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and E. coli JW3942 (coaA mutant) showed different susceptibilities towards photocatalytic

Accepted 17 May 2012

inactivation by titanium dioxide (TiO2, irradiated by UVA lamps (l ¼ 365 nm)). Regulating the
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fatty acid composition through pre-incubation temperature adjustment demonstrated the
crucial role of cell membrane fatty acid profile in bacterial susceptibility towards photo-
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catalytic inactivation, while the lower coenzyme A level in coaA mutant correlated well with
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its lower susceptibility towards photocatalytic inactivation. Furthermore, transmission
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electron microscopic study demonstrated the photocatalytic destruction process of bacterial
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cells. This is the first study using single-gene deletion mutants to explore better under-
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standing of the photocatalytic inactivation mechanism of E. coli.
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1.

Introduction

Photocatalytic inactivation, which has been widely recognized
from numerous experimental evidences, provides a promising alternative and efficient water disinfection technology of
controlling the spread and/or eliminating microbes. However,
the photocatalytic inactivation mechanism has not been well
established. In particular, the roles of bacterial cellular
components as well as the reactive charged and oxidative
species in bacterial inactivation are still unknown. Matsunaga
et al. (1985) reported the application of TiO2eUV photocatalysis for the inactivation of three different microorganisms: Lactobacillus acidophilus, Saccharomyces cerevisiae and

Escherichia coli. Then, a wealth of information has demonstrated the efficacy of photocatalytic inactivation of various
microbes, including bacteria (Sunada et al., 1998; Hu et al.,
2006; Benabbou et al., 2007), viruses (Lee et al., 1997; Vohra
et al., 2006), and fungi and yeasts (Lonnen et al., 2005;
Maneerat and Hayata, 2006).
To ensure the applicability, many studies focused on the
photocatalytic inactivation mechanism. The formation of
dimers of intracellular coenzyme A (CoA) resulted in the
inhibition mechanism of cell respiration and lead to bacterial
cell death was first proposed by Matsunaga et al. (1985, 1988),
suggesting the photooxidation of CoA is involved in photocatalytic inactivation of bacteria. These findings indicated
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that TiO2 photocatalysis induced direct oxidative stress to
bacterial components. Saito et al. (1992) demonstrated that
photo-activated TiO2 provoked the rupture of the cell
membrane of Streptococcus sobrinus using transmission electron microscopy (TEM). Another study reported the photocatalytic degradation of endotoxin, a pyrogenic constituent of
the outer membrane of a Gram-negative bacterium, and the
result suggests that the cell membrane is the primary target of
photocatalytic inactivation (Sunada et al., 1998). Maness et al.
(1999) elucidated the photogenerated radicals promoted the
peroxidation of the polyunsaturated phospholipid components of the lipid membrane, which lead to respiration loss
and cell death. The oxidation of membrane lipids in photocatalytic inactivation was also documented (Huang et al.,
2000; Kiwi and Nadtochenko, 2004, 2005; Nadtochenko et al.,
2005).
For bacterial inactivation, in general, the cells are attacked
by photogenerated reactive charged and oxidative species
(ROSs), leading to the damages of cell membrane, cell wall and
other intracellular components. Hydroxyl radical (OH) has
been widely accepted as the major ROS responsible for
bacterial inactivation (Cho et al., 2004; Khodja et al., 2005;
Zhang et al., 2010). Unfortunately, most of these studies
investigating the photocatalytic inactivation efficiency based
on the study of a single bacterial strain rather than the
mechanism, and there is no systematic and comparative
study on photocatalytic inactivation of a series of closely
related bacterial strains. Also the influences of cellular
constituents on photocatalytic inactivation mechanism have
not been fully elucidated.
The present study investigates the photocatalytic inactivation of E. coli BW25113 (used as a “parental strain”) and its
two isogenic single-gene knock out mutants e E. coli JW1081
( fabF mutant) and E. coli JW3942 (coaA mutant). Both the
parental and its isogenic mutant strains are belonged to the
Keio Collection (Baba et al., 2006). In the present study, firstly,
photocatalytic inactivation efficiencies of parental and two
mutant strains were compared. Then, the relationship
between the fatty acid composition at different temperatures,
coenzyme A level and the bacterial susceptibility towards
photocatalytic inactivation of these bacterial strains were
determined and compared. Finally, transmission electron
microscopic (TEM) analysis was conducted to reveal the
bacterial destruction process in photocatalytic inactivation.

2.

Material and methods

2.1.

Bacterial strains

E. coli BW25113 (“parental strain”), and its single-gene deletion
fabF mutant (E. coli JW1081 carrying the mutation of
fabF759(del )::kan, encoding b-ketoacyl-acyl carrier protein
(ACP) synthase II) and coaA mutant (E. coli JW3942 carrying
the mutation of coaA755(del )::kan, encoding pantothenate
kinase) are all derivatives of E. coli K-12 (Table 1), and were
purchased from the Coli Genetic Stock Center (CGSC, Yale
University, New Haven, CT, USA). The bacterial cells were
cultured and harvested by the methods described by Leung
et al. (2008).

Table 1 e The genetic information of Escherichia coli
parental strain (E. coli BW25113) and its single-gene
knock out mutants (E. coli JW1081 and E. coli JW3942).
Strain name

Deleted
gene

E. coli BW25113
E. coli JW1081

None
fabF

No
fabF759(del )::kan

E. coli JW3942

coaA

coaA755(del )::kan

2.2.

CGSC
mutation name

Mutation
function
Not appropriable
Fatty acid
biosynthesis
Coenzyme A

Photocatalytic inactivation

The experimental procedures of photocatalytic inactivation
were described in previous reports (Leung et al., 2008; Zhang
et al., 2010). In brief, the photocatalytic inactivation was
carried out in a photocatalytic inactivation reactor (Fig. S1 in
Supplementary Information). The UVA (l ¼ 365 nm, 15 W,
60 Hz, ColeeParmer, USA) light intensity was measured by an
UVX digital radiometer (UVP, Inc. Upland, CA, USA), and fixed
at 0.18 mW/cm2. The reaction mixture was composed of
100 mg/L TiO2 (P25, Degussa Corporation, Germany) and
2  107 cfu/mL of E. coli cells, and the total reaction volume was
50 mL. In the pre-incubation experiment, the harvested cells
were pre-incubated at different temperatures (10, 25, 30, 37
and 45  C) for 2 h before photocatalytic inactivation. Dark
control (TiO2 alone without UVA irradiation), light control
(irradiated by UVA lamps alone without addition of photocatalyst) and negative control (without TiO2 or UVA irradiation) were included. All the above experiments were carried
out in triplicates.

2.3.

Fatty acid profile

Fatty acid (FA) profiles of the parental and mutant strains were
determined by gas chromatography employing an Agilent HP
6890 Series Ⅱ gas chromatograph (Hewlett Packard, Pal Alto,
USA) coupled with an HP 7863 autosampler and a flame ionization detector (FID). The determination was conducted
according to the method of Leung et al. (2008).

2.4.
Fluorescent measurement of bacterial coenzyme A
content
Coenzyme A (CoA) contents in parental and mutant strains
were determined by the CoA assay and fluorescent detection
kit (Cayman Chemical Company, Ann Arbor, MI, USA). This
fluorescence was analyzed with an excitation wavelength at
385 nm and an emission wavelength at 612 nm (TECAN
Magellan, Tecan Group Ltd., Seestrasse 103, CH-8708 Männedorf, Switzerland).

2.5.

TEM

The bacterial inactivation process was determined by TEM
study. The detailed procedure was described by Cheng et al.
(2007). In brief, the collected samples were prefixed by
glutaraldehyde and post-fixed by osmium tetraoxide (E.M.
grade, Electron Microscopy Sciences, Fort Washington, PA,
USA), and were dehydrated in a graded series of ethanol
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concentrations and embedded in spurr solution (Electron
Microscopy Sciences, Fort Washington, PA, USA) for polymerization. Ultra-thin sections of 65 nm were cut on an
ultratome (Leica, Reichert Ultracuts, Wien, Austria), and
stained with uranyl acetate and lead citrate on copper grids.
Finally, sections were examined under a Hitachi H-7650
transmission electron microscope (Tech comp Ltd., Tokyo,
Japan) to observe morphological changes of the bacterial cells.

3.

Results

3.1.

Photocatalytic inactivation

Fig. 1 shows the photocatalytic inactivation of E. coli parental
and its single-gene knock out fabF and coaA mutant strains
by TiO2 suspension under UVA lamps irradiation (l ¼ 365 nm).
The choice of TiO2 dose was 100 mg/L, which was based on the
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optimization experimental results as shown in Fig. S2 in the
supporting information. The dark, light and negative controls
showed no obvious reduction in the viable bacterial colony
counts compared with the treatments. It means the control
experiments did not cause toxic effect to bacterial cells. In
fact, E. coli can adapt to UVA irradiation (Berney et al., 2007),
and most of UV inactivation is due to long time UVC irradiation with high light intensity (Sanz et al., 2007). In the present
study, the light source is UVA lamps, emitting UVA
(l ¼ 365 nm), the light intensity is 0.18 mW/cm2, and the
irradiation time is 40 min. Under these conditions, light irradiation did not significantly affect the viability of E. coli cells.
When TiO2 irradiated by UVA, 2  107 cfu/mL of cells of three
bacterial strains were completely inactivated within 40 min
(Fig. 1). However, the two mutants showed different susceptibilities towards photocatalytic inactivation as compared to
the parental strain. In the first 10 min, the populations of all
bacterial strains showed a sharp decrease. In next 20 min, the
population of fabF mutant decreased slightly faster than that
of the parental strain (Fig. 1a). On the contrary, the population
of coaA mutant was slowly decreasing (Fig. 1b). However,
cells of all three bacterial strains were completely inactivated
within 40 min.

3.2.

Effects of pre-incubation at different temperatures

Fig. 2 shows the photocatalytic inactivation of E. coli parental
and fabF mutant strains pre-incubated at different temperatures. Control experiments (Fig. S3 in Supplementary Information) in sterile saline solution, at dark and under light
irradiation showed that the cells of two bacterial strains did
not be inactivated after 2 h pre-incubation at 10, 25, 37, and
45  C. With the temperature increasing from 10 to 37  C, the
parental strain had a gradual decrease of photocatalytic
inactivation efficiency (Fig. 2a). At 10  C, the photocatalytic
inactivation efficiency was the highest for both bacterial
strains, while at 37  C, the cells of the parental strain was the
most resistant to photocatalytic inactivation. At 30  C, the cell
of parental strain showed a susceptibility between those at 25
and 37  C. The photocatalytic inactivation of the parental
strain cells pre-incubated at 45  C was almost the same as that
pre-incubated at 30  C (Fig. 2a). The cells of fabF mutant preincubated at 30e45  C were also clearly more resistant to
photocatalytic inactivation than those pre-incubated at 10
and 25  C (Fig. 2b). But the cells of fabF mutant pre-incubated
at 30, 37 and 45  C exhibited the similar resistance towards
photocatalytic inactivation (Fig. 2b). Moreover, the populations of parental strain pre-incubated at 30, 37 and 45  C
was reduced to 2.3, 3.3 and 2.2 log, respectively, after 40 min
photocatalytic treatment (Fig. 2a); while there were 4.1 log
reduction for the populations of fabF mutant pre-incubated
at 30, 37 and 45  C (Fig. 2b).
Fig. 1 e Comparison of photocatalytic inactivation
efficiencies of (a) parental strain (E. coli BW25113) with
fabFL mutant (E. coli JW1081) and (b) parental strain (E. coli
BW25113) with coaAL mutant (E. coli JW3942). TiO2
concentration [ 100 mg/L, reaction volume [ 50 mL,
agitation [ 200 rpm, temperature [ 25  C, initial cell
density [ 2 3 107 cfu/mL.

3.3.

Fatty acid profile

Palmitic acid (16:0) is a representative fatty acid in E. coli, but
there was only one unsaturated straight chain fatty acid, oleic
acid (18:1), detected in the cultures of the parental, fabF and
coaA mutant strains. Fig. 3 illustrates the ratio of oleic acid
(18:1) to palmitic acid (16:0) after the parental and two mutant
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Fig. 3 e Ratio of oleic acid (18:1) to palmitic acid (16:0) after
parental strain (E. coli BW25113), coaAL mutant (E. coli
JW3942) and fabFL mutant (E. coli JW1081) pre-incubated
under different temperatures. N.D. [ not detectable.

parental and fabF mutant strains had almost the same level
of CoA, and showed a notable higher level than that of coaA
mutant. The CoA level in parental strain is more than one
third of that in coaA mutant (Table 2).

3.5.

Fig. 2 e Photocatalytic inactivation efficiencies of parental
strain (E. coli BW25113) and fabFL mutant (E. coli JW1081)
after 2 h pre-incubation at different temperatures. TiO2
concentration [ 100 mg/L, reaction volume [ 50 mL,
agitation [ 200 rpm, temperature [ 25  C, initial cell
density [ 2 3 107 cfu/mL. (a) parental strain, and (b) fabFL
mutant.

strains were pre-incubated under different temperatures. With
the temperature increase, the ratio of oleic acid (18:1) to palmitic acid (16:0) decreased in the parental and coaA mutant
strains (Fig. 3). However, this decreasing trend was even more
obvious for the fabF mutant. It was noted that at 25  C, the
fabF mutant possessed a relatively higher ratio of unsaturated
to saturated fatty acid than that of the parental and coaA
mutant strains. When temperature increased from 37 to 45  C,
oleic acid (18:1) was not detectable in the fabF mutant.

3.4.
Fluorescent measurement of bacterial coenzyme A
content
Coenzyme A levels in both parental and mutant strains at
their stationary phase were also measured. The cultures of

Transmission electron microscopy

Fig. 4 shows the photocatalytic inactivation process at
different stages of photocatalytic treatment. Before photocatalytic treatment, the cells exhibited an intact cell structure
and an unambiguous cell wall (Fig. 4a). Only after 1 h photocatalytic treatment, the shape of the cell membrane became
wavy and partially damaged (Fig. 4b), and after 3 h of irradiation, the cell structure was severely distorted and the center
of the cell appeared some translucent region indicating the
leakage of the interior components occurred (Fig. 4c). Eventually, with the prolonged photocatalytic treatment, the
cytoplasmic contents were completely released outside the
cell and the bacterial cell was almost ruptured (Fig. 4d).

4.

Discussion

E. coli, a common waterborne bacterium with the best-studied
genetics and the largest number of mutant strains, was chosen
to investigate the photocatalytic inactivation in this study. The
fabF mutant (E. coli JW1081) and coaA mutant (E. coli JW3942)
are isogenic single-gene deletion mutants derived from the
parental strain (E. coli BW25113). The availability of these
bacterial mutant strains enables us to determine the role of
individual cell structure of E. coli BW25113 in photocatalytic
inactivation.
The different susceptibilities of different strains towards
photocatalytic inactivation (Fig. 1) were probably due to their
different genetic properties. The fabF gene codes for
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Table 2 e Coenzyme A levels of parental (E. coli
BW251113), fabFL mutant (E. coli JW1081) and coaAL
mutant strains (E. coli JW3942).
Bacterial strain
E. coli BW25113
E. coli JW1081
E. coli JW3942

CGSC* mutation

CoA level (mM)

Not appropriable
fabF759(del )::kan
coaA755(del )::kan

4.32  0.41
4.01  0.38
2.96  0.32

* CGSC ¼ Coli Genetic Stock Center (CGSC, Yale University, New
Haven, CT, USA).

a structural gene for b-ketoacyl-ACP synthase Ⅱ (Rawlings and
Cronan, 1992), which is one of the key enzymes involved in
fatty acid biosynthesis, particularly in temperature regulating
fatty acid composition of E. coli (Garwin et al., 1980; Ulrich
et al., 1983). Thus the fabF mutant, carrying a mutation of
fabF759(del )::kan, cannot produce b-ketoacyl-ACP synthase Ⅱ.
To better understand the role of fatty acid profile in photocatalytic inactivation, the harvested cells of the parental
and fabF mutant strains were pre-incubated at different
temperatures before photocatalytic inactivation. The parental
strain showed a significant increase of the resistance towards
photocatalytic inactivation when it was pre-incubated at
increasing high temperatures (Fig. 2a). But fabF mutant did
not show such a gradual increasing resistance (Fig. 2b). At
higher temperature (30 and 37  C), the fabF mutant became
more resistant than the parental strain towards photocatalytic inactivation (Fig. 2). But at very high temperature
(45  C), it may cause the inactivation of other key cellular
enzymes, thus both the parental strain and fabF mutant did
not grow well and were comparatively less resistant towards
photocatalytic inactivation (Gügi et al., 1991). For the parental
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strain, at high temperatures (30 and 37  C), b-ketoacyl-ACP
synthase Ⅱ was less active and thus the synthesis rate of oleic
acid (18:1) was decreased. There was no oleic acid (18:1)
detected in the fabF mutant pre-incubated at 37 and 45  C
(Fig. 3), indicating the fabF mutant lost its ability to regulate
fatty acid profile through temperature changes due to the
deletion of fabF gene.
The different susceptibilities of photocatalytic inactivation of the parental and fabF mutant strains were significantly related with the ratio of unsaturated fatty acid to
saturated fatty acid of the bacterial cells. The more resistant
the strain towards photocatalytic inactivation, the lower the
ratio of unsaturated fatty acid to saturated fatty acid. The
results confirm the role of fatty acid composition of cell
membrane on photocatalytic inactivation and agree with our
previous study (Cheng et al., 2007). The fatty acid composition determines the cell membrane fluidity, which refers to
the viscosity of the lipid bilayer of cell membrane. A fundamental biophysical determinant of membrane fluidity is the
balance between saturated and unsaturated fatty acids. Cell
membrane composed of more saturated fatty acids is more
rigid and viscous (Träuble and Overath, 1973). Furthermore,
homeoviscous adaptation (Sinensky, 1974) illustrates that
the general trend is an increase in unsaturated fatty acids of
cell membrane at lower temperatures and a decrease in
unsaturated fatty acids at higher temperatures. This adaptation can serve to maintain the reasonable membrane
fluidity of bacteria at various temperatures. The parental and
fabF mutant strains became more resistant towards photocatalytic inactivation at increasing pre-incubation temperatures (Fig. 2), which agreed with the fatty acid composition of
membrane (Fig. 3), indicating that the cell became more
rigid and more difficult to be attacked by the ROSs generated

Fig. 4 e TEM images of parental strain (E. coli BW25113) untreated or photocatalytically treated with TiO2 under UVA
irradiation. (a) 0 h, (b) 1 h, (c) 3 h and (d) 6 h.
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by photocatalysis. The above results suggest that cell
membrane is a primary target of photocatalytic inactivation
of E. coli.
The structural gene coaA was located at 90 min of the E. coli
chromosome, encoding pantothenate kinase synthesis (Song
and Jackowski, 1992). Pantothenate kinase as a key regulator
of coenzyme A (CoA) catalyzes the rate-controlling step in the
CoA biosynthetic pathway (Ivey et al., 2004). The coaA mutant
carries a mutation of coaA755(del )::kan, and has lower CoA
concentration than parental strain (Table 2). CoA is known for
its role in the fatty acids oxidation. It is an activator of fatty
acid oxidation for the first step, acting as the major acyl group
(ReCOw) carrier by reacting with carboxylic acid (ReCOOH).
Acyl-CoA synthetase of outer mitochondrial membranes
catalyzes the activation of fatty acids and esterifies them to
CoA, as illustrated in Equation (1).
Fatty acid þ ATP þ HS  CoA/Fatty acyl  CoA þ PPi AMP
(1)
With less CoA content, fatty acid activation is probably
reduced in coaA mutant, and may be more difficult to be
degraded by ROSs. The lower CoA level in coaA mutant than
that in parental strain correlated well with the greater resistance than parental strain to photocatalytic inactivation (Figs.
1b and 2).
To further understand the destruction process of the cells
of the bacterial strains, the structure and morphology of the
photocatalytically untreated and treated cells of parental
strain were examined by TEM (Fig. 4). With prolonged photocatalytic treatment, eventually, the bacterial cells were
completely damaged and lost most of its interior components.
The results suggest that the attack by photogenerated ROSs
started from the cell membrane of E. coli. After damaging the
cell membrane and cell wall, the cytoplasmic contents were
then released and were photocatalytically degraded.
For photocatalytic inactivation, most studies indicated that
bacterial cells are attacked by photogenerated ROSs, such as
OH (Cho et al., 2004; Zhang et al., 2010) and H O (Chen et al.,
2 2
2011; Wang et al., 2011). It has been demonstrated that CoA
existing in the cell wall mediated the e transfer between
bacterial cell and the graphite electrode (Matsunaga and
Namba, 1984). Fatty acids were degraded anaerobically

h+
Light

TiO2

380 nm

Fatty acids +

HS-CoA

(Lalman and Bagley, 2001). Comparing the inactivation efficiencies of parental and coaA mutant strains, the coaA
mutant is obviously more resistant. It can be interpreted
that, with less fatty acid activation, and less CoA mediating
e transportation, fatty acids probably became difficult to be
degraded, and the bactericidal effect is reduced (Fig. 5).

5.

Conclusions

(1) Photocatalytic inactivation was efficient to inactivate the
E. coli parental and its two isogenic fabF and coaA mutant
strains. Compared with parental strain, the fabF mutant
was slightly sensitive, while coaA mutant was less
susceptible to photocatalytic inactivation. The different
susceptibilities of these bacterial strains are due to their
different physiological and genetic properties.
(2) The fatty acid composition of bacterial cells through
temperature adjustment significantly influences the photocatalytic inactivation, while CoA, as an activator of fatty
acid oxidation and a mediator for e transportation, also
plays an important role in photocatalytic inactivation.
(3) The results of comparing the susceptibilities towards
photocatalytic inactivation of E coli parental strain with its
two isogenic, precisely defined, single-gene deletion
mutant strains, provide a novel genetic approach to
investigate the roles of bacterial cellular components in
photocatalytic inactivation.
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