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ABSTRACT

Listeria monocytogenes senses blue light via the flavin mononucleotide-containing sensory protein Lmo0799, leading to activa-
tion of the general stress response sigma factor SigB (o®). In this study, we investigated the physiological response of this food-
borne pathogen to blue light. We show that blue light (460 to 470 nm) doses of 1.5 to 2 mW cm ™~ cause inhibition of growth on
agar-based and liquid culture media. The inhibitory effects are dependent on cell density, with reduced effects evident when high
cell numbers are present. The addition of 20 mM dimethylthiourea, a scavenger of reactive oxygen species, or catalase to the me-
dium reverses the inhibitory effects of blue light, suggesting that growth inhibition is mediated by the formation of reactive oxy-
gen species. A mutant strain lacking ¢® (AsigB) was found to be less inhibited by blue light than the wild type, likely indicating
the energetic cost of deploying the general stress response. When a lethal dose of light (8 mW cm™2) was applied to cells, the
AsigB mutant displayed a marked increase in sensitivity to light compared to the wild type. To investigate the role of the blue-
light sensor Lmo0799, mutants were constructed that either had a deletion of the gene (Almo0799) or alteration in a conserved
cysteine residue at position 56, which is predicted to play a pivotal role in the photocycle of the protein (I1n00799 C56A). Both
mutants displayed phenotypes similar to the AsigB mutant in the presence of blue light, providing genetic evidence that residue
56 is critical for light sensing in L. monocytogenes. Taken together, these results demonstrate that L. mmonocytogenes is inhibited
by blue light in a manner that depends on reactive oxygen species, and they demonstrate clear light-dependent phenotypes asso-
ciated with ¢® and the blue-light sensor Lmo0799.

IMPORTANCE

Listeria monocytogenes is a bacterial foodborne pathogen that can cause life-threatening infections in humans. It is known to be
able to sense and respond to visible light. In this study, we examine the effects of blue light on the growth and survival of this
pathogen. We show that growth can be inhibited at comparatively low doses of blue light, and that at higher doses, L. monocyto-
genes cells are killed. We present evidence suggesting that blue light inhibits this organism by causing the production of reactive
oxygen species, such as hydrogen peroxide. We help clarify the mechanism of light sensing by constructing a “blind” version of
the blue-light sensor protein. Finally, we show that activation of the general stress response by light has a negative effect on
growth, probably because cellular resources are diverted into protective mechanisms rather than growth.

isteria monocytogenes is a Gram-positive bacterium commonly

found in the environment. It is a foodborne pathogen capable
of causing a severe systemic infection in humans, and it is associ-
ated with mortality rates of up to 30% (1-3). Although incidence
levels remain far lower than those for outbreaks involving patho-
gens, such as norovirus and Salmonella, cases of listeriosis rose
annually in Europe between 2009 and 2013 and are linked primar-
ily with the consumption of ready-to-eat foods (3). L. monocyto-
genes displays a number of stress adaptations that aid its survival in
a wide range of habitats, including foods, food-processing envi-
ronments, and the mammalian gastrointestinal tract. In particu-
lar, it displays a notable tolerance to osmotic stress, low tempera-
ture, and bile (4-7) and has a potent adaptive tolerance response
to acid (8).

Many of the stress-resistant properties of L. monocytogenes are
under the control of the stress-inducible sigma factor SigB (o),
which drives the transcription of the general stress regulon (9-12).
The regulation of ¢® is not fully understood in L. monocytogenes,
but it is believed to involve a signal transduction cascade that
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ultimately modulates the availability of o® to associate with RNA
polymerase. Environmental signals are thought to be sensed and
integrated into the regulatory pathway by a high-molecular-
weight multisubunit complex called a stressosome (9, 13). Al-
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though the structure of this complex has not been determined in
L. monocytogenes, it is likely to be similar to the stressosome from
Bacillus subtilis, whose structure has been partly solved (14), since
all of the genes involved are conserved between these species (15).
In B. subtilis, the current model proposes that stress signals are
sensed by protrusions on the surface of the stressosome that are
formed by the N-terminal domains of RsbRA and its paralogues,
RsbRB, RsbRC, and RsbRD (14, 16). These sensory signals are
then transduced to the core of the stressosome, resulting in phos-
phorylation events that lead to the release of RsbT from the stres-
sosome. RsbT then interacts with RsbU to bring about the activa-
tion of o®. It is thought that RsbRA and its paralogues (RsbR,
Lmo0799, Lmo0161, Lmo1642, and Lmo1842 in L. monocyto-
genes) can integrate different environmental stress signals, allow-
ing o® activation under a variety of stress conditions, but thus far,
only blue light has been shown to be sensed by the stressosome
(17-20).

Blue-light sensing in L. monocytogenes requires Lmo0799, a
widely conserved protein predicted to be associated with the stres-
sosome that has a light-oxygen-voltage (LOV) domain at its N
terminus and a sulfate transporter, the anti-sigma factor (STAS)
domain at its C-terminal (17). Mutants lacking /1100799 have in-
creased motility in the presence of light compared to the wild type,
fail to show enhanced invasion into mammalian cells in response
to light (17), and are unable to form rings on semisolid agar in
response to repeated cycles of light and dark (18). The mechanism
of light sensing by Lmo0799 has not yet been fully elucidated,
although it is clear that it exhibits photochemical activity similar
to the related light sensor from B. subtilis, YtvA, and the formation
of a flavin-cysteinyl adduct in response to light was postulated
(21). In YtvA, this adduct forms between C-4 of the flavin mono-
nucleotide (FMN) ring and the cysteine residue at position 62
(20), which is conserved in the L. monocytogenes protein but lo-
cated at position 56. In the present study, we sought to elucidate
the mechanism of sensing by mutating Cys56 to determine the
impact on light sensing and to clarify the contribution of
Lmo0799 to the growth and survival of L. monocytogenes.

Although blue light is known to activate o® in L. monocyto-
genes, the impact of visible light on growth and survival in this
pathogen has not been studied in detail. Visible light has been
explored as an antimicrobial treatment in numerous studies, with
effectiveness demonstrated against a diverse range of medically
important bacteria and fungi (for reviews, see references 22-24).
In most cases, high-intensity violet-blue light (405 nm) has been
used (25-28). High-intensity light at 405 nm was found to be
effective at inactivating L. monocytogenes in liquid suspensions
(25) and on surfaces, including acrylic, glass, and agar-based
growth medium (26, 29). The presence of photosensitizing com-
pounds, such as sodium chlorophyllin (30) or 5-aminolevulinic
acid (31), enhance the killing effect of visible light on surfaces. The
mechanism of killing by visible light has not been addressed in L.
monocytogenes to date, although studies on other bacteria suggest
that excitation of endogenous porphyrins by light under aerobic
conditions can lead to the production of damaging reactive oxy-
gen species (32). Indeed, the photosensitizing effect of 5-aminole-
vulinic acid is thought to be due to its role as a precursor in the
biosynthesis of porphyrins (31).

In this study, we investigate the influence of visible light on the
physiology of L. monocytogenes. We used blue light with a wave-
length of 460 to 470 nm, since this is the wavelength that has been
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Source or reference Lab stock no.

L. monocytogenes strains

EGD-e (wild type) C. Gahan COB261
EGD-e AsigB C. Gahan COB262
EGD-e Almo0799 Tiensuu et al. (18) COB644
EGD-e 00799 C56A This study COB611
EGD-e Almo0799 Tiensuu et al. (18) COB627
pMK4 100799
EGD-e pMK4 1100799 Tiensuu et al. (18) COB625
10403S (wild type) K. Boor, Cornell University COB46
10403S AsigB K. Boor, Cornell University COB45
1_02-15 Swab (floor) (business 1) COB765
5_04-15 Swab (floor) (business 5) COB766
2_08-13 Swab (drain) (business 2) COB762
2_10-13 Swab (drain) (business 2) COB763
Plasmids
pMAD Arnaud et al. (34) NA?
pEX-A Eurofins MWG Operon NA

“NA, not applicable.

shown to activate the general stress response via the light sensor
Lmo0799 and o®. We show that quite low doses of light at this
wavelength inhibit the growth of this pathogen in both liquid and
solid growth media. We show that the inhibitory mode of action is
dependent on the production of reactive oxygen species. The role
of a® and Lmo0799 in the response of L. monocytogenes to blue
light is further clarified, and the conserved cysteine residue in
Lmo0799 is shown to be essential for light sensing.

MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions. The bacterial strains
and plasmids used in this study are listed in Table 1. Listeria monocytogenes
strain stocks were stored in brain heart infusion (BHI) (LabM) broth
supplemented with 7% dimethyl sulfoxide (DMSO) at —80°C. Strains
were grown in BHI agar or broth (LabM). Agar plates were stored at 4°C.
Escherichia coli strains used for amplification of vector copy number were
grown in Luria-Bertani (LB) broth or agar (Sigma-Aldrich). Before use,
unless otherwise stated, broth was inoculated with colonies and incubated
overnight with aeration, at 37°C. Where needed, chloramphenicol (Cml),
erythromycin (Erm), and ampicillin (Amp) antibiotics were used at con-
centrations of 10 pg ml ™', 2 pg ml™*, and 100 wg ml~ " for L. monocyto-
genes and E. coli, respectively.

Light apparatus. A high-power mounted 470-nm light-emitting di-
ode (LED) (model M470L2; Thorlabs) was the light source (designated
light setup 1) used to investigate the effects of blue light across the surface
of an agar plate. An aspheric condenser lens (75 mm) was used to create
a uniform distribution of light across a circular area of 7 cm in diameter.
An irradiance map was created using an optical power sensor (model
PM121D; Thorlabs). This setup produced 1.5 to 2.0 mW cm 2, which
could be increased to an irradiance of 8.0 mW cm ™ by increasing the
current using a T-cube LED driver (LEDD1B; ThorLabs). An irradiance
map was created using an optical power sensor (model PM121D; Thor-
labs). The lower irradiance setting was used for growth inhibition exper-
iments, while the higher setting was used for survival experiments.

An alternative setup (designated light setup 2) was used to test the
effects of light across the area of a 96-well microtiter plate containing
liquid medium. This setup was composed of 80 blue (460 nm) 10-mm
prewired LEDs (Phenoptix), which were arranged in a 10 by 8 array,
measuring 16 by 13.5 cm. A diffuser membrane was placed below the
lights to help create a uniform distribution of light across the area of the
plate. Again, an irradiance map was generated to confirm that uniform
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FIG 1 Growth inhibition of EGD-e by blue light. EGD-e was illuminated with blue light (460 to 470 nm, 1.5 to 2.0 mW cm ™ ?) either on BHI agar (A) or in a BHI
liquid culture (B). (B) White bars represent growth following continuous illumination, and the black bars represent a dark control. The top graph shows the final
ODg, after 24 h, and the bottom graph shows the difference in lag times between the two conditions. Overnight cultures were standardized to an ODy, of 1.0
and diluted to 10~ (approximately 10* cells ml ™). Cells were incubated at 30°C for 24 h. The values represent the means of the results from three independent
replicates. The error bars represent the standard deviations between replicates. Student’s ¢ test was carried out to determine the statistical difference (P =< 0.05,

indicated with an asterisk) between cultures grown in light and dark.

irradiance was delivered across the area of the 96-well microtiter plate
(range, 1.5 to 2.0 mW cm ™ across all 96 wells). The lights were fixed in
position approximately 16 cm above the 96-well plate.

Construction of Imo0799 C56A “blind” mutant. The /00799 gene
was modified to incorporate a Cys-to-Ala missense mutation at codon 56.
The sequence of the L. monocytogenes EGD-e genome (33) was sourced at
http://genolist.pasteur.fr/ListiList/. At codon 56, the TGT (Cys) codon
was changed to GCA (Ala). Silent mutations in three adjacent codons
were also modified to facilitate detection by PCR during the strain con-
struction (wild type, TCCAATTGTCAC to AGTAACGCACAT; see Table
S1 in the supplemental material). The altered gene, which was 762 bp in
length, was synthesized by Eurofins MWG Operon with additional EcoRI
and Xmal restriction sites at each end in order to facilitate ligation with
the pMAD suicide vector (34). Electrocompetent E. coli cells were trans-
formed with the resulting plasmid (pMAD::1100799 C56A), and the plas-
mid was subsequently introduced into electrocompetent L. monocyto-
genes EGD-e cells. Integration of the plasmid into the genome was selected
by plating strains on BHI agar with erythromycin (2 g ml~") at 42°C, as
PMAD has a temperature-sensitive replication origin. Strains were then
passaged at 30°C to promote excision and loss of the wild-type l1100799
gene with the pMAD vector. PCR with primers COB736 (specifically de-
signed to bind to the modified sequence around amino acid 56), COB737,
COB669, and COB700 (see Table S1) was performed to detect the pres-
ence of the 100799 C56A missense mutation in the EGD-e genome. The
presence of the altered sequence in the mutant was confirmed by Sanger
sequencing (Source Bioscience) of a PCR product obtained with primers
COB699 and COB700 from the mutant (see Table S1).

Examination of inhibitory effects of light on growth on solid agar.
Strains were grown for 18 to 20 h with aeration at 37°C before use. The
cultures were standardized to an optical density at 600 nm (ODy,) of 1.0
and then serially diluted 1:10 (unless indicated otherwise) in phosphate-

July 2016 Volume 82 Number 13

Applied and Environmental Microbiology

buffered saline (PBS). Four microliters of each dilution was inoculated on
BHI agar and exposed to 470-nm blue light (light setup 1) at 1.5 to 2.0 mW
cm ™ or incubated in the dark (plates were wrapped in aluminum foil) at
30°C for 24 h. Agar plates were incubated with the inoculated surface
facing downwards and illuminated with the blue-light source from above
(see Fig. S1A in the supplemental material). The medium reduced the
transmittance of light by approximately 50%. For experiments inves-
tigating the involvement of ROS in growth inhibition by light, catalase
was added to the medium by spreading 100 pl of 125 U ml™" catalase
(Sigma) on the surface of the agar or including 20 mM dimethylthiourea
(Sigma) in the medium during preparation.

Effect of light on Listeria monocytogenesin liquid culture. Overnight
cultures (approximately 16 h) grown in BHI at 37°C with aeration were
diluted in fresh medium to an OD, of 0.05. This suspension was then
further serially diluted in BHI to a final dilution of 10~¢, with respect to
the suspension at an ODy, of 0.05. Two hundred microliters of each
dilution was then added to two 96-well microtiter plates. One plate was
wrapped in aluminum foil as a dark control, while the other was placed
under the light apparatus (light setup 2), which produced blue light at 460
nm with a power density of 1.5 to 2.0 mW cm ™ ? (see Fig. S2A in the
supplemental material). These plates were incubated at 30°C for 14 h, and
growth was monitored by recording the OD,5 hourly on a Sunrise-Tecan
plate reader. The light transmittance through the plates and medium was
approximately 68% with this setup. To take these readings, plates were
removed from the light apparatus and incubator and were shaken for 10s
immediately prior to each reading. To avoid taking readings throughout
the night, a second set of plates was later set up, using an inoculum from
the same overnight cultures as were used for the first set of plates. These
were incubated as described before in the presence of light or dark for 15
h overnight without taking readings. The OD4q5 was recorded at the 15-h
time point and subsequently every hour until 24 h was reached, allowing a
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FIG 2 Cell density influences the extent of growth inhibition of EGD-e by blue light. Dilutions of EGD-e were illuminated with blue light (460 to 470 nm, 1.5
to 2.0 mW cm ?) either on BHI agar (A) or in BHI liquid culture (B). (A) Overnight cultures were standardized to an ODg, of 1.0 and diluted to 10 %, Four
microliters of each dilution was spotted in triplicate onto BHI agar and grown at 30°C for 24 h. (B) White bars represent growth in the presence of light, and the
black bars represent the dark control. The graphs show final ODg, measurements (left) and lag times (right). The number over the lag time indicates the time
taken to reach an ODyy, of 0.1. Starting cells were equalized to an ODjg, of 0.05 and diluted to 10~ °. Cultures were grown in 96-well plates at 30°C for 24 h. The
values represent the means of the results from three individual replicates. The error bars represent the standard deviations between replicates. Student’s ¢ test was
carried out to determine the statistical difference (P =< 0.05, indicated with an asterisk) between cultures grown in light and dark.

full growth curve to be generated from the two sets of microtiter plate
data. Lag phase was defined as the time taken to reach an ODs45 0f 0.1, and
this was derived directly from the growth curves. These growth experi-
ments were carried out with three or six biological replicates per condi-
tion. For experiments investigating the involvement of ROS in growth
inhibition by light, catalase or dimethylthiourea (both supplied Sigma)
was added to the medium throughout the growth experiment at a con-
centration of 125 U ml™" or 20 mM, respectively.

Ring phenotype and motility assays. For the ring phenotype assays,
overnight cultures were standardized to an ODy, of 2.0, and a 2-pl ali-
quot was inoculated onto the center of semisolid BHI agar (0.3% [wt/vol]
agar). The plates were exposed to five consecutive 12-h cycles of light
(from white fluorescent bulbs producing a power density of approxi-
mately 0.1 to 0.2 mW cm™?) and dark (wrapped in aluminum foil) at
30°C. Colonies were then imaged with a charge-coupled device (CCD)
camera. For the motility assays, semisolid BHI agar plates were inoculated
in the same way and then incubated in the continuous light (from white
fluorescent bulbs producing a power density of approximately 0.1 to 0.2
mW cm ™ ?) or dark (wrapped in aluminum foil) at 30°C. Colony diameter
(in millimeters) was measured after a 60-h incubation period. Motility
data represent average results from four biological replicates, with a max-
imum of two technical replicates per biological replicate. Significant dif-
ferences for colony diameters incubated in the light compared to those
incubated in the dark were calculated using the unpaired t test.

Light survival assays. One milliliter of overnight culture was centri-
fuged, washed with PBS (Oxoid), and then resuspended in PBS. Resus-
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pended cultures were incubated in 96-well round-bottomed plates
(Thermo Scientific) at 30°C in the presence of 8 mW ¢m ™ ? 470-nm blue
light or in the dark (wrapped in aluminum foil). Samples were removed
from wells for viable counting at 0, 6, and 12 h. The samples were serially
diluted in PBS, and 10 pl of each dilution was plated in triplicate on BHI
agar plates, which were then incubated at 37°C for 24 h before counting.
The average of the results from six biological replicates (with standard
deviation) was calculated for each time point.

Statistical analyses. Unpaired ¢ tests were used to compare endpoint
and lag times for strains under the various conditions tested at each dilu-
tion. For the motility assays, t tests were again used to determine whether
incubation in the light or dark had a significant effect on colony diameter
for each strain. In a comparison of mutant strain endpoint and lag time
values with those of the wild type in light, Bonferroni’s correction was
employed to address the issue of multiple comparisons (P < 0.0167).

RESULTS

Blue light inhibits L. monocytogenes growth. While previous
studies have shown that L. monocytogenes responds to blue light,
the effects on growth have not been investigated. We devised an
apparatus to deliver a uniform dose of light at 460 to 470 nm to
agar plates and liquid cultures in 96-well microtiter plates (de-
scribed in Materials and Methods). When overnight cultures of L.
monocytogenes EGD-e were spotted onto BHI agar plates (using a
dilution containing approximately 10* cells ml~") and incubated
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FIG 3 ROS scavenger DMTU mitigates the inhibitory effect of blue light. EGD-e cells were illuminated with blue light (460 to 470 nm, 1.5 to 2 mW cm ™ ?) either
on BHI agar (A) or in liquid culture (B) with or without 20 mM DMTU. (A) Overnight cultures were standardized to an ODgy, of 1.0 and diluted to 10, Four
microliters of each dilution was spotted in triplicate onto BHI agar (—) or BHI agar supplemented with 20 mM DMTU (+) and grown at 30°C for 24 h. (B) Final
OD measurements (left) and difference in lag time (right). Starting cells were equalized to an ODj, of 0.05 and diluted to 10~ °. Cultures were grown in 96-well
plates at 30°C for 24 h in BHI broth with or without 20 mM DMTU. The values represent the means of the results from three individual replicates. The error bars
represent the standard deviations between samples. Student’s ¢ test was carried out to determine the statistical difference between cultures grown with and

without DMTU. (B) Asterisks indicate significant differences (P < 0.05).

at 30°C for 24 h under a blue-light irradiance of 2.5 mW cm 2, no
growth was detected, while normal growth was observed on the
dark control (Fig. 1A). Blue-light inhibitory effects on growth
were also recorded for L. monocytogenes 10403S and several food
environment isolates (see Fig. S3 and S4 in the supplemental ma-
terial). The cells were not killed by this exposure to blue light, since
a subsequent incubation of the plates inoculated with L. monocy-
togenes EGD-e in the dark allowed the colonies to form after a
further 48 h at 30°C (data not shown). In liquid BHI medium, the
same light irradiance significantly inhibited both the culture yield
(final optical density at 24 h) and the lag time (time to reach ODy,
of 0.1), although growth was not completely inhibited (Fig. 1B).
The inhibitory effects of blue light (470 nm) were found to be
dependent on the cell density, since only more-dilute cultures
(those containing <107 CFU ml~") were found to be inhibited on
agar plates (Fig. 2A). This was also the case in liquid BHI medium,
in which the effects of blue light on the 24-h culture ODyg,, and the
lag time were more pronounced as the cell concentration de-
creased (Fig. 2B). At high cell densities (>10" CFU ml™'), essen-
tially no inhibition of growth was observed at this dose of light
(Fig. 2A and B).
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Inhibitory effects of blue light are dependent on generation
of reactive oxygen species. One possible interpretation of these
data was that oxygen levels in the medium were influenced by the
population cell density, and that this variable might influence the
sensitivity to blue light, since other studies have reported that light
can lead to the generation of reactive oxygen species (ROS) (25,
35). To investigate this hypothesis, we measured the inhibitory
effect of blue light on cells grown in BHI medium containing the
ROS scavenger dimethylthiourea (DMTU). When included at a
concentration of 20 mM, DMTU had no significant effect on
dark-incubated cultures, but it conferred a significant protective
effect against blue light both on solid medium and in liquid me-
dium (Fig. 3A and B). Strikingly, in liquid BHI medium, DMTU
completely reversed the potent inhibitory effect of blue light in
low-cell-density cultures; both the lag phase and final ODy, at 24
h were restored to the same levels as the dark control when DMTU
was present (Fig. 3B). Very similar results were observed when
catalase was included in either the agar-based (Fig. 4A) or liquid
BHI medium (Fig. 4B); the presence of catalase reversed the
growth inhibition and reduced the lag phase caused by blue light.
Together, these results suggest that blue light causes the produc-
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FIG 4 Catalase alleviates growth inhibition of L. monocytogenes by blue light. (A) Wild-type overnight cultures were standardized, diluted serially, and spotted
on BHI agar spread with catalase or on agar plates without catalase. The plates were incubated in the presence of light for 24 h. (B) Wild-type overnight cultures
were diluted to an ODy, of 0.05 and serially diluted 10-fold to a 10~ dilution. The dilutions were grown for 24 h in the presence or absence of light, with or
without catalase at a concentration of 125 U ml ™ '. The 24-h endpoint and the time taken to reach an ODy, of 0.1 were calculated for each strain condition at each
dilution. The error bars represent standard deviations between samples. Unpaired ¢ tests were used to determine the significance of differences (P = 0.05,
indicated by asterisks) between endpoint and lag-phase values between cultures with and without catalase.

tion of ROS in the medium, including hydrogen peroxide, and this
is likely to be the principal reason for growth inhibition.

A mutant lacking o® has decreased sensitivity to blue light.
As earlier studies have shown that o® is activated in response to
blue light, we investigated the effect of a sigB deletion mutation on
the sensitivity of L. monocytogenes to blue light. On solid BHI
medium, the AsigB mutant was found reproducibly to grow better
than the parental control when exposed to blue light for 24 h (1.5
to 2 mW cm ™ ?). Growth was detected from the 10~ dilution for
the AsigB mutant, while this dilution failed to grow for the wild
type under the same conditions (Fig. 5A). The L. monocytogenes
10403S AsigB mutant also displayed a growth advantage under
these conditions (see Fig. S4 in the supplemental material). In
liquid medium, the final ODy,, of the EGD-e AsigB mutant was
significantly higher than that of the wild type, especially for cul-
tures inoculated with low starting cell numbers (10™> and 10~°
dilutions; Fig. 5B). The AsigB mutant also exhibited a shorter lag
time than the wild type during illumination with blue light (al-
most 3 h shorter for the lowest-cell-density inoculum; Fig. 5B).
This somewhat surprising result might suggest that at sublethal
doses of light, the cost of deploying a o®-controlled stress response
is associated with a negative impact on growth rate. As the stress
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becomes more severe, a survival advantage might be expected. To
investigate this, we exposed wild-type and AsigB mutant cells to a
lethal dose of blue light (8 mW cm ™ 2). Under these conditions, the
AsigB mutant was found to be significantly more sensitive to light
than the wild type, with a 10,000-fold reduction in survivors de-
tected in the mutant populations after 12 h of exposure to light
(Fig. 6). This effect was also observed at 16°C, when a lower power
density was tested; after 24 h at 6.5 mW cm 2, the sigBmutant had
4-fold-fewer survivors than the wild type (data not shown). These
data suggest that o® plays an important role in protecting cells
against lethal doses of blue light.

Role for the blue-light sensor Lmo0799. Since o® activation in
the presence of blue light occurs via the blue-light sensor protein
Lmo0799, we investigated the impact of the loss of this sensor on
light sensitivity. A deletion mutant, Almo00799, and a missense
mutant with an alanine replacing the conserved cysteine at posi-
tion 56 of the Lmo0799 protein (C56A) were constructed. The
Imo0799 C56A mutant was constructed to genetically test the idea
that this residue is essential for the light-sensing function of the
protein, as proposed by others (20, 21, 35). Two phenotypes
known to be associated with the loss of Lmo0799 function were
tested: derepressed motility in the presence of light and loss of ring
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FIG 6 L. monocytogenes AsigB mutant displays a survival defect in higher-
intensity blue light. Overnight cultures were washed and resuspended in PBS
and exposed to 8§ mW cm ™~ blue light. Viable cell counts were performed at the
0-, 6-, and 12-h time points. WT, wild type. The values represent the means of
the results from six individual replicates. The error bars represent the standard
deviations between samples.
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formation in response to light-dark cycles (17, 18). In response to
blue light, motility is repressed in the wild type, but this repression
is lost in a AsigB mutant (Fig. 7). This repressed motility was also
found to be lost in the Al1m00799 and Iino0799 C56 A mutants (Fig.
7). Ring formation in response to 12-h cycles of ambient light and
dark is observed in the wild type, and this is abolished in a mutant
lacking o® (Fig. 8). This phenotype is also lost in the Alm00799 and
Imo0799 C56A mutants. These data show that light sensing via
Lmo0799 is essential for the repression of motility by ambient
light and for ring formation. Furthermore, they provide strong
genetic evidence that the cysteine residue at position 56 is essential
for the light-sensing function of Lmo0799.

In the presence of an inhibitory dose of blue light, the
Almo0799 mutant was found to display a similar decreased-sensi-
tivity phenotype to the AsigB mutant. This effect was observed on
both BHI agar plates and in liquid medium (Fig. 9A and B). When
tested on agar plates, the reintroduction of 1100799 on plasmid
pMK4 removed this growth advantage, and it was observed that
the presence of additional Lmo799 (via pMK4 11100799) nega-
tively affected growth of the wild-type strain (see Fig. S5 in the
supplemental material). The /100799 C56A mutant consistently
displayed a less-pronounced phenotype, showing only a slight de-
crease in sensitivity to blue light on agar plates compared to the
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represent the means of the results from four biological replicates. The error
bars represent the standard deviations between samples. The asterisk indicates
a P value of =0.05.

wild type (Fig. 9A) and no significant difference in liquid medium
(Fig. 9B). These data may indicate that the C56A mutant version
of Lmo0799 is still able to transmit light-related signals that lead to
o® activation (and a corresponding decrease in growth). At lethal
doses of light (8 mW cm ™ 2), neither the Al00799 mutant nor the
Imo0799 C56A mutant displayed any increase in sensitivity to blue
light compared to the wild type (Fig. 6). This result was unex-
pected but may reflect the fact that at higher doses of light, addi-
tional stress signals are generated (e.g., ROS) that still lead to o®
activation even in the absence of the capacity to sense blue light
itself.

DISCUSSION

In this study, we have shown that the growth of L. monocytogenes
is negatively affected by blue light (460 to 470 nm) at compara-
tively low irradiance levels (<10 mW cm™?) on both agar-based
medium (Fig. 2A) and in liquid culture (Fig. 2B). The data show
that blue light extends the lag time of cultures in liquid broth and
that this effect can be reversed by the addition of the scavengers of
reactive oxygen species (ROS) dimethylthiourea (Fig. 3B) and cat-
alase (Fig. 4B). These results suggest that blue light triggers the
formation of ROS and that these species have an inhibitory effect
on growth, presumably because they cause oxidative damage of
macromolecules in the cell (36). Previous studies have suggested
the link between killing of bacteria by high-intensity visible light
and ROS production (25, 37). The mechanisms underlying ROS
production remain to be elucidated, but endogenous porphyrins
have been implicated in light inactivation studies with other bac-
teria (38—40). As the genes for heme biosynthesis are present in L.
monocytogenes (41), it seems likely that photosensitizing porphy-
rin intermediates, such as the uroporphyrinogen III, could con-
tribute to the light sensitivity observed. Indeed, the addition of the
porphyrin precursor 5-aminolevulinic acid to the growth medium
increases the sensitivity of L. monocytogenes cells to violet light
(31). The explanation for the protective effect of high cell densities
on the extent of growth inhibition (Fig. 2A and B) remains un-
known, but two possible explanations are suggested: either the
total amount of catalase present in the population helps mitigate
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mutant. Overnight cultures were standardized and spotted onto 0.3% BHI
agar. The plates were incubated in the dark for 60 h or exposed to five consec-
utive 12-h periods of ambient light and dark.

the effect of ROS or the oxygen level is depleted to a greater extent
in dense cultures by respiratory activity, and this limits ROS pro-
duction. Further studies will be required to differentiate between
these possibilities.

The protective response to oxidative stress is known to be par-
tially under o® control (4), and so it was somewhat unexpected to
discover that the AsigB (and Almo0799) mutant displayed an en-
hanced capacity to withstand the inhibitory effects of light at 1.5 to
2mW cm 2. However, enhanced growth of sigB mutants has been
reported by others both in L. monocytogenes and B. subtilis. Abram
et al. (42) observed that a 10403S AsigB mutant had a higher
growth rate than the wild-type parent in a chemically defined me-
dium with 0.5 M added NaCl. Mutations in rsbT and rsbV that are
predicted to negatively affect o® activity also produce a fast-
growth phenotype under some conditions (43). A AsigB mutant of
B. subtilis is known to have a significant growth advantage com-
pared to the wild type when grown in a glucose-limited medium
(44). Although these results have not been explained to date, it has
been suggested that these effects might arise from sigma factor
competition for core RNA polymerase (9). In this model, the in-
crease in growth rate of the mutant lacking sigB arises because the
housekeeping sigma factor o has greater access to the core poly-
merase and can therefore more efficiently transcribe genes with
growth-related functions. A similar model has been proposed to
account for the accumulation of rpoS (encoding ¢°, the general
stress response sigma factor) mutations in E. coli when grown
under limiting conditions (45, 46). The energetic cost of deploy-
ing the general stress response (with associated homeostatic and
repair energy requirements) may also contribute to the negative
effect on growth rate. As the AsigB and Almo0799 mutants be-
haved in a similar manner at inhibitory low doses of blue light
(Fig. 9A), it suggests that the activation of the general stress re-
sponse by o” at this dose of light, which occurs following light
sensing and signal transduction by Lmo0799 (17), produces a neg-
ative effect on cell growth. Indeed, we recently observed that a
nonsense mutation in rsbU, which is predicted to negatively affect
SigB activity, also produces reduced light sensitivity to low-inten-
sity light (K. NicAogdin and C. O’Byrne, unpublished data). How-
ever, once the dose of blue light reaches a lethal level (8 mW
cm™?), itis clear that ® contributes positively to survival (Fig. 6),
highlighting the importance of the general stress response for sur-
viving damage caused by visible light. Surprisingly, Lmo0799 did
not appear to be required for survival at lethal doses of blue light.
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It is possible that indirect stress signals (e.g., oxidative damage
caused by ROS) are generated at this higher dose of light, and these
signals can be sensed independently of Lmo0799, perhaps via
RsbR or one of its paralogues (the putative sensory subunits of the
stressosome), thereby ensuring an effective stress response inde-
pendently of light sensing. We are currently pursuing this line of
investigation.

The genetic evidence presented here provides strong support
for the model proposing that the conserved cysteine residue at
position 56 of Lmo0799 plays a crucial role in allowing this protein
to sense blue light (Fig. 7 and 8). Previous modeling studies have
found the Lmo0799 protein structure to be nearly identical to that
of YtvA in Bacillus amyloliquefaciens (17, 47), with both having the
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conserved cysteine in the FMN-binding pocket. Gaidenko et al.
(48) showed that the YtvA conserved residue C62 is critical for
light-induced SigB activation of the stress response in B. subtilis.
The photocycle of the Lmo0799 protein has been elucidated by
Chan et al. (21), and the authors predicted an important role for
C56. Replacement of this residue with an alanine produced phe-
notypes (loss of ring formation during light-dark cycles and in-
creased motility in the presence of ambient light) similar to those
observed with the removal of the full Lmo0799 protein and sug-
gests that the predicted light-induced cysteinyl-flavin mononucle-
otide adduct is crucial for light sensing (17, 18). This single-
amino-acid change likely results in the uncoupling of the
Lmo0799 LOV domain from its FMN chromophore, resulting in
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the loss of blue-light-sensing capacity. The enhanced growth phe-
notype of the [m00799 C56A mutant was not as pronounced as the
Almo0799 or AsigB mutants on BHI agar plates in the presence of
a sublethal blue-light dose (Fig. 9A), suggesting that ¢® might be
partially activated by light in this strain, but this difference was not
found to be significant in liquid BHI medium (Fig. 9B). It is worth
noting that the impact of Lmo0799 on the overall structure and
assembly of the stressosome has not been investigated in L. mono-
cytogenes, and it is possible that the deletion mutation might have
indirect effects on the sensing capacity of the stressosome inde-
pendent of the loss of the Lmo0799 protein itself. This might have
contributed to the subtle differences in the behavior of the
Imo0799 C56A and Almo0799 mutants on BHI agar plates in the
presence of light. Alternatively, the Lmo0799 protein might have a
secondary sensing function, as has been postulated by Chan et al.
(21), which remains unaffected in the /7100799 C56A mutant.

In this study, we have demonstrated that blue light (460 to 470
nm) exhibits inhibitory effects on the growth and survival of L.
monocytogenes and show that these effects are caused by the pro-
duction of reactive oxygen species (ROS). While a number of
other studies have also shown the inhibitory effects of visible light
on a variety of bacterial species (26, 37, 49-51), most have been
conducted with high-intensity violet-blue light (400 to 405 nm)
rather than blue light. Thus, we demonstrate that L. monocyto-
genes growth and survival can be affected by exposure to blue light.
Opverall, the study raises the interesting possibility that blue-light-
emitting diode lights, which are comparatively cheap, energy effi-
cient, and widely available, might be used to control the growth of
this pathogen in food-processing environments or even in certain
amenable food groups.
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