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Cationic biocides (CBs) are widely used in domestic and public hygiene and to control biofouling and
microbial contamination in industry. The increased use of biocides has led to concern regarding possible
reductions in biocide effectiveness. Domestic drain microcosms were stabilized for 5 months and then exposed
to polyhexamethylene biguanide (PHMB) at 0.1, 0.2, and 0.4g liter�1 over 6 months and characterized
throughout by differential culture, together with eubacterial-specific PCR-denaturing gradient gel electro-
phoresis. Additionally, MICs and minimal bactericidal concentrations (MBCs) for bacteria previously isolated
from a domestic drain (n � 18) and the human skin (n � 13) were determined before, during, and after
escalating, sublethal exposure (14 passages) to two quaternary ammonium compounds (QAC1 and QAC2), the
bisbiguanide chlorhexidine (CHX), and PHMB. Exposure of the drain microcosm to PHMB did not decrease
the total viable count although significant (P < 0.01) decreases in recovery were observed for the gram-positive
cocci with associated clonal expansion of pseudomonads (from ca. 0.1% of the population to ca. 10%). This
clonal expansion was also manifested as elevations in bacteria that could grow in the presence of PHMB, CHX,
and QAC1. Decreases in susceptibility (greater than twofold) occurred for 10/31 of the test bacteria for QAC1,
14/31 for QAC2, 10/31 for CHX, and 7/31 for PHMB. Exposure of microcosms to PHMB targeted gram-positive
species and caused the clonal expansion of pseudomonads. In terms of prolonged-sublethal passage on CBs,
exposure to all the biocides tested resulted in susceptibility decreases for a proportion of test bacteria, but
refractory clones were not generated.

Cationic biocides (CBs) have been in use since the 1930s for
surface disinfection and topical antisepsis (for a review, see
reference 15). Broad-spectrum activity and relatively low tox-
icity have led to increased deployment of these compounds in
medicated dressings (37), in contact lens cleaning solutions (5),
in swimming pools to control microbial growth (16), and in
domestic cleaning products (29). While CBs are a chemically
diverse group of compounds, their mode of action normally
involves interaction with the cell envelope, displacing divalent
cations. Subsequent interactions with membrane proteins and
the lipid bilayer depend upon the specific nature of the biocide,
but generally CB exposure results in membrane disruption and
lethal leakage of cytoplasmic materials (22).

CBs have a range of structures that can be categorized ac-
cording to the number of cationic groupings per molecule. The
quaternary ammonium compounds ([QACs] e.g., cetrimide)
are often monocationic surfactants generally containing one
quaternary nitrogen associated with at least one major hydro-
phobic component. The bisbiguanides (e.g., chlorhexidine
[CHX]) have two cationic groups separated by a hydrophobic
bridging structure (hexamethylene) while the polymeric bigua-
nides (e.g., polyhexamethylene biguanide [PHMB]) are poly-
cationic linear polymers with a hydrophobic backbone and
multiple cationic groupings separated by hexamethylene chains
(15).

The safety of certain biocide applications has been ques-
tioned over the last decade because of the theoretical possi-
bility that chronic exposure of environmental bacteria might
select for strains less susceptible either to the agent itself or to
other compounds including antibiotics (31, 41). The phenom-
enon of selectable biocide resistance has been convincingly
demonstrated by McMurry et al. (32) using the hydroxydiphe-
nylether biocide triclosan (TCS) to select for mutants of Esch-
erichia coli that exhibit TCS resistance. Other investigators
have subsequently repeated this observation (23). These re-
ports have raised the possibility that biocides other than TCS
might contribute to the emergence of resistance (2, 12, 43).
While the interaction of TCS with a specific target (the enoyl
acyl carrier protein reductase) of E. coli may be unique, it is
possible to generate clones of some species with decreased
QAC susceptibility in pure culture training experiments
whereby bacteria are passaged on escalating concentrations of
the microbial (8, 17, 19, 20, 26, 39).

Such clones are normally altered in membrane phospholipid
content (15) or upregulate the expression of multidrug efflux
pumps (36). Since multidrug efflux pump expression has been
associated with changes in the MICs of therapeutically impor-
tant antibiotics, there is the potential for decreases in CB
susceptibility, accompanied by reductions in the effectiveness
of antibiotics (13, 14) or other biocides (2, 18). A number of
studies, however, have questioned such associations (25, 43).
Since the 1970s there have been sporadic reports of bacteria
with reduced susceptibility within clinical environments that
would normally receive long-term exposure to these biocides
(7, 10, 42). Importantly, certain bacterial species are innately
less susceptible than others; examples include providencia and
the pseudomonads (40). Surveying environments for suscepti-
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bility profiles is complicated by the fact that it is difficult to
differentiate between clonal expansion of these preexisting,
innately refractory clones from the arguably more serious mu-
tation and selection for resistance in hitherto susceptible bac-
teria. Since most biocidal treatments are not limited by con-
siderations of toxicity, moderate changes in susceptibility are
unlikely to result in treatment failure.

The increased use of CBs in the domestic, clinical, and
industrial environment will expose a wide range of environ-
mental and potentially pathogenic bacteria to these biocides,
often at sublethal concentrations. Due diligence clearly calls
for the microecological and susceptibility effects of such expo-
sures to be investigated. The aim of the present study, there-
fore, was to investigate the effect of simulated exposure of
environmental and commensal bacteria to QACs, bisbigua-
nides (CHX), and the polymeric biguanide PHMB. A domestic
drain microcosm (27, 28) was chosen to be representative of
microbial communities associated with aquatic habitats such as
recreational waters and those found in the home and in indus-
try, e.g., food processing. These environments, together with
human skin, were identified as being high risk since they all
undergo repeated exposure to CBs. In order to investigate the
effects of CB exposure on environmental biofilm communities,
the domestic drain microcosm was exposed to PHMB for 6
months, and biocide susceptibility profiles and population dy-
namics were monitored using differential plate counts and
PCR-denaturing gradient gel electrophoresis (DGGE). Iso-
lates from the domestic drain microcosm (n � 18) and human
skin (n � 13) were repeatedly sublethally exposed to CBs in
pure culture using a 14-passage training regime and tested for
changes in susceptibility.

MATERIALS AND METHODS

Chemicals. CHX digluconate was purchased from Sigma (Poole, Dorset,
United Kingdom). Bardac 2250 (QAC1), a twin-chain dimethyl ammonium chlo-
ride (average molecular weight, 361), and Barquat MB80 (QAC2), a blend of
alkyl dimethyl benzyl ammonium chlorides (average molecular weight, 357),
were obtained from the Lonza group (Fair Lawn, NJ). Vantocil IB, a 20%
aqueous solution of polyhexamethylene biguanide (molecular weight, 2,667;
polydispersity, 1.82) was obtained from Arch Chemicals Inc. (Blackley, Manches-
ter, United Kingdom). Formulated bacteriological media were purchased from
Oxoid (Basingstoke, United Kingdom). All other chemicals were obtained from
Sigma (Poole, Dorset, United Kingdom).

Bacteria. Achromobacter xylosoxidans MBRG 4.31, Aeromonas hydrophila
MBRG 4.3, Aeromonas jandaei MBRG 4.2, Aranicola proteolyticus MBRG 20.1,
Bacillus cereus MBRG 4.21, Chryseobacterium sp. strain MBRG 4.28,
Chryseobacterium indologenes MBRG 4.29, Citrobacter sp. strain MBRG 20.9,
Enterococcus saccharolyticus MBRG 20.4, Eubacterium sp. strain MBRG 4.14,
Halonella gallinarum MBRG 4.27, Microbacterium phyllosphaerae MBRG 4.30,
Pseudomonas nitroreductans MBRG 4.6, Pseudomonas sp. strain MBRG 4.7,
Pseudoxanthomonas sp. strain MBRG 40.1, Ralstonia sp. strain MBRG 4.13,
Sphingobacterium multivorum MBRG 30.1, and Stenotrophomonas maltophilia
MBRG 4.17 were isolated from a domestic drain microcosm (28). Corynebacte-
rium pseudogenitalum MBRG 9.24, Corynebacterium renale MBRG 9.26, Micro-
coccus luteus MBRG 9.25, Staphylococcus capitis MBRG 9.34, Staphylococcus
capral MBRG 9.3, Staphylococcus cohnii MBRG 9.31, Staphylococcus epidermidis
MBRG 9.33, Staphylococcus haemolyticus MBRG 9.35, Staphylococcus homi-
nis MBRG 9.37, Staphylococcus kloosii MBRG 9.28, Staphylococcus lugdenesis
MBRG 9.36, Staphylococcus saccharolyticus MBRG 9.32, Staphylococcus sa-
prophyticus MBRG 9.29, and Staphylococcus warneii MBRG 9.27 were obtained
from the axillae of three male volunteers, ranging from 25 to 30 years old (23).

Domestic drain microcosms. Domestic drain microcosms were established as
described previously (28). Developed communities were characterized periodi-
cally over the course of the investigation by differential culture at the time of
sampling; samples were also archived for subsequent PCR-DGGE analysis.

Addition of PHMB to microcosms. Microcosms were stabilized for 6 months,
after which dilutions of PHMB (0.1 g liter�1, 0.2 g liter�1, and 0.4 g liter�1) were
sequentially added for 2 months each using a peristaltic pump for 10 min at 6-h
intervals at a flow rate of 55.2 ml h�1.

Bacterial characterization by culture. Constant-depth film fermentor plugs
(two) were macerated with a sterile mortar and pestle, homogenized, and diluted
1:10. For enumeration, dilutions of macerated drain or model biofilm (1:10) were
serially diluted with prereduced half-strength peptone-water (7.5 g liter�1). Dur-
ing long-term experiments in order to minimize variation due to sampling of
immature biofilms, only those constant-depth film fermentor pans that had been
in situ for at least 1 month were removed for analysis. Aliquots (0.1 ml) of
appropriate dilutions were plated in triplicate onto a variety of selective and
nonselective media (Oxoid, Basingstoke, United Kingdom) as follows: MacCo-
nkey agar number 3 (enteric organisms), mannitol salts agar (gram-positive
cocci), pseudomonas isolation agar (total pseudomonads), R2A (aerobic and
facultative heterotrophs), and R2A supplemented with Bardac (100 �g ml�1),
CHX (100 �g ml�1), or PHMB (100 �g ml�1). Plates were incubated aerobically
for up to 5 days, except for the Wilkins Chalgren plates, which were incubated in
an anaerobic cabinet (atmosphere, 10:10:80, H2-CO2-N2).

Direct bacterial cell counts. The proportion of the viable bacterial communi-
ties that could be cultured by the methods used above was estimated by com-
parison with vital staining and direct microscopy. A subsample (100 �l) of an
appropriate dilution of macerated domestic drain microcosm was stained with a
live-dead bacterial viability kit (BacLight; Molecular Probes, Leiden, The Neth-
erlands) and counted with an improved Neubauer counting chamber in conjunc-
tion with fluorescence microscopy with a 100-W mercury vapor lamp. Live (green
fluorescent) and dead (red fluorescent) cells were visualized separately with
fluorescein and Texas red band-pass filters, respectively, in accordance with the
manufacturer’s instructions.

DNA extraction from microcosm biofilms. Archived biofilm material (0.2 to
0.5 g) was mixed with 1 ml of Tris buffer (0.12 M; pH 8.0), vortex mixed, and
subjected to two cycles of freezing and heating (�60°C for 10 min and 60°C for
2 min). Samples were then transferred to a bead-beater vial containing 0.3 g of
sterile zirconia beads (0.1-mm diameter). Tris-equilibrated phenol (pH 8.0; 150
�l) was added, and the suspension was shaken three times for 80 s at maximum
speed (Mini-Bead-Beater; Biospec Products, Bartlesville, OK). After 10 min of
centrifugation at 13,000 � g, the supernatant was extracted three times with an
equal volume of phenol-chloroform and once with chloroform-isoamyl alcohol
(24:1 [vol/vol]). The DNA was precipitated from the aqueous phase with 3
volumes of ethanol, air dried, and resuspended in 100 �l of deionized water. The
amount and quality of DNA extracted were estimated by electrophoresis of 5-�l
aliquots on a 0.8% agarose gel and by comparison to a molecular weight standard
(stained with ethidium bromide). DNA extracts were stored at �60°C prior to
analysis.

PCR amplification for DGGE analysis. The V2-V3 variable region of the 16S
rRNA gene (corresponding to positions 339 to 539 of E. coli) was amplified with
the eubacterium-specific primers HDA1-GC (5�-CGC CCG GGG CGC GCC
CCG GGC GGG GCG GGG GCA CGG GGG GAC TCC TAC GGG AGG
CAG CAG T-3�) and HDA2 (5�-GTA TTA CCG CGG CTG CTG GCA C-3�)
as previously described (44). The reactions were performed in 0.2-ml tubes with
a DNA thermal cycler (model 480; Perkin-Elmer, Cambridge, United Kingdom).
In all cases, reactions were carried out with Red Taq DNA polymerase ready mix
(25 �l; Sigma, Poole, Dorset, United Kingdom), HDA primers (2 �l of each; 5
�M), nanopure water (16 �l), and extracted community DNA (5 �l). Quantifi-
cation and standardization of extracted DNA were achieved with a fluorescence
assay (DNA Quantitation Kit; Sigma, Poole, Dorset, United Kingdom), in ac-
cordance with the manufacturer’s instructions. The thermal program was as
follows: 94°C for 4 min, followed by 30 thermal cycles of 94°C for 30 s, 56°C for
30 s, and 68°C for 60 s. The final cycle incorporated a 7-min chain elongation step
(68°C).

DGGE analysis. Biofilm samples were analyzed by DGGE with a D-Code
Universal Mutation Detection System (Bio-Rad, Hemel Hempstead, United
Kingdom). Polyacrylamide (8%) gels (16 by 16 cm; 1 mm deep) were run with 1�
Tris-acetate-EDTA (TAE) buffer diluted from 50� TAE buffer (40 mM Tris
base, 20 mM glacial acetic acid, 1 mM EDTA). Initially, separation parameters
were optimized by running PCR products from selected pure cultures of drain
bacteria and PCR amplicons from extracted drain DNA on gels with a 0 to 100%
denaturation gradient, perpendicular to the direction of electrophoresis (a 100%
denaturing solution contained 40% [vol/vol] formamide and 7.0 M urea). Dena-
turing gradients were formed with two 10% acrylamide (acrylamide-bisacrylamide
ratio, 37.5:1) stock solutions (Sigma, Poole, Dorset, United Kingdom). On this
basis, a denaturation gradient for parallel DGGE analysis ranging from 30 to
60% was selected for community analyses. DNA for loading onto gels was
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quantified and, when necessary, standardized between samples with a fluores-
cence assay (see above). Electrophoresis was carried out at 150 V at 60°C for
approximately 4.5 h. All gels were stained with Sybr Gold stain (diluted to 10�4

in 1�TAE buffer; Molecular Probes, Leiden, The Netherlands) for 30 min. Gels
were viewed, and images were documented with a BioDocit system (UVP, CA).

Sequencing of bacterial isolates and excised gel bands. For analysis of the
major resolved DGGE amplicons, selected resolved bands were cut out of the
polyacrylamide gels with a sterile scalpel under UV illumination and incubated
at 4°C for 20 h together with 20 �l of nanopure water in nuclease-free universal
bottles. Portions (5 �l) were removed and used as a template for a PCR identical
to that outlined for DGGE analysis. PCR products were purified with QIAquick
PCR purification kits (Qiagen Ltd., West Sussex, United Kingdom) and se-
quenced with the reverse (non-GC clamp) primer (HDA2). The sequencing was
at 94°C for 4 min followed by 25 cycles of 96°C for 30 s, 50°C for 15 s, and 60°C
for 4 min. Once chain termination was complete, sequencing was done in a

Perkin-Elmer ABI 377 sequencer. DNA sequences were compiled with Chro-
mas-Lite (Technelysium Pty. Ltd., Helensville, Queensland, Australia) to obtain
consensus sequences or to check and edit unidirectional sequences. For excised
DGGE band PCRs, the fidelity of derived sequences was used as an indictor of
the purity of the target sequence, and the presence of a GC clamp upon sequence
analyses confirmed that the correct target, rather than a contaminant, had been
reamplified.

Phylogenetic identification of DGGE amplicons. BLAST searches on each
sequence were done against sequences in the EMBL nucleotide sequence data-
base.

Repeated exposure of bacterial monocultures to biocides. A model CU spiral
plater (Spiral Systems, Cincinnati, OH) was used to create reproducible radial
biocide concentration gradients across agar plates. This spiral plater acts as a
dispenser, which distributes liquid onto the surface of a rotating agar plate from
the center to the edge in an Archimedes spiral, establishing an approximately

FIG. 1. Total and viable counts of domestic drain microcosm biofilms before and throughout exposure to increasing amounts of PHMB, as
indicated by the dotted lines (mg ml�1): a, 0.1; b, 0.2; and c, 0.4. Data are means � standard deviations from two separate sample pans analyzed
in triplicate. Filled circles, total cell count; open triangles, vital cell count; filled squares, dead cell count (BacLight); open circles, viable cell count
(plate counts).
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100-fold concentration gradient, with antibacterial concentration decreasing
from the center to the edge. To enable repeated, sublethal exposure of the test
bacteria to the biocides, aqueous stock solutions of test agents QAC1, QAC2,
CHX, and PHMB were prepared, filter sterilized (0.2-�m pore size; Millipore,
United Kingdom), and stored at �60°C. Petri dishes (10-cm diameter) were
filled with 27.5 � 1.0 ml of nutrient agar (skin isolates) or R2A agar (environ-
mental species) to produce a mean agar depth of ca. 3.5 mm. The plates were
kept for 2 days at room temperature prior to use to ensure dryness of the agar
surface. Volumes of biocide stock solutions (50 �l) were then deposited onto the
agar surface using the variable cam of the spiral plater. Plates were then dried for
up to 1 h at room temperature prior to radial deposition of inocula (20 �l of a
ca. 108 CFU ml�1 culture) using a sterile inoculation loop. After further drying
(1 h), plates were inverted and incubated appropriately for up to 4 days at 37°C.
After incubation, bacterial growth observed near to the endpoint in the transition
between the growth and growth-inhibition area was aseptically removed and
homogenized in Muller Hinton broth (1 ml). A 20-�l portion was then trans-
ferred to the next gradient plate (prepared as above) until 14 passages had been
completed. Initially, biocides were deposited at 1 mg ml�1. Where no endpoint
was achieved either on first exposure or at any point during the process, biocide
concentration was increased by 10 mg ml�1, and exposure was repeated. Unex-
posed bacteria (before) and those harvested after 7 and 14 biocide passages (P7
and P14, respectively) were frozen at �60°C for subsequent MIC and minimum
bactericidal concentration (MBC) testing.

MIC determination. Inocula for microtiter plate determination of bacterial
antimicrobial susceptibility were prepared as follows: single colonies of test
bacteria were inoculated into sterile Muller Hinton broth (10 ml) within sterile
plastic universal bottles (25-ml total volume) and incubated in a standard aerobic
incubator. Based on previous validation studies, batch cultures were incubated at
37°C for 24 h (�2 h), until they were entering early stationary phase. The
cultures were then diluted to ca. 105 CFU ml�1 in sterile broth for use as inocula
in the MIC and MBC tests (see below). Stock solutions (4 mg ml�1) of antimi-
crobials were prepared in distilled water. Test agents were as follows: QAC1,
QAC2, CHX, and PHMB. In order to reduce experimental variation, the total
volume of each antimicrobial solution for these studies was prepared in advance,
sterilized by filtration through single cellulose acetate filters (0.2-�m pore size;
Millipore, United Kingdom), separated into aliquots (1.5 ml), and stored at
�60°C. Testing was performed in 96-well microtiter plates (Becton Dickinson,
Oxford, United Kingdom). Initial concentrations of the antimicrobial agent were
1 mg ml�1. Diluted overnight culture (100 �l) was delivered to each test well.
Antimicrobial solution (100 �l) was added to the first column of the test organ-
ism and mixed. Doubling dilutions were then carried out across the plate using
a multichannel pipette, changing the tips at each dilution step. The plates were

then incubated for 48 h in a standard incubator at 37°C. MICs were expressed as
the lowest concentrations of antimicrobial at which growth did not occur. Growth
was detected as turbidity (495 nm) relative to an uninoculated well using a
microtiter plate reader (Anthos HTII; Anthos-Labtec Instruments, Salzburg,
Austria). Each MIC determination was carried out in triplicate (in the same
96-well plate). Negative controls were performed with only sterile broth in each
well, and positive controls were performed with only overnight culture in the
wells.

MBC determinations. MBC testing was carried out using the microtiter plates
set up for the MIC determinations. Aliquots (10 �l) taken from each well up to
and including the MIC endpoint were transferred and spot plated onto the
appropriate agar and incubated overnight. MBCs were expressed as the lowest
concentration of biocide at which growth was not observed after 5 days of
incubation.

RESULTS AND DISCUSSION

In this study, a dual approach was used to study the effect of
CB exposure upon biofilms and pure cultures of commonly
exposed bacteria. First, a domestic drain biofilm microcosm
was dosed with increasing concentrations of PHMB over 6
months, allowing effects on community dynamics and biocide-
resistant populations to be determined. Second, bacteria that
had been isolated from two high-risk environments, the skin
and a domestic drain biofilm, were repeatedly exposed to ei-
ther QACs, bisbiguanides, or polymeric biguanides in vitro.
The microcosm system has been previously used to investigate
the effects of proprietary TCS (27) and QAC-containing de-
tergent on domestic drain biofilm communities (29). The mo-
noculture passage-based training regime has previously been
validated for TCS, where the method selected for TCS-refrac-
tory clones of E. coli in two passages (23, 30). By applying both
methods independently, it is possible to gain insights into the
potential effects of prolonged sublethal exposure of biofilms to
PHMB and to determine whether any changes in the popula-
tion dynamics observed can be attributed to either clonal ex-
pansion of innately insusceptible bacteria or a change in the

FIG. 2. Negative image of a parallel DGGE gel showing eubacterial community fingerprints for microcosm samples before PHMB
addition and after a 2-month exposure to PHMB at 0.1, 0.2, and 0.4 g liter�1 and control untreated fermentor. Excised band identities (a
to o) are given in Table 9.
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susceptibility of the original population. Since the majority of
bacteria exposed to biocides in the environment will be asso-
ciated with communities, the first approach has the advantage
of closely replicating the real-life situation, enabling ecological
effects of antimicrobial treatments to be tested. For reasons
such as biocide penetration gradients, competitive phenomena,
and technical issues relating to microbial analysis of complex
communities, however, they give less information about the
possible occurrence of resistance at the level of individual
clones.

Effects of PHMB exposure on biofilm microcosms. Direct
live and dead counts, together with viable counts of functional
groups of bacteria of the PHMB-exposed microcosms, are pre-
sented in Fig. 1. The total count reached a steady state after 2

to 3 weeks and remained in a dynamic steady state throughout
the various exposures to PHMB. Differential viable counting
over 6 months, together with PCR-DGGE analysis (Fig. 2),
confirmed that the microcosms achieved dynamic steady states
prior to dosing. These data also show that overall bacterial
viability remained largely unaffected by the addition of PHMB
to the system. Considerable fluxes occurred, however, within
the pseudomonads, which increased on first exposure to
PHMB from ca. 0.1% of the population to ca. 10%, while
numbers of the highly susceptible gram-positive cocci were
markedly reduced. The recovery of enteric and anaerobic bac-
teria remained stable after PHMB addition, suggesting that
these groups of bacteria are largely unaffected by prolonged
PHMB exposure. In order to monitor the number of less-

TABLE 1. MICs and MBCs of bacteria isolated from a domestic drain biofilm before and after chronic QAC1 exposurea

Strain

MIC (�g ml�1) MBC (�g ml�1)

Before
treatment P7 P14 Before treatment P7 P14

Achromobacter xylosoxidans MBRG 4.31 3.9 3.9 3.9 3.9 3.9 7.8
Aeromonas hydrophila MBRG 4.3 15.6 15.6 15.6 31.2 41.6 (18) 31.2
Aeromonas jandaei MBRG 9.11 15.6 15.6 15.6 52 (18) 31.2 83 (36)
Aranicola proteolyticus MBRG 9.12 3.9 31.2 125 48.4 (23.8) 83.3 (36) 125
Bacillus cereus MBRG 4.21 3.9 3.9 3.9 31.2 31.2 62.5
Chryseobacterium indologenes MBRG 9.15 15.6 15.6 15.6 31.2 26 (9) 31.2 (27)
Chryseobacterium sp. strain MBRG 9.17 3.9 3.9 3.9 3.9 3.9 41.6 (18)
Citrobacter sp. strain MBRG 9.18 7.8 7.8 7.8 10.4 (4.5) 44.2 (31.5) 7.8
Enterococcus saccharolyticus MBRG 9.16 31.2 7.8 7.8 61.2 61.2 61.2
Eubacterium strain MBRG 4.14 15.6 15.6 31.2 20.8 (9) 31.2 31.2
Halonella gallinarum MBRG 4.27 15.6 15.6 15.6 20.8 (9) 15.6 20.8 (9)
Microbacterium phyllosphaerae MBRG 4.30 3.9 3.9 3.9 14.3 (14.7) 15.6 (13.5) 7.8
Pseudomonas nitroreductans MBRG 4.6 15.6 7.8 7.8 57.2 (59.1) 31.2 (27) 57.2 (59.1)
Pseudomonas sp. strain MBRG 9.14 15.6 15.6 31.2 52 (63.1) 88.5 (63.1) 72.9 (47.7)
Pseudoxanthomonas sp. strain MBRG 9.20 7.8 3.9 3.9 15.6 3.9 3.9
Ralstonia sp. strain MBRG 4.13 7.8 31.2 125 125 104.1 (36) 187 (108.2)
Sphingobacterium multivorum MBRG 9.19 3.9 1.9 7.8 3.9 1.9 62.5
Stenotrophomonas maltophilia MBRG 9.13 7.8 7.8 7.8 31.2 31.2 31.2

a Data were determined by broth dilution endpoint (doubling dilutions). Data show means from duplicate experiments, each performed in replicate (n � 3). Where
data varied between replicates, standard deviations are given in parenthesis. MICs and MBCs that increased more than twofold are indicated in boldface.

TABLE 2. MICs and MBCs of bacteria isolated from a domestic drain biofilm before and after chronic QAC2 exposurea

Strain
MIC (�g ml�1) MBC (�g ml�1)

Before treatment P7 P14 Before treatment P7 P14

Achromobacter xylosoxidans MBRG 4.31 31.2 3.9 3.9 15.6 15.6 20.5 (18)
Aeromonas hydrophila MBRG 4.3 31.2 62.5 125 31.2 62.5 125
Aeromonas jandaei MBRG 9.11 31.2 31.2 62.5 52 (36) 31.2 62.5
Aranicola proteolyticus MBRG 9.12 3.9 62.5 125 62.5 (108) 62.5 125
Bacillus cereus MBRG 4.21 6.5 (2.2) 5.2 (4.5) 7.8 31.2 31.2 62.5
Chryseobacterium indologenes MBRG 9.15 31.2 31.2 31.2 41.6 (36) 31.2 31.2
Chryseobacterium sp. strain MBRG 9.17 31.2 31.2 31.2 31.2 114 (236) 62.5 (108)
Citrobacter sp. strain MBRG 9.18 26 (18) 7.825 62.5 31.2 36.4 (23) 292 (190)
Enterococcus saccharolyticus MBRG 9.16 31.2 1.9 31.2 62.5 7.8 62.5
Eubacterium strain MBRG 4.14 31.2 31.2 31.2 31.2 31.2 146 (95)
Halonella gallinarum MBRG 4.27 31.2 31.2 31.2 31.2 31.2 31.2
Microbacterium phyllosphaerae MBRG 4.30 15.6 3.9 31.2 31.2 7.8 62.5
Pseudomonas nitroreductans MBRG 4.6 31.2 31.2 31.2 62.5 62.5 41.6 (36)
Pseudomonas sp. strain MBRG 9.14 31.2 31.2 62.5 31.2 41.6 (36) 83.3 (72)
Pseudoxanthomonas sp. strain MBRG 9.20 7.8 15.6 31.2 15.6 52 (36) 115 (236)
Ralstonia sp. strain MBRG 4.13 7.8 125 167 (72) 31.2 125 205
Sphingobacterium multivorum MBRG 9.19 31.2 15.6 31.2 65.2 26 (18) 52 (36)
Stenotrophomonas maltophilia MBRG 9.13 31.2 7.8 31.2 41.6 (36) 15.6 31.2

a For an explanation of the data, see the footnote to Table 1.
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susceptible species present, viable counts were carried out on
agars containing biocides (Fig. 1); interestingly the number of
viable heterotrophs capable of tolerating 100 �g ml�1 of CHX
and PHMB markedly increased over the PHMB exposure pe-
riod, as did those that can grow in the presence of 100 �g ml�1

of QAC1 (1,000-fold; P � 0.05). This increase was rapidly
(within 3 weeks) manifested after PHMB dosing commenced
and remained relatively constant when the concentration of
PHMB was increased to 0.4 mg ml�1 (Fig. 1). Congruence
between these data and total, viable pseudomonad counts fur-
ther demonstrates the relatively low susceptibility of certain
gammaproteobacteria toward CBs (3, 6, 40). The fact that such
bacteria were present before dosing, albeit at low levels, sug-
gests that these fluxes did not result from clonal changes in

susceptibility. Importantly, the numbers of bacteria able to
grow in the presence of 100 �g ml�1 PHMB were relatively
high within the microcosms before dosing commenced, in-
creasing from approximately 10-fold after the addition of
PHMB to the bioreactor. These ecological effects can be
largely predicted based on the relative susceptibility of these
groups of bacteria. The MIC and MBC data for the largely
gram-negative environmental isolates (Tables 1 to 4) and the
gram-positive skin isolates (Tables 5 to 8) indicate that many of
the gram-negative environmental isolates are more than 10
times less susceptible than the staphylococci. They also high-
light the fact that while simple total counts may appear stable,
they may mask major dynamic changes within microbial com-
munities.

TABLE 3. MICs and MBCs of bacteria isolated from a domestic drain biofilm before and after chronic CHX exposurea

Strain

MIC (�g ml�1) MBC (�g ml�1)

Before
treatment P7 P14 Before treatment P7 P14

Achromobacter xylosoxidans MBRG 4.31 15.6 31.2 31.2 166 (18) 41.6 (36) 31.2
Aeromonas hydrophila MBRG 4.3 31.2 15.6 15.6 31.2 15.6 31.2
Aeromonas jandaei MBRG 9.11 7.8 15.6 15.6 36.4(23) 31.2 15.6
Aranicola proteolyticus MBRG 9.12 7.8 62.5 125 52 (36) 125 250
Bacillus cereus MBRG 4.21 1.9 1.9 1.9 7.8 7.8 7.8
Chryseobacterium indologenes SB1 MBRG 9.15 26 (18) 31.2 31.2 20.5 (18) 31.2 31.2
Chryseobacterium sp. strain FR2 MBRG 9.17 3.9 7.8 7.8 20.8 (9) 41.6 (36) 31.2
Citrobacter sp. strain MBRG 9.18 3.9 1.9 1.9 20.8 (9) 20.8 (9) 20 (18)
Enterococcus saccharolyticus MBRG 9.16 7.8 1.9 1.9 62.5 15.6 15.6
Eubacterium strain MBRG 4.14 31.2 31.2 31.2 41.6 (36) 31.2 31.2
Halonella gallinarum MBRG 4.27 15.6 31.2 31.2 15.6 31.2 125
Microbacterium phyllosphaerae MBRG 4.30 15.6 15.6 15.6 15.6 31.2 31.2
Pseudomonas nitroreductans MBRG 4.6 15.6 3.9 3.9 15.6 5.2 (4.5) 20 (18)
Pseudomonas sp. strain MBRG 9.14 1.9 7.8 15.6 20.8 (9) 26 (18) 31.2
Pseudoxanthomonas sp. strain MBRG 9.20 62.5 0.97 0.97 62.5 0.97 7.8
Ralstonia sp. strain U2 MBRG 4.13 7.8 31.2 167 (72) 7.8 62.5 125
Sphingobacterium multivorum MBRG 9.19 20.8 (9) 15.6 15.6 15.6 15.6 62.5
Stenotrophomonas maltophilia MBRG 9.13 15.6 62.5 62.5 62.5 166 (72) 166 (144)

a For an explanation of the data, see the footnote to Table 1.

TABLE 4. MICs and MBCs of bacteria isolated from a domestic drain biofilm before and after chronic PHMB exposurea

Strain

MIC (�g ml�1) MBC (�g ml�1)

Before
treatment P7 P14 Before treatment P7 P14

Achromobacter xylosoxidans MBRG 4.31 15.6 3.9 3.9 15.6 7.8 3.9
Aeromonas hydrophila MBRG 4.3 31.2 31.2 31.2 52 (36) 52 (36) 31.2
Aeromonas jandaei MBRG 9.11 31.2 31.2 31.2 41.6 (36) 41.6 (36) 208 (226)
Aranicola proteolyticus MBRG 9.12 7.8 125 125 20.8 (9) 125 166 (144)
Bacillus cereus MBRG 4.21 20.8 (9) 7.8 20.8 (9) 31.25 62.5 62.5
Chryseobacterium indologenes MBRG 9.15 3.9 3.9 3.9 7.8 7.8 7.8
Chryseobacterium sp. strain MBRG 9.17 15.6 15.6 15.6 15.6 15.6 15.6
Citrobacter sp. strain MBRG 9.18 31.2 15.6 15.6 31.2 7.8 7.8
Enterococcus saccharolyticus MBRG 9.16 31.2 15.6 20.8 (9) 166 (144) 166 (144) 208 (72)
Eubacterium strain MBRG 4.14 7.8 7.8 7.8 20.8 (9) 20.8 (9) 7.8
Halonella gallinarum MBRG 4.27 7.8 3.9 3.9 44.25 (63) 104 (36) 13 (9)
Microbacterium phyllosphaerae MBRG 4.30 7.8 15.6 15.6 36.4 (23) 15.6 15.6
Pseudomonas nitroreductans MBRG 4.6 15.6 15.6 15.6 15.6 15.6 52 (36)
Pseudomonas sp. strain MBRG 9.14 7.8 7.8 7.8 20.5 (18) 20.5 (18) 31 (54)
Pseudoxanthomonas sp. strain MBRG 9.20 15.6 7.8 7.8 20.5 (18) 7.8 7.8
Ralstonia sp. strain MBRG 4.13 7.8 7.8 3.9 41.6 (36) 15.6 26 (63.1)
Sphingobacterium multivorum MBRG 9.19 20.8 (9) 7.8 7.8 7.8 7.8 7.8
Stenotrophomonas maltophilia MBRG 9.13 3.9 7.8 7.8 7.8 7.8 15.6

a For an explanation of the data, see the footnote to Table 1.
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DGGE analysis. Fig. 2 shows DGGE gel images correspond-
ing to selected time points and exposure conditions. Control
DGGE bacterial fingerprints, along with those from micro-
cosms exposed to PHMB, are presented together with the
assignments for the dominant bands made on the basis of
sequence homology. Data suggest that the microcosm main-
tained dynamic stability prior to the addition of PHMB and
that biocide exposure increasing from 0.1 g liter�1 to 0.2 g
liter�1 and then 0.4 g liter�1 over 6 months caused some
alterations in community profile, including increases in bacte-
ria related to Herbaspirillum sp., Arcicella sp., and Cupriavadus
necator. Detection of these bacteria during PHMB exposure
may be indicative of general increases in gram-negative bacte-
ria which are known to exhibit lower PHMB susceptibility.
Data in Table 9 show closest relatives on the basis of BLAST
searches with DNA sequences obtained from major DGGE gel
bands. The major amplicons detected once PHMB was added
to the system correspond to gram-negative environmental iso-
lates such as Chryseobacterium sp., Cytophaga sp., Deinococcus
sp., Flectobacillus sp., and Herbaspirillum sp.

Previous studies using domestic drain microcosms to inves-
tigate the effects of TCS (27) and QAC-containing domestic

detergents (29) demonstrated that these formulations also
caused clonal expansion of intrinsically nonsusceptible gram-
negative organisms rather than changes in the susceptibility of
established clones. In the current investigation, dosing of the
drain microcosm indicated that recalcitrant organisms such as
pseudomonads increased in number during exposure to
PHMB (Fig. 1), but effects at the level of individual clones are
better elucidated in pure culture. A series of experiments was
therefore performed using bacteria isolated from a domestic
drain (28) and human skin.

Effect of CB exposure of bacteria isolated from a domestic
drain microcosm. The average MICs prior to passage were as
follows: 10.8 �g ml�1(QAC1), 24.6 �g ml�1 (QAC2), 16.2 �g
ml�1 (CHX), and 15.7 �g ml�1 (PHMB). After exposing the
test bacteria to a range of CBs over 14 passages, 12 species
exhibited a more than twofold decrease in biocide susceptibil-
ity (Tables 1 to 4). These were Aeromonas hydrophila (QAC2),
Aranicola proteolyticus (QAC1, QAC2, and CHX), Chryseobac-
terium (QAC1 and QAC2), Citrobacter sp. (QAC1), Eubacte-
rium (QAC2), Halonella gallinarum (CHX), Pseudomonas sp.
(QAC2 and CHX), Pseudoxanthomonas sp. (QAC2) Ralstonia
sp. (QAC1 and CHX), Sphingobacterium multivorum (QAC1

TABLE 5. MICs and MBCs of bacteria isolated from human skin organisms before and after chronic QAC1 exposurea

Strain

MIC (�g ml�1) MBC (�g ml�1)

Before
treatment P7 P14 Before

treatment P7 P14

Corynebacterium pseudogenitalum MBRG 9.24 7.8 31.2 62.5 13 (9) 83 (36) 62.5
Corynebacterium renale group MBRG 9.13 3.9 3.9 15.6 31.2 62.5 125
Micrococcus luteus MBRG 9.25 0.45 0.45 1.6 (0.56) 6.4 (2.4) 3.9 3.9
Staphylococcus capitis MBRG 9.34 1.3 (0.56) 0.97 2.6 (1.1) 4.5 (2.9) 11 (3.9) 10 (4.5)
Staphylococcus capral MBRG 9.30 0.81 (0.2) 0.65 (0.2) 1.3 (0.56) 3.2 (1.1) 1.9 1.9
Staphylococcus cohnii MBRG 9.31 0.45 0.81 (0.2) 0.45 6.4 (2.4) 5.2 (2.2) 2.6 (1.1)
Staphylococcus epidermidis M 9.33 0.48 0.65 (0.2) 0.45 2.6 (1.1) 0.97 3.9
Staphylococcus haemolyticus MBRG 9.35 1.6 (0.56) 0.97 1.9 1.9 11.7 (6.7) 9.1 (5.9)
Staphylococcus hominis MBRG v9.37 0.48 0.48 0.81 1.9 1.9 1.9
Staphylococcus kloosii MBRG 9.28 0.65 (0.2) 0.45 0.45 5.2 (2.2) 6.4 (2.4) 5.2 (2.2)
Staphylococcus lugdenensis MBRG 9.36 0.81 (0.2) 0.48 1.9 3.9 1.9 18 (11)
Staphylococcus saprophyticus MBRG 9.29 0.45 0.45 0.45 6.4 (2.4) 1.9 6.4 (2.4)
Staphylococcus warneii MBRG 9.27 1.3 (0.5) 0.48 0.45 1.9 (3.3) 0.97 1.9

a For an explanation of the data, see the footnote to Table 1.

TABLE 6. MICs and MBCs of bacteria isolated from human skin before and after chronic QAC2 exposurea

Strain

MIC (�g ml�1) MBC (�g ml�1)

Before
treatment P7 P14 Before

treatment P7 P14

Corynebacterium pseudogenitalum MBRG 9.24 15.6 31.2 15.6 15.6 104 (36) 125
Corynebacterium renale group MBRG 9.13 7.8 7.8 62.5 62.5 62.5 62.5
Micrococcus luteus MBRG 9.25 0.45 0.97 0.97 4.5 (2.9) 4.5 (2.9) 5.2 (2.2)
Staphylococcus capitis MBRG 9.34 0.45 0.45 0.97 0.97 3.2 (1.1) 1.9 (3.3)
Staphylococcus capral MBRG 9.30 0.45 0.97 0.97 3.2 (1.1) 8.4 (6.8) 5.2 (2.2)
Staphylococcus cohnii MBRG 9.31 0.45 0.45 0.45 3.2 (1.1) 0.97 0.97
Staphylococcus epidermidis M 9.33 0.45 0.45 0.45 1.9 6.4 (2.4) 3.9
Staphylococcus haemolyticus MBRG 9.35 0.45 15.6 0.97 3.9 3.9 3.9
Staphylococcus hominis MBRG 9.37 0.45 0.45 0.97 5.2 (2.2) 1.9 3.2 (1.1)
Staphylococcus kloosii MBRG 9.28 1.3 (0.5) 0.45 0.97 5.2 (2.2) 5.2 (2.2) 1.9
Staphylococcus lugdenensis MBRG 9.36 1.3 (0.5) 0.45 0.97 3.9 (6.7) 6.4(2.4) 11.7 (6.7)
Staphylococcus saprophyticus MBRG 9.29 0.45 0.45 0.81 1.9 1.9 2.6 (1.1)
Staphylococcus warneii MBRG 9.27 0.45 0.45 0.97 6.4 (2.4) 1.9 5.2 (2.2)

a For an explanation of the data, see the footnote to Table 1.
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and QAC2), and Stenotrophomonas maltophilia (CHX). In
terms of exposing the test bacteria to PHMB, four species
showed a greater than twofold decrease in their susceptibility
after passage (Table 4). With respect to the identities of those
organisms which changed susceptibility, members of the
pseudomonads and related genera are known to be intrinsi-
cally less susceptible to biocides (40), and this is reflected in the
distribution of CB susceptibilities among exposed bacteria (Ta-
bles 1 to 4). The mechanisms through which these species with
lower susceptibility before CB exposure mediate further sus-
ceptibility reductions may relate to efflux pumps or cell surface
characteristics (9, 24, 34, 38). Reductions in susceptibility could
therefore arise from membrane alterations or from the up-
regulation of efflux pumps (35). CB exposure also resulted in
significant increases in susceptibility in some cases, for exam-
ple, Pseudoxanthomonas sp. with CHX (Table 3), which is
probably due to sublethal cell damage during the primary bio-
cide exposure.

There are a number of reports in the literature showing
comparable alterations in bacterial susceptibility after re-
peated passage in the presence of sublethal levels of TCS (23,
30, 32). Interestingly, however, in agreement with the present

study reports of isolates refractory to QACs and bisbiguanides
in exposed environments are less common. It has been re-
ported that the exposure of E. coli to PHMB results in a
change in transcriptional activity, leading to reduced suscepti-
bility toward PHMB (1), although reports of resistance devel-
opment in bacteria isolated from PHMB-exposed environ-
ments are scarce. PHMB possesses additional molecular
activity compared to bisbiguanides such as CHX. For example,
there is evidence that PHMB susceptibility is affected less by
the induction or hyperexpression of multidrug efflux pumps. As
with all membrane-active antimicrobials, small changes in
MICs have been reported that correlate with alterations in
envelope lipid composition and cation binding (4, 11).

Effect of CB exposure of bacteria isolated from human skin.
All of the bacteria isolated from human skin showed an overall
greater susceptibility than the gram-negative organisms to the
biocides tested in this study (Tables 5 to 8). This was unsur-
prising since gram-positive bacteria possess a permeable cell
wall that does not restrict the penetration of antimicrobial
agents (21). The average MICs prior to passage were as fol-
lows: 1.5 �g ml�1(QAC 1), 2.3 �g ml�1 (QAC 2), 8.7 �g ml�1

(CHX), and 4.4 �g ml�1 (PHMB).

TABLE 7. MICs and MBCs of bacteria isolated from human skin before and after chronic CHX exposurea

Strain

MIC (�g ml�1) MBC (�g ml�1)

Before
treatment P7 P14 Before

treatment P7 P14

Corynebacterium pseudogenitalum MBRG 9.24 0.9 3.9 3.9 0.97 15.6 10 (4)
Corynebacterium renale group MBRG 9.13 7.8 31.2 31.2 62.5 62.5 104 (36)
Micrococcus luteus MBRG 9.25 3.9 7.8 7.8 31.2 36 (23) 62.5
Staphylococcus capitis MBRG 9.34 7.8 7.8 7.8 83 (36) 62.5 114 (118)
Staphylococcus capral MBRG 9.30 7.8 7.8 7.8 93 (54) 62.5 62.5
Staphylococcus cohnii MBRG 9.31 10 (4) 7.8 3.9 26 (18) 83 (36) 104 (36)
Staphylococcus epidermidis MBRG 9.33 7.8 7.8 7.8 93 (54) 104 (36) 31.2
Staphylococcus haemolyticus MBRG 9.35 13 (9) 15.6 15.6 145 (95) 166 (72) 104 (36)
Staphylococcus hominis MBRG 9.37 13 (4) 7.8 7.8 83 (36) 62.5 62.5
Staphylococcus kloosii MBRG 9.28 7.8 13 (9) 7.8 62.5 125 62.5
Staphylococcus lugdenensis MBRG 9.36 13 (4) 15.6 15.6 83 (36) 166 (72) 104 (36)
Staphylococcus saprophyticus MBRG 9.29 13 (4) 3.9 3.9 31.2 31.2 31.2
Staphylococcus warneii MBRG 9.27 7.8 13 (9) 15.6 62.5 166 (72) 208 (72)

a For an explanation of the data, see the footnote to Table 1.

TABLE 8. MICs and MBCs of bacteria isolated from human skin before and after chronic PHMB exposurea

Strain

MIC (�g ml�1) MBC (�g ml�1)

Before
treatment P7 P14 Before

treatment P7 P14

Corynebacterium pseudogenitalum MBRG 9.24 1.9 1.9 1.9 7.8 7.8 7.8
Corynebacterium renale group MBRG 9.13 3.9 3.9 10 (4) 31.2 31.2 62.5
Micrococcus luteus MBRG 9.25 0.97 0.97 0.97 3.9 (6.7) 5.2 (2.2) 3.9 (6.7)
Staphylococcus capitis MBRG 9.34 3.9 3.9 1.9 36 (23) 41 (18) 13 (9)
Staphylococcus capral MBRG 9.30 7.8 1.9 3.9 72 (47) 41 (18) 41 (18)
Staphylococcus cohnii MBRG 9.31 1.9 0.97 6.4 (2.4) 23 (13) 0.97 33 (27)
Staphylococcus epidermidis MBRG 9.33 1.9 3.9 3.9 13 (9) 15.6 26 (18)
Staphylococcus haemolyticus MBRG 9.35 7.8 7.8 7.8 13 (9) 104 (36) 83 (36)
Staphylococcus hominis MBRG 9.37 7.8 3.9 3.9 26 (18) 41 (18) 15.6
Staphylococcus kloosii MBRG 9.28 3.9 3.9 3.9 15.6 31.2 23 (13)
Staphylococcus lugdenensis MBRG 9.36 3.9 7.8 3.9 36 (23) 62 (54) 31.2
Staphylococcus saprophyticus MBRG 9.29 3.9 1.9 3.9 20.8 (9) 18 (10) 13 (9)
Staphylococcus warneii MBRG 9.27 7.8 7.8 7.8 72 (47) 62.5 31.2

a For an explanation of the data, see the footnote to Table 1.

4832 MOORE ET AL. APPL. ENVIRON. MICROBIOL.



The frequency of marked (greater than twofold) susceptibil-
ity decreases of the skin bacteria were as follows: QAC1 (6/13),
QAC2 (6/13), CHX (4/13), and PHMB (3/13). Interestingly,
the corynebacteria exhibited a decrease in susceptibility for
every biocide tested in this study, possibly due to differential
up-regulation of their efflux pumps (33). Pure culture selection
though repeated passage results in very highly selective condi-
tions since in the environment high-level exposure to CBs will
generally be lethal to exposed cells while biocide penetration
into complex, multispecies biofilms may be limited, and natural
competition may select against any adaptation that affects fit-
ness.

Conclusion. Chronic exposure of domestic drain biofilms to
PHMB resulted in clonal expansion of preexisting, nonsuscep-
tible species. Repeated sublethal exposure to CBs resulted in
selection for reduced susceptibility rather than nonsusceptibil-
ity. The propensity of the CBs to select for reduced suscepti-
bility varied, with the highest frequency occurring for the
QACs and the lowest for PHMB.
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