
Introduction

　Organotin compounds, including tributyltin (TBT), 
have been used as preservatives for wood and as anti-
fouling agents in ship paints. TBT is an organotin biocide 
with toxic effects on a wide range of aquatic organisms, 
including eukaryotes and prokaryotes (Antizar-Ladislao, 
2008; Cooney and Wuertz, 1989; Hoch, 2001; Pettibone 
and Cooney, 1986). Although the use of TBT for ship 
paint has generally been prohibited (Sonak et al., 
2009), its toxic effect on the marine microbial community 
persists because of the residual TBT left in the environ-
ment (Ueno et al., 2004).
　TBT-resistant microorganisms have been known to 
exist in marine environments (Hallas and Cooney, 
1981), and most TBT-resistant bacteria have displayed 

a resistance to other environmental pollutants such as 
heavy metals (Pain and Cooney, 1998; Suzuki et al., 
1992; Wuertz et al., 1991). Although some TBT-resistant 
bacteria have been isolated and characterized (Cruz 
et al., 2007; Fukagawa et al., 1992; Jude et al., 1996; 
Roy et al., 2004), only a few reports about their resis-
tance mechanisms have been published so far. A TBT-
resistance gene showing homology to transglycosy-
lase of E. coli has been isolated from Alteromonas sp. 
M-1 (Fukagawa and Suzuki, 1993; Koonin and Rudd, 
1994), and recently, the multi-drug effl ux pump TbtABM, 
which is able transport TBT, has been identifi ed in 
Pseudomonas stutzeri (Jude et al., 2004). However, 
details of bacterial resistance mechanisms are still 
poorly understood.
　In a previous study, Pseudomonas aeruginosa 25W 
was isolated and characterized (Roy et al., 2004). This 
isolate was found to possess a robust resistance not 
only to TBT, but also to heavy metals (Hg, Cd, Zn) (Roy 
and Nair, 2007). This report characterizes a novel TBT 
resistance gene, PA0320, of P. aeruginosa 25W. Our 
results present the evidence to suggest that PA0320 of 
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A tributyltin (TBT) resistance gene was isolated from the TBT-resistant marine origin bacterium 
Pseudomonas aeruginosa 25W. This gene was identical to PA0320 deposited in the P. aeruginosa 
PAO1 database (http://www.pseudomonas.com). The deduced amino acid sequence of PA0320 
appears to be homologous to the YgiW proteins of Escherichia coli and Salmonella enterica. The 
deletion mutant of PA0320 showed a reduction of growth rate in the presence of TBT. A suscep-
tibility test to cadmium, mercury, hydrogen peroxide and acidic pH in the deletion mutant showed 
an increasing susceptibility to them. PA0320 plays a certain role in stress tolerance against TBT 
as well as in stressors producing reactive oxygen species.
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P. aeruginosa 25W is involved in resistance mecha-
nisms for multiple stressors including oxidative stress.

Materials and Methods

　Bacterial strains and culture conditions.　Pseudomonas 

aeruginosa 25W was isolated in the Arabian Sea (Roy et 
al., 2004), and P. aeruginosa PAO1, a TBT-sensitive stan-
dard strain, was used as a reference. The bacterial 
strains and plasmids used in this study are listed in 
Table 1. Bacterial strains were cultured at 37°C in Lu-
ria-Bertani (LB) broth or LB agar. Antibiotics were sup-
plied in the following concentrations; ampicillin at 
100 μg/ml and gentamycin at 20 μg/ml. The minimal 
media for P. aeruginosa strains were based on M9 me-
dium supplemented with 0.4% glucose, 2 mM MgSO4 
and 0.1 mM CaCl2. Tributyltin chloride (TBTCl) (Wako 
Chemical Co., Osaka, Japan) was used as a TBT formu-
lation.
　Cloning experiments and DNA sequencing.　Genomic 
DNA and plasmid were extracted from cells as previ-
ously described (Sambrook and Russell, 2001). For 
the construction of a genomic DNA library of P. aerugi-

nosa 25W, genomic DNA from P. aeruginosa 25W was 
digested with HindIII. Digested fragments were cloned 
into a pUC18 vector, and the recombinant plasmids 

were introduced into a TBT-sensitive E. coli strain 
HB101 as previously described (Hanahan, 1983). TBT-
resistant clones were screened on LB agar plates con-
taining ampicillin. The ampicillin-resistant clones were 
subsequently replicated onto LB agar plates contain-
ing ampicillin and 5 mM TBTCl. The resulting clone 
was determined to have TBT resistance as growth 
curves were determined by periodic measurements of 
optical density at 600 nm (OD600) in LB medium with a 
sublethal concentration of TBT (300 μM). The cloned 
open reading frame (ORF) was identical to PA0320 in 
the database of the P. aeruginosa PAO1 genome (http://
www.pseudomonas.com). This can be amplifi ed with 
PA0320F (5′-TCAGCAAGCTTATGAAACTTCGTCAC                                                     
CTGCC-3′; HindIII sites underlined) and PA0320R 
(5′-TCAGCAAGCTTGGGCCTTACTTGATCACTTC-3′; 
HindIII sites underlined). Nucleotide sequencing was 
performed by the dideoxynucleotide termination method 
using the ABI PRISM BigDye Terminator Cycle Sequenc-
ing Kit and the ABI PRISM 3100 Genetic Analyzer (Ap-
plied Biosystems).
　Construction of PA0320 deletion mutant.　The 
PA0320 deletion mutant of P. aeruginosa 25W strain 
was generated by double-crossover recombination. 
The upstream region of PA0320 was amplifi ed from 
the genomic DNA of P. aeruginosa 25W with forward 

Table 1.　Bacterial strains and plasmids used in this study.

Strains or plasmids Relevant characteristicsa Source or reference

E. coli HB101 supE44 Δ(mcrC-mrr) recA13 ara-14 proA2 lacY1 galK2 rpsL20 

xyl-5 mtl-1 leuB6 thi-1

Hanahan, 1983

P. aeruginosa strains
　PAO1 Wild type Lab collection
　25W Wild type Roy et al., 2004
　25WΔPA0320 25W ΔPA0320::Gm This study
Plasmids
　pBSL141 Source of the Gmr cassette; Apr Gmr Alexeyev et al., 1995
　pUC18 Cloning vector; Apr

　pSI2 pUC18 derivative carrying a 3.4 kb HindIII fragment containing P. 
aeruginosa PA0320 gene

This study

　pUC18-0320 pUC18 derivative carrying a 351 bp PA0320 gene This study
　pUC18-0320U pUC18-0320 derivative carrying a 596 bp EcoRI/NaeI fragment 

containing upstream part of PA0320 gene
This study

　pUC18-0320UGm pUC18-0320U derivative with Gmr cassette This study
　pUC18-0320UDGm pUC18-0320UGm derivative carrying a 1.2 kb SmaI fragment 

containing downstream part of PA0320 gene derived from pSI2
This study

　pGEM T-Easy TA cloning vector; Apr Promega
　pGEM-U0320 pGEM T-Easy derivative carrying a 794 bp DNA fragment con-

taining upstream part of PA0320 gene
This study

　a Apr, ampicillin resistance; Gmr, gentamycin resistance.
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primer (5′-CAAGAAGAACAAGGGCTTCGAGG-3′) and 
reverse primer (5′-CGGGTCTTGTCGTTGATTTCC-3′). 
The amplifi ed fragment was directly cloned into a 
pGEM T- Easy vector (Promega) to yield pGEM-U0320. 
The resulting plasmid, pGEM-U0320, was digested 
with EcoRI and NaeI. Subsequently, the EcoRI-NaeI 
upstream region of PA0320 was cloned into EcoRI/
NaeI-digested pUC18-0320. The resulting plasmid, 
pUC18-0320U, was cleaved with NaeI and SmaI to 
eliminate the central 205 bp fragment of PA0320 and 
followed by ligation to the gentamycin resistance cas-
sette obtained by SmaI digestion of pBSL141 (Alex-
eyev et al., 1995). The resulting plasmid, pUC18-
0320UGm, was cleaved with SmaI and ligated to the 
downstream fragment of PA0320, which was generat-
ed from the SmaI-digested pSI2. The resultant plas-
mid, pUC18-0320UDGm, was digested with AseI and 
NcoI. The generated ΔPA0320::Gm fragment was 
blunt-ended by treatment with T4 DNA polymerase 
and electroporated into competent P. aeruginosa 25W 
cells using a MicroPulser (Bio-Rad) in accordance with 
the manufacturer’s instructions. Transformants were 
selected on LB agar plates containing 20 μg/ml gen-
tamycin. The gene replacement by the double-cross-
over event was confi rmed by PCR amplifi cation with 
forward (5′- CAAGAAGAACAAGGGCTTCGAGG -3′) and 
reverse 5′-TTAGGTGGCGGTACTTGGGTCG-3′) prim-
ers.
　Quantitative real-time PCR.　The P. aeruginosa strain 
cells were grown to OD600 of 0.5 in LB medium at 37°C, 
and cultures were supplemented with 10, 100 or 
500 μM TBTCl and incubated further at 37°C for 20 min. 
The cells were harvested by centrifugation (5,000 
× g), and the total RNA was extracted from approxi-
mately 1 × 109 cells using the RNeasy mini kit (QIA-
GEN) according to the manufacturer’s instructions. To 
eliminate residual genomic DNA, RNA preparations 
were treated with RNase-Free DNase I (QIAGEN), and 
the total RNA was reverse-transcribed with the Rever-
Tra Ace qPCR RT Kit (TOYOBO). Relative quantifi ca-
tion in real-time PCR was performed using the SsoFast 
EvaGreen Supermix (Bio-Rad) on the CFX96 Real-Time 
System (Bio-Rad), with specifi c primers for PA0320 (for-
ward primer, 5′-TCTACGAGTTCCGCGATGC-3′; reverse 
primer, 5′-CGGGTCTTGTCGTTGATTTCC-3′) or 16S 
rRNA gene (forward primer, 5′-TAGAGGGTGGTG                                                                        
GAATTTCCTG-3′; reverse primer, 5′-CTTTCGCACCT                                                                   
CAGTGTCAGTATC-3′), according to the manufactur-
er’s instructions. Primers were designed using the 

Primer3 Plus program (http://www.bioinformatics.nl/
cgi-bin/primer3plus/primer3.cgi). The thermal cycling 
conditions were as follows: 98°C for 2 min, 40 cycles 
of 98°C for 1 s, and 60°C for 5 s. The expression of the 
target gene was normalized to 16S rRNA gene levels. 
All real-time PCR amplifi cations were performed in trip-
licate.
　Heavy metal-resistance assay.　The resistance as-
says with each heavy metal were carried out as previ-
ously described (Zhang et al., 2007). P. aeruginosa 
strains were grown to OD600 of 1 in LB medium at 37°C, 
and 1 ml of each culture was incubated with a fi nal 
concentration of 10 mM CdCl2, 20 μM HgCl2, or 60 mM 
ZnCl2 at 37°C for 40 min without shaking. The survival 
rate was calculated by dividing the number of colony 
forming units (CFU)/ml of surviving cells after each 
treatment by initial CFU/ml. At least two independent 
experiments were conducted for all assays.
　Hydrogen peroxide-resistance assay.　The hydro-
gen peroxide resistance assay was performed as pre-
viously described (Zhang et al., 2007). Cells were 
grown to OD600 of 1 in LB medium at 37°C, and 1 ml of 
the culture was incubated at a fi nal concentration of 
40 mM H2O2 at 37°C for 15 min without shaking. The 
survival rate was calculated as described above.
　Acid-resistance assay.　The acid resistance assay 
was performed as previously described (Masuda and 
Church, 2003). Cells were grown to OD600 of 1 in LB 
medium at 37°C, and bacterial cultures were diluted 
40-fold in phosphate-buffered saline (pH 7.2) or LB 
medium (pH 3.5). The cultures diluted in LB (pH 3.5) 
were incubated at 37°C for 1 h without shaking, and 
the survival rate was calculated as described above.
　Measurement of reactive oxygen species (ROS) pro-

duction.　Endogenous ROS in TBT-treated cells was 
measured using the oxidative stress-sensitive probe 
2′,7′-dichlorodihydrofl uorescein diacetate (DCFH-DA) 
according to Nobre et al. (2010) with some modifi ca-
tions. P. aeruginosa 25W were grown in 10 ml of M9 
medium at 37°C until OD600 reached 0.1, and TBT was 
added to 250, 500 and 1,000 μM. After 1 h incubation, 
cells were harvested, followed by washing twice with a 
0.85% NaCl solution, resuspension in 10 ml of the 
0.85% NaCl solution containing 10 μM DCFH-DA and 
further incubation for 30 min in the dark. The cells were 
harvested, and washed twice with 500 μl of the 0.85% 
NaCl. The fl uorescence intensities (FIs) were mea-
sured by the SH-8000 microplate reader (Corona) with 
excitation at 480 nm and emission at 530 nm. The FIs 
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were normalized cell concentration (OD600). Triplicate 
experiments were performed.

Results

TBT resistance gene

　We obtained a gene which made E. coli TBT-resis-
tant. The nucleotide sequence of the ORF showed the 
gene is PA0320. The growth assay showed that PA0320 
conferred TBT-resistance to E. coli HB101 (Fig. 1).
　The PA0320 gene encodes a conserved hypotheti-
cal protein belonging to the bacterial oligonucleotide/
oligosaccharide binding (OB)-fold proteins (Ginalski et 
al., 2004), such as YgiW of E. coli (40% amino acid 
identity) and YgiW of S. enteria (37% amino acid iden-
tity).

Expression of PA0320 in P. aeruginosa strains

　The expression of the PA0320 gene in TBT-resistant 
strain 25W and sensitive strain PAO1 were confi rmed 
in this study. Quantitative real-time PCR showed that 
the expression level in P. aeruginosa 25W was retained 
even with a high concentration of TBT, whereas the 
down-regulation of PA0320 by TBT exposure was ob-
served in the P. aeruginosa PAO1 type strain in more 

than 10 μM TBTCl (Table 2).

Sensitivity of the PA0320 deletion mutant to TBT

　To determine the contribution of PA0320 to the TBT 
resistance of P. aeruginosa 25W, the effect of PA0320 
deletion on bacterial growth in the presence of TBT 
was examined. When the cells were cultured with 
1,000 μM TBT, the growth of the ΔPA0320 mutant was 
suppressed compared to that in the wild-type strain 
(Fig. 2). The growth was inhibited to 65% (at 15 h), 
76% (at 20 h) and 79% (at 25 h) with signifi cant differ-
ence. The wild-type strain and its deletion mutant grew 
equally well in the absence of TBT (data not shown), 
indicating that the PA0320 gene plays a part in the sur-
vival of P. aeruginosa 25W at high concentrations of 
TBT.

Effect of PA0320 deletion and its susceptibility to other 

metals and stresses

　It is recognized that many TBT-resistant bacteria 
show a cross-resistance to heavy metals (Pain and 
Cooney, 1998; Suzuki et al., 1992; Wuertz et al., 1991), 
and that P. aeruginosa 25W also exhibited such a high 
resistance (Roy and Nair, 2007). To learn whether 

Table 2.　Relative expression levels of PA0320 in the presence of TBT.

Strain
TBTCl concentrations (μM)

IC 0 10 100 500

P. aeruginosa 25W (1,000 μM<) 1.0 ± 0.038 1.06 ± 0.111 1.20 ± 0.062 0.97 ± 0.055
P. aeruginosa PAO1 (1 μM) 1.0 ± 0.046  0.58 ± 0.049*  0.55 ± 0.073*  0.54 ± 0.027*

　Values indicate fold change (the mean of triplicate samples) with ± SD in gene expression of PA0320, compared with 
transcription level in the absence of TBT. Asterisks indicate signifi cant differences between control and the other concentra-
tions (p < 0.005). IC, growth inhibitory concentration in M9 medium.

Fig. 1.　Growth of E. coli recombinant strains in LB broth with 
300 μM TBT.

The cell growth was monitored by measuring the optical den-
sity at 600 nm (OD600). The experiment was repeated twice with 
similar results.

Fig. 2.　Growth of P. aeruginosa 25W (wild-type) and the 
ΔPA0320 mutant in M9 medium with 1,000 μM TBT.

Cells were grown in M9 medium in the presence or absence 
of TBT. The cell growth was determined by monitoring the opti-
cal density at 600 nm (OD600). The mean values of three inde-
pendent experiments are presented with SD.
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PA0320 is involved in the cross-resistance mechanism, 
we examined the effect of PA0320 deletion on the sen-
sitivity of P. aeruginosa 25W to heavy metals. The re-
sults are shown in Fig. 3. The ΔPA0320 mutant was 
sensitive to cadmium and mercury (Fig. 3a and b). The 
sensitivity of the ΔPA0320 mutant to zinc also in-
creased, but did not differ signifi cantly (p = 0.32) (Fig. 
3c).
　A recent study reported that the YgiW of E. coli was 
responsible for resistance to stress, including that of 
cadmium and hydrogen peroxide (Lee et al., 2010). To 
assess the possibility that PA0320 is associated with 
such stress resistance, the sensitivities of P. aerugino-

sa strains to acidic pH and hydrogen peroxide were 
examined. In the ΔPA0320 mutant, acid pH decreased 
the survival rate approximately 20-fold compared to 

that of the wild-type (Fig. 4a), while hydrogen peroxide 
decreased it more than 3-fold (Fig. 4b).
　Since cadmium- and mercury-treated cells induce 
anti-oxidative proteins (Fanous et al., 2008; Ferianc et 
al., 1998), we hypothesized that the TBT toxicity re-
lates to ROS in bacteria. The ROS production in TBT-
treated Saccharomyces cerevisiae yeast is known 
(Chahomchuen et al., 2009). Our results in TBT-treated 
25W cells also showed that ROS was induced by TBT 
in a dose-dependent manner (Fig. 5).

Fig. 3.　Effect of heavy metal on the survival of P. aeruginosa 

25W (wild-type) and the ΔPA0320 mutant.
Results of exposure to 10 mM CdCl2 (a), 20 μM HgCl2 (b) and 

60 mM ZnCl2 (c) for 40 min are shown. Survival rate was deter-
mined as a percentage of the initial number of the CFU ml-1. 
Error bars represent SD from triplicate samples. Asterisks indi-
cate signifi cant difference by Student’s t test (p < 0.05).

Fig. 4.　Effect of pH and hydrogen peroxide on the survival 
of P. aeruginosa 25W (wild-type) and the ΔPA0320 mutant.

Results of exposure to pH 3.5 for 1 h (a) and 40 mM H2O2 for 
15 min (b) are shown. Survival rate was determined as de-
scribed above. Error bars represent SD from triplicate samples. 
Asterisks indicate signifi cant difference by Student’s t test (p < 
0.05).

Fig. 5.　Effect of TBT on ROS production in P. aeruginosa 25W.

Error bars represent SD from triplicate samples. The experi-
ment was repeated twice with similar results.
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Discussion

　In this study, a novel TBT resistance gene, PA0320, 
was isolated from P. aeruginosa 25W. Although the 
standard strain PAO1 possesses this gene, its function 
had been previously unknown. A sequence analysis of 
PA0320 revealed that it showed a similarity to the YgiW 
proteins from E. coli and S. enterica (ca. 40% amino 
acid identity). The YgiW protein from E. coli has previ-
ously been reported as a stress-related protein in-
volved in tolerance to hydrogen peroxide and cadmi-
um (Lee et al., 2010). In order to investigate the 
physiological function of PA0320, the PA0320 deletion 
mutant of the 25W strain was constructed.
　The 25W strain showed stable expression of the 
PA0320 gene, while the gene expression of PA0320 
was suppressed in the PAO1 strain, which should be 
caused by the toxicity of TBT. This result suggests that 
PA0320 can contribute to TBT resistance in the 25W 
strain even under high concentrations of TBT. As the 
result of the growth assay, it was revealed that the 
growth of the deletion mutant was partially suppressed 
in the presence of TBT. However, the ΔPA0320 mutant 
still can grow at signifi cantly high concentrations of 
TBT. These results suggested that not only PA0320 but 
also other genes would also be involved in the TBT 
resistance of P. aeruginosa 25W. The transglycosylase 
homologue in Alteromonas sp. and multidrug effl ux 
transporter in Pseudomonas stutzeri are known to be 
TBT-resistance genes (Fukagawa and Suzuki, 1993; 
Jude et al., 2004; Koonin and Rudd, 1994).
　Susceptibility to cadmium and mercury increased in 
the deletion mutant. It has been reported that most en-
vironmental isolates of TBT-resistant bacteria show a 
cross-resistance to heavy metals (Pain and Cooney, 
1998; Suzuki et al., 1992; Wuertz et al, 1991). Further-
more, this study revealed that the ΔPA0320 mutant 
was more sensitive to hydrogen peroxide and acidic 
pH than the wild-type strain 25W, suggesting that 
PA0320 is implicated in the resistance mechanism for 
multiple stressors. It is proposed that PA0320 facili-
tates the cross-protection against oxidative stress-in-
ducing factors. It is known that non-redox reactive 
heavy metals, including cadmium and mercury, can 
induce oxidative stress (Brennan and Schiestl, 1996; 
Ercal et al., 2001; Stohs and Bagchi, 1995), whereas 
zinc plays a role in antioxidant properties (Zago and 
Oteiza, 2001). It has been reported that stress exerted 
by cadmium and mercury induces the production of 

proteins related to the oxidative stress response 
(Fanous et al., 2008; Ferianc et al., 1998). On the other 
hand, studies of acid-sensitive mutants suggest that 
defects in acid resistance can be accompanied by an 
increase in susceptibility to oxidative stress (Choi et 
al., 2000; Vandal et al., 2009). In E. coli, low pH stress 
also activates oxidative and heat-shock regulons 
(Maurer et al., 2005), and therefore, it is likely that 
PA0320 is able to play a role in the resistance mecha-
nisms for oxidative stress-inducing agents.
　In this work, we have isolated and characterized the 
PA0320 gene as a novel TBT-resistance gene. The 
PA0320 of P. aeruginosa 25W was shown to be involved 
in multiple stress tolerances related to ROS, suggest-
ing the mechanism of the cross-protection between 
different environmental pollutants.
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