 [18] 1017 Chromosomal marker BA-5449 B. anthracis

PA7/6 [19] 211 pXO1 Protective Antigen Gene B. anthracis

cya-1 [20] 721 pXO1 Edema Factor Gene B. anthracis

doi:10.1371/journal.pone.0134798.t001
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DNA Polymerase (Promega, Madison, WI), 0.5 μM final concentration primers (Integrated
DNA Technologies, Inc., Coralville, IA) and 3.5 MgCl2 (Promega) final concentration All
amplifications were performed using an Eppendorf MasterCycler Gradient Thermocycler
(Eppendorf AG, Hamburg, Germany) with 95°C initial 5 minute denaturation, 35 cycles of
(1 minute at 94°C, 1 minute at 47°C, 2 minutes at 72°C), and a final 5 minute extension at 72°C
(45 minute final extension for universal eubacteria primers). Following PCR amplification,
10 μL of each sample was loaded into a 3% agarose gel, separated by electrophoresis, stained
with ethidium bromide, and visualized utilizing a Syngene U:Genius (Synoptics Ltd, Cam-
bridge, England) gel imager with ultra-violet illumination. Alternatively, 2 μL of sample was
added to 18 μL of 1X PCR buffer and loaded onto LabChip GX digital capillary gel electropho-
resis system (PerkinElmer, Waltham, MA).

Gel Extraction and DNA Sequencing
Amplified DNA was isolated from agarose gel slices utilizing the Wizard SV Gel and PCR
Clean-Up System (Promega, Madison, WI) following the manufacturer’s protocol. Extracted
DNA was cloned using the pGEM-T Easy Vector System (Promega, Madison, WI) following
the manufacturer’s suggested protocol for ligation and chemical transformation of Escherichia
coli strain DH5α. Cultures were incubated at 37°C and frozen cell pellets were sent to Beckman
Coulter Genomics (Danvers, MA) for Sanger sequencing.

Results
The PA7/6 primer set targeting the protective antigen gene on the Bacillus anthracis plasmid
X01 yielded the expected amplification band of 211 bp. The ITSeub primer pair targeting the
ten chromosomal ribosomal intergenic spacer regions of B. anthracis yielded multiple bands in
addition to the three expected sizes for B. anthracis. The cya-1 and BA-5449 primer sets target-
ing the edema factor of pXO1 and chromosomal marker BA-5449, respectively, showed no
amplification bands (Fig 4A). The three samples tested for each primer pair include: an auto-
claved B. anthracis control DNA sample, the day 1 bleached/autoclaved sink drain apparatus
inoculum.

Due to the inability to efficiently amplify DNA from B. anthracis utilizing the BA-5449 and
cya-1 primers, coupled with the high amplification for the PA 7/6 and ITSeub a new primer,
BA813, was selected for B. anthracis chromosomal DNA amplification.

The BA813, and PA 7/6 primer pairs were combined for multiplex amplification of foam-
extracted samples from the sink drain apparatus. The B. anthracis strain Ames35 was cultured,
sterilized and then disposed of down the sink drain apparatus system on two separate occa-
sions. Multi-plex PCR results for samples collected over 36 days (14 days for round 1 and 22
days for round 2) resulted in the amplification profiles shown in Fig 5 below. No bands, as
expected, are apparent in the BA813 and PA 7/6 no-template control (NTC) sample. The pre-
dicted 168 bp band expected for BA813 primer chromosomal amplification is observed in all
samples through day 10 with the exception of the day 6 sample and the predicted 211 bp band
amplified using the PA 7/6 primer pair showed the same amplification profile except that the
band can be seen in day 14 pipette-extracted sample, data not shown.

Of note, after the day 5 sample was collected, the system was inundated with 18 liters of a
bleach-killed (10% household bleach) diatom culture. This 18 liters of spent, bleached culture
media then sat in the drain for 24 hours before day 6 sampling and 2-liter flush of the sink
drain apparatus. The Bacillus anthracis target sequence may be present in the day 6 sample;
however, further testing or sample concentration/separation may be required to obtain efficient
amplification.
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Discussion
The targeted PCR amplifications demonstrate that DNA derived from a sterilized B. anthracis
cell culture can be recovered from sink drain biofilms. The DNA post-autoclaving and/or
bleach treatment is apparently highly degraded and the amplification of comparatively longer
DNA targets is inefficient as shown in Fig 4A, where there is no amplification of the 1017 bp
chromosomal target nor the 721 bp pXO1 targets, but amplification of the 211 bp pXO1 target
is successful. This indicates a need for smaller target DNA sequences when working with DNA
that may be highly degraded, much like the development and use of mini-STRs in human
forensic science [12].

Qualitatively, the method of sterilization also has a great impact on the resultant targetable
DNA. Utilizing the universal ITS primer set to compare DNA post-bleaching and post-
autoclaving resulted in the amplification profile shown in Fig 4B. There does seem to be some
degree of non-specific binding and/or jumping PCR [13] using this universal ITS primer pair,
but looking directly for the expected target amplicon bands it can be noted that the 452 bp
amplicon was easily amplified from the bleached cellular culture along with to the 225/232 bp
target, while only the 225/232 bp target was amplified from the autoclaved material.

The loss of the 452 bp amplicon may result from enzymatic degradation during the auto-
clave process [14] and/or may also indicate an effect of copy number on the amplification and
detection of a target DNA sequence by PCR. The B. anthracis genome has 10 ITS regions that
may be amplified using the ITSeub primer pair: eight result in a 232 bp amplicon, one yields a
225 bp amplicon, and the remaining region yields a 452 bp amplicon. The two smaller ampli-
cons are not readily resolved on our agarose gel nor LabChip System due to resolution

Fig 4. Agarose gel images for Bacillus anthracis PCR samples. Depicted in A, from left to right, is 100 bp ladder, no-template control (NTC) and 3
reactions utilizing BA-5449 primer set, NTC and 3 reactions utilizing cya-1 primer set, NTC and 3 reactions utilizing PA7/6 primer set and 100 bp ladder.
Depicted in B, from left to right, are duplicate reactions with bleached Bacillus anthracis template material and duplicate reactions with autoclaved Bacillus
anthracis template material, with all 4 reactions utilizing the ITSeub primer pair.

doi:10.1371/journal.pone.0134798.g004
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restrictions. The combination of low copy number and increased likelihood of degradation pre-
venting amplification of longer fragments of DNA should result in the loss of amplification
efficiency for the 452 bp ITS region, as shown. This is in agreement with the results obtained
for DNA persistence in the sink drain of chromosomal DNA versus plasmid as the plasmid
DNA showed amplification over a greater period of time and the average copy number of the
B. anthracis pXO1 plasmid has been shown to be three [15]. If the amplification was based
solely on the size of the amplicon rather than copy number, the larger amplicon (211 bp) indic-
ative of the pXO1 plasmid should have been lost first over the 168 bp chromosomal target.

The digital gel (Fig 5, above) shows good PCR amplification of the B. anthracis PA7/6 plas-
mid marker 211 bp target through day 10, with a temporary loss of the target signal on day 6.
The 18 L of bleached diatom culture disposed of between days 5 and 6 would have been sitting
undiluted in the drain system when the day 6 sample was collected, resulting in potential chem-
ical inhibition for DNA isolation or competitive inhibition of PCR amplification of B. anthracis
at that time point due the high amount of diatom DNA template. The diatom culture would

Fig 5. Digital capillary electrophoresis gel image from LabChip GX acquired using HT DNAHi Sens(itivity) Reagent Kit. Sample wells contain, from
left to right: LabChip GX Ladder, No-Template Control, Control Isolated Bacillus anthracis strain Ames35 DNA, Day 1 Autoclaved Sample prior to disposal,
Day 1 Bleached Sample prior to disposal, 6-round 1 testing samples (Day 2, Day 3, Day 5, Day 6, Day 10 & Day 14 Samples.), and 4-round 2 testing samples
(Day 3, Day 11, Day 21 & Day 22 Samples). Duplicate PCR amplification sample data for each time point obtained, but not shown.

doi:10.1371/journal.pone.0134798.g005
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have been diluted by the daily 2-liter flushes with water on days 6–9 prior to samples being col-
lected on day 10. Indeed, the B. anthracis chromosomal/plasmid PCR amplicons reappeared
on day 10 and the plasmid DNA was also amplified in the final sample collected on day 14
(pipette data not shown). This result is similar to that for biofilm testing round two, which
indicates persistence of the plasmid and chromosomal targets through day 21.

The additional higher molecular weight band on day 21 at 355 bp of round two testing
shows just how complex the biofilm sink drain environment can be and the richness of infor-
mation that can be acquired. This higher molecular weight band along with the expected band
fragments were excised from an agarose gel and processed for sequencing. The resultant data
confirmed the 168 and 211 bp fragments as B. anthracis DNA, while the higher molecular
weight band was an amplified region of an E. coli expression vector. This result leads us to
hypothesize that we can discriminate the activity such as: synthetic biology and genetic engi-
neering occurring in the built environment over another dissimilar activity by looking at the
microbiome of and signatures retained in the sink drain biofilm.

The persistence of the target DNA in the sink drain environment after disposal and subse-
quent flushes (disappearance data not shown) indicates that DNA disposed of down the sink
drain is retained by the established biofilm rather than remaining in the aqueous drain fraction.
Although samples collected by pipette appeared to provide more target DNA, this is likely due
to the pipette retrieving biofilm that had been dislodged into the aqueous phase during sam-
pling with the foam and copper tipped sampling device.

Conclusion
We have demonstrated that it is possible to detect DNA passing through a sink drain as part of
a waste disposal event by sampling the previously established biofilm. Bleached and/or auto-
claved killed microorganisms disposed of down a sink drain may be detected for an extended
period of time post-disposal due to the retention of discarded culture DNA by the established
sink drain biofilm. While the DNA retention mechanism and reasoning thereof in the biofilm
is unknown, the retained DNA could have use as a structural element for the biofilm, carbon/
nitrogen source or assimilated by the bacteria for transformation. Successful DNA detection
requires the use of carefully designed oligonucleotide primers and, due to degradation of the
sample during sterilization and subsequent retention in the sink drain biofilm, greater success
is achieved by using primers pairs targeting smaller amplicons. Qualitatively, from these and
other tests the probability of a positive DNA retention and detection event was determined
more by the amount/availability of biofilm to sample rather than the length of time from
disposal.

Further testing is planned to determine if there is variability in sink drain microbiome com-
munities based-upon the activities undertaken in the built environment, and if this potential
variability alters the retention characteristics of the biofilm for DNA or other passing
chemicals.
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