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A major challenge in microbial biofilm control is biocide resistance. Phenotypic adaptations and physical protective effects have
been historically thought to be the primary mechanisms for glutaraldehyde resistance in bacterial biofilms. Recent studies indi-
cate the presence of genetic mechanisms for glutaraldehyde resistance, but very little is known about the contributory genetic
factors. Here, we demonstrate that efflux pumps contribute to glutaraldehyde resistance in Pseudomonas fluorescens and Pseu-
domonas aeruginosa biofilms. The RNA-seq data show that efflux pumps and phosphonate degradation, lipid biosynthesis, and
polyamine biosynthesis metabolic pathways were induced upon glutaraldehyde exposure. Furthermore, chemical inhibition of
efflux pumps potentiates glutaraldehyde activity, suggesting that efflux activity contributes to glutaraldehyde resistance. Addi-
tionally, induction of known modulators of biofilm formation, including phosphonate degradation, lipid biosynthesis, and poly-
amine biosynthesis, may contribute to biofilm resistance and resilience. Fundamental understanding of the genetic mechanism
of biocide resistance is critical for the optimization of biocide use and development of novel disinfection strategies. Our results
reveal genetic components involved in glutaraldehyde resistance and a potential strategy for improved control of biofilms.

Poor control of biofilm growth is a major concern in many
industries, including health care, food production, and oil and

gas (1–4). For example, medical device-associated biofilms are the
source of 60% to 70% of nosocomial infections (5). In the oil and
gas industry, biofilms present a serious hazard to infrastructure
through corrosion and reduced oil quality (6). Biocides are typi-
cally used to control and inactivate the biofilms, but resistance to
biocides decreases the efficacy of disinfection. Biocide resistance
was historically believed to be rare (7), but numerous reports of
microbial biofilms resistant to biocides, including chlorine, qua-
ternary ammonium compounds, and aldehydes (8–12), indicate a
more widespread phenomenon. Biofilms are inherently more re-
sistant to biocide treatments (8–12), a feature generally attributed
to physical mechanisms, such as limited penetration of biocides
through exopolysaccharides, reactivity and absorption of biocides
to biofilm matrix, and phenotypic adaptations (13–15). Recent
reports suggest that genetic factors may also contribute to biocide
resistance; for example, efflux pumps were shown to contribute to
biocide resistance, indicating the potential for genetically medi-
ated biocide resistance mechanisms (10, 11). The cross-resistance
between biocides and antibiotics provides further evidence that
biocide resistance may be mediated by genetic factors (15, 16). The
control and design of effective biofilm disinfection strategies re-
quire understanding of the mechanisms of action of antimicrobi-
als and biocide resistance of biofilms, specifically, the genetically
modulated response of microbial biofilms.

Glutaraldehyde is a biocide commonly used to control micro-
bial growth in hospitals, water treatment, oil and gas, food pro-
duction, and other industries (1–4). Although widely used, to the
best of our knowledge, the genetic response of a bacterial biofilm
to glutaraldehyde has not been reported. Mechanistically, glutar-
aldehyde is thought to act by cross-linking proteins and lipids on
the outer surface of the cell (4, 17). Resistance to glutaraldehyde
has been reported in several bacterial species (18–23), and evi-
dence indicates that genetic factors may contribute to glutaralde-
hyde resistance. For example, a glutaraldehyde-resistant Pseu-

domonas aeruginosa was recently isolated from endoscopes
associated with an outbreak and was shown to acquire a resistance
pattern that remained stable over several passages, indicating the
involvement of genetic factors (18, 19). Outer membrane porins
are thought to contribute to glutaraldehyde resistance by reducing
glutaraldehyde penetration and decreasing binding of glutaralde-
hyde (20). Specifically, mutants in the major porin MspA of My-
cobacterium smegmatis were found to display increased resistance
to glutaraldehyde (20); however, this mechanism appears to be
species specific, as outer membrane proteins in Pseudomonas fluo-
rescens do not contribute to glutaraldehyde resistance (22). Fur-
thermore, a study conducted previously in our laboratory demon-
strated that the exposure of bacterial cells to a high-salinity
environment leads to a transcriptionally regulated enhanced re-
sistance toward glutaraldehyde (24). Collectively, these studies
strongly suggest genetic, possibly multifactorial, regulation of glu-
taraldehyde resistance in bacteria; however, the mechanism is not
clear. Given that glutaraldehyde is a widely used biocide, it is nec-
essary to elucidate microbial biofilm responses to glutaraldehyde
at the genetic level to inform proper biocide application.

To understand the genetic response and mechanistic basis of
glutaraldehyde resistance, we systematically investigated the effect
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of glutaraldehyde exposure on P. fluorescens biofilms and exam-
ined the P. fluorescens biofilm transcriptome while exposed to glu-
taraldehyde using RNA-seq. Biocidal activity of glutaraldehyde
was measured on P. fluorescens biofilms of various ages. Further-
more, phenotypic assays and reverse transcriptase quantitative
PCR (qRT-PCR) were used to confirm the observed genetic re-
sponse. Finally, we demonstrated that the observed genetic effects
were applicable to P. aeruginosa PAO1 and a mucoid P. aeruginosa
isolate from biofilms of a patient with cystic fibrosis (PAmuc).

MATERIALS AND METHODS
Bacterial strains and growth conditions. P. fluorescens (ATCC 13525), P.
aeruginosa PAO1, and a P. aeruginosa mucoid clinical isolate from a pa-
tients with cystic fibrosis (PAmuc) (a gift from George O’Toole, Geisel
School of Medicine, Dartmouth College, Hanover, NH) were maintained
as laboratory glycerol stock. All strains were routinely cultured on cetrim-
ide agar and Luria-Bertani (LB) broth.

Biofilm assays. Overnight cultures of P. fluorescens were diluted 100-
fold in LB broth. The inoculant (200 �l) was then placed in each well of
96-well plates and incubated at room temperature for 24 to 120 h. The
medium in the plates was replaced every 24 h. To determine the suscep-
tibility of biofilm to glutaraldehyde, the biofilms were washed with phos-
phate-buffered saline (PBS) after 24, 48, 72, 96, and 120 h and treated with
glutaraldehyde solution prepared in PBS for 10 min. The biofilms were
washed again with PBS posttreatment. Biofilm viability was quantified by
adding 200 �l of 250 �g/ml 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) solution in PBS to each well and incu-
bating for 1 h at 25°C. Produced formazan was dissolved in 200 �l of
dimethyl sulfoxide (DMSO), as described previously (12). Absorbance at
570 nm was recorded and presented as the mean absorbance of three
independent biological replicates � the standard deviation (SD). In addi-
tion, total biofilm formation at 24 and 72 h was measured by staining with
0.3% crystal violet for 20 min, as described previously (25). Excess stain
was removed by three washes with PBS, biofilm-associated stain was dis-
solved with 200 �l DMSO, and absorbance at 570 nm was recorded. The
mean absorbance � SD for three biological replicates is presented.

Biofilm regrowth assay. The regrowth potential of P. fluorescens bio-
films following glutaraldehyde treatment was measured using 72-h-old
biofilms. Biofilms grown for 72 h were chosen based on the results of
viability assays after glutaraldehyde exposure. Biofilms were treated with
glutaraldehyde and washed with PBS. Fresh LB broth (200 �l) was added
to each well in the 96-well plates and incubated at room temperature for
an additional 24 h. Biofilm viability was determined by the MTT assay as
detailed in “Biofilm assays.”

RNA-seq analysis of P. fluorescens exposed to glutaraldehyde. Over-
night cultures of P. fluorescens were diluted 100-fold in LB broth to pre-
pare the inoculant. Biofilms were grown by placing 2 ml inoculant per well
in 6-well plates followed by incubation at room temperature for 72 h. A
total of six biofilm experiments were set up on different days, starting with
six different overnight cultures. After 72 h, biofilms were washed with PBS
and treated with 0 or 62.5 mg/liter of glutaraldehyde for 10 min. The
glutaraldehyde solution was completely removed, and 1 ml TRIzol (Life
Technologies, Carlsbad, CA) per well was added. The biofilms were com-
pletely lysed in TRIzol by pipetting and were collected in fresh tubes. RNA
was immediately extracted according to the manufacturer’s protocol and
treated with Turbo DNase (Life Technologies). For each sequencing run,
RNA from three biological replicates was extracted and processed for
RNA-seq analysis. Two sequencing runs were performed and analyzed to
obtain the final analysis.

For each replicated sequencing run, RNA samples from three biolog-
ical replicates of glutaraldehyde or PBS were pooled and processed using
the ScriptSeq complete kit (bacteria) (Epicentre Biotechnologies, Madi-
son, WI) according to the manufacturer’s instructions. Briefly, 1 �g each
of DNase-treated RNA samples was treated with RiboZero to remove
rRNA, purified by ethanol precipitation, and dissolved in 10 �l RNase-

free water. rRNA-depleted samples were mixed with the RNA fragmenta-
tion solution and cDNA synthesis primer provided in the ScriptSeq kit,
and cDNA was synthesized using StarScript reverse transcriptase. The
cDNA was di-tagged and purified using the Agencourt AMPure purifica-
tion kit (Beckman Coulter, Indianapolis IN). Finally, the di-tagged cDNA
samples were PCR amplified using the Failsafe PCR enzyme and barcoded
reverse primers provided with the ScriptSeq kit per the manufacturer’s
protocol. The amplified and dual-tagged cDNA samples were purified
using Agencourt AMPure XP beads and quantified using Bioanalyzer and
Qubit.

Sequencing. The di-tagged, barcoded cDNA samples were sequenced
on an Illumina MiSeq sequencer (San Diego, CA). Equimolar amounts of
cDNA from PBS- and glutaraldehyde-treated samples were pooled and
diluted to 2 nM. Each pooled sample was then denatured using fresh 0.2 N
NaOH for 5 min at room temperature and further diluted according to the
manufacturer’s instructions. Each final library was spiked with 5% PhiX
genome and sequenced using a MiSeq v2 reagent kit (500 cycles) (Illu-
mina, San Diego, CA).

Bioinformatics. Differential gene expression analysis was conducted
using the RNA-seq algorithm on the CLC Genomics Workbench 6.5.1
(CLC bio, Aarhus, Denmark) (26, 27). Reads with quality scores of �Q30
and length of �70 nucleotides were discarded. The reads were mapped to
the Pseudomonas fluorescens strain SBW25 genome (GenBank accession
number NC_012660). Reads mapping to rRNA were manually removed
from all sequencing runs, and reads per kilobase per million (RPKM) were
calculated (28). The data were further normalized by scaling (29). Differ-
entially expressed genes were identified by comparing normalized gene
reads between PBS- and glutaraldehyde-treated biofilm samples using
Baggerley’s test on proportions for replicated experiments (30). The dif-
ferential expression was considered significant at a corrected false discov-
ery rate (FDR) of P � 0.001. The genes that were consistently induced or
repressed in the two sequencing runs were considered differentially ex-
pressed and reported. Induced and expressed genes were mapped to
KEGG pathways and Swiss-Prot and Protein Information Resource (SP-
PIR) using the online tool Database for Annotation, Visualization and
Integrated Discovery (DAVID) v6.7 (http://david.abcc.ncifcrf.gov/) to
identify differentially expressed pathways (31).

qRT-PCR of selected genes. Primers were designed using Primer 3
online software (32). The relative transcript level of selected genes was
measured by qRT-PCR as previously described (33) (see Table S1 in the
supplemental material). Briefly, a set of three independent biological rep-
licates of P. fluorescens biofilms was grown and treated with 0, 31.25, 62.5,
and 125 mg/liter glutaraldehyde in 6-well plates. RNA was extracted with
TRIzol as described for transcriptome analysis (see above). The cDNA was
prepared from Turbo DNase-treated RNA using the iScript cDNA syn-
thesis kit (Bio-Rad Laboratories, Inc., Hercules, CA) and purified with
Agencourt AMPure XP beads. cDNA (25 ng) from each sample was am-
plified with 10 pmol target primers using SsoAdvanced universal SYBR
green supermix (Bio-Rad Laboratories, Inc.) for 35 amplification cycles
on a CFX Connect real-time system (Bio-Rad Laboratories, Inc.). All mea-
surements were done on three biological replicates consisting of two tech-
nical replicates each. The quantification cycle (Cq) values for primers were
normalized against those of rpoD. Fold change in gene expression was
calculated by 2(���CT) (34) and expressed as fold change � SD.

Efflux pump inhibitor treatment. P. fluorescens biofilms were grown
in 96-well plates as described in “Biofilm assays.” Four different efflux
pump inhibitors (EPIs) were used in the study, namely, 1-(1-naphthyl-
methyl)-piperazine (NMP), phenylalanine-arginine �-naphthylamide
(PA�N), carbonyl cyanide m-chlorophenylhydrazone (CCCP), and
chlorpromazine (Cpz). The 72-h-old biofilms were washed with PBS and
treated with glutaraldehyde, EPI, or glutaraldehyde plus EPI for 10 min.
The glutaraldehyde concentrations used were 0, 15.125, 32.25, 62.5, 125,
and 250 mg/liter. Two different concentrations of NMP (100 and 200
mg/liter), PA�N (25 and 50 mg/liter), CCCP (25 and 50 mg/liter), and
Cpz (25 and 50 mg/liter) were used in the assays. Following exposure,
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biofilm viability was quantified by MTT staining, as described in “Biofilm
assays,” and presented as the mean � SD of three biological replicates.

P. aeruginosa PAO1 and PAmuc biofilms were grown in 96-well plates
by placing 200 �l of 30-fold-diluted overnight culture in fresh LB me-
dium. P. aeruginosa PAO1 biofilms were grown at room temperature.
PAmuc did not form any appreciable biofilms at room temperature; there-
fore, biofilms were grown at 37°C. Four EPIs, NMP (200 mg/liter), PA�N
(50 mg/liter), CCCP (50 mg/liter), and Cpz (50 mg/liter), were utilized in
combination with 0, 15.125, 32.25, 62.5, 125, and 250 mg/liter glutaralde-
hyde to treat biofilms for 10 min and stained with MTT as described
above. The means � SD of three biological replicates are presented.

Sequence data accession number. All data associated with the RNA-
seq analysis have been deposited in the Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo/) under the accession num-
ber GSE64448.

RESULTS
Mature biofilms show increased resistance to glutaraldehyde.
The resistance of P. fluorescens biofilms to glutaraldehyde treat-
ment was determined over a range of eight concentrations span-
ning glutaraldehyde doses of 0 to 1,000 mg/liter. The resistance of
P. fluorescens biofilms to glutaraldehyde treatment increased with
maturity (Fig. 1A and see Fig. S1 in the supplemental material).
The biofilms were least resistant to glutaraldehyde after 24 h of
growth and most resistant after 120 h of growth. An increase in
glutaraldehyde concentration from 62.5 mg/liter to 125 mg/liter
demonstrated the largest percent change in biofilm viability (33%,
26%, 23%, 27%, and 10% in 24-, 48-, 72-, 96-, and 120-h-old
biofilms, respectively). Therefore, for the purpose of this study,
125 mg/liter was considered the MIC and 62.5 mg/liter the subin-
hibitory concentration. Additionally, cell viability in 72-h-old
biofilms following glutaraldehyde exposure was determined by
plate count. Results showed that 62.5 and 125 mg/liter glutaralde-
hyde caused 3 and 5 log10 reductions in cell count, respectively
(see Fig. S2 in the supplemental material). The highest tested con-
centration of glutaraldehyde was 1,000 mg/liter, with the expecta-
tion that this dose would be effective in completely inactivating all
biofilm cells. However, as presented in Fig. 1A, a dose of 1,000
mg/liter lost effectiveness against more mature biofilms (96 and
120 h). As 72-h-old biofilms were moderately mature and showed
some resistance to glutaraldehyde treatment, further studies were

conducted using 72-h-old biofilms in conjunction with a subin-
hibitory dose of glutaraldehyde (62.5 mg/liter). To independently
verify the results, P. fluorescens biofilms were grown for 24 and 72
h and stained with 0.3% crystal violet. Crystal violet staining dem-
onstrated that 72-h-old biofilms were more resistant than 24-h-
old biofilms (see Fig. S1 in the supplemental material). Further-
more, glutaraldehyde exposure did not appear to significantly
reduce total biomass (see Fig. S1), which may be attributed to
short exposure time in our experiments. Previously, significant
changes in P. fluorescens biofilm biomass were observed following
�12 h of glutaraldehyde exposure (21).

The ability of 72-h-old P. fluorescens biofilms to recover after
glutaraldehyde treatment was measured by exposing them to var-
ious concentrations of glutaraldehyde for 10 min. As presented in
Fig. 1B, biofilm activity for all treatment levels recovered to con-
trol condition levels (P � 0.05) 24 h posttreatment.

P. fluorescens biofilm transcriptomic response to glutaralde-
hyde. To determine the genetic response of surviving P. fluorescens
biofilm cells, we performed an RNA-seq analysis on 72-h-old bio-
films after glutaraldehyde or PBS exposure. A summary of se-
quencing results is presented in Table S2 in the supplemental ma-
terial. A comparison of glutaraldehyde-exposed biofilms with
PBS-exposed biofilms revealed that a total of 101 genes showed a
�2-fold change (22 genes repressed and 79 genes induced). The
classification of differentially expressed genes by COG (cluster of
orthologous groups) revealed that genes in 20 COG categories
were differentially expressed (Fig. 2; see also Table S3 in the sup-
plemental material). The most abundant categories were tran-
scription, amino acid transport and metabolism, inorganic ion
transport and metabolism, carbohydrate transport and metabo-
lism, lipid metabolism, and energy production and conversion
(Fig. 2).

Functional classification of differentially regulated genes re-
vealed that genes involved in, for example, phosphonate degrada-
tion, lipid metabolism, efflux pumps, and polyamine biosynthesis
were differentially regulated. The phosphonate degradation path-
way in our data set was represented by the genes PFLU3910 (2.6-
fold), phnD (2.5-fold), phnP (2.5-fold), phnN (�9.2-fold), and
PFLU1868 (5.8-fold) (see Table S3 in the supplemental material).

FIG 1 (A) Effect of glutaraldehyde on P. fluorescens biofilm inactivation. Error bars indicate standard deviation of three biological replicates. (B) Regrowth of a
72-h-old biofilm following exposure to glutaraldehyde. The 72-h-old biofilms were treated with various glutaraldehyde concentrations for 10 min at room
temperature. Following treatment, biofilms were washed and regrown in fresh medium. The viability was measured after 24 h of regrowth. A570, absorbance at
570 nm.
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PFLU3910 appears to be an ortholog of phnR, a regulator of the
phosphonate degradation pathway (35), whereas phnD, phnN,
phnP, and PFLU1868 encode a phosphonate ABC transporter
substrate-binding protein, a phosphorous compound metabo-
lism-related ATP-binding protein, a carbon-phosphorus lyase
complex accessory protein, and an ATPase component of an ABC-
type phosphonate transport system, respectively (36).

Lipid metabolism was represented by differential regulation
of PFLU0565 (3.5-fold), PFLU3981 (2.2-fold), PFLU0450 (2.03-
fold), PFLU5785 (2.04-fold), and PFLU2771 (14.1-fold) (see Ta-
ble S3 in the supplemental material). PFLU0565 shares 91% pro-
tein identity with the Pseudomonas protegens CHA0 FabR protein,
a repressor of unsaturated fatty acid synthesis (37), whereas
PFLU3981 appears to be a FadR ortholog, an activator of unsatu-
rated fatty acid synthesis (37). Together, FabR and FadR regulate
the unsaturated fatty acid synthesis. Induction of lipid biosynthe-
sis genes PFLU0450, PFLU5785, and PFLU2771 was observed (see
Table S3).

Two genes involved in multidrug efflux were induced. The
PFLU3876 (2.2-fold) and PFLU2929 (14.8-fold) genes were
overexpressed upon glutaraldehyde exposure. PFLU2929 and
PFLU3876 appear to encode the outer membrane component of
the multidrug efflux system and multidrug resistance protein A,
respectively. PFLU3876 shows 79% protein similarity to PA5159
of P. aeruginosa PAO1 encoding a multidrug transporter and ap-
pears to contain an emrA (PRK15136) domain. PFLU2929 shows
78% protein similarity to oprN (PA2495) of P. aeruginosa PAO1.
Since the pump component genes are typically linked and coex-
pressed to constitute a tripartite pump, we searched the P. fluores-
cens genome for putative partners of PFLU2929 and PFLU3876 in
their neighboring region. PFLU2929 was immediately followed
by PFLU2930 and PFLU2931, which are predicted to encode a
putative cation efflux protein and HlyD family secretion pro-
tein. In addition, PFLU3876 is located between PFLU3875 and
PFLU3877, which are predicted to encode multidrug resistance
protein B and a hypothetical protein with an outer membrane

lipoprotein of the NodT family efflux transporter domain. Fur-
thermore, the genetic arrangement of these genes was similar to
MexEF-OprN and PA5158-PA5160. PFLU2930 and PFLU2931
were induced 14.59-fold (P 	 0.03) and 90.27-fold (P 	 0.06),
respectively. These genes were filtered out of our initial analysis
due to our stringent cutoff value of an FDR-corrected P value of
�0.001. On the other hand, PFLU3875 (�1.38-fold; P 	 1.0)
and PFLU3877 (1.52-fold; P 	 0.00) showed a �2-fold change.

The data further suggest that a polyamine biosynthetic pathway
was induced upon glutaraldehyde exposure. Specifically, three genes,
PFLU0811 (2.2-fold), PFLU0293 (2.3-fold), and PFLU1724 (2.7-
fold), which encode putative ornithine decarboxylase, agma-
tine deiminase, and a hypothetical protein similar to spermi-
dine synthase, respectively, were induced. In addition,
PFLU2340, which encodes a putative polyamine ABC trans-
porter, was induced 8.6-fold upon glutaraldehyde exposure
(see Table S3 in the supplemental material).

Glutaraldehyde exposure induces expression of genes in-
volved in multidrug transport. We examined the relative ex-
pression levels of PFLU2929 and PFLU3876 in three indepen-
dent biological replicates of P. fluorescens biofilms following
glutaraldehyde exposure using qPCR. The 72-h-old biofilms were
exposed to 0, 31.25, 62.5, and 125 mg/liter glutaraldehyde, and the
relative expressions of PFLU2929 and PFLU3876 were measured.
The results showed that PFLU2929 and PFLU3876 were signifi-
cantly induced upon glutaraldehyde exposure (Fig. 3). PFLU2929
and PFLU3876 showed approximately 19-fold and 27-fold
changes, respectively, at 62.5 mg/liter glutaraldehyde. The relative
expression level of PFLU2929 was similar to the change observed
in RNA-seq data (
15-fold), but the relative expression level re-
corded for PFLU3876 was considerably higher at 27-fold when
measured by qPCR versus by RNA-seq (2.2-fold). Increasing the
concentration of glutaraldehyde from 31.25 mg/liter to 62.5 mg/
liter resulted in significant (P � 0.05, two-tailed t test) increases in
expression levels, but a further increase in glutaraldehyde concen-
tration did not result in significant increases in the expression

FIG 2 COG classification of the differentially regulated genes of P. fluorescens 72-h-biofilm cells treated with 62.5 mg/liter glutaraldehyde.
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levels of the two genes. DNA gyrase subunit A coding gene (gyrA)
was used as an internal control in our experiments, as relative
expression levels of gyrA were found to be unaltered by glutaral-
dehyde exposure (Fig. 3).

Chemical inhibition of efflux pumps potentiates glutaralde-
hyde activity. PFLU2929 and PFLU3876 likely encode efflux
pump components that may affect glutaraldehyde effusion and
impair bactericidal activity. To test this hypothesis, we chemically
inhibited efflux pumps using EPIs in 72-h-old P. fluorescens bio-
films in combination with glutaraldehyde. Two concentrations of
four different EPIs were used in conjunction with six concentra-
tions (0, 15.125, 31.25, 62.5, 125, and 250 mg/liter) of glutaralde-
hyde. The doses for EPIs were determined based on published
literature (38–41). The addition of each EPI resulted in significant
improvement in biofilm inactivation by glutaraldehyde (Fig. 4).
NMP and CCCP were more effective at potentiating glutaralde-
hyde activity than were PA�N and Cpz. For instance, a combina-
tion of 25 mg/liter CCCP and 15.125 mg/liter glutaraldehyde or
100 mg/liter NMP and 62.5 mg/liter glutaraldehyde resulted in
�70% biofilm inactivation. A similar level of biofilm inactivation
was achieved by 50 mg/liter PA�N and 250 mg/liter glutaralde-
hyde or 25 mg/liter Cpz and 250 mg/liter glutaraldehyde. How-
ever, none of the tested combinations resulted in complete inac-
tivation of the biofilm. Furthermore, we did not observe a
significant difference between the tested concentrations of each

FIG 3 qRT-PCR of putative efflux pumps PFLU2929 and PFLU3876 in 72-h-
old biofilm following glutaraldehyde exposure. Fold changes over 0 mg/liter
glutaraldehyde exposure. gyrA, internal control.

FIG 4 Effect of efflux pump inhibitors NMP (A), PA�N (B), CCCP (C), and Cpz (D) on glutaraldehyde activity against 72-h P. fluorescens biofilms. Star,
significant difference at P 	 0.05 from biofilm treated within each respective concentration of glutaraldehyde.
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EPI, indicating that lower doses of the tested EPIs may be suffi-
cient to potentiate the glutaraldehyde activity.

To further test if efflux pumps contribute to glutaraldehyde
resistance in other pseudomonad species, we measured the bio-
film viability at 72 h in P. aeruginosa strains PAO1 and PAmuc. P.
aeruginosa PAO1 had �35% more biofilm at 72 h than did PAmuc

(Fig. 5A and B). P. aeruginosa PAO1 and PAmuc biofilms were
treated with the four EPIs in combination with six concentra-
tions of glutaraldehyde as described above. In agreement with
the observations for P. fluorescens 72-h-old biofilms, we observed
decreased viability in P. aeruginosa PAO1 and PAmuc 72-h-old
biofilms treated with combinations of EPIs and glutaraldehyde
compared to those treated with glutaraldehyde alone (Fig. 5A
and B).

DISCUSSION

The goal of the present study was to understand the genetic re-
sponses of P. fluorescens and P. aeruginosa biofilms to glutaralde-
hyde exposure. Biofilms are known to demonstrate increased an-
timicrobial resistance compared to planktonic cells (21, 42). In the
present study, we examined the response of P. fluorescens biofilms
to glutaraldehyde, a widely used disinfectant in many industries.
As expected, microbial resistance to glutaraldehyde treatment in-
creased with the age of the biofilm (Fig. 1A). A concentration of
glutaraldehyde typically used for surface disinfection is �100 mg/
liter (43). Our data suggest that this dose may not be adequate for
complete inactivation of P. fluorescens biofilms. Given that most
biofilms encountered in the environment are more mature than
our tested biofilm, it is likely that they will demonstrate a higher
resistance to glutaraldehyde and possibly to other surface disin-
fectants. Although these experiments were conducted in 96-well
plates, the results obtained may be valid for mature biofilms pres-
ent on industrial and medical devices, as 96-well-grown biofilms
reportedly develop some characteristic features of mature biofilms
(44, 45). These results emphasize that antimicrobial resistance of
mature biofilms should be studied more intensively. Biocide re-
sistance is a multifactorial process, and mature biofilms contain
higher levels of exopolysaccharides and proteins that may limit
penetration of glutaraldehyde (46). Further work is needed to
clearly define the role of two efflux pumps encoded by PFLU2929-

PFLU2931 and PFLU3875-PFLU3877 in glutaraldehyde resis-
tance and to elucidate the role of metabolic pathways in Pseu-
domonas biofilm formation.

To gain mechanistic insight into glutaraldehyde resistance, we
examined the transcriptomes of 72-h-old P. fluorescens biofilms
exposed to glutaraldehyde and PBS. The 72-h time point was cho-
sen because it reflected an intermediate time point between sus-
ceptible and resistant phenotypes. Four biological processes were
induced following glutaraldehyde exposure: phosphonate degra-
dation, polyamine biosynthesis, lipid metabolism, and efflux
pumps (see Table S3 in the supplemental material). Phosphonate
degradation, lipid metabolism, and polyamine biosynthesis have
been reported to influence biofilm formation. For instance, anti-
bodies against PhnD, the phosphonate ABC transporter sub-
strate-binding protein, were reported to block initial attachment
and aggregation (induced 2.5-fold in our study) (47). Similarly, a
defect in polyamine biosynthesis has been shown to reduce plank-
tonic and biofilm growth in several species that may be rescued
with exogenous polyamine supplementation (48–52). Moreover,
spermidine and putrescine were shown to stabilize the outer
membrane and protect P. aeruginosa from antibiotic and oxida-
tive stress by binding to lipopolysaccharides (53). Lipid metabo-
lism contributes to the production of fatty acids, phospholipid,
lipopolysaccharides, and acyl-homoserine lactone biosynthesis,
which play critical roles in biofilm formation (54). It is possible
that phosphonate degradation, lipid metabolism, and polyamine
biosynthesis can help in recovery and regrowth of the biofilm
following disinfection; however, the roles of these processes need
to be evaluated further to determine their contribution to biofilm
formation.

Two genes (PFLU2929 and PFLU3876) related to multidrug
efflux activity were induced in our RNA-seq data. Independent
measurement using qRT-PCR on a different set of samples con-
firmed the results observed in the RNA-seq data. The expression
of PFLU2929 and PFLU3876 appeared to be greatest at 62.5 mg/
liter glutaraldehyde. Efflux pumps significantly contribute to an-
timicrobial resistance, including biocide resistance in bacteria (7),
and have been shown to confer resistance to triclosan and chlor-
heximide in P. aeruginosa and other bacterial species (55–57).

FIG 5 Effect of efflux pump inhibitors on P. aeruginosa strain PAO1 (A) and clinical isolate PAmuc (B) 72-h biofilms. Efflux pump inhibitors NMP, CCCP, Cpz,
and PA�N were added at 200, 50, 50, and 50 mg/liter, respectively. Star, significant difference at P 	 0.05 from biofilm treated only with respective concentration
of glutaraldehyde.
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Chlorheximide treatment strongly induces the MexCD-OprJ ef-
flux pump in P. aeruginosa that contributes to resistance against
chlorheximide and various antimicrobials (57). It is likely that the
induction of efflux pumps can contribute to increased glutaralde-
hyde resistance. This conjecture is supported by the fact that EPIs
potentiate the activity of glutaraldehyde.

PFLU2929 and PFLU3876 appear to be orthologs of P. aerugi-
nosa oprN and PA5159, respectively. In P. aeruginosa, OprN is an
outer membrane channel-forming protein in the MexEF-OprN
efflux pump (58). It is likely that P. aeruginosa demonstrates glu-
taraldehyde resistance in a similar fashion, by active efflux of glu-
taraldehyde. Potentiation of glutaraldehyde activity in P. aerugi-
nosa PAO1 and PAmuc by EPIs further suggests that efflux pumps
contribute to glutaraldehyde resistance in P. aeruginosa.

MexEF-OprN and its homologue PFLU2929-PFLU2931 en-
code a resistance-nodulation-cell division (RND) pump. Three of
the four EPIs in our study are RND pump inhibitors. Specifically,
NMP, PA�N, and Cpz (a phenothiazine) modulate activity of
RND pumps (38, 39, 41). The fourth EPI, CCCP, is an energy
uncoupler (40). Three of the EPIs affect RND pump activity and
CCCP influences most of the energy-dependent efflux pumps,
and we observed potentiation of glutaraldehyde activity by all four
EPIs but to different levels. Potentiation of glutaraldehyde activity
by NMP, PA�N, and Cpz also suggests that the RND pump en-
coded by PFLU2929-PFLU2931 and MexEF-OprN may be in-
volved in glutaraldehyde resistance. Taken together, these data
suggest that efflux pumps contribute to glutaraldehyde resistance,
and their inhibition potentiates the biocidal activity of glutaralde-
hyde in P. fluorescens and P. aeruginosa. Additionally, due to the
nonspecific nature of these EPIs, other mechanisms of glutaralde-
hyde activity potentiation cannot be excluded, including inhibi-
tion of constitutively induced efflux pumps. In conclusion, this
study provides new insight into the mechanism by which biofilms
demonstrate glutaraldehyde resistance and suggests a mechanism
of post-glutaraldehyde exposure biofilm recovery. Altogether, our
study suggests that efflux pumps, lipid biosynthesis, polyamine
biosynthesis, and phosphonate degradation contribute to glutar-
aldehyde resistance and biofilm resilience in pseudomonad bio-
films. This study further indicates that combining EPIs with glu-
taraldehyde improves glutaraldehyde effectiveness and may serve
to improve the effectiveness of other biocides as well.
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