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ABSTRACT The aim of this study was to elucidate the antibacterial mechanism of
405 � 5-nm light-emitting diode (LED) illumination against Salmonella at 4°C in
phosphate-buffered saline (PBS) by determining endogenous coproporphyrin con-
tent, DNA oxidation, damage to membrane function, and morphological change.
Gene expression levels, including of oxyR, recA, rpoS, sodA, and soxR, were also ex-
amined to understand the response of Salmonella to LED illumination. The results
showed that Salmonella strains responded differently to LED illumination, revealing
that S. enterica serovar Enteritidis (ATCC 13076) and S. enterica subsp. enterica sero-
var Saintpaul (ATCC 9712) were more susceptible and resistant, respectively, than
the 16 other strains tested. There was no difference in the amounts of endogenous
coproporphyrin in the two strains. Compared with that in nonilluminated cells, the
DNA oxidation levels in illuminated cells increased. In illuminated cells, we observed
a loss of efflux pump activity, damage to the glucose uptake system, and changes in
membrane potential and integrity. Transmission electron microscopy revealed a dis-
organization of chromosomes and ribosomes due to LED illumination. The levels of
the five genes measured in the nonilluminated and illuminated S. Saintpaul cells
were upregulated in PBS at a set temperature of 4°C, indicating that increased gene
expression levels might be due to a temperature shift and nutrient deficiency rather
than to LED illumination. In contrast, only oxyR in S. Enteritidis cells was upregu-
lated. Thus, different sensitivities of the two strains to LED illumination were attrib-
uted to differences in gene regulation.

IMPORTANCE Bacterial inactivation using visible light has recently received atten-
tion as a safe and environmentally friendly technology, in contrast with UV light,
which has detrimental effects on human health and the environment. This study
was designed to understand how 405 � 5-nm light-emitting diode (LED) illumina-
tion kills Salmonella strains at refrigeration temperature. The data clearly demon-
strated that the effectiveness of LED illumination on Salmonella strains depended
highly on the serotype and strain. Our findings also revealed that its antibacterial
mechanism was mainly attributed to DNA oxidation and a loss of membrane func-
tions rather than membrane lipid peroxidation, which has been proposed by other
researchers who studied the antibacterial effect of LED illumination by adding exog-
enous photosensitizers, such as chlorophyllin and hypericin. Therefore, this study
suggests that the detailed antibacterial mechanisms of 405-nm LED illumination
without additional photosensitizers may differ from that by exogenous photosensi-
tizers. Furthermore, a change in stress-related gene regulation may alter the suscep-
tibility of Salmonella cells to LED illumination at refrigeration temperature. Thus, our
study provides new insights into the antibacterial mechanism of 405 � 5-nm LED il-
lumination on Salmonella cells.
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Salmonella is a major causative agent of foodborne illness worldwide, resulting in
approximately 80.3 million cases of infection and 155,000 deaths each year (1).

According to the Foodborne Disease Active Surveillance Network (FoodNet) in the
United States, among a total of 19,542 cases of infection, 7,452 infections, 2,141
hospitalizations, and 30 deaths were caused by Salmonella in 2014 (2). In Singapore,
Salmonella also has been identified as the top contributor to foodborne illness, ac-
counting for more than half of the reported cases from 2001 to 2010 (3). To minimize
the risk of salmonellosis, storing perishable and ready-to-eat foods in the refrigerator is
a common practice. However, Salmonella cells, having a cold shock protein (CspH), are
able to survive at temperatures lower than 5°C (4). Moreover, refrigerators in retail
shops are often held at temperatures higher than 5°C (5), enabling potential growth of
Salmonella and thus increasing the risk of salmonellosis. For these reasons, a secondary
hurdle in combination with low temperature should be employed to more effectively
control Salmonella in foods during storage.

A light-emitting diode (LED) with visible-light wavelengths has recently received
increased attention as an emerging food preservation technology due to its antibac-
terial effect, described as photodynamic inactivation (PDI). Results from previous
studies showed that blue LEDs have antibacterial efficacy against pathogenic bacteria
in buffered solutions and food matrices with or without the addition of exogenous
photosensitizers, such as chlorophyll and porphyrin (6–8). In our previous studies, we
demonstrated the antibacterial effects of 405- and 460-nm LEDs against Bacillus cereus,
Escherichia coli O157:H7, Listeria monocytogenes, Salmonella enterica subsp. enterica
serovar Typhimurium, Shigella sonnei, and Staphylococcus aureus in buffered solutions
and bacterial growth media under chilling conditions without the aid of a photosen-
sitizer (9–12).

The proposed mechanism of PDI requires three components: visible light in the
wavelength range of 400 to 430 nm, photosensitizers, and oxygen (6). Once bacterial
cells are exposed to light, the photosensitizer, such as intracellular porphyrin com-
pounds, absorbs light energy and is then excited, resulting in the production of reactive
oxygen species (ROS) by transferring energy to oxygen. ROS, such as hydrogen perox-
ide, superoxide, and singlet oxygen, can result in cytotoxicity by reacting with DNA,
RNA, proteins, and lipids, eventually causing bacterial death (6, 11). However, the
detailed mechanism of the antimicrobial activity of 405 � 5-nm LED illumination in the
absence of an exogenous photosensitizer has not been described. We hypothesized
that the mode of bacterial inactivation of LED illumination without additional photo-
sensitizers may differ from that by exogenous photosensitizers, since genomic DNA and
membrane proteins of Salmonella cells may be major targets of ROS generated by
405 � 5-nm LED illumination due to the cellular localization of an intracellular endog-
enous photosensitizer.

It is crucial to understand the response of Salmonella to oxidative stress by ROS
generated from LED illumination for elucidating its antibacterial mechanism. It is known
that the resistance of Salmonella to oxidative stress is enhanced by the induction of
regulators, such as OxyR, SodA, SoxRS, and RpoS (13). The gene encoding the OxyR
regulator, oxyR, is activated via the formation of disulfide bonds under hydrogen
peroxide stress (13). The oxidized OxyR also activates the expression of katG (encoding
catalase hydroperoxidase I), dps (encoding nonspecific DNA-binding proteins), gorA
(encoding glutathione reductase), and oxyS (encoding small regulatory RNA) involved
in the bacterial resistance to oxidative stress (13–15). Bacteria possess at least two
superoxide dismutases (SODs), Mn-SOD encoded by sodA and Fe-SOD encoded by
sodB, which catalyze the conversion of superoxide anions into hydrogen peroxide and
oxygen. The SoxRS regulator, encoded by two regulatory genes, soxR and soxS, regu-
lates SODs under high levels of superoxide stress (13–15). The rpoS-encoded �S subunit
of RNA polymerase is another regulator that survives under oxidative stress, as well as
under general stresses, including low temperature and starvation (16, 17). It is known
that UV light and hydrogen peroxide (at low and high concentrations) induce recA as
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a global regulator of the SOS response (13); recA expression is associated with DNA
topological change, DNA gyrase, and single-stranded DNA (13, 18).

Although the molecular response of Salmonella to general oxidative stress has been
well documented (13), its response to LED illumination at a molecular level is unknown.
Furthermore, studies to determine if differences in gene regulation influence bacterial
susceptibility to LED illumination have not been reported. Thus, the objective of this
study was to elucidate the detailed antibacterial mechanism of 405 � 5-nm LED
illumination on Salmonella by determining changes in endogenous coproporphyrin
content, in DNA oxidation, in the amount of damage to membrane functions, in
morphology, and in regulatory gene expression levels during LED illumination at
refrigeration temperature.

RESULTS
Temperature change caused by LED illumination. Changes in temperatures of

tryptone soya agar (TSA) and phosphate-buffered saline (PBS) during 405 � 5-nm LED
illumination were monitored over a 5-h period at 1-min intervals at a set temperature
of 4°C. LED illumination increased temperatures by approximately 4.5°C on the surface
of TSA and PBS within 1 h (data not shown). Thus, nonilluminated control cells were
held at 9.5°C to eliminate the difference in temperatures under LED illumination and
nonilluminated conditions.

Antibacterial efficacy of LED illumination against Salmonella. Eighteen strains of
Salmonella enterica plated onto the surface of TSA were illuminated at doses of 288
J/cm2 with a 405 � 5 nm LED at a set temperature of 4°C to select for resistance. This
experiment was performed in three independent trials with duplicate TSA plates in
each trial (n � 6). Representative photographs of plates incubated at 37°C for 24 h are
presented in Fig. 1. The results show that S. enterica subsp. enterica serovar Enteritidis

FIG 1 Antibacterial effects of 405 � 5-nm LED illumination at 288 J/cm2 against 18 Salmonella strains at
a set temperature of 4°C (actual temperature of 9.5°C) on TSA plates. (a) Nonilluminated Salmonella. (b)
LED-illuminated Salmonella. Lane 1, S. Agona; lane 2, S. Enteritidis ATCC 13076; lane 3, S. Enteritidis 109;
lane 4, S. Enteritidis 124; lane 5, S. Enteritidis 125; lane 6, S. Enteritidis 130; lane 7, S. Gaminara; lane 8,
S. Heidelberg; lane 9, S. Montevideo; lane 10, S. Newport; lane 11, S. Poona; lane 12, S. Saintpaul; lane 13,
S. Tennessee; lane 14, S. Typhimurium ATCC 14028; lane 15, S. Typhimurium ATCC 13311; lane 16, S.
Typhimurium ATCC 25241; lane 17, S. Typhimurium ATCC 29269; lane 18, S. Typhimurium ATCC 51812.
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ATCC 13076 and S. enterica subsp. enterica serovar Saintpaul ATCC 9712 were the most
susceptible and resistant strains to LED illumination, respectively. These two strains
were selected for further experiments.

Suspensions of S. Enteritidis and S. Saintpaul cells were illuminated with a 405 �

5-nm LED at a set temperature of 4°C and at doses as high as 576 J/cm2 to quantita-
tively measure inactivation. Regardless of the strain, the numbers of nonilluminated
control cells remained unchanged during storage at 9.5°C, whereas the populations of
LED-illuminated S. Enteritidis and S. Saintpaul cells significantly (P �0.05) decreased
when exposed to 144 J/cm2 (Fig. 2). The difference in the extents of inactivation
between the two strains was obvious when cells were exposed to illumination at 288
J/cm2. Populations of S. Enteritidis and S. Saintpaul were reduced by 2.0 and 1.0 log
CFU/ml at 288 J/cm2, respectively, and by 5.6 and 1.7 log CFU/ml at 576 J/cm2,
respectively. Moreover, D values (J/cm2; i.e., dosages required to bring about 1-log
reduction) for the first-order inactivation kinetics were calculated from the linear
portion of the survival curve to compare the bacterial sensitivities to 405 � 5-nm LED
illumination (Table 1). The D value of S. Saintpaul cells was 2.3 times higher than that
of S. Enteritidis cells, indicating that S. Enteritidis was more sensitive to 405 � 5-nm LED
illumination than was S. Saintpaul.

Intracellular coproporphyrin contents. The amounts of intracellular coproporphy-
rin compounds in stationary-phase S. Enteritidis and S. Saintpaul cells were quantified
to better understand differences in inactivation patterns between the two strains. The
total amounts of coproporphyrin in S. Enteritidis and S. Saintpaul were 61.1 and 46.5
ng/mg, respectively, indicating no significant (P �0.05) difference between the two
strains (data not shown).

DNA oxidation. Exposures of S. Enteritidis and S. Saintpaul cells to LED illumination at
576 J/cm2 resulted in 5.1 and 1.9 log reductions, respectively. Genomic DNA was extracted
from illuminated cells to determine if ROS produced during LED illumination oxidized DNA,
particularly guanine. Levels of 8-hydroxydeoxyguanosine (8-OHdG) in LED-illuminated S.
Enteritidis and S. Saintpaul were 2.8 and 2.6 times higher (P � 0.05), respectively, than those
in nonilluminated cells, but there was no significant (P � 0.05) difference in the levels of
8-OHdG in the two strains (Fig. 3).

Damage to membrane function. Damage to cellular membrane function was
examined using flow cytometry with five probes. SYTO9, propidium iodide (PI), and
ethidium bromide (EtBr) bind to nucleic acids, and green-fluorescing SYTO9 enters
cells through intact as well as damaged membranes, while red-fluorescing PI
penetrates only the damaged cytoplasmic membrane (10, 19). Red-fluorescing EtBr
enters only nonpumping cells, since intact cells can actively release EtBr through
efflux pumping, a nonspecific proton transport system (19). When SYTO9 coexists
with either PI or EtBr in cells, the intensity of SYTO9 is reduced. Green-fluorescing
bis-(1,3-dibutylbarbituric acid) trimethine oxonol [DiBAC4(3)] binds to intracellular
proteins by entering cells through depolarized or damaged cytoplasmic membranes (19).
A fluorescent glucose analogue, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-
deoxy–D-glucose (2-NBDG), monitors glucose uptake via the glucose-specific
phosphoenolpyruvate-phosphotransferase system (PEP-PTS) in intact cells as an indi-
cator of cellular viability (19).

The percentages of membrane function lost were calculated based on flow cytom-
etry plots (Fig. 4) and are presented in Fig. 5. Except for glucose uptake activity by S.
Enteritidis, the results showed that no significant (P �0.05) changes in membrane
functions occurred in nonilluminated control cells during storage at 9.5°C. On the other
hand, the percentages of efflux pump activity lost increased up to 98% for S. Enteritidis
cells and to 99% for S. Saintpaul cells dosed with 288 J/cm2 (Fig. 5a). The flow cytometry
plots (Fig. 6) also clearly show an increase in the intensity of red-fluorescing EtBr in
illuminated S. Enteritidis cells compared to that of freshly cultured cells. For glucose
uptake activity, loss percentages were 76% for S. Enteritidis and 67% for S. Saintpaul at
288 J/cm2, followed by increases up to 99% for both strains after exposures to 576
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J/cm2 (Fig. 5b). The percentages of membrane depolarization and permeability of both
Salmonella serotypes were significantly (P �0.05) increased by LED illumination. How-
ever, the difference between nonilluminated and illuminated cells was only 10% or less
(Fig. 5c and d). Among the membrane functions analyzed in this study, a significant
(P � 0.05) difference was observed in the percentages of membrane permeability
between S. Enteritidis and S. Saintpaul after LED illumination, showing that the per-
meability of S. Enteritidis was 8.6% higher than that of S. Saintpaul.

Transmission electron microscopy. To obtain concrete evidence that 405 � 5-nm
LED illumination causes changes in external and internal cell structures, illuminated and
nonilluminated cells were examined by transmission electron microscopy (TEM). S.
Enteritidis was chosen as a model strain for this analysis. TEM images revealed that the
cytoplasm of nonilluminated cells was evenly distributed without an aggregation of
cellular components (Fig. 6a and b), while LED-illuminated cells had altered appear-
ances with disorganized genomic areas (Fig. 6c and d). This indicates that LED illumi-
nation primarily induces intracellular damage rather than outer membrane damage,
although some of the nonilluminated and illuminated cells showed nondistinctive
outer membranes with a collapsed appearance.

Changes in gene expression levels caused by LED illumination. The levels of
relative gene expression in nonilluminated and illuminated S. Enteritidis and S.
Saintpaul cells are presented in Fig. 7. The results showed that only oxyR was
upregulated in nonilluminated and illuminated S. Enteritidis cells (Fig. 7a), whereas
transcription levels of all the genes tested (oxyR, recA, rpoS, sodA, and soxR) were
upregulated in nonilluminated and illuminated S. Saintpaul cells (Fig. 7b). Among
the five genes, the transcription levels of oxyR in both strains were significantly

FIG 2 Survival curves for S. Enteritidis ATCC 13076 (a) and S. Saintpaul ATCC 9712 (b) during 405 � 5-nm
LED illumination at a set temperature of 4°C and doses as high as 576 J/cm2 in PBS. The detection limit
was 1 CFU/ml. *, P � 0.05 versus control cells.

TABLE 1 Comparison of D values from S. Enteritidis ATCC 13076 and S. Saintpaul ATCC
9712 after 405 � 5-nm LED illumination at a set temperature of 4°C

Strain D value (J/cm2)a R2

S. Enteritidis 146.4 � 12.4 0.97 � 0.01
S. Saintpaul 338.8 � 51.2 0.99 � 0.01
aD values for the two strains were significantly different from each other (n � 6; P � 0.05).
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(P �0.05) different in nonilluminated cells compared with those in illuminated cells.
However, the transcription level of oxyR was 1.5 times higher in illuminated S.
Enteritidis cells and 1.4 times lower in illuminated S. Saintpaul cells compared with
the levels in nonilluminated cells.

FIG 3 Changes in the amounts of 8-hydroxydeoxyguanosine (8-OHdG) in S. Enteritidis (a) and S. Saintpaul
(b) by 405 � 5-nm LED illumination at a set temperature of 4°C. Different letters (a, b) for each dose
indicate significantly different (P � 0.05) values.

FIG 4 Flow cytometry plots of S. Enteritidis cells stained with SYTO9/EtBr, SYTO9/PI, DiBAC4(3), or 2-NBDG after 405 � 5-nm LED
illumination at a set temperature of 4°C.

Kim and Yuk Applied and Environmental Microbiology

March 2017 Volume 83 Issue 5 e02582-16 aem.asm.org 6

http://aem.asm.org


DISCUSSION

Although the results of our previous studies demonstrated the antibacterial effect of
a 405 � 5-nm LED on various foodborne pathogens and the damage to bacterial
membranes (10, 11), the detailed antibacterial mechanism of LED illumination on a
given bacterial species had not been studied. Thus, this study was designed to assess
the efficacy of LED illumination against Salmonella, to elucidate its antibacterial mech-
anism at membrane and gene levels, and to identify the factors influencing the
differences in sensitivities to LED illumination.

The antibacterial effect of 405 � 5-nm LED illumination was evaluated at a set
temperature of 4°C. The effectiveness of LED illumination is known to be enhanced at
chilling temperatures rather than at room temperature (9). Our results show that the
antibacterial efficacy of 405 � 5-nm LED illumination varies among Salmonella strains
grown on TSA plates (Fig. 1). Of the 18 strains tested, S. Enteritidis ATCC 13076 and S.
Saintpaul ATCC 9712 were found to be the most sensitive and resistant strains,
respectively. Four S. Typhimurium strains and five S. Enteritidis strains also exhibited
differing sensitivities to LED illumination. The difference in the sensitivity to LED
illumination between S. Enteritidis ATCC 13076 and S. Saintpaul ATCC 9712 was more
obvious in PBS than on TSA (Fig. 2). This indicates that efficacy of LED illumination may
depend on serotype and strain within the same serotype. In contrast, Endarko et al. (20)
reported similar sensitivities to 405-nm LED illumination among Listeria ivanovii, L.
monocytogenes, and Listeria seeligeri in PBS, while the sensitivities of S. Enteritidis, S.
sonnei, L. monocytogenes, and E. coli differed. Results from another study showed that
treatment with a 405-nm LED in PBS caused 5-log reductions of L. monocytogenes, S.
sonnei, and E. coli O157:H7 at different doses (21). Similar to our results, variations in
sensitivities to UV irradiation have also been reported. For example, Gayán et al. (22)
similarly showed differing sensitivities to UV light among five strains of Salmonella,

FIG 5 Changes in the membrane functions of S. Enteritidis and S. Saintpaul during 405 � 5-nm LED
illumination at a set temperature of 4°C. (a) Loss of efflux pump activity measured with SYTO9/EtBr. (b) Loss
of glucose uptake activity measured with 2-NBDG. (c) Loss of membrane potential measured with DiBAC4(3).
(d) Loss of membrane integrity measured with SYTO9/PI. Uppercase letters (A, B, C) for the same bar and
lowercase letters (a, b, c) for the same exposure dose indicate significant differences (P � 0.05).
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revealing that S. Enteritidis ATCC 13076 and S. Typhimurium STCC 878 were the most
sensitive and resistant, respectively.

Bacterial inactivation by LED illumination without any exogenous photosensitizer is
theoretically due to the intracellular ROS generated by excited endogenous porphyrins
naturally present in the cells (6, 11). These ROS could nonspecifically damage cellular
components, such as DNA, proteins, and lipids, eventually causing cell death. It is
known that protoporphyrin IX, an endogenous photosensitizer, localizes to the cyto-
plasm and is catalyzed by ferrochelatase, one of the cytoplasmic enzymes involved in
incorporating iron in the final step of heme synthesis (23). Thus, we hypothesized that
differing photodynamic inactivation rates in S. Enteritidis and S. Saintpaul might be
attributed to different levels of endogenous porphyrin compounds. Since copropor-
phyrin is a precursor of protoporphyrin IX (14), we quantified the total amounts of
coproporphyrin in the two Salmonella strains by high-pressure liquid chromatography
(HPLC) in this study. Our data showed that there was no significant (P �0.05) difference

FIG 6 Micrographs of nonilluminated and LED-illuminated S. Enteritidis cells exposed to 720 J/cm2 at a set
temperature of 4°C. (a) Nonilluminated control cells at �10,000 magnification. (b) Nonilluminated control cells at
�40,000 magnification. (c) LED-illuminated cells at �10,000 magnification. (d) LED-illuminated cells at �40,000
magnification. The morphological changes in illuminated cells are highlighted by arrows.

FIG 7 Relative expression levels of oxyR, recA, rpoS, sodA, and soxR in nonilluminated and LED-illuminated
cells of S. Enteritidis (a) and S. Saintpaul (b) at a set temperature of 4°C at 72 J/cm2. *, P � 0.05 versus
nonilluminated cells.
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in the amounts present in the two strains, indicating that coproporphyrin content
is not a contributing factor to the differences in sensitivity to LED illumination (data not
shown). Similar results reported by Kumar et al. (12) showed that S. Typhimurium
produced a larger amount of coproporphyrin than did E. coli O157:H7, but the inacti-
vation rate of S. Typhimurium was lower than that of E. coli O157:H7 during 405-nm LED
illumination. In addition, B. cereus, with a larger amount of coproporphyrin than S.
aureus, was less susceptible to 405-nm LED illumination than was S. aureus. These data
suggest that there may not be a relationship between levels of coproporphyrin and
inactivation rates among bacteria and indicate that other factors, e.g., the extent of
cellular damage, are more likely to reflect the differences in cell susceptibilities to LED
illumination.

Since cellular DNA is thought to be the major target of ROS generated by LED
illumination, the oxidized derivative of 8-OHdG was first analyzed to determine if LED
illumination causes DNA oxidation. Our results show that levels of 8-OHdG in S.
Enteritidis and S. Saintpaul cells increased significantly upon LED illumination, confirm-
ing that exposure to a 405 � 5-nm LED oxidizes genomic DNA by generating intra-
cellular ROS (Fig. 3). However, there was no difference in the degrees of DNA oxidation
between the two strains. Similar to our results, other studies have reported DNA
oxidation in S. Typhimurium by 365-nm LED illumination (23) and in E. coli by illumi-
nation at 407 nm in the presence of tetra-meso (N-methyl pyridyl) porphine (TMPyP),
an exogenous photosensitizer (24).

The loss of cellular membrane functions caused by LED illumination was measured
using flow cytometry. Our results show that LED illumination completely inactivates
efflux pumps (Fig. 4 and 5a). Efflux pumps, which transport proteins, localize to and are
embedded in the cytoplasmic membrane and recognize unwanted agents, such as
antibiotics and EtBr in the environment and cytotoxic products produced during
metabolism (25). To move noxious agents from the inside out, the efflux pump utilizes
energy sources through proton motive force (PMF) or ATP synthesis (25). Thus, one
possibility for rationalizing the loss of efflux pump activity is that intracellular ATP is
depleted due to the inhibition of ATPase by ROS (19, 26). This is also associated with the
abortion of DNA replication, resulting in no bacterial growth (26). A previous study
conducted by Berney, Weilenmann, and Egli (19) demonstrated that UV-A light rapidly
diminished ATP and simultaneously inactivated efflux pump activity. Another possibil-
ity is that ROS are generated by LED illumination from cytochromes containing a heme
prosthetic group in the cytoplasmic membranes (27), which could affect nearby efflux
pumps. Nitzan and Ashkenazi (28) reported that 405-nm light illumination in the
presence of TMPyP not only damages the sodium-potassium pump but also inactivates
enzymes, such as NADH dehydrogenase and lactate dehydrogenase. Based on these
observations, it is speculated that intracellular ROS produced in the response to LED
illumination might attack proteins associated with the function of the efflux pump.

Our results show that the glucose uptake system, i.e., glucose-specific PEP-PTS, in
Salmonella was also extensively damaged by LED illumination, regardless of the strain.
It is known that this system catalyzes a group translocation process to phosphorylate
glucose through a phosphoryl transfer process and monitors metabolism in response
to the availability of consumable glucose (29, 30). The damage to PEP-PTS caused by
LED illumination might be due, in part, to the inactivation of enzymes associated with
PEP-PTS and ATP synthesis utilized for phosphorylation. Surprisingly, nonilluminated S.
Enteritidis, but not S. Saintpaul, also had a slight loss in glucose uptake activity
(approximately 34%) at refrigeration temperature. This may be because S. Enteritidis
was more sensitive to cold and starvation conditions than S. Saintpaul.

A previous study testing the effects of UV-A and sunlight on E. coli also reported
damage to the efflux pump and glucose uptake system (19). Efflux pump activity
initially ceased, and then membrane potential and glucose uptake were gradually lost,
and considerable membrane permeability occurred. Our results show only a 6 to 10%
higher level in cellular depolarization and permeability after LED illumination compared
with levels in freshly cultured and nonilluminated control cells. Our previous studies
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also showed that only some of the illuminated S. Typhimurium cells lost membrane
integrity under the same illumination conditions (11). Similar to our observations,
Caminos et al. (31) reported no change in the membrane integrity of E. coli after PDI
with the aid of an exogenous photosensitizer, although membrane functions could have
been lost. The study by Alves et al. (32) demonstrated that large amounts of exogenous
photosensitizers might be required to disrupt the outer cell membrane by PDI. Thus, it is
speculated that the small amounts of endogenous porphyrins in Salmonella cells do not
generate sufficient ROS to disrupt cell membrane integrity during LED illumination. How-
ever, ROS might be present in amounts sufficient to oxidize DNA and affect efflux pump
activity and glucose uptake systems due to their proximity to endogenous porphyrins. This
possibility appears to be supported by the results obtained by Kumar et al. (12), who
reported 9 to 25 times lower concentrations of coproporphyrin compounds in S. Typhi-
murium cells than in Gram-positive bacteria. Moreover, the slight increases in membrane
depolarization and permeability caused by LED illumination might be due to losses in efflux
pump activity and other membrane proteins (19, 33).

To better understand the antibacterial mechanism resulting from LED illumination,
we used TEM to examine the morphological damage of illuminated cells. We observed
visual changes in nucleoid and ribosome areas, but we did not find noticeable damage
in the cell envelope (Fig. 6). These results correlate with the observations on DNA
oxidation and low levels of membrane depolarization and permeability. These findings
clearly indicate that photodynamic inactivation of LED illumination without the addi-
tion of photosensitizers may not be due to membrane disruption.

We investigated the transcription levels of oxyR, recA, rpoS, sodA, and soxR in 405 �

5-nm LED-illuminated S. Enteritidis (a sensitive strain) and S. Saintpaul (a resistant strain)
cells to determine if these genes contribute to differences in sensitivity. Our results
show that nonilluminated and LED-illuminated S. Saintpaul cells in PBS upregulated all
five test genes, while nonilluminated and illuminated S. Enteritidis cells upregulated
only oxyR (Fig. 7). This suggests that gene expression levels might be altered by
exposure to refrigeration temperature, by starving the cells, or by both conditions
rather than by LED illumination. However, upregulation under these conditions could
make S. Saintpaul more resistant than S. Enteritidis to LED illumination. Similar to our
findings, Smirnova, Zakirova, and Oktyabrskii (34) reported that the response of E. coli
to a shift in temperature from 37 to 20°C within 10 min resembled oxidative stress
responses, resulting in an upregulation of sodA, but no change in katG that is controlled
by oxyR. Results from another study showed that the levels of oxyR expression in four
Vibrio vulnificus strains were elevated by cold shock at 4°C, whereas transcription levels
of katG were slightly changed in all strains but at different exposure times (35). In our
study, rpoS and oxyR were upregulated in S. Saintpaul in response to chilling and
starvation conditions. This may be a response of rpoS to the positive transcription
regulation of oxyR for adapting to environmental changes (36). Merrikh et al. (37)
reported that a number of antioxidant enzymes, e.g., catalase and SOD, are regulated
by RpoS under oxidative stress. rpoS mutants of a S. Typhimurium strain were reported
to be more sensitive than a wild-type strain to UV light (38). Inducing the RpoS
regulator makes bacterial cells resistant to various stresses and starvation (17). Thus, the
results obtained in our study indicate that different sensitivities of S. Enteritidis and S.
Saintpaul to LED illumination might be due to the regulation of stress-related genes
under refrigeration and starvation conditions.

Conclusions. This comprehensive study elucidates the detailed antibacterial mech-
anism of 405 � 5-nm LED illumination at refrigeration temperature against Salmonella
cells and identifies factors influencing the sensitivity to LED illumination. Our results
show that the differences in sensitivities of cells are strain and serotype dependent. The
findings confirm that genomic DNA oxidation and the loss of membrane functions,
preferentially in efflux pump and glucose uptake activities, are caused by LED illumination,
but there is only slight damage to membrane potentials and integrity. As with findings on
DNA oxidation, TEM images clearly show that genomes are one of the major targets of LED
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illumination. This indicates that the antibacterial mechanism of 405 � 5-nm LED illumina-
tion may be due to DNA oxidation and a loss of membrane functions. Furthermore, all five
of the regulatory genes of the LED-resistant S. Saintpaul were highly upregulated in
response to low temperature and starvation rather than to illumination, suggesting that
these changes make it more resistant than S. Enteritidis to LED illumination. These obser-
vations help us to better understand the antibacterial mechanism of 405 � 5-nm LED
illumination on Salmonella in the absence of exogenous photosensitizers.

MATERIALS AND METHODS
Bacterial culture conditions. Eighteen Salmonella enterica strains were used in this study. S. Agona

BAA-707 (alfalfa sprouts), S. Enteritidis ATCC 13076 (CDC), S. Gaminara BAA-711 (orange juice), S.
Heidelberg ATCC 8326, S. Montevideo BAA-710 (clinical isolate from a tomato outbreak), S. Newport
ATCC 6962 (food poisoning fatality, England), S. Poona BAA-1673 (iguana), S. Saintpaul ATCC 9712
(cystitis, Panama), S. Tennessee ATCC 10722, S. Typhimurium ATCC 14028 (poultry), S. Typhimurium ATCC
13311 (human feces), S. Typhimurium ATCC 25241 (methionine auxotroph derived from strain LT-2), S.
Typhimurium ATCC 29269, and S. Typhimurium ATCC 51812 (human blood) were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). S. Enteritidis 109 (phage type group D1;
Peter Holt), S. Enteritidis 124 (phage type 8; Maryland Department of Health and Mental Hygiene, MD,
USA), S. Enteritidis 125 (phage type 13A; U.S. Department of Agriculture, WA, USA), and S. Enteritidis 130
(phage type 2; CDC, NY, USA) were obtained from Kun-Ho Seo at Konkuk University, Republic of Korea.
All Salmonella strains were stored at �70°C in Cryoinstant vials with porous beads (DeltaLab, Barcelona,
Spain). Cells were activated in 10 ml of sterile tryptone soya broth (TSB; Oxoid, Basingstoke, UK) for 18
to 24 h at 37°C. After two consecutive transfers at 18- to 24-h intervals at 37°C, 1 ml of stationary-phase
culture was centrifuged at 6,000 � g for 10 min at 4°C and washed twice with 1 ml of sterilized
phosphate-buffered saline (PBS; Vivantis Technologies Sdn Bhd, Malaysia). The cells in the resultant pellet
were resuspended in 1 ml of PBS and serially diluted to initial populations of approximately 106, 108, or
109 CFU/ml for LED illumination.

Light-emitting diode illumination system. High-intensity 405 � 5-nm LEDs (8 by 8 mm) were
purchased from Shenzhen Getian Opto-Electronics Co., Ltd. (Shenzhen, Guangdong, China). The LED
illumination system is described elsewhere (9, 10). Briefly, LEDs were attached to a heat sink and a fan
to minimize heat transfer to the cell suspension. To prevent the penetration of external light during
illumination, an acrylonitrile butadiene styrene (ABS) housing was constructed for each LED system. The
suspension (10 ml and 1 cm in depth) in a sterile petri dish (60 mm diameter) or after streaking on TSA
(1 cm depth; Oxoid) plates (90 mm diameter) was placed directly below the LED bulbs at a distance of
4.5 cm to illuminate the entire surface of the inoculum (Fig. 8). The surface temperatures of TSA and PBS
were monitored with a Fluke 5.4 thermocouple thermometer (Everett, WA, USA) during exposure to LED
illumination at doses as high as 576 J/cm2. The irradiance (W/cm2) of a 405 � 5-nm LED unit was
measured using a compact power and energy meter console (PM100D; Thorlabs GmbH, Dachau,
Germany), with 20 � 2 mW/cm2 at the surface of the cell suspension. The dosage applied to the sample
was calculated as E � Pt, where E is the dose in J/cm2, P is irradiance in W/cm2, and t is time in s.

Sensitivity of Salmonella to LED illumination. To screen for sensitivity and resistance of Salmonella
to LED illumination, a 10-�l bacterial suspension of each of the 18 Salmonella strains (ca. 106 CFU/ml) was
streaked in individual lines ca. 3 cm in length using an inoculating loop onto the surface of TSA plates.
The inoculated plates were placed in the LED system as previously described and exposed to 288 J/cm2

at a set temperature of 4°C in a temperature-controlled incubator (MIR-154; Panasonic Healthcare Co.,
Ltd., Osaka, Japan). Nonilluminated control plates were placed in a temperature-controlled incubator in
the dark. After illumination, plates were incubated at 37°C for 24 h and then visualized using a G:Box EF2

imaging system (Syngene, Frederick, MD, USA).

FIG 8 Schematic diagram of the 405 � 5-nm LED illumination system.
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LED illumination of the Salmonella suspension and enumeration. Based on results from the
above-described experiments, 10-ml suspensions of S. Enteritidis ATCC 13076 and S. Saintpaul at an
initial population of ca. 106 CFU/ml were deposited in sterile petri dishes and placed in the LED
illumination system, and then exposed to LED illumination at doses as high as 576 J/cm2 at a set
temperature of 4°C. The same volume of cell suspension was placed in a sterile petri dish in an incubator
without LED illumination (dark condition) to serve as a nonilluminated control. Aliquots of 0.5 ml in
volume were taken at selected treatment times and analyzed for numbers of surviving Salmonella.
Aliquots from the nonilluminated control and illuminated cell suspensions were serially diluted with 0.1%
sterile peptone water (PW; Oxoid) and pour-plated in TSA. After incubating at 37°C for 24 to 48 h, the
numbers of viable cells were enumerated using a colony counter (Rocker Scientific Co., Ltd., Taipei,
Taiwan) and expressed as log CFU/ml. Bacterial survival curves were constructed by plotting log numbers
of survivors against doses. The line of best fit for the survival curve was determined by linear regression
with Microsoft Excel (Microsoft Corp., Redmond, WA, USA). The D values (J/cm2) for the first-order
inactivation kinetics were calculated as the negative reciprocals of the slopes.

Determination of intracellular coproporphyrin content. Cultures (100 ml) of S. Enteritidis ATCC
13076 and S. Saintpaul in stationary-growth phase in TSB were centrifuged at 6,000 � g for 10 min at
4°C, washed thrice with 20 ml of PBS, and dried at 45°C for 2 h. Intracellular coproporphyrin was extracted
from the dried pellets with a 0.1 M NH4OH-acetone solution (1:9 [vol/vol]). The extracts were quantified using
a C18 modified silica column, a reversed phase system, and a Waters 2695 HPLC system equipped with a
multi-�-fluorescent detector at 407 nm excitation and 612 nm emission. Elutions were carried out with a
gradient separation consisting of water (solvent A) and acetonitrile (solvent B). A standard curve was prepared
in a concentration range of 0 to 10 �g/ml of coproporphyrin I dihydrochloride (Sigma-Aldrich, St. Louis, MO,
USA). The amount of coproporphyrin is expressed in ng coproporphyrin/mg dried cells.

Determination of cellular DNA oxidation. The degree of cellular DNA oxidation caused by LED
illumination was measured as described by Kim et al. (39). Briefly, suspensions (10 ml) of S. Enteritidis
ATCC 13076 and S. Saintpaul (ca. 108 CFU/ml) were illuminated (576 J/cm2) at a set temperature of 4°C.
Genomic DNA from LED-illuminated cells was extracted using a GeneJET genomic DNA purification kit
(Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The concentration
and purity of extracted genomic DNA dissolved in 100 �l of elution buffer were measured with a BioDrop
DUO spectrophotometer (BioDrop, Cambridge, UK). Genomic DNA from freshly cultured cells and
nonilluminated cells held at 9.5°C without LED illumination were extracted by the same method.

For the DNA oxidation assay, we used an OxiSelect oxidative DNA damage enzyme-linked immu-
nosorbent assay (ELISA) kit (Cell Biolabs, San Diego, CA, USA). The DNA extract (1.3 to 3.1 �g) was
converted to single-strand DNA at 95°C for 5 min, then immediately chilled in an ice bath and incubated
with 6 units of nuclease PI (Wako, Osaka, Japan) in 20 mM sodium acetate buffer (Sigma-Aldrich) at 37°C
for 2 h. Two units of Escherichia coli alkaline phosphatase (TaKaRa Bio, Inc., Shiga, Japan) were added to
the mixture containing a 10% (vol/vol) 10� alkaline phosphatase buffer (TaKaRa Bio, Inc.) and
incubated at 37°C for 1 h. The mixtures were centrifuged at 6,000 � g for 5 min at 4°C, and
8-hydroxydeoxyguanosine (8-OHdG) in the supernatant was quantified according to the manufacturer’s
instructions. The measurements were made at 450 nm with a Synergy HT multidetection microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA). The amount of 8-OHdG was calculated with a
standard curve (0 to 10 ng/ml) and is reported as ng 8-OHdG per mg of DNA.

Determination of damage to cell membrane function. To investigate damage to cell membrane
functions by LED illumination, five fluorescent probes were used: SYTO9 and propidium iodide (PI) from
the LIVE/DEAD BacLight kit (Molecular Probes, Thermo Fisher Scientific, Eugene, OR, USA), ethidium
bromide (EtBr; Sigma-Aldrich), bis-(1,3-dibutylbarbituric acid) trimethine oxonol [DiBAC4(3); Molecular
Probes], and 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy–D-glucose (2-NBDG; Molecular Probes).
Ten-milliliter suspensions (ca. 106 CFU/ml) of S. Enteritidis ATCC 13076 and S. Saintpaul were exposed to
576 J/cm2 at a set temperature of 4°C; 0.5-ml or 1-ml aliquots were withdrawn at 288 and 578 J/cm2 of
illumination, respectively. Aliquots (200 �l) were immediately stained with two mixed probes (SYTO9/PI
or SYTO9/EtBr) and three single probes [SYTO9, DiBAC4(3), and 2-NBDG]. Before staining the cells, 2.0 mM
2,4-dinitrophenol (2,4-DNP; Sigma-Aldrich) was added to 2-NBDG. The working concentrations of SYTO9,
PI, EtBr, DiBAC4(3), and 2-NBDG were 5, 30, 30, 10, and 5 �M, respectively. The mixtures were incubated
in the dark for 10 min at 37°C for 2-NBDG and for 15 min at room temperature for SYTO9, PI, EtBr, and
DiBAC4(3). The measurements were made using a BD Accuri C6 flow cytometer (Accuri Cytometers, Inc.,
Ann Arbor, MI, USA) equipped with a blue laser that excites at 488 nm and five detectors, including
detectors of forward scatter (FSC) and side scatter (SSC), a green fluorescent filter (FL1; 533/30 nm), an
orange fluorescent filter (FL2; 585/40 nm), and a red fluorescent filter (FL3; 670 nm). The detectors were
used as follows: FL1 for SYTO9, FL3 for PI and EtBr, and FSC and SSC for DiBAC4(3) and 2-NBDG,
respectively.

Transmission electron microscopy. Ten petri dishes containing 10-ml suspensions (ca. 109 CFU/ml)
of S. Enteritidis ATCC 13076 were individually placed in the LED system for illumination at a set
temperature of 4°C at doses as high as 720 J/cm2. Ten sets of nonilluminated control cells were stored
in the dark. A cell suspension pooled from 10 petri dishes was centrifuged at 6,000 � g for 10 min at 4°C
to obtain a population of ca. 1010 CFU/ml. Cells in the resultant pellet were fixed with 2.5% (vol/vol)
glutaraldehyde (Sigma-Aldrich) in PBS (pH 7.4) by incubating overnight at 4°C, and were then washed
twice in 25 ml of PBS and stored at 4°C prior to TEM analysis. Cells were postfixed in 1% osmium tetroxide
(OsO4; pH 7.4) for 2 h at room temperature, were washed twice with distilled water for 10 min, and were
dehydrated through an ascending ethanol series (25% ethanol for 5 min, 50% ethanol for 10 min, 75%
ethanol for 10 min, 95% ethanol for 10 min, and 100% ethanol for 10 min) and 100% acetone for 10 min
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at room temperature. The fixed cells were infiltrated with a 1:1 mixture of 100% acetone and Araldite
resin (Pelco International, Redding, CA, USA) for 30 min and then infiltrated with a 1:6 mixture of 100%
acetone and Araldite resin overnight at room temperature. Infiltrated samples were placed thrice in fresh
Araldite resin for 1 h at 45°C, were embedded in fresh Araldite resin, and then cured at 60°C for 24 h. After
curing, samples were sectioned and mounted on copper grids (200 mesh; Pelco International), and then
stained with Reynolds’ lead citrate (40). The stained samples were examined with a JEOL JEM 1010
transmission electron microscope (JEOL Asia, Ltd., Tokyo, Japan).

Total RNA isolation and real-time qRT-PCR. After LED illumination (at 72 J/cm2) of S. Enteritidis
ATCC 13076 and S. Saintpaul at a set temperature of 4°C, the total RNA in illuminated cells was
isolated with an RNeasy minikit (Qiagen, Inc., Hilden, Germany) according to the manufacturer’s
instructions. The total RNAs in freshly cultured cells and nonilluminated cells stored at 9.5°C without
LED illumination were also extracted by the same method. The purified RNA was dissolved in 50 �l
of RNase-free water. The purity and the concentration of extracted RNA were determined using a
BioDrop Touch dual spectrophotometer. The integrity of total RNA was evaluated by 1% (wt/vol)
agarose gel electrophoresis.

One microgram of total RNA was converted to cDNA using a QuantiTect reverse transcription kit
(Qiagen, Inc.) according to the manufacturer’s instructions. Real-time quantitative reverse transcription-
PCR (qRT-PCR) was carried out with a StepOnePlus real-time PCR system (Applied Biosystems, Carlsbad,
CA, USA) to determine the relative expression levels of oxyR, recA, rpoS, sodA, and soxR in nonilluminated
and illuminated cells. All primers used in this study were designed using Primer Expression Software 3.0
(Applied Biosystems) based on the nucleotide sequence derived from the NCBI database (accession
number NC_011294.1). 16S rRNA was used as a reference gene, and the primer sequence was obtained
from Yang et al. (5). Detailed information concerning these target genes and primer sequences is
presented in Table 2. The reaction mixtures (20 �l) contained 10 �l of Fast SYBR green master mix
(Applied Biosystems), 1 �l of 0.5 �M forward primer, 1 �l of 0.5 �M reverse primer, 1 �l of template
cDNA, and 7 �l of PCR water. Thermal cycling conditions consisted of 1 cycle at 95°C for 20 s, followed
by 40 cycles at 95°C for 3 s and 60°C for 30 s. The absence of DNA contamination as a negative control
was confirmed by reactions without reverse transcriptase. The changes in relative gene expression were
calculated with the 2–ΔΔCT method (5).

Statistical analysis. All mean values for each of the data points were obtained by performing
independent triplicates with duplicate analyses (n � 6). All data are expressed as means � the standard
deviations, and the significant differences between mean values were calculated at the 95% confidence
interval with analyses of variance (ANOVAs) and least significant difference (LSD) tests using SPSS
statistical software (version 20; IBM Corp., Armonk, NY, USA).
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