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Growth of Escherichia coli is inhibited upon exposure to a large volume of a harmful solvent, and there is an
inverse correlation between the degree of inhibition and the log POW of the solvent, where POW is the partition
coefficient measured for the partition equilibrium established between the n-octanol and water phases. The
AcrAB-TolC efflux pump system is involved in maintaining intrinsic solvent resistance. We inspected the
solvent resistance of DacrAB and/or DtolC mutants in the presence of a large volume of solvent. Both mutants
were hypersensitive to weakly harmful solvents, such as nonane (log POW 5 5.5). The DtolC mutant was more
sensitive to nonane than the DacrAB mutant. The solvent entered the E. coli cells rapidly. Entry of solvents with
a log POW higher than 4.4 was retarded in the parent cells, and the intracellular levels of these solvents were
maintained at low levels. The DtolC mutant accumulated n-nonane or decane (log POW 5 6.0) more abundantly
than the parent or the DacrAB mutant. The AcrAB-TolC complex likely extrudes solvents with a log POW in the
range of 3.4 to 6.0 through a first-order reaction. The most favorable substrates for the efflux system were
considered to be octane, heptane, and n-hexane.

There is increasing interest in culturing microorganisms in
two-liquid-phase systems consisting of an aqueous medium and
a hydrophobic organic solvent. This culture system is poten-
tially advantageous for bioconversion of hydrophobic sub-
strates with low solubility in water. Hydrophobic organic sol-
vents can be toxic to microorganisms. When microbial cells are
exposed to a large volume of an organic solvent with a log POW
of 2 to 5, the solvent binds to the cells (2) and disturbs the
structure of the cell membrane (3, 23). Here, log POW is the
common logarithm of the partition coefficient (POW) measured
for the partition equilibrium established between the n-octanol
and water phases (10). It has been proposed that solvent tox-
icity is inversely correlated with the log POW of a solvent (6).
The extent of the inhibition of growth of Escherichia coli cells
by a solvent in a two-phase culture system seems to be inversely
correlated with the log POW of the solvent (3).

On the other hand, it is reported that organic solvents with
high log POW values are incorporated into erythrocytes and
phospholipid liposomes more abundantly than those with low
log POW values (15, 23). E. coli cells accumulate solvent in a
manner positively dependent on the log POW and the concen-
tration of the solvent in the medium. The empirical rule that
there is an inverse correlation between the toxicity and the log
POW of a solvent can be applied only to culture systems con-
taining a large volume of solvent. The rule is based on the
extent of growth inhibition, not on the toxicity strength of the
solvent.

Several physiological and biochemical approaches have been
applied in an effort to elucidate the mechanisms of microbial
resistance to solvents (24). In recent years, it has been dem-
onstrated that energy-dependent efflux is involved in organic

solvent tolerance in gram-negative bacteria (7, 17, 18, 22).
Cloned genes coding for components of efflux pumps belong-
ing to the resistance/nodulation/cell division (RND) family
(20) have been shown to serve to maintain solvent resistance in
certain bacteria (4, 8, 11, 21, 25). Genetic evidence suggests
that the AcrAB-TolC efflux pump, a member of the RND
family (5, 14), is involved in solvent resistance of E. coli cells (4,
25). However, whether the AcrAB-TolC pump actually re-
duces the intracellular solvent concentration in E. coli cells
exposed to a solvent remains to be demonstrated. In the
present study, we examined solvent entry into acrAB and tolC
mutants incubated in a two-phase culture system. We found
that E. coli cells maintained a constant intracellular level of
certain solvents. The specificity of solvent efflux by the AcrAB-
TolC efflux pump was characterized by monitoring the release
of solvents accumulated intracellularly.

In this report, we describe the characteristics of entry of
solvent from the external milieu containing a large volume of
the solvent, the release of intracellular solvent (AcrAB-TolC-
dependent and -independent release), and solvent accumula-
tion in E. coli.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli K-12 derivatives used to evaluate
solvent resistance are summarized in Table 1. acrAB genes were cloned from
strain W3110 [F2 IN(rrnD-rrnE)1] (9). DH5a [supE44 DlacU169(f80
lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1] was used as the host for the
construction of plasmids.

The low-copy-number vectors pMW119, pMW218, and pMW219 (GenBank
accession no. AB005476 to 005478) (Nippon Gene, Tokyo, Japan), and the
high-copy-number vector pBluescript II KS(1) (Toyobo Biochemical, Osaka,
Japan) were used. Genes cat and kan were derived from plasmids pHSG399
(Takara Shyuzo, Osaka, Japan) and pUC4K (Pharmacia Biotech, Uppsala, Swe-
den), respectively. The temperature-sensitive plasmid pG1host4 (Appligene,
Inc., Pleasanton, Calif.) was used to disrupt the acrAB genes in E. coli JA300.

Culture conditions. The organisms were grown aerobically at 37°C in LBGMg
medium consisting of 1% Bacto Tryptone (Difco Laboratories, Detroit, Mich.),
0.5% Bacto Yeast Extract (Difco), 1% NaCl, 0.1% glucose, and 10 mM MgSO4
(1). This medium was solidified with 1.5% (wt/vol) agar. Ampicillin (50 mg/ml) or
kanamycin (50 mg/ml) was added to the medium when necessary.
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Measurement of the organic solvent tolerance levels of E. coli. Cultures of E.
coli strains in LBGMg medium (optical density at 660 nm [OD660], 0.4 to 0.6)
were diluted with 0.9% saline by serial 10-fold dilutions. Each suspension was
plated on LBGMg agar. The surface of the agar was overlaid with a 3-mm-thick
layer of an organic solvent. The approximate frequency at which the cells formed
colonies on the agar was estimated after a 16-h incubation at 37°C.

Using the log POW calculation software, ClogP version 4.0 (Bio Byte Corpo-
ration, Claremont, Calif.), the log POW of each organic solvent was calculated by
the addition rule (10).

Determination of the amount of solvent entering bacterial cells. Solvent was
added to a suspension of E. coli cells harvested during the late exponential phase
of growth (OD660, 1.5 to 2.0). The suspension was centrifuged 30 min after
addition of the solvent. The solvent layer, separated from the medium layer, was
removed by aspiration. The medium was disposed of by decanting. The cell pellet
was recovered and suspended in 1.5 ml of 0.9% NaCl–10 mM MgSO4. A 0.75-ml
portion of the suspension was then transferred to an Eppendorf tube. The
remaining portion was kept to measure the protein content. The 0.75-ml cell
suspension was extracted with 0.75 ml of CHCl3 by vigorous shaking for 90 min
at 20°C in a shaker (Handless shaker SHK-COCK; Asahi Technoglass, Tokyo,
Japan).

The amount of solvent in the CHCl3 extract was measured using a gas-liquid
chromatography apparatus (GC-9AM; Shimadzu, Kyoto, Japan). A sample of
the CHCl3 extract was injected onto a column (3.2 mm by 3.1 m) of 25%
polyethylene glycol 1500, Chromosorb W 60/80 AW z DMCS (Shimadzu), at 50°C
or a column (3.2 mm by 2.1 m) of 15% Silicone D 200, Shimalite F 40/60
(Shimadzu), heated at 100°C. The column was eluted with N2 gas at a flow rate
of 60 ml/min. The solvent was detected with a flame ionization detector.

Protein content. Protein content was measured by the method of Lowry et al.
(13).

DNA manipulation. DNA manipulations, including preparation of plasmid
DNA, agarose gel electrophoresis, restriction enzyme digestion, ligation, and
transformation of E. coli cells, were carried out by standard methods.

Cloning of genes acrAB, emrAB, and yhiUV. The region containing acrAB was
amplified by PCR using W3110 chromosomal DNA as the template. The emrAB
and yhiUV operons were cloned from JA300, also by PCR. The primers used
were designed according to the sequence deposited in GenBank (accession
numbers: acrAB, AE000152; emrAB, AE000353; and yhiUV, AE000427) as fol-
lows: a forward primer for acrAB, 59-CGGTCATAACTTTCCAGACAGAG
A-39 (537 to 560 bp upstream of the initiation codon of acrA); a reverse primer
for acrAB, 59-AAAACTTACTGACCTGGACTTGCC-39 (471 to 494 bp down-
stream of the stop codon of acrB); a forward primer for emrAB, 59-AGCGGA
TCCGTCATCTCGCTCAA-39 (110 to 132 bp upstream of the initiation codon
of emrA); a reverse primer for emrAB, 59-CAGGAATTCATATGAGTCTGAT
TGGTACG-39 (298 to 326 bp downstream of the stop codon of emrB); a forward
primer for yhiUV, 59-AGTAGAATTCTTCGTTGCCCGAAT-39 (189 to 210 bp
upstream of the initiation codon of yhiU); and a reverse primer for yhiUV,
59-ATTGGATCCTGAATGGTTAGCAGGAAA-39 (46 to 72 bp downstream of
the stop codon of yhiV). The underline shows the EcoRI or BamHI site intro-
duced into each primer. A 4.4-kb XhoI-EcoT22I fragment containing the acrAB
genes, a 3.2-kb BamHI-EcoRI fragment containing the emrAB genes, and a
4.6-kb BamHI-EcoRI fragment containing the yhiUV genes were obtained from
the amplified products. The fragment containing the acrAB genes was inserted
into the XhoI-PstI sites of vector pBluescript II KS(1). The cloned genes were
recovered by XhoI-BamHI digestion of pAcrAB4 and inserted into the SalI-
BamHI sites of vector pMW219. The BamHI-EcoRI fragment containing the
emrAB genes and that containing the yhiUV genes were inserted into the BamHI-
EcoRI sites of vector pMW219 and pMW218, respectively.

Disruption of the acrAB genes in JA300. A Kanr cassette isolated by PstI
digestion of pUC4K and vector pG1host4 digested with SacI were blunted and

ligated. The resulting plasmid pGK619 is a pG1host4 derivative containing kan
instead of erm. Plasmid pAcrAB4 was digested with BsmI and HpaI to obtain a
truncated 2.6-kb fragment extending from the 156th codon of acrA to the 612th
codon of acrB. This fragment was ligated with a cat gene isolated from pHSG399
digested with AccII. The resulting plasmid pDAcrAB::cat is a pBluescript II
KS(1) derivative containing the N-terminal region of acrA, a cat gene, and the
C-terminal region of acrB tandemly. A part of this insert was amplified by PCR
with pDAcrAB::cat DNA as the template. The primers used were designed
according to the deposited sequence as follows: a forward primer, 59-GTGAA
TTCAAACAGGCCCAACAAG-39 (corresponding to the 25th to 33rd codons
of acrA), and a reverse primer, 59-GGAAGGGCCCGTCATTGGTCAGGCC
A-39 (complementary to the 920th to 928th codons of acrB). The primer se-
quence was designed to contain an EcoRI or ApaI site, shown by the underlines.
The amplified product was digested with EcoRI and ApaI and inserted into the
sites of pGK619. The resulting plasmid pGK914 is a kanamycin-resistant
pG1host4 derivative containing 385 bp of the central region of acrA, 1,057 bp of
cat, and 937 bp of the central region of acrB.

JA300(pGK914) cells were resistant to chloramphenicol and kanamycin at
28°C but not at 42°C. Clones showing the resistance also at 42°C occurred at a
low frequency in the JA300(pGK914) culture. These clones were candidates of
cells in which pGK914 DNA was first inserted into the chromosome by a cross-
over event. Clones that were resistant to chloramphenicol (6.3 mg/ml) but sen-
sitive to kanamycin (25 mg/ml) were obtained from one of the candidate clones.

The region containing acrAB was amplified by PCR using chromosomal DNA
from one of the chloramphenicol-resistant and kanamycin-sensitive clones as the
template. The primers used were the same as those used to construct pGK914
from pDAcrAB::cat. Consistent with the expected values, the size of the ampli-
fied product from JA300 was 3.9 kb and those from JA300A and JA300TA were
2.4 kb. This acrAB disruptant was named JA300A. JA300TA, a tolC and acrAB
disruptant, was constructed from JA300T(pGK914) in the same manner. It was
confirmed that neither JA300A nor JA300TA produced a protein reactive with
antiserum against AcrA (results not shown).

Materials. The organic solvents used were of the highest quality available
(Wako Pure Chemical Industries, Osaka, Japan). Antiserum against AcrA was a
kind gift from H. Nikaido of the University of California, Berkeley. The
emrB::kan disruptant OLS111 was kindly provided by A. Xiong and A. Matin of
Stanford University.

RESULTS
Important contribution of acrAB and tolC to maintaining

intrinsic solvent resistance of E. coli. It has been reported that
the acrAB genes are involved in the resistance of E. coli to
n-hexane and cyclohexane (25). We found that tolC mutants
are hypersensitive to various solvents, including n-hexane and
cyclohexane (4). TolC protein functions as an outer membrane
channel of efflux pumps, including the AcrAB system (5). To
examine the role of the AcrAB-TolC efflux pump system in the
solvent resistance mechanism of E. coli, the resistance of
DacrAB and/or DtolC mutants was assessed by testing for
growth on LBGMg agar overlaid with the individual solvents
(Table 2).

JA300 grew on the agar medium overlaid with any one of the
solvents with a log POW value greater than or equal to 3.9.
JA300T and JA300TA grew only on the agar overlaid with

TABLE 1. Bacterial strains and plasmids used

Strain or
plasmid Genotype Reference

E. coli strain
JA300 F2 thr leuB6 trpC1117 thi rpsL20 hsdS 1
JA300A Same as JA300, but with DacrAB::cat This study
JA300T Same as JA300, but with DtolC 4
JA300TA Same as JA300, but with DtolC DacrAB::cat This study
JA300E Same as JA300, but with emrB::kan This study
JA300AE Same as JA300, but with DacrAB::cat emrB::kan This study
OLS111 emrB::kan rpoS::tet A. Xiong and A. Matin

Plasmid
pLTolC 2.5-kb EcoRI-HindIII fragment containing the tolC gene in pMW119 oriented in the same direction as Plac 4
pLKAcrAB 4.4-kb AvaI-EcoT22I fragment containing the acrAB genes in pMW219 oriented in the same direction as Plac This study
pLKEmrAB 3.2-kb PCR product containing the emrAB genes in pMW219 oriented in the same direction as Plac This study
pLKYhiUV 4.6-kb PCR product containing the emrAB genes in pMW218 oriented in the same direction as Plac This study
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decane. JA300A grew in the presence of decane or nonane,
although the number of colonies formed in the presence of
nonane was low. Thus, the solvent resistance levels of these
mutants were almost the same, but the DtolC mutants were
slightly more sensitive to nonane than the DacrAB mutant.

The mutants were transformed with a plasmid containing
acrAB or tolC under the control of Plac. JA300A became as
resistant to solvents as the parent upon introduction of acrAB.
Addition of IPTG (isopropyl-b-D-thiogalactopyranoside) im-
proved the solvent resistance of JA300(pLKAcrAB) and that
of JA300A(pLKAcrAB). On the other hand, the effect of tolC
expression on solvent resistance was complicated. JA300T be-
came as resistant to solvents as the parent by introduction of
tolC. JA300T(pLTolC) was as resistant to solvent as JA300 in
the presence and absence of IPTG. However, introduction of
tolC into JA300A lowered the nonane resistance. JA300A
(pLTolC) became sensitive to nonane in the presence of IPTG.
These results suggest that the TolC channel overproduced in
the absence of AcrAB allows entry of nonane from the external
milieu. In the case of JA300TA, weak nonane resistance was
restored by introduction of tolC but not acrAB. Overexpression
of tolC in the presence of IPTG made JA300TA(pLTolC)
sensitive to nonane. Thus, JA300TA(pLTolC) was as resistant
to nonane as JA300A(pLTolC). The n-hexane resistance in
JA300TA was restored only upon introduction of both genes,
acrAB and tolC, although JA300TA(pLKAcrAB and pLTolC)
was more sensitive to n-hexane or heptane than JA300. The
resistance of this transformant to heptane or n-hexane was
improved in the presence of IPTG. Thus, AcrAB and TolC are
essential for E. coli to grow in the presence of a large volume
of weakly harmful solvent, as reported previously (4, 25). It is

evident that the AcrAB-TolC pump is the main system respon-
sible for maintaining resistance to several solvents. However, it
is likely that unidentified transporter systems depending on
TolC confer weak nonane resistance on E. coli.

Putative contribution of genes encoding transporter systems
to resistance to low-toxicity solvents in the acrAB mutant.
E. coli has several genes encoding putative or proven multidrug
transporters (16, 20). Among them, the emrAB and yhiUV op-
erons were cloned from the JA300 chromosome and inserted
into a low-copy-number vector under the control of Plac. The
nonane resistance of JA300A was improved by an increase in
the copy number of emrAB or yhiUV (Table 3). In addition,
JA300A acquired octane resistance upon introduction of these
operons. The octane resistance was improved when expression
of the operons contained in the plasmids was elevated in the
presence of IPTG. The solvent resistance of JA300T was not
improved upon introduction of the cloned operons (results not
shown). These results indicate the operons conferred resis-
tance to these weakly toxic solvents on E. coli, depending on
TolC when overexpressed.

The Emr transporter system is known to extrude various
drugs (12). To examine the contribution of the Emr trans-
porter system encoded on the chromosome to solvent resis-
tance, the emrB genes in JA300 and JA300A were disrupted
by P1 transduction of emrB::kan from OLS111. The result-
ing emrB disruptants, JA300E and JA300AE, were as resis-
tant to solvents as JA300 and JA300A, respectively (results
not shown). These findings suggest that the nonane resistance
observed in the case of the DacrAB mutant was not mediated
only by the emr operon. Probably, several transporters are
required to confer the nonane resistance on JA300A.

TABLE 2. Organic solvent resistance levels of acrAB and tolC mutants

Straina Plasmid IPTG
(1 mM)

Growth on agar overlaid withb:

Decane
(5.98)

Nonane
(5.45)

Octane
(4.93)

Heptane
(4.40)

n-Hexane
(3.87)

Cyclohexane
(3.35)

JA300 pMW219 2 100 100 100 100 50 —
1 100 100 100 100 50 —

pLKAcrAB 2 100 100 100 100 40 —
1 100 100 100 100 100 —

pLTolC 2 100 100 100 100 30 —
1 100 100 100 100 30 —

JA300T pMW219 2 100 — — — — —
1 100 — — — — —

pLKAcrAB 2 100 — — — — —
1 100 — — — — —

pLTolC 2 100 100 100 100 50 —
1 100 100 100 100 50 —

JA300A pMW219 2 100 50 — — — —
1 100 50 — — — —

pLKAcrAB 2 100 100 100 50 0.01 —
1 100 100 100 100 30 —

pLTolC 2 100 0.01 — — — —
1 100 — — — — —

JA300TA pMW219 2 100 — — — — —
1 100 — — — — —

pLKAcrAB 2 100 — — — — —
1 100 — — — — —

pLTolC 2 100 0.01 — — — —
1 100 — — — — —

pLKAcrAB 1 pLTolC 2 100 100 100 20 0.005 —
1 100 100 100 100 30 —

a Each strain carrying the plasmid was grown in LBGMg medium. Cells in the exponential phase of growth were plated on LBGMg agar. The agar was overlaid with
the test solvent and incubated at 37°C overnight.

b The log POW value of each solvent is shown in parentheses. The solvent resistance is represented by the frequency of colony formation, with that observed in the
absence of any solvent taken as 100%. —, below 0.001%.
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Entry of organic solvent into the E. coli tolC mutant in a
two-phase culture system. We previously observed that E. coli
cells accumulate solvent in a two-phase culture system (2).
E. coli cells possessing the AcrAB-TolC efflux pump system
were used at that time. Results shown in Tables 2 and 3 suggest
that solvent efflux from the cells occurs through TolC-depen-
dent systems. In this study, we measured solvent entry into an
E. coli DtolC mutant to avoid interference by the solvent efflux
systems. The increase in the intracellular solvent level (Cc) was

followed by measuring Cc periodically after the addition of
each test solvent (10% [vol/vol]) to a culture of JA300 or
JA300T in the late exponential phase of growth. Highly toxic
solvents, such as toluene or p-xylene, rapidly entered the
JA300T cells (Fig. 1). Weakly toxic solvents, such as nonane,
entered the cells slowly. The initial rate of solvent entry and Cc

after incubation with the solvent were correlated inversely with
the log POW of the solvent in the two-phase culture system.

Also in the case of JA300, the initial rate of solvent entry and
Cc were correlated inversely with the log POW of the solvent.
Cyclohexane entered the JA300 cells as rapidly as in the case
of JA300T cells. n-Hexane, heptane, and octane entered the
JA300 cells more slowly than in the case of JA300T cells. In
particular, the Cc of heptane and that of octane were main-
tained at near-constant levels in JA300 cells, even after 60 min.
These results indicate that a TolC-dependent transporter sys-
tem contributed to keeping the Cc of heptane and octane at a
low level, but not that of cyclohexane. These results were
consistent with the observation that JA300 was resistant to
heptane and sensitive to cyclohexane. The n-hexane resistance
of JA300 depends on the culture conditions (3). It is clear that
E. coli remains heptane resistant by keeping the Cc of heptane
low.

Accumulation of organic solvent in E. coli incubated in a
two-phase culture system. To assess the relative contribution
of AcrAB and TolC to solvent resistance, we measured Cc in
JA300, JA300A, and JA300T cells incubated in a two-phase
system. Figure 1 shows that the Cc of each solvent was depen-

FIG. 1. Entry of solvent into E. coli cells. JA300T (A) and JA300 (B) were each grown in 200 ml of LBGMg medium in a 2,000-ml Erlenmeyer flask rotated at 120
rpm. The cells in the late exponential phase (OD660, 1.5 to 2.0) were harvested by centrifugation (24°C, 4,000 3 g, 6 min) and suspended in 25 ml of the medium. The
suspension (5 ml) and 35 ml of the medium containing 4 ml of solvent were mixed in a 200-ml Erlenmeyer flask. The suspension was shaken at 160 rpm. Periodically,
a portion of the culture was withdrawn and centrifuged (15°C, 6,000 3 g, 1 min). The cells were suspended in 0.9% NaCl–10 mM MgSO4. The suspension was extracted
with CHCl3, and the amount of solvent in the CHCl3 extract was measured. Each value shown is the mean value for two or three measurements. Symbols: ƒ, p-xylene;
‚, cyclohexane; {, n-hexane; E; heptane; h, octane; �, nonane.

TABLE 3. Improvement of the organic solvent tolerance level of an
DacrAB mutant by an increase in the copy number of

genes encoding transporters

Plasmida IPTG
(1 mM)

Growth on agar overlaid withb:

Decane
(5.98)

Nonane
(5.45)

Octane
(4.93)

Heptane
(4.40)

n-Hexane
(3.87)

pMW219 2 100 50 — — —
pLKEmrAB 2 100 100 1 — —

1 100 100 100 0.001 —
pLKYhiUV 2 100 100 0.001 — —

1 100 100 1 — —

a JA300A transformants carrying each plasmid were grown in LBGMg me-
dium. The cells in the exponential phase of growth were plated on LBGMg agar.
The agar was overlaid with the test solvent and incubated at 37°C overnight.

b The log POW value of each solvent is shown in parentheses. The solvent
resistance is represented by the frequency of colony formation, with that ob-
served in the absence of any solvent taken as 100%. —, below 0.001%.
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dent on the incubation period. In particular, the entry of non-
ane was slow. Here, we show the Cc values obtained after
exposure to each solvent for 30 min. Figure 2 shows the Cc of
nonane or decane as measured 4 h after addition of the sol-
vent. In addition, the figure shows the viability of the cells at
the time when the Cc was determined.

There was no difference in the Cc of toluene, p-xylene, or
cyclohexane among the strains. All of the cells were killed
within 30 min upon exposure to these solvents. When exposed
to n-hexane, heptane, or octane, the Cc of each solvent was
higher in JA300A and JA300T than that found in JA300.
JA300A and JA300T accumulated the same Cc of each solvent.
JA300A and JA300T were also killed in the presence of these
solvents. When exposed to nonane or decane, the Cc of each of
the two solvents was almost the same in JA300A and JA300T
after 30 min. At this time, both strains were viable. The Cc
of nonane or decane increased substantially in JA300T but
only slightly in the other strains. After 4 h, nonane killed
only JA300T, not the other strains. It can be concluded that
the AcrAB-TolC pump is essential to reduce the Cc of n-
hexane, heptane, or octane in E. coli cells exposed to these
solvents. The Cc of nonane and that of decane are likely to be
lowered partially by some TolC-dependent efflux system other
than AcrAB-TolC. It is interesting that JA300A exposed to
nonane or decane showed a lower Cc than that observed in
JA300T. This is consistent with the finding that JA300T and
JA300TA were more sensitive to nonane than JA300A (Table
2). These results support the view that in E. coli, efflux of
nonane and decane also occurs via some TolC-dependent sys-
tem other than AcrAB.

JA300T was killed by exposure to the solvents shown in Fig.
2, except for decane. Regardless of the difference among the
strains, E. coli cells killed by exposure to the solvents showed a

similar Cc for each solvent in the two-phase system. The Cc of
solvents with a log POW in the range of 2.6 to 5.5 is given by the
following equation: log Cc 5 1.38 2 0.37 3 log POW. This
equation represents the solvent accumulation in E. coli cells
killed upon exposure to a large volume of solvent in a two-
phase system. On the other hand, almost all JA300 cells main-
tained viability in the two-phase system containing any solvent
with a log POW in the range of 4.4 to 6.0. Cc corresponding to
the linear part of the solvent accumulation curve for JA300 was
lower than that found for JA300T exposed to such solvents.
This part of the curve is given by the following equation: log Cc
5 1.76 2 0.65 3 log POW. This equation represents the solvent
accumulation in viable JA300 cells growing in a two-phase
system.

Release of intracellular organic solvents from E. coli cells.
Solvents probably diffuse into E. coli cells by partitioning be-
tween the cells and their external milieu. Therefore, the cells
that had accumulated a solvent would release the solvent upon
lowering the solvent concentration in the medium. It was sup-
posed that the solvent would be released from the cells by
passive diffusion and through the action of the solvent efflux
pump.

To observe the solvent efflux process, cells loaded with sol-
vent were incubated in medium containing no solvent. Cell
viability was maintained by loading the cells with the test sol-
vent at a low Cc (0.01 to 0.1 mmol/mg of protein). It is reported
that the Cc of a solvent is correlated with the concentration of
the solvent in the medium (19). Cells loaded with solvent at a
low Cc were prepared by incubation with a low concentration
of the solvent. No strain was killed by the test solvent under
these conditions. Release of the intracellular solvent from the
cells was followed by periodic determination of Cc. Figure 3
shows typical examples of the release of n-hexane or heptane

FIG. 2. Accumulation of solvents in E. coli cells in a two-phase culture system. JA300 (circles), JA300T (squares), and JA300A (triangles) were grown in LBGMg
medium and exposed to solvent in the two-phase system, as described in the legend for Fig. 1. The solvents tested were toluene (log POW 5 2.64) and p-xylene (log
POW 5 3.14) in addition to those shown in Table 2. The suspension was shaken at 160 rpm. A portion of the culture was centrifuged (15°C, 6,000 3 g, 1 min) after
30 min. The amount of solvent accumulated in the cells was measured, as described in Fig. 1. A sample was also taken 4 h after the addition of n-nonane or n-decane
in the case of JA300T (the result at 4 h is shown by a broken line). Each value shown is the mean value for three measurements. The viability of the cells was examined
by plating a portion of the culture on LBGMg agar. The frequency of survivors is indicated by the following symbols: open symbol, less than 1026; dotted symbol, 1024;
solid symbol, 1. The solubilities of these solvents in water, determined at 37°C, were 5.3, 1.4, 0.68, 0.21, 0.064, 0.034, and 0.0071 mM for toluene, p-xylene, cyclohexane,
n-hexane, heptane, octane, and nonane, respectively. The solubility of decane was not determined because of its low solubility.
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from JA300, JA300A, JA300T, and JA300(pLKAcrAB). It
seems likely that each intracellular solvent was released
from all strains through a first-order reaction, at least in the
initial period. Assuming that the solvent is released from each
cell by passive diffusion and active extrusion through a first-
order reaction, the rate constants for the release of intracellu-
lar solvents were calculated for the viable cells (Table 4).

The rate constant for each solvent was the highest in the case
of JA300 and the lowest in the case of JA300T, among the cells
loaded with solvent at low Cc. However, solvent release
seemed to be retarded when the cells were loaded with solvent
at high Cc. This retardation was clearly evident in the case of
JA300 loaded with n-hexane loaded up to the level of 0.4
mmol/mg of protein, but not in the case of JA300T (Fig. 3A).
Consequently, n-hexane was released at similar rates from
JA300 and JA300T when the initial Cc of n-hexane was high.
The membrane structure of JA300 is disordered under the
conditions employed (3). Probably, the activity of RND family
efflux pumps is lowered in the structurally disordered mem-
brane. Therefore, as described below, we evaluated the relative
contribution of AcrAB and TolC to solvent release on the basis
of the results obtained with viable cells.

The rate constant for TolC-independent solvent release
found in the case of JA300T was inversely dependent on the
log POW of the solvent. The difference in the rate constants for
release of the solvents among the strains is likely attributable

to the difference in solvent efflux activity. The rate constants
for solvent release via TolC were estimated by comparison of
the rate constants found for JA300 and JA300T, as follows:
nonane, 0.06/min; octane, 0.16/min; heptane, 0.17/min; hexane,
0.19/min; and cyclohexane, 0.07/min. The rate constants for
solvent release via AcrAB were calculated as follows: nonane,
0.05/min; octane, 0.15/min; heptane, 0.16/min; and hexane,
0.13/min. Determining the solvent release rate revealed that
AcrAB extrudes heptane most preferentially among the sol-
vents tested. The rate constants for release of hexane and
cyclohexane were improved by an increase in the copy number
of acrAB, indicating that the AcrAB transporter indeed ex-
trudes these solvents from E. coli cells.

FIG. 3. Release of intracellular solvent from E. coli cells. JA300 (E), JA300T (h), JA300A (‚), and JA300(pLKAcrAB) (ƒ) were loaded with n-hexane (A) or
heptane (B), as described in the legend for Fig. 1. After incubation with the solvent for 30 min, the cell suspension (40 ml) was centrifuged (24°C, 6,000 3 g, 1 min).
The cells were suspended in 20 ml of LBGMg medium in a 50-ml Erlenmeyer flask and incubated at 37°C with shaking at 160 rpm. Time zero represents the time at
which the cells were suspended in fresh medium. A portion of the cell suspension (2 ml) was withdrawn periodically and centrifuged (15°C, 6,000 3 g, 1 min) at the
times shown. The solvent in the cells was measured as described in the legend for Fig. 1. Solid and broken lines indicate the release of each solvent from cells in which
Cc was low and high, respectively. The initial Cc was controlled by altering the volume of solvent added, as follows: for n-hexane, JA300, 0.2 or 4 ml; JA300T, 0.2 or
4 ml; JA300A, 0.2 ml; and JA300(pLKAcrAB), 0.25 ml; for heptane, JA300, 2 ml; JA300T, 0.1 or 2 ml; and JA300A, 2 ml. Each value shown is a typical example.

TABLE 4. Rate constant for solvent release from E. colia

Strain
(plasmid)

Solvent release rate constant

Nonane Octane Heptane Hexane Cyclohexane

JA300(pLKAcrAB) NT NT NT 0.696 0.755
JA300 0.069 0.212 0.272 0.603 0.654
JA300AB 0.023 0.064 0.117 0.474 NT
JA300T 0.014 0.053 0.099 0.412 0.587

a The rate constant for solvent release per minute was measured in the exper-
iments shown in Fig. 3. NT, not tested.
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DISCUSSION

Since a toluene-resistant strain of Pseudomonas putida was
isolated (6), various mechanisms have been proposed to ac-
count for the solvent resistance of microbes. It has been shown
that efflux pumps belonging to the RND family are important
for solvent resistance in gram-negative bacteria (4, 8, 21, 25).
The AcrAB-TolC efflux pump is involved in the solvent resis-
tance of E. coli. We are interested in culturing microbes in a
two-phase system containing a large volume of solvent. Our
findings concerning solvent resistance, examined in the pres-
ence of a large volume of each solvent (Table 2), confirmed
that the genes acrAB and tolC are essential to maintain the
intrinsic level of resistance of E. coli to hydrophobic solvents,
although it has been proposed that AcrAB functions preferen-
tially in efflux of amphiphilic charged compounds (16). It is
reported that tolC mutants are more sensitive to various anti-
biotics than acrAB mutants (5). Certain transporters other than
AcrAB confer weak solvent resistance to E. coli (Tables 2 and
3), although we failed to identify the transporter.

Resistance to solvents with a log POW in the range of 3.9 to
5.5 is conferred on E. coli incubated in a two-phase culture
system by the AcrAB-TolC pump encoded on the chromo-
some. Under these conditions, accumulation of solvents with a
log POW in the range of 4.4 to 5.9 was reduced to a level
one-sixth to one-tenth of that observed in the case of acrAB or
tolC mutants (Fig. 1 and 2). n-Hexane (log POW, 3.9) is sub-
toxic to JA300 in the two-phase culture system.

The more polar solvents were more preferentially released
by the TolC-independent process (Table 4), suggesting that
this process involves passive diffusion of the solvent in response
to the solubility of the solvent in the medium. Therefore, it is
likely that the TolC-independent solvent release process does
not occur substantially when the medium is saturated with the
solvent in the presence of a large volume of the pure solvent.
Alternatively, the solvent might be extruded by a TolC-inde-
pendent process, although this possibility is not supported by
the results of genetic analysis of solvent resistance (Table 2).
The TolC-dependent process released octane, heptane, and
n-hexane preferentially. These two solvent release processes
differ in terms of solvent specificity. The AcrAB-dependent
extrusion was responsible for the major portion of the TolC-
dependent solvent release. A portion of the solvents is likely
released through the TolC channel without any involvement of
AcrAB. It is not likely that there is an AcrAB-dependent and
TolC-independent process, considering that solvent accumula-
tion was similar between JA300T and JA300TA.

In this study, we examined the features of solvent entry into
E. coli cells containing no solvent and solvent release into the
external milieu containing no solvent. It may be assumed that
the influx and efflux of solvent are probably balanced in mi-
crobes growing in a two-phase culture system. We could not
measure the rates of influx and efflux separately in the two-
phase system. However, the Ccs of heptane, octane, nonane,
and decane were maintained at low levels in JA300 (Fig. 2).
We showed that the Cc of octane and that of heptane were
constant (0.04 and 0.08 mmol/mg of protein, respectively) in
JA300 for 60 min (Fig. 1), indicating that the influx and efflux
of heptane or octane were balanced in JA300 incubated in the
two-phase system. n-Hexane entered JA300 cells more slowly
than it entered JA300T cells, although the rate increased grad-
ually during the incubation period. The n-hexane resistance of
JA300 is lowered at high cell density, probably because of a
shortage of oxygen (17). It is supposed that influx and efflux of
n-hexane are probably balanced in JA300 at low cell density in
the two-phase system containing n-hexane (3). On the other

hand, the activity of the AcrAB-TolC system in JA300 was
insufficient to extrude cyclohexane from the cells in the two-
phase system (Fig. 1). This is probably because of low activity,
rather than the substrate specificity, because introduction of
pLKAcrAB resulted in increased cyclohexane release from
JA300 cells (Table 4).

It is reported that entry of toluene into P. putida S12 is
lowered by some active efflux system (7). In that study, solvent
entry was examined in a medium containing toluene below the
saturation concentration. The reported Cc of toluene in P. pu-
tida S12 cells in which energy production was inhibited is one-
tenth of that found in E. coli exposed to a large volume of
toluene in this study. P. putida S12 might have an additional
resistance mechanism to toluene other than the efflux system.
Genes srpABC involved in toluene efflux have been cloned
from P. putida S12. As a result of transformation with these
genes, P. putida tolerant to 2.6 mM toluene became tolerant to
4.9 mM but not 5.6 mM toluene (8). The transformant cannot
grow in a two-phase system containing toluene. Thus, the tox-
icity of the solvent is greatly dependent on the concentration.
When JA300 was incubated in the presence of cyclohexane or
p-xylene, the cell viability was dependent on the concentration
of the solvent present (results not shown). Solvent entry is
dependent on the concentration of the solvent in the medium
(19). In this study, solvent entry was examined in E. coli cells
incubated in a two-phase system. Therefore, the results de-
scribed here show the features of solvent accumulation by
E. coli cells in a two-phase system containing a large volume of
solvent.
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