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Pseudomonas aeruginosa is implicated in nosocomial
infections and chronic respiratory infections in cystic fibrosis
patients. Chlorhexidine diacetate (CHX) s a biguanide disinfectant
used for bacterial control in the hospital and agricultural and
domestic environments. A better understanding of the mechanism
of action of CHX and the resulting response elicited by P.
aeruginosa to CHX will facilitate its effective utilization for P.
aeruginosa control in these environments. This study presents,
for the first time, the transcriptomic response of P. aeruginosa
to 0.008 mM CHX after 10 and 60 min. Our results reveal

that, after both treatment times, membrane transport, oxidative
phosphorylation, and electron transport genes were down-
regulated. After 10 min, DNA repair was downregulated and
the oprH gene that blocks the self-promoted uptake of
antimicrobials was upregulated. After 60 min, outer membrane
protein, flagellum, pilus, oxidative phosphorylation, and
electron transport genes were downregulated. The mexC and
mexD genes of the MexCD-0prJ multidrug efflux pump

were significantly upregulated after both treatment times. The
results of this study improve our understanding of the mode
of action of CHX on P. aeruginosa and provide insights into the
mechanism of action of other biguanide disinfectants which
can be used for the development of more efficient disinfectants.

Introduction

Pseudomonas aeruginosa is an opportunistic pathogen that
is of public health significance, as it is the most common
cause of hospital-acquired (nosocomial) infections (I—3).
Nosocomial infections are estimated to involve approximately
2 million patients each year, leading to 90 000 deaths and a
huge economicimpact of 4.5 billion dollars (4). P. aeruginosa
has also been reported to contaminate disinfectants in the
hospital environment, thereby compromising their purpose
of reducing or eliminating bacterial contamination (5). In
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cystic fibrosis patients, P. aeruginosa causes chronic respira-
tory infections (6), and in a recent study, the home environ-
ment could not be ruled out as the source of new P. aeruginosa
infections in cystic fibrosis patients (7). In poultry production,
high early mortality rates of broiler chicks due to omphalitis
have been associated with hatcheries contaminated by P.
aeruginosa (8). With the increasing prevalence of antimi-
crobial and disinfectant-resistant pathogens, it is necessary
that effective disinfecting strategies be employed, particularly
in the hospital environment to counteract the growing
problem of nosocomial infections.

Chlorhexidine is a cationic biguanide disinfectant that is
available as the acetate, gluconate, and hydrochloride (9).
Chlorhexidine diacetate (CHX) has been approved by the
U.S. Environmental Protection Agency (EPA) for use as a
disinfectant of agricultural and veterinary settings, egg
handling and packing equipment, and meat and poultry
processing plants. Chlorhexidine is also extensively used in
hand washes, dressings and creams, instrument cleaning
solutions, mouthwashes, and hospital disinfectant formula-
tions (10, 11). Studies have shown that chlorhexidine may
have applications in the formulation of antimicrobial mix-
tures used to control odor emissions from livestock waste,
in the development of varnishes used for protecting bovine
enamel and dentine, and in the development of antibacterial-
releasing intrauterine devices to combat the development of
pelvic infections (12— 14). Although chlorhexidine has been
found to be effective against a wide range of bacteria and
some fungi and viruses, several hospital acquired gram-
negative bacteria including Pseudomonas, Klebsiella, and
Serratia are resistant to chlorhexidine (9, 15—17).

Previous studies have suggested that chlorhexidine treat-
ment of Pseudomonas mainly affects the cell membrane,
resulting in lysis and loss of cytoplasmic material (18, 19).
Other studies have reported that the P. aeruginosa MexCD-
Opr] efflux system of the resistance-nodulation-division (RND
family) is inducible by some biocides including chlorhexidine
(2). Despite these advances, the mechanisms responsible for
chlorhexidine resistance in P. aeruginosa from a global
genomic perspective have not been elucidated.

With such widespread use of chlorhexidine to combat
bacterial contamination in different environments potentially
harboring P. aeruginosa, it is important to determine the
genetic basis of the cellular functions that it affects. This will
enhance the understanding of the mode(s) of action of CHX,
such that it can be more effectively utilized. Further, an
improvement in the understanding of cellular protective
processes utilized by P. aeruginosato combat the inhibitory
effects of CHX will enhance the development of more effective
disinfectant treatments.

In this study, we investigated the global transcriptomic
response of P. aeruginosa to treatment with 0.008 mM
chlorhexidine diacetate for 10 and 60 min using Affymetrix
P. aeruginosa GeneChip arrays. Real-time PCR was used to
validate the microarray results. To our knowledge, this is the
first study that documents the global transcriptomic response
of P. aeruginosa to CHX. Given the widespread use of CHX
as an antibacterial agent, the information from this study
provides a useful resource for the understanding of its
mechanism of action and the development of more effective
CHX and biguanide based disinfectants.

Materials and Methods

Bacterial Growth and Treatment with CHX. Bacterial growth
was carried out using methods previously described by our
laboratory (20, 21). P. aeruginosawas grown in 100 mL of LB
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FIGURE 1. Growth inhibition of P. aeruginosa treated with chlorhexidine diacetate (CHX). Cell density was monitored as the ODgy in
10 min intervals. The CHX concentrations were as follows: 0 mM control with water (M), 0.006 mM (a), 0.008 mM (v), 0.01 mM (),
0.013 mM (@), and 0.016 mM (OJ). Each data point was derived as the average of three separate experiments, and the error bars

represent the standard deviations obtained.

broth and incubated for 18—24 h at 37 °C with shaking at 250
rpm. A 1:100 dilution of the culture was performed using
prewarmed LB broth. The diluted culture was incubated at
37 °C with shaking at 250 rpm until it reached an optical
density (ODggo) of 0.8 (early logarithmic phase). A further
1:10 dilution was performed using LB broth, and the diluted
culture was incubated at 37 °C with shaking at 250 rpm.
When the ODgy of the 1:10 dilution reached 0.8, the culture
was incubated at 37 °C with shaking at 250 rpm with different
concentrations of CHX (Sigma-Aldrich, Inc., St Louis, MO),
and the ODgy of the growth culture was determined at
intervals of 10 min for a total time of 60 min.

RNA Isolation, cDNA Synthesis, Labeling, Hybridization,
Staining, and Scanning. RNA isolation was carried out as
previously described (21). cDNA synthesis, labeling, hybrid-
ization, staining, and scanning were carried out following
Affymetrix protocols for Pseudomonas aeruginosa GeneChip
arrays (Affymetrix, Inc., Santa Clara, CA).

Data Analysis. Data analysis was performed using the
Affymetrix GeneChip Operating Software (GCOS), version
1.0 and GeneSpring Version 7.3 (Agilent Technologies). The
following parameters were employed for expression analysis
using GCOS: a,; = 0.04, o, = 0.06, and 7 = 0.015, and target
signal was scaled to 150. Genes that were assigned “absent
calls” from 50% or more of the replicates in GeneSpring were
not included in the analysis. Gene expression changes with
statistical significance were identified by 1-way ANOVA (p
cutoff value = 0.05). Fold changes were calculated as the
ratios between the signal averages of three untreated (control)
and three CHX-treated (experimental) cultures. Genes with
a 2-fold or more induction or repression were used in this
analysis.

Validation of Microarray Data Using Real-Time PCR.
Quantitative real-time PCR on 20 genes was carried out in
order to validate the transcript levels obtained by the
microarray analysis. These genes were selected because they
displayed a wide range of mRNA level changes (—3-fold to
+14-fold). Table 2 indicates that our microarray results were
in agreement with quantitative real-time PCR results. The
real-time PCR results are the mean of three biological
replicates with three technical replicates for each gene. The
microarray results are the mean of three replicates of each
gene.

Results and Discussion

Growth Inhibition of P. aeruginosa by CHX. In order to
determine a suitable sublethal concentration of CHX that
will produce strong growth inhibition, P. aeruginosa was
treated with five concentrations of CHX dissolved in distilled
water (0.006, 0.008, 0.01, 0.013, and 0.016 mM), and growth
inhibition was monitored at intervals of 10 min for 60 min.
In Figure 1, the highest concentration of CHX used (0.016
mM) produced drastic growth inhibition. Therefore, a lower
sublethal concentration of 0.008 mM was selected as the test
concentration since this concentration caused a nondrastic
growth inhibition as seen in Figure 1.

Changes in the Transcriptional Profiles of P. aeruginosa
in Response to CHX. Three microarray experiments were
performed in the absence (control) and in the presence
(experimental) of 0.008 mM CHX. To investigate early and
late changes in transcription in response to CHX, RNA was
isolated after 10 and 60 min exposure to 0.008 mM CHX. In
order to determine which genes showed significant changes
in the transcript level in response to CHX, the following
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criteria were applied (i) the p-value for a Mann—Whitney
test should be less than 0.05, (ii) an absolute fold change in
transcript level should be equal to or greater than 2, and (iii)
a gene should have a present or marginal call (Affymetrix,
Inc.) from 50% or more replicates on both experimental and
control replicate sets. After a one-way ANOVA was performed,
1197 out of the 5900 genes that make up the P. aeruginosa
genome were statistically significant. Further analysis indi-
cated that a total of 250 genes showed statistically marked
upregulation (=2-fold) or downregulation (<2-fold) after a
10 min and after a 60 min exposure to CHX. The expression
levels of the 5900 genes in the P. aeruginosa genome obtained
from control experiments and after treatment with CHX (10
and 60 min) have been deposited in NCBI's gene Expression
Omnibus (22) and can be accessed through the GEO series
accession number GSE 14253.

Functional Classification of Upregulated and Down-
regulated Genes. In order to relate the up- and downregulated
genes to their functions, the 250 statistically significant genes
were placed into different functional classes. Functional
classes were obtained from the P. aeruginosa Community
Annotation Project (23). Figure S1 (in the Supporting
Information) illustrates the grouping of up- and downregu-
lated genes at 10 and 60 min into different functional classes
and the total number of genes in each class for the two
treatment times.

Figure S1 (in the Supporting Information) illustrates that,
in general at 60 min, there were more downregulated genes
in the functional classes, when compared to 10 min. In
particular, genes belonging to the functional classes of
“adaptation and protection”, “energy metabolism”, “fatty
acid and phospholipid metabolism”, and “membrane pro-
teins” contained significantly more downregulated genes at
60 min compared to 10 min.

Among the upregulated genes, the functional classes of
“antibiotic resistance and susceptibility”, “chaperones and
heat shock proteins”, and “transcriptional regulation” con-
tained more upregulated genes at 10 min compared to
60 min.

Grouping of Functionally Classified Up- and Down-
regulated Genes. To further analyze the 250 up- and
downregulated genes, the genes were placed in six groups
based on their transcription directions (Figure S2 in the
Supporting Information). All of the genes discussed in this
report can be found in Table S1 in the Supporting Informa-
tion. However, for clarity and to facilitate the reading of this
report, the genes discussed below in the six groups are
indicated in Table 1.

Group I: Genes Upregulated after Both 10 and 60 min
Exposure to CHX. The most upregulated gene in this group
was PA4599 (mexC) with fold changes of approximately 14
after 10 min and 4 after 60 min. In addition, the mexD gene
(PA4598) was upregulated approximately 6-fold after 10
min and 2-fold after 60 min of exposure to CHX. The
mexCD-opr] operon encodes a multidrug efflux pump of the
resistance nodulation-division (RND) family. This pump
functions as an intrinsic determinant of antimicrobial
resistance to several clinical antimicrobials (24—26), disin-
fectants, and other chemicals in P. aeruginosa (2, 26—28).
Previous studies have shown that chlorhexidine disrupts the
bacterial cell membrane (18, 29) and induces the expression
of mexCD-opr] operon (2, 30). The upregulation of the
MexCD-Opr] pump in this study, therefore, corroborates the
results from previous studies that indicate that it plays a role
in resistance to chlorhexidine in P. aeruginosa.

Group II: Genes Upregulated Only upon 10 min Exposure
to CHX. Group II contained genes which were upregulated
after 10 min but resumed normal transcription rates after a
60 min exposure to CHX. It has been established that, in P.
aeruginosa, resistance to polycationic antimicrobials is
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attenuated due of the self-promoted uptake of these anti-
microbials across the outer membrane (31, 32). The self-
promoted uptake pathway involves the displacement of
divalent cations that cross-link adjacent lipopolysaccharide
molecules in the outer membrane by antimicrobial poly-
cations (33). This causes distortions in the outer membrane,
making the cell more permeable to the uptake of the
antimicrobials. Previous studies have shown that that the
overexpression of outer membrane protein H1 precursor
(OprH) blocks the self-promoted uptake pathway (34, 35). In
this study, the oprH gene was upregulated approximately
3-fold after 10 min of CHX exposure (Table 1). Considering
that CHX is also a polycationic antimicrobial, this result
suggests that the uptake of CHX through the self-promoted
uptake pathway was repressed after 10 min, thereby func-
tioning as an early protective response by blocking the
transportation of CHX across the outer membrane.

A second upregulated gene in this group was oprJ (Table
1), the multidrug efflux outer membrane protein precursor.
Opr]Jis one of the proteins of the three-component multidrug
efflux pump: MexCD-Opr] whose other two components
(mexC and mexD) were upregulated after both treatment
times (see group I). The MexCD-Opr] pump has been
identified in P. aeruginosa as a determinant of intrinsic
resistance to several clinical antimicrobials (25). A recent
study demonstrated that chlorhexidine gluconate induces
the expression of MexCD-Opr] in P. aeruginosa, implying
that MexCD-Opr] plays an important role in innate multidrug
resistance in wild-type P. aeruginosa in hospitals where
disinfectants are frequently used (2).

The narG gene (PA3875) that was also found in this group
encodes the catalytic o subunit of the membrane-associated
respiratory nitrate reductase, NarGHJI. In E. coli, the narGH]JI
operon is induced during anaerobic growth when nitrate is
used as a final electron acceptor instead of oxygen (36). These
results are in agreement with previous studies from our
laboratory which have shown that P. aeruginosa may switch
to anaerobic respiration following treatment with peracetic
acid (37) and ortho-phenylphenol (21).

Group III: Genes Downregulated Only upon 10 min
Exposure to CHX. Group III contained genes which were
downregulated after 10 min but resumed normal transcrip-
tion rates after a 60 min exposure to CHX. The nuoD (NADH
dehydrogenase I, chain C, D) and nuoF (NADH dehydro-
genase I, chain F) genes, which are part of the NADH-
coenzyme Q oxidoreductase (respiratory complex I) were
downregulated in this group. This suggests that the mech-
anism of action of CHX may include the repression of
oxidative phosphorylation as a route for energy production
in P. aeruginosa.

The process of unwinding complementary strands of
DNA, which is required by many features of DNA metabolism,
is catalyzed by DNA helicase enzymes. The RecQ helicase
family is highly conserved in evolution from prokaryotes to
humans (38) and is essential for the maintenance of genome
stability in all organisms (39). It has been suggested that
RecQ performs replication fork repairs in cells unable to
restart replication due to damaged replication forks (40). A
recent study suggested that the formation of DNA—DNA
cross-links and severe DNA breaks in pUC 18 plasmid DNA
may be linked to the mechanism by which chlorhexidine-
containing endodontic solutions kill root canal and peri-
odontal microorganisms (41). The downregulation of the ATP-
dependent DNA helicase (recQ) after 10 min in this study,
therefore, suggests that the downregulation of DNA repair
may be contributory to the early growth inhibition in CHX-
treated P. aeruginosa cells.

The aspA gene (PA5429) that encodes the aspartate
ammonia—lyase enzyme was downregulated approximately
3-fold after 10 min of exposure to CHX (Table 1). Similar



wisijogelaw ABisus
wisijogelaw ABisua
uolnepeisbap ‘uonesipow
|euoiie|suedy-isod ‘uole(suely
uolnepeibop ‘uonedlipow
|euoiie|suedi-isod ‘uoie|suely
wisijogelaw ABuauas
wisijogelaw ABusuas
wisijogejed punodwod uogied
wisijogelaw
pidijoydsoyd pue pioe Aney
wisijogelaw pidijoydsoyd pue pioe Aney
wisijogelaw
pidijoydsoyd pue pioe Aney

wisijogelaw pidijoydsoyd pue pioe Anej
wisijogelaw pidijoydsoyd pue pioe Aney

swalsAs Aiole|nbal Jusuodw02-0M)

wisijogelaw

pue sisayjuAsoiq ploe oujwe
Jiedas pue ‘uoneoiipow

‘uoneuiquiodal ‘uoneardal YNQ

wisijogelaw ABusuad

wisijogelaw ABusus

wisijogelaw ABusuas

sulayoud auelquisw

Allj1qindaosns pue aouelsisal d130iqlue

Aujigndeosns pue soueisisal oljoigiue

Allj1qi3daasns pue aauelsisal d130iqiue

SSe|2 |euonouny

owdi
OMusds

w6
yb6d

Ldqe4

gq¢4

aqe
ddoe

ydse

(022
Jonu
aonu

oJeu

Hido

rido

axew

oxew

|oquiAs

(edA1-gqqo)
1lungns 8sepixo awo.4yd01Ad sjqeqoud 64200 68'c—
1lungns 8sepIXo 2 8w o04yd201Ad a|qeqoud £6£00°0 £6'G—
627 uteloid Jewosoqil S0G 96%00°0 ¢8'G—
L1S u1slo01d [eWOSOQL SOE 6€€00°0 G8'G—
aseJewny s|qeqoid L¥€00°0 v0'C—
aseyjuAs a1e.11o ¥610°0 €9C—
aseuny a1ela9A|6oydsoyd 68000 L0°2—
1| @seyiuAs uieoid
Ja111ed |Aoe-|Aoeoley-elaq 901000 20—
aseyluAs |Aoeolay-e1aq s|qeqo.id 6£0°0 9Z'2—
| seyluAs dJv-|Aoeoley-eraq £0100°0 8v'z—
ase|Aoesueu) [uleyoud
-19144e0-|Aoe]-\y0)-|Auo|ew ZLL00 GG'Z—
ulajoad JaLued |Aoe LLZ000 8/'C7—

(utw 09) uonenbaiumo(q ‘(utw gL)abuey)n op :A dnoun

J01e|nbal |euonduosuely sjqeqoad Gv20°0 0.2
(utw g9) uone|nbaidn ‘(utw gL) abueys op :A| dnoun

aseA|-ejuowwe ajeuedse 8150070 98'¢—
D99y asedl|ay YNQ Iuspuadap-d1v ¢c00 9¢'¢c—
4 uteyd | eseuaboipAysp HAQVN §GL00°0 v0'c—
Qa’o uteys | eseusaboupAysp HAVN ¢c00'0 re—
(utw pg) abueyn o ‘(utw @) uonenbaiumoq :|jj dnoin
ureyd eydje asejonpai
a1eJyiu Aiojedidsal /€00 XA
J0sunoaud |H uieloud
aueJlquuaw Ja1no a|qlonpul
1+zBIN mo| pue p/doyd 9980000 62°¢
Josunoaud rudQ uieloud
aueiquuaw Ja1no xnjye Bnupninw 0100°0 €L'e
(utw 09) abueyy o ‘(utw gL) uonenbaidn :j| dnoin
axaA Je1odsuely xnjye
Brupninw (GNY) uolsiAlip
|[®2-uohie|npou-aduelsisal 9110070 Le 9110070 L8'S
Josunoaud Hxa|p uleloud
uolsny auelqWBW XN[Hd
Bnipnnw (GNY) uoisiAp
|[@3-uolie|npou-adue)sisal 6120000 08¢ 6120000 Lyl
(utw 09) uonenbaidn ‘(uiw @) uone|nbaidn :} dnoun
uonduosap anjen d ,2Bueyo pjo} anjen d ,9Bueyo pjoy
LUlW 09 LUl gl

sauag esourbiniae ‘g pajenhiasumoq 1o -dp Apueayubig jo 1si7 | 319v1

£LSSLVd
96G1vd

GG¢ehvd
vServd
€EEYVd
084lvd
¢4s0vd

§96¢Vd
vL1SVd

609LVvd

896¢Vd
996¢vd

G¢8evd

6¢vavd

vreEvd
L¥9¢vd
6€9¢vd

G/8€Vd

8LLLvd

L6SPVd

8651Vd

665YVd

ai aqoad

187 /GG1Vd
1879GG1Vd

1eTowdITGGZhVd
1T 0sdI ¥5ZYVd
1eTeeErVd
17167 0851Vd
1eBd z550vd

1871498} G96CVd
®Y/1GVd

1 gqey 6091vd

18 dgey 896¢Vvd
18" ddoe"9962vd

187GZ8¢vd

18" ydse gzySvd

187099 pPEEV
18740NU" | 792Vd
187 QoNu6E9ZYd

187 DJIeu"G/8EVd

1eHido g/ LLVd

1 rido/65vVd

18" gxaw 865hvd

18 JXaWw 665hvd

# 440 xmawiyy

S/¥ST06S9/T20T 0T 10P | 6002 ‘Gz ,equeldes :(ge) are@ uoiealignd
Bio'sde'sgnd;/:dny | 6002 ‘62 $840100 U0 AL ITd LY - Vd3 SN Ag pepeojumoq

VOL. 43, NO. 21, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 8409



sulelold sueiquiaw
shieiedde podxa/uonetoss ulaiold
shiesedde podxa/uonetoss ulaioad
uonepeibap ‘uoieslipow
|euolie|suesl-}sod ‘uone|suely
uonepesbop ‘uoneslipow
|euolle|suell-}sod ‘uone|sueu
uonepeibap ‘uoneslipow
|euolie|suedl-lsod ‘uole|suel;
uonepesbop ‘uoneslipow
|euolie|suesl-}sod ‘uone[suel

s|xejowayd
uswyoene pue Ayjnow
swyoene pue Aljow

jJuswyoene pue Aujizow
jJuswyoene pue Ayjizow
sulajoud aueiquiaw

suiajoud sueiquiaw
sulelold sueiquisw

suiajoud aueiquiaw
wisijogelaw ABiaua
wisijogelaw ABiaua
wisijogelaw ABiaua
wisijogelaw ABiaua
wisijoqelaw ABiaua
wisijoqelaw ABiaua
wsijogelaw ABisua
wsijogelaw ABisus
wisijogelaw ABiaua

wisijoqelaw ABiaua
wisijoqelaw ABisua
wisijogelaw ABiaua
wsijogelaw ABisua
wsijogelaw AbBisus
wisijogelaw ABiaua
wisijogelaw ABiaua
wisijogelaw ABiaua
wisijogelaw ABiaua

SSe|2 |euonouny

A09S
Joas
goas

vdus
dje
Hwdi

1sdu

Hiid
an
ol

ond

vid
qoses

4do
Hdo

3do
Jonu

a9

jonu

ayps
w6

gons
ydie
auyps
qdie
aoyps
vups
ndje
Jdie

|oquiis

A29S ula104d uol18409s

3993 ulalold uol18409s

g99g ulaloid uonaides
juauodwod uialoud 4 8seajonuoqil
d Jojoey uoneBuojs uole|suell

€7 uleloud |ewosoqld SOG

0ZS ulelold jewosoqu SO€

(utw gg9) uone|nBaiumoq ‘(uiw L) uone|nBaiumoq

Hild uteoad Anjnow Buiyolmy
ail4 wieyoud Buiddeo Jejjebeyy
g adAy uljjebe|y

Josunoaud DJid uteloud
aueiqwiaw 491n0 sisauabolq [euquily ¢ adAy
VIld 40sindaud [euquily ¢ adAy
[QREISHVIEEN (o3 (o MUTOTREFEETS

10s4n294d 4udQ uliod sueisquaw
J81no |eanjonJis pue unod Jolew

J0sandaid 7udQ ureloidodi)
paleloosse uedA|bopndad

10s1n2%aid 31dQ unod sueiquiaw
191N0 padnpul Ajjesigoiaeue
3 uleyd | aseusaboupAysp HAQVN
10s1n23a1d |9 8w 04yd203AD 8|qeqouad
asesewny a|geqo.d
1lungns asepIXo 2 awo04y201A2 a|qeqoud
1lungns-e1aq ui19101dOAR|) 18)SUBI] U0IDD|D
9 8Wo04Yyo01AD 9|qeqoud
| ureyo | eseusboipAysp HAQVN
(Hungns Q) eseusaboipAysp sa1eulddNS
aseyluAs a1euyd

(ungns g3) aseuajsuedy
Au1oons eplweodijoipAyip
uleyo eyd|e aseyluAs 41V
(yungns g) aseusboipAysp aleudons
uleyo eaq aseyluAs 41y
(ungns )) aseusboipAysp aleudons
(Hungns y) aseusaboipAysp a1euldons
uleyd ewweb aseyjuAs 41v
uleys 9 aseyluAs die
q 2wo4yd203A) a|geqoud

(utw @09) uonenbaiumo(q ‘(utw gL)abuey)n o :A dnoun

uonduasap

€900°0 LTE— €900°0 €0'¢c—
G100°0 qG'¢c— G1000 LLec—
€9£000°0 Lee— €9£000°0 8C¢'€—
L0¥00°0 Lee— L0000 vee—
70100 oLv— 70L0°0 LLy—
-0l X0L'6 LLe— s-0L X0L'6 6L'G—
G117000°0 26'Cc— G1L1000°0 99°L—
:IA dnoup
LLLO0 €C'c—
861000 80°Cc—
€100 0€¢—
€ZL00 Sy'c—
LEL000°0 LL9—
£L€000°0 v'c—
£S20°0 L9'¢—
€0800°0 99'¢—
80000 86°C—
L¥S00°0 00°C—
GG800°0 00°C—
L¥€00°0 70—
GSL00°0 €C'c—
ZG€00°0 [ASN A
LGv0'0 9€'¢C—
Z¢8L00'0 vre—
¢c00'0 69°C—
76100 £€9°C—
761000 G9'Cc—
£100°0 LLC—
891000 L8'¢—
G2000°0 96°C—
¢0500°0 96'¢—
971000 60°€—
899000°0 09°€—
LEOO0 29°€—
2¢s00°0 68°€—
anjea d 49bueya pjoy anjen d 496ueyo pjoy
LUl 09 LUIW Q)

Evervd
9Levvd
8¢Lavd

6949Vvd
LG8¢Vd
0£99vd

€96vvd

6070vd
v60LVvd
¢60Lvd

0¥0Svd
GeShvd
L¢8EVd

LLLLVd
€.60vd

L620vd
0¥9¢vd
6¢vvvd
€EEPVd
€44lvd
¢s6evd
GGSGlvd
vr9¢vd
¢8§1vd
085lvd

98461lvd
94499Vvd
¥851vd
¥49549vd
L8GlVvd
€84lvd
§4G9Gvd
64999Vvd
0evvvd

ai aqoad

18" A008”EYZYVd
1873097 9/ZpVd
1878005 8Z1GVd

187 yduiT 6965V d
1e"djeT1982vd
18 HwdIT0/SSVd

1e”1sdi"€95hvd

e HIld”60v0Vd
1e”Ql v60LVd
17014 Z60LVd

e olld"0r0sVd
eTvIid Gzshvd
18T @oes”lzeevd

1o 4udo™///LVd
jeTudo"g/60vVd

1e734do" 1620Vd
1T 30NUT0v9ZVd
17 62hPVd

1T eeEhvd

17 E551Vd

187 g8 z4e62vd

187G551Vvd

1 jonu yy9zvd
1 Qyps z8slvd
12716 0851Vd

1e7gons 9851vd
1e7yd1eT9G6GGVd
1 gyps ¥85Lvd
1e”qdie $GG6Gvd
1TOYpsTL8SLYd
1eTYyps €8GLvd
18 ndie G555V d
18 3d1e" 65GGVd

1eT0evhVd

# 440 ximawhyy

panunuoy “| 318y1

S/¥ST06S9/T20T 0T 10P | 6002 ‘Gz ,equeldes :(ge) are@ uoiealignd
Bio'sde'sgnd;/:dny | 6002 ‘62 $840100 U0 AL ITd LY - Vd3 SN Ag pepeojumoq

8410 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 21, 2009



']0J31U09 8y} 0} paledwod pasealdap JuswWIIadXd 9y} Ul [9A] UOISSaIdXd 8y} uaym Jaqunu aAllebau e s| pue |0J3u0d sy}
01 paiedw oo pasesloul JuswIadxa 8yl ul [9A8] uoissaidxe 8yl usym Jaquinu aAilsod e s abueyd p|oj 8y] , "susb yoes jo seieoljdal 8814yl JO UBSBW BY] 8Je S} Nsal Aelieosdiw ay] ,

wisijogelow

pidijoydsoyd pue pioe Aney vqey aselpAysp dov-lAouedapAxolpAy-elaq  GELOO'0 A4 GELO0'0 8€C— 0l9lvd 18 vagey 0L9lvd
wisijogelaw

pidijoydsoyd pue pioe Aney Q%08 asejAxoqued unolq  99€£000°0 A 99€000°0 vLe— 8v8YVd 1870298 8h8hvVd
wisijogelaw

pidijoydsoyd pue pioe Aney gooe (d004g) uieloud Janied |Axogued uilolq  %5000°0 0z'e— ¥¥5000°0 9LC— LY8YVd 1 g9%e” /¥8hVd

wsijogelaw ABisus (2dA1-€qq) HUNNS 8sEPIXO 8WO0IYI01AD B|geqo.d €¥20°0 90°¢— €200 LLT— ¥551vd _ 1ETpSGLVd

wsijogelow ABiaus 4dze uleyd g aseyiuAs 41y £6€00°0 €9v— L6€00°0 L0z— 8GGGvd  1e 4die 855GV d

wsijogelaw ABiaus adie uleyo v aseyluAs d1v 6150000 8LC— 6150000 oL'e— 095Gvd 18 gdie 095Svd

wsljoqelew ABisus Hdze uleyd eyep 8seyiuAs d1v  £1900°0 €67 — £1900°0 AN A LSGGVd 1 HdeT/GGGvd

wsijogelow ABieus  gonu g ureyo | aseusboipAysp HQVN 8GE00°0 Ly'z— 8G€00°0 89— 8697Vd 1B gonu 8e9zvd

wsijoqelew ABisus  @ons uleyd eydje aselayiuis yod-jAuoons 8290000 68'C— 829000°0 ANA 68GlVd 187 (QoNns 685lVd

wsijogelow ABiaus Qons uleyd e}aq aseldayluAs yod-jAutoons /11000 8y'e— £1100°0 aLz— 885GlVd 18 09Ns 885lvd
wisijogelaw

pue sisayjuAsolq pioe oulwe por aseuaboipAyap a1es100sl  6EZ00°0 8eC— 6€£200°0 0€'2— €29¢vd 187 poI"€Z9ZVd
wisijogelaw

pue sisayiuAsolq pioe ouiwe Jooe aseusaboipAyap eleaniAd 6220°0 05°€— 6220°0 Gh'z— GLOSVd 173998 GLOGVd
uonepesbap

pue Buissasold yYNY ‘uonduosuely oy4 oyy 401084 UONEUIWIS) uondudsuell  ZG800°0 Vraras 25800°0 vlz— 6€25vd 1eT0YI BETSVd
uonepesbap

pue Buisseosoid yNY ‘uonduiosuely osnu osnp ulejoid uoneujwlialiue uonduosuedy LE£¥00°0 09'¢— LE£¥00°0 62°E— G/ZPVd 18 DsSnu G/zhvd
uonepesbap

pue Buissadold yNY ‘uonduosueny  yodi uteys eydje asesswAjod yNY pa1oalip-yNd  S0¥000°0 cre— G0¥000°0 0z'C— 8ezhvd 1B yodi geeivd

(utw g9) uonenBaisumo(q ‘(uiw gL) uonenbaiumo( :jA dnoin
SSB|2 |euonouny Joquiis uonduiosap anjen d 42Bueyo pjoy anjen d 42Bueyo pjoy @) aqoad # 440 x1nawAyy

LUl 09 LUl 0L

panunuoy “| 318y1

S/¥ST06S9/T20T 0T 10P | 6002 ‘Gz ,equeldes :(ge) are@ uoiealignd
Bio'sde'sgnd;/:dny | 6002 ‘62 $840100 U0 AL ITd LY - Vd3 SN Ag pepeojumoq

VOL. 43, NO. 21, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 8411



Downloaded by US EPA - RTP LIBRARY on October 29, 2009 | http://pubs.acs.org
Publication Date (Web): September 25, 2009 | doi: 10.1021/es9015475

reverse primer sequence (5-3')
ACCTCCACCGGCAACACCATTT
AATTTGGAAATGACCAGCAGGCCG
ATGAAGGCGATCTCGTTGAGGAAG
AGGCCTGGATGATCTGGTTCAGTA
TCC TGG ATT TGC CGA GGA GTT
TGATGCCGTACATGTCCCACACTT
TTCTCGTTGATCTTCGCCAGCAGA
TTCAGGCGCTCTTCAGGACCATT
TTTCGAACCACCGAAGTTGAAGCC
CGTACCGCTGTTGAACTTGGCATT
TTGTCCAGTACACGACCGGTACCTA
ACGATGATCGCCAGGAACAGGAAA
ACCAGCACATAGCCAGGGAAGAAT
TTCTTCACGTTGTGCGCGATGTTC
AATGCCCAGAAGCCCATTTCCTTG
TCTTGATGCCGTACTGGGTGTAGT

2 The microarray results are the mean of three replicates of each gene. ? The real-time PCR results are the mean of three biological replicates with three technical replicates for

forward primer sequence (5'-3')
TTTGCGTGCAATAGGAAGGATCGG
CGAATTCTTCATCAAGCGGCCGAA
AACAGCAGCAACGAAGCCCTGAA
TGATTTCCCATGACGAGCGACTCA
AGCTCAATTGCAGCGAGA AGA ACG
TCAGCGTGTTCTACCACCTGATGT
TACCGAGCTGATGAAGCAGAAGCA
TCTGCATCCCTCGCATTCGTCTT
ACTTCACCGAGAACTTCTTCGCCA
AACGAAGACATTCTCAAGGCGAGC
TCCTCTGCATGATCGCGTCGTTAT
ATGGCTAAGCAAGGTGCTCTCTCT
GCTAAGCGTTGGTACGTTGTGCAT
AATGGTCAAGGACCTTTCCGACGA
AGAAACCGCTTCGGGTTACATCCA
GCACCATCACCATCGACGAAGAAA
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results have been reported in Escherichia coli, where aspA
expression was downregulated 22-fold after exposure to
polyhexamethylene biguanide (PHMB) (42). Production of
the AspA enzyme is induced under anaerobic conditions in
order to synthesize fumarate as an electron acceptor (43). In
contrast, the expression of aspA has also been reported to
be upregulated under aerobic conditions (44). Other studies
have reported that the expression of aspA is upregulated in
E. coli in response to metal ion, acetate, and propionate
treatment (45, 46). However, since both CHX and PHMB,
both biguanide compounds, repressed the transcription of
aspA, it is apparent that the expression of aspA may be
differentially regulated depending on several factors that may
include oxygen availability and the nature of the environ-
mental stress.

Group IV: Genes Upregulated upon 60 min Exposure Only.
Group IV consisted of eight genes whose expression levels
were unchanged after 10 min and upregulated after 60 min
of exposure to CHX. One gene in this group, PA2825, encodes
a probable transcriptional regulator belonging to the func-
tional class of two-component regulatory systems (Table 1).

Group V: Genes Downregulated upon 60 min Exposure
Only. Group V contained genes which showed normal
transcription rates after 10 min but were downregulated after
a 60 min exposure to CHX. In this group, the most significant
functional class was “translation, post-translational modi-
fication, and degradation” which contained 26 genes (Table
S1 in the Supporting Information). The two most down-
regulated genes in this class are indicated on Table 1, and
a complete list can be found in Table S1 in the Supporting
Information. In line with the downregulation of translation
was the repression of several amino acid (arginine, glycine,
methionine, serine, and glutamine) biosynthesis genes with
fold changes ranging from approximately —2 to —5.6 (Table
S1 in the Supporting Information).

Group V of Table 1 also contains several genes involved
in primary metabolic processes including fatty acid biosyn-
thesis (acpP, fabB, D, G, and F1), the Embden-Meyerhof
pathway (PA0552, phosphoglycerate kinase), and the citric
acid (TCA) cycle (PA1580, citrate synthase; PA4333, fumarase).
This group also contained two NADH dehydrogenase genes
in complex I of the oxidative phosphorylation pathway which
were uniformly downregulated approximately 2-fold. Suc-
cinate dehydrogenase genes in complex II were uniformly
downregulated approximately 3-fold, a probable cytochrome
clreductase precursor and other associated genes in complex
III were downregulated approximately 2- to 4-fold, and a
probable cytochrome c oxidase subunit and other associated
genes in complex IV were downregulated approximately
between 2- and 4-fold. Also, atpA, D, E, and G which encode
components of the ATP synthase enzyme were uniformly
downregulated approximately 3-fold (Table 1). The down-
regulation of these genes further supports the results of group
III which indicate that CHX represses energy production
through aerobic cellular respiration. These results are similar
to those of a related study carried out in our laboratory which
indicated that several genes of respiratory complexes I-IV
were downregulated in P. aeruginosa treated with sodium
hypochlorite (20). These results point to the possibility that
the effects of oxidative disinfectants and biguanide disin-
fectants on energy metabolism in P. aeruginosa may be
similar. However, more investigation is warranted to cor-
roborate this theory.

The outer membrane of P. aeruginosa has a low level of
permeability which provides innate resistance to several
antimicrobial compounds (33). Outer membrane perme-
ability is essentially determined by channel producing
proteins (47). The oprD, E, L, and F genes that were
downregulated approximately 2- to 4-fold (Table 1) encode
outer membrane proteins that play roles in maintaining the
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integrity of the outer membrane and control outer membrane
permeability (48—50). The downregulation of these genes
after 60 min in this study indicates that CHX treatment affects
outer membrane permeability. These results are in agreement
with other studies which indicate that polycationic disin-
fectants such as CHX target the outer membrane of Pseudomo-
nas (18, 19, 51) that may lead to changes in outer membrane
permeability.

In line with the downregulation of outer membrane
proteins was the repression of genes encoding elements of
flagella and pili, which are both outer membrane compo-
nents. The flagellin type B (fliC) and the flagella capping
protein (fIiD) were downregulated approximately 2-fold after
60 min (Table 1), and flagella-mediated motility is an
important determinant of virulence in P. aeruginosa (52).
The pilA and the pilQ genes, which are involved in type IV
pilus biogenesis, and the pilH twitching motility gene were
downregulated approximately 6- and 2.5-fold, respectively
(Table 1). The pilA and the pilQ genes have been shown to
be essential for type IV pilus formation in Pseudomonas
(53, 54). Type 1V pili are necessary for surface colonization
during biofilm formation and mediate twitching motility in
P. aeruginosa (53, 55, 56). It has also been shown that the
deletion of pilA in P. stutzeri leads to a loss of twitching
motility capability (53). Considering that flagella-mediated
motility, twitching motility, and multicellular behavior such
as biofilm formation mediate virulence and cell survival in
adverse environmental conditions, it is likely that the
downregulation of these genes may be linked to growth
inhibition in P. aeruginosa exposed to CHX.

Group VI: Genes Downregulated after Both 10 and 60 min
Exposure to CHX. The most distinctive functional class in
this group was “translation, post-translational modification,
and degradation” which contained 33 genes (Table S1 in the
Supporting Information). The two most downregulated 30
and 50S ribosomal proteins are indicated on Table 1. A
complete list of ribosomal genes in this group can be found
in Table S1 in the Supporting Information. The downregu-
lation of these genes after both 10 and 60 min suggests that
protein synthesis decreases in P. aeruginosa after a 10 min
exposure to CHX and continues after prolonged exposure
(60 min). In addition to the repression of protein synthesis
genes, three genes of the Sec protein transport system, PA5128
(secB), PA4276 (secE), and PA4243 (secY), were also down-
regulated after both treatment times. The SecY and SecE
proteins are essential for the viability of the Sec translocon
(57). The downregulation of both protein synthesis and
protein transport genes suggests that protein transport across
the cell membrane may be repressed following CHX treat-
ment. In contrast, a recent study, indicated that secY, secE,
and secG were upregulated in P. aeruginosa after both 20
and 60 min exposures to ortho-phenylphenol (21).

The downregulation of translation was concomitant with
the repression of transcription-related genes in this group
including the DNA-directed RNA polymerase alpha chain,
PA4238 (rpoA), and a transcription antitermination factor,
PA4257 (nusG). NusG has been shown to stimulate tran-
scription antitermination through the N protein of phage 1
(58). Further evidence indicating that transcription antiter-
mination was repressed after both 10 and 60 min exposures
of P. aeruginosa to CHX was the downregulation of PA5239
(rho).In E. coli, Rho-dependent transcription antitermination
is modulated by NusG, which is an essential transcription
elongation factor (59, 60).

As in group V, this group also contained several genes
relating to the Embden-Meyerhof pathway and the TCA cycle
including: the pyruvate dehydrogenase enzyme (aceE), the
isocitrate dehydrogenase enzyme, (icd), and the succinyl-
CoA synthetase enzymes (sucC and sucD). Further evidence
supporting the repression of aerobic cellular respiration was

the downregulation of several genes involved in oxidative
phosphorylation, namely, the NADH dehydrogenase I chain
B (nuoB) of the NADH-coenzyme Q oxidoreductase (respira-
tory complex I), PA1554 which is a probable cytochrome
oxidase subunit of cytochrome c oxidase (respiratory complex
IV), and atpH (PA5557), atpB (PA5560), and atpF (PA5558)
which are all components of the bacterial ATP synthase
(respiratory complex V).

The fatty acid biosynthesis genes, accB (PA4847), accC
(PA4848), and fabA (PA1610), were downregulated after both
treatment times. Both accB and accC play major roles in the
acetyl-coA carboxylase complex that catalyzes the synthesis
of malonyl-coA, which is the rate-limiting step of fatty acid
biosynthesis (61), and the fabA gene plays a role in fatty acid
elongation (62).

To our knowledge, this is the first study investigating the
effect of CHX on P. aeruginosa from a global genomic
perspective. We suspect that the upregulation of the oprH
gene after 10 min, with normal transcription rates after 60
min, contributes to early resistance to CHX by blocking its
translocation through the self-promoted uptake pathway into
the cell. The significant upregulation of the MexCD-OprJ
efflux pump after both treatment times in this study validates
its function in the innate resistance to CHX in P. aeruginosa.
The downregulation of outer membrane protein synthesis
after 60 min may reflect changes in outer membrane
permeability caused by CHX treatment. The downregulation
of flagella and pili synthesis after 60 min, which are important
determinants of virulence and environmental adaptation
processes such as flagella-mediated motility, twitching
motility, and pili-mediated biofilm may be related to the
mode of action of CHX in P. aeruginosa. Furthermore, the
results from this study indicate that a decrease in energy
production after both treatment times in P. aeruginosa
exposed to CHX through the downregulation of genes
involved in oxidative phosphorylation and electron transport
may also contribute to the growth inhibition caused by CHX.
In summary, the mechanism of action of CHX in P. aeruginosa
may be a multifaceted process involving changes in outer
membrane permeability, the attenuation of virulence and
environmental adaptation processes, and energy deprivation
through the repression of genes involved in aerobic cellular
respiration.

This gene expression profile can now be employed to
more profoundly understand the mechanisms by which CHX
inhibits P. aeruginosa growth and how this organism develops
resistance to biguanide disinfectants in general and to CHX
in particular. The information from this study provides useful
information that will benefit further research on the toxi-
cogenomic impact of biguanide disinfectants on P. aeruginosa
and may contribute to the development of more effective
disinfectants.
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