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ABSTRACT Light sensing has been extensively characterized in the human patho-
gen Acinetobacter baumannii at environmental temperatures. However, the influence
of light on the physiology and pathogenicity of human bacterial pathogens at tem-
peratures found in warm-blooded hosts is still poorly understand. In this work,
we show that Staphylococcus aureus, Acinetobacter baumannii, and Pseudomonas aer-
uginosa (ESKAPE) priority pathogens, which have been recognized by the WHO and
the CDC as critical, can also sense and respond to light at temperatures found in
human hosts. Most interestingly, in these pathogens, light modulates important
pathogenicity determinants as well as virulence in an epithelial infection model,
which could have implications in human infections. In fact, we found that alpha-
toxin-dependent hemolysis, motility, and growth under iron-deprived conditions are
modulated by light in S. aureus. Light also regulates persistence, metabolism, and
the ability to kill competitors in some of these microorganisms. Finally, light exerts a
profound effect on the virulence of these pathogens in an epithelial infection model,
although the response is not the same in the different species; virulence was enhanced
by light in A. baumannii and S. aureus, while in A. nosocomialis and P. aeruginosa it was
reduced. Neither the BlsA photoreceptor nor the type VI secretion system (T6SS) is
involved in virulence modulation by light in A. baumannii. Overall, this fundamental
knowledge highlights the potential use of light to control pathogen virulence, either
directly or by manipulating the light regulatory switch toward the lowest virulence/per-
sistence configuration.

IMPORTANCE Pathogenic bacteria are microorganisms capable of producing disease.
Dangerous bacterial pathogens, such as Staphylococcus aureus, Pseudomonas aerugi-
nosa, and Acinetobacter baumannii, are responsible for serious intrahospital and com-
munity infections in humans. Therapeutics is often complicated due to resistance to
multiple antibiotics, rendering them ineffective. In this work, we show that these
pathogens sense natural light and respond to it by modulating aspects related to
their ability to cause disease; in the presence of light, some of them become more
aggressive, while others show an opposite response. Overall, we provide new under-
standing on the behavior of these pathogens, which could contribute to the control
of infections caused by them. Since the response is distributed in diverse pathogens,
this notion could prove a general concept.
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The advances in medicine during the last 70 years have been catalyzed by the ability
that antimicrobial agents offer to control infections (1, 2). However, the rapid evo-

lution of multidrug- and extensively drug-resistant (MDR and XDR, respectively) bacte-
ria, which render the drugs ineffective (2), awaked a major challenge for the near
future. The situation has been worsened by the scarce release of new antimicrobial
agents into the market (3, 4). Alternatives to control bacterial infections are thus
urgently required.

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species (ESKAPE) pathogens
have growing multidrug resistance and virulence (5), are responsible for the majority
of nosocomial infections, and are capable of “escaping” the biocidal action of antimi-
crobial agents (2, 5). ESKAPE pathogens are associated with high mortality and morbid-
ity rates, high health care costs, diagnostic dilemma, and difficulty in the initiation of
empirical treatment (4, 6). In particular, S. aureus is a natural resident of the skin and
nasal membranes with an alarming pathogenic potential to cause a variety of commu-
nity- and hospital-acquired infections (7). It is simultaneously the leading cause of bac-
teremia and infective endocarditis (IE) and can also cause pleuropulmonary, osteoartic-
ular, skin, and soft tissue infections (7). S. aureus is a prominent wound pathogen,
capable of both acute and chronic infections upon the formation of biofilms (8).
Methicillin-resistant S. aureus (MRSA) USA300 and closely related variants are now the
most prevalent community-acquired MRSA (CA-MRSA) isolates in North America and
northern regions of South America (3). A crucial factor that allows the spread of S. aur-
eus in hospitals and communities is its ability to resist desiccation (9). A. baumannii
infections typically occur in hospitalized patients or patients with significant contact
with the health care system. Although A. baumannii infection rates are comparatively
low compared with those of other ESKAPE pathogens (3), approximately 45% of all
global A. baumannii isolates are considered MDR (3). These levels of MDR are four times
higher than those observed for P. aeruginosa or K. pneumoniae. A key aspect of A. bau-
mannii’s physiology is its propensity to develop rapid resistance to antibiotics, as well
as its outstanding ability to persist in the environment, which contributes to the spread
of resistant clones (8). Due to the increasing and fast development of resistance to rou-
tinely applied antibiotics, this pathogen is widely responsible for skin, skin wound, soft
tissue, bloodstream, respiratory, and urinary infections, especially in intensive care
units (8). Serious infections from P. aeruginosa generally occur only in health care
(nosocomial) settings, but people can also develop mild infections in other environ-
ments. Common hospital-associated P. aeruginosa infections include bloodstream,
pneumonia (lung infection), urinary tract, and surgical wound infections, as well as re-
spiratory infections in patients with cystic fibrosis. The plasticity and adaptability of the
P. aeruginosa genome are key features in the pathogen’s ability to chronically persist in
the host and evade antibiotic treatment (3).

Some years ago, a new physiological trait was recognized in A. baumannii, namely,
its ability to sense and respond to light-modulating aspects related to bacterial persist-
ence at environmental temperatures (10). In fact, we have shown that light modulates
iron uptake; motility; tolerance to antibiotics; antibiotic susceptibility; killing of com-
petitors; antioxidant enzyme production, such as catalase; phenylacetic acid and acet-
oin catabolism; biofilm formation; and trehalose metabolism at environmental temper-
atures (10–16). Photoregulation of many of these traits is governed by the blue-light
using flavin adenine dinucleotide (BLUF)-type photoreceptor BlsA, which is functional
in the low to moderate temperature range (18°C to 24°C) (10, 17, 18). BlsA is a global
regulator that interacts with and antagonizes the functioning of transcriptional regula-
tors, such as Fur, or AcoN repressors, inducing expression of their target genes only in
the dark or in the presence of blue light, respectively (15, 16). BlsA is thus a photore-
ceptor that signals not only under blue light but also in the dark and superimposes a
second-order regulation upon traditional transcriptional regulation (12, 15, 16). The
presence of another “nontraditional” photoregulator modulating antibiotic susceptibility
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has also been suggested in A. baumannii (13, 14). Moreover, light sensing is distributed
within the Acinetobacter genus and not restricted to A. baumannii (19).

Since many physiological traits were found to be modulated by light at environ-
mental temperatures, we wondered whether light can also exert an influence at tem-
peratures found in warm-blooded animals, which could have implications in human
infections. In this work, we studied the effect of light on pathogenicity determinants of
Gram-negative and -positive ESKAPE pathogens at 37°C. Acinetobacter nosocomialis,
which belongs to the Acinetobacter calcoaceticus-A. baumannii complex (20), was also
included in this study, as it is an important nosocomial pathogen whose incidence has
been underestimated in clinical settings (21). We show that light modulates alpha-
toxin-dependent hemolysis in S. aureus, which is a key virulence determinant in this
microorganism since its pathogenicity relies on the ability to damage the host cell
membrane with toxins and peptides (22). Interestingly, light also modulates different
metabolic traits, including growth under iron deprivation conditions, acetoin and phe-
nyl-acetic acid (PAA) catabolism (23), and trehalose utilization in many of these patho-
gens. Importantly, virulence is significantly modulated by light in A. baumannii, A. noso-
comialis, P. aeruginosa, and S. aureus in an epithelial infection model using a human
keratinocyte cell line. Light enhances virulence in S. aureus and A. baumannii, while the
opposite effect occurs in P. aeruginosa and A. nosocomialis, thus indicating that the
response to light is species specific and likely related to the pathophysiology devel-
oped by each pathogen. Overall, this work not only introduces novel concepts regard-
ing the biology of important ESKAPE pathogens, such as light sensing in S. aureus and
P. aeruginosa at 37°C, but also provides evidence suggesting that the light regulatory
switch could be a potential target to control infections caused by ESKAPE pathogens.
The facts that visible light is an economic, accessible, and ubiquitous signal and also
that the doses and intensity used in these experiments are very low and do not affect
host cell viability make exposure to this stimulus a feasible approach to help treat
ESKAPE infections.

RESULTS
Light modulates hemolysis in S. aureus at 37°C. Since hemolysis is an important

virulence determinant influencing pathogenesis in S. aureus, we studied whether blue
light modulates this trait at 37°C.

The effect of blue light on hemolysis was analyzed by using different S. aureus clini-
cal isolates recovered from a public hospital located in Rosario, Santa Fe, Argentina
(see Table S1 in the supplemental material), in addition to the model strains RN4220
(24) and USA300 (25). To determine the effect of light on hemolysis, 10ml of overnight-
grown cultures (optical density at 660 nm [OD660], 2.5) were spotted onto sheep blood
agar plate pairs and incubated under blue light or in the dark at 37°C for 48 h. Our
results show that clinical isolates SAU064, SAU356-2, and SAU152 exhibited higher he-
molytic levels under the dark than under light conditions (Fig. 1A to C, respectively), as
the area of the zone of clearance was approximately 3.2-, 1.5-, and 2.4-fold higher in the
dark than in the presence of blue light (Fig. 1H). Isolate SAU207 showed comparable he-
molysis levels under light or dark conditions, (i.e., did not show modulation by light) (Fig.
1D and H), while SAU214 did not show hemolysis in the dark nor in the presence of blue
light (Fig. 1E). Modulation of hemolysis by light was not related to any particular site of
isolation, as was observed in isolates recovered from peripheral venous catheter tip
(SAU064), blood culture (SAU356-2), or urine culture (SAU152) (Table S1).

The extensively characterized strain RN4220 (24), which is a mutant in the accessory
gene regulator (agr) and does not produce a-hemolysin (24), did not show differences
between light and dark on sheep blood agar plates (Fig. 1F). In contrast, USA300
showed a marked response to light (Fig. 1G), as the area of the zone of clearance was
determined to be 3.5-fold higher in the dark than under blue light at 37°C (Fig. 1H).

As controls, S. aureus USA300 cells were lifted from blood agar plates incubated
under blue light or in the dark for 48 h (see Fig. S1A in the supplemental material) and

Light Modulates Virulence in ESKAPE Pathogens Journal of Bacteriology

March 2021 Volume 203 Issue 5 e00566-20 jb.asm.org 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 2
9 

N
ov

em
be

r 
20

24
 b

y 
20

0.
3.

12
6.

13
2.

https://jb.asm.org


resuspended in tryptic soy broth (TSB) medium. Bacterial growth was determined by
OD measurement at 660 nm, and no significant differences between light and dark
conditions were observed (data not shown). The bacteria were then diluted and
counted by plating in tryptic soy agar (TSA) medium at 37°C. No significant differences
were observed in the number of bacteria recovered from the plates incubated either
under blue light or in the dark (Fig. S1B). Also, we evaluated the effect of light on the
size of single colonies (Fig. S1C to E). For this purpose, S. aureus USA300 cells were
grown overnight on TSB at 37°C and diluted and plated in TSA to determine the titer
of single colonies. The plates were then incubated at 37°C in the presence of light or in
the dark for 24 hours (Fig. S1C). The results show no significant differences either in the
number of colonies (Fig. S1D) or in the size of the single colonies (Fig. S1E) recovered
after incubation under blue light or in the dark. The overall results indicate that the
effect of light observed on hemolysis is not a consequence of more robust growth of
the bacteria in the dark.

FIG 1 Light modulates hemolysis in S. aureus at 37°C. (A to E) Effect of light on hemolysis of five clinical
isolates of S. aureus SAU064, SAU356-2, SAU152, SAU207, and SAU214, recovered from patients from a public
hospital in Rosario, Argentina (Table S1). Also included are the model strains RN4220 (F) and USA300 (G).
Sheep blood agar commercial plate pairs were inoculated with 10ml of the indicated cultures grown to an optical
density at 660nm (OD660) of 2.5. Plates were inspected and photographed after incubation under blue light or in
the dark at 37°C for 48h. Bars represent 7.5mm. Representative results of at least three independent experiments
are shown. (H) Quantification of the area of the zone of clearance in hemolysis plates incubated under blue light
(L) or in the dark (D). The area of the zone of clearance was determined as the difference between the area of the
hemolytic halo and the area of the bacterial spot, measured using ImageJ software (NIH). The values were
normalized to the light condition, which received the arbitrary value of 1. The data presented are the means of at
least three independent experiments, and error bars show the standard deviation of the mean. Asterisks indicate
significant differences between light and dark treatments, as determined by t test (P, 0.05). ns, not significant.
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In summary, the experimental evidence indicates that light modulates hemolysis in
some S. aureus strains at 37°C and suggests a wide distribution of the light response
phenotype in this species.

Light modulates hla-dependent hemolysis. S. aureus a-hemolysin (Hla or alpha-
toxin), a 33.2-kDa polypeptide encoded by the hla gene, is a pore-forming cytotoxin
produced by the majority of S. aureus strains and targets a broad range of host cell
types (7). Like most staphylococcal extracellular proteins, alpha-toxin is not expressed
constitutively, but it is tightly regulated by an array of extracellular and intracellular
signals (7). a-Hemolysin is the key virulence factor emerging from in vivo studies (22).

To study whether light modulates hemolysis through the alpha-toxin, we analyzed
the effect of light on an hla mutant, as well as on this hla mutant harboring plasmid
pAH5, from which a wild-type copy of the hla gene is expressed by its own promoter
(26). Our results show that the hla mutant lost the ability to hemolyze on sheep blood
agar plates both under blue light and in the dark at 37°C (Fig. 2B). Conversely, the hla
mutant complemented with a wild-type copy of the hla gene (26) restored hemolysis.
Moreover, higher levels of hemolysis, approximately 2.3-fold, were observed in the
dark than in the light, again showing regulation by light (Fig. 2C and D). Interestingly,
the levels of hemolysis in this strain were higher than in the wild-type strain, both
under blue light and in the dark (Fig. 1A and C and D). This finding is not surprising
and most likely results from an hla gene dosage effect, as this gene is present in a high
copy number plasmid (27), rather than from a single chromosomal copy. Consistent
with the above results, hla transcript levels were found to be approximately 5-fold
higher in the dark than under light conditions in the wild-type S. aureus USA300 strain
(Fig. 2E). Overall, our results thus indicate that light regulates hla-dependent hemolysis
in S. aureus at 37°C.

Finally, we observed no hemolysis in the agrA, agrB, and agrC mutants either under
blue light or in the dark and no differences in hemolysis in the saeR and sarA mutants
between light and dark (see Fig. S2 in the supplemental material). These regulatory
loci code for the staphylococcal accessory protein effector (sae), which together with
agr coordinately control hla expression in S. aureus (28).

Light modulates motility in S. aureus and P. aeruginosa. To further study the
effect of light on S. aureus physiology, another pathogenicity determinant such as mo-
tility was assayed at 37°C, as it was previously shown to be modulated by light in other
organisms (10). S. aureus strain USA300 as well as the clinical isolate SAU152, which
showed modulation of hemolysis by light (Fig. 1), were included. As shown in Fig. 3A,
S. aureus strain USA300 moved away from the inoculation point covering whole motil-
ity plates when incubated overnight at 37°C in the dark, while the motility was inhib-
ited in the presence of blue light. In SAU152, motility was inhibited in the presence of
light, while the bacteria moved significantly in the dark despite that they did not cover
the whole plate (Fig. 3B), also showing that in this strain, motility is modulated by light.
The model strain P. aeruginosa PAO1, as well as the clinical isolate PAE4840 (Table S1),
were also included in this study, as this is also an important pathogen causing severe
skin and soft tissue infections. Our results show that the bacteria grew confined to the
inoculation point under blue light, while they moved throughout the plate in the dark
(Fig. 3C and D, respectively). Overall, our results show that light modulates motility in
S. aureus and P. aeruginosa at 37°C. It should be mentioned that motility is not modu-
lated by light in A. baumannii at 37°C (10, 17), while it has been shown to be photore-
gulated in A. nosocomialis at 37°C (19).

Light modulates growth under iron deprivation conditions in S. aureus, P.
aeruginosa, and A. nosocomialis. Iron is known to be a limiting nutrient during infec-
tions in warm-blooded hosts, and the ability of the bacteria to acquire this metal is
essential for the success of a bacterial infection (22, 29). We have previously shown
that light modulates iron uptake in A. baumannii at environmental temperatures (15).
Here, we evaluated whether growth under iron-deprived conditions is modulated by
light in these important pathogens at temperatures found in warm-blooded hosts,
such as 37°C. In contrast to the response observed for A. baumannii at environmental
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temperatures, more robust growth resulted under blue light in the presence of the
iron chelator 2,29-dipyridyl (DIP) (iron-deprived conditions) in S. aureus, P. aeruginosa,
and A. nosocomialis, while it was severely affected in the dark at 37°C (Fig. 4A, C and E,
respectively, and Fig. S3A in the supplemental material). No effect of light was
observed on bacterial growth under iron replete conditions, as growth curves were
similar under blue light or in the dark for the different strains in LB (Fig. 4B, D, and F).
Besides, no light sensitivity was observed for DIP under the experimental conditions
used in these experiments (see Fig. S4 in the supplemental material). In the case of A.
baumannii, we did not observe modulation by light of this trait at 37°C, either for ATCC
17978 or for ATCC 19606 or Ab33405 strains (only ATCC 19606 shown in Fig. 4G).
Overall, our results show that growth under iron-limiting conditions is modulated by
light in S. aureus, P. aeruginosa, and A. nosocomialis at 37°C.

Light modulates metabolism in A. nosocomialis and S. aureus at 37°C. Bacterial
pathogenesis studies are mainly focused on virulence factors; however, pathogens
must adapt their metabolism in order to interact with and survive within the host cells
or persist in the environment. Modulation of the PAA catabolic pathway by GacAS, a
two-component system composed of a sensor kinase (GacS) and a response regulator
(GacA), has been shown to influence A. baumannii pathogenesis. In fact, inhibition of
this pathway resulted in increased neutrophil migration to the site of infection and

FIG 2 Light modulation of hemolysis depends on alpha-toxin. (A to C) Sheep blood agar plate pairs were
inoculated with 10ml of the following S. aureus cultures grown to an OD660 of 2.5: S. aureus USA300 (A), the
isogenic hla mutant (B), or the hla mutant harboring a wild-type copy of the hla gene cloned into plasmid
pAH5 (C). Plates were inspected and photographed after incubation under blue light or in the dark at 37°C for
48 hours. Bars represent 7.5mm. Representative results of at least three independent experiments are shown. (D)
Quantification of the area of the clearance zone in hemolysis plates under blue light (L) or in the dark (D). The area
of the zone of clearance was determined as the difference between the area of the hemolytic halo and the area of
the bacterial spot measured using ImageJ (NIH). The values were normalized to the wild-type strain under light
conditions, which received the arbitrary value of 1. The data presented are the means of at least three independent
experiments, and error bars show the standard deviation of the mean. Asterisks indicate significant differences
between light and dark treatments, as determined by t test (P, 0.05). ND, not determined. (E) Estimation of the
expression levels of hla in S. aureus USA300 cells grown under blue light (L) or in the dark (D) on sheep blood agar
plates for 48 hours at 37°C, by qRT-PCR. Shown are the means from three independent experiments. The y axis
refers to the fold difference of hla to the threshold cycle (CT) values corresponding to rpoB; the standard deviation
(SD) is shown. Asterisks indicate significant differences between light and dark treatments, as determined by t test
(P, 0.05).
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bacterial clearance (23, 30). Acetoin and 2,3-butanediol (BD), referred as bacterial vola-
tile compounds (BVCs), can mediate cross-kingdom interactions with fungi, plants, and
animals and can even modulate antibiotic resistance, biofilm formation, and virulence
(31). PAA and acetoin catabolism have been shown to be modulated by light in A. bau-
mannii at environmental temperatures through the BlsA photoreceptor (11, 16). PAA
catabolism was shown to be repressed by light (11), while acetoin catabolism was
found to be stimulated by light in A. baumannii at 23°C (16). We have disclosed the
mechanism of light signal transduction by showing that the photoreceptor BlsA antag-
onizes the functioning of the acetoin catabolic repressor AcoN in a temperature-de-
pendent manner (16). In this work, we evaluated the effect of light on these traits in A.
nosocomialis and A. baumannii at 37°C. Our results show that light reduces the ability
of A. nosocomialis RUH2624 to grow in minimal media with PAA as the sole carbon
source at 37°C, while growth was stimulated in the dark (Fig. 5A). On the contrary, no
significant differences between light and dark were observed in growth curves on PAA
as the sole carbon source for A. baumannii ATCC 17978, ATCC 19606, or Ab33405
strains at 37°C (only shown for ATCC 19606 in Fig. 5B). Furthermore, acetoin catabolism
was also found to be modulated by light in A. nosocomialis RUH2624 at 37°C, as growth
on minimal media with acetoin as the sole carbon source was stimulated in the dark

FIG 3 Light modulates motility in S. aureus and P. aeruginosa. (A to D) Cells of S. aureus USA300 (A), the
clinical isolate SAU152 (B), P. aeruginosa PAO1 (C), and the clinical isolate PAE4840 (D) were inoculated on the
surface of swimming plates (see Materials and Methods for descriptions). Plates were inspected and
photographed after overnight incubation (24 hours) in darkness (D) or in the presence of blue light (L) at 37°C.
The experiments were repeated three times for each strain, and representative results are shown. (E)
Quantification of cell motility of the indicated strains estimated as the percentage of plate coverage, i.e., the
percentage of the petri plate area covered with bacteria. The area of coverage was measured with ImageJ
(NIH). The mean and standard deviation from two independent experiments are provided. For those conditions
at which the bacteria reached the edge of the plate, a value of 100% is provided (dotted line). Asterisks
indicate significant differences in light compared with dark conditions, as indicated by t test (P, 0.05).
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FIG 4 Light modulates growth under iron deprivation in S. aureus, P. aeruginosa, and A. nosocomialis but not in A. baumannii at 37°C. (A to D) Growth
curves of S. aureus SAU356-2 and S. aureus USA300 (A) and P. aeruginosa PAO1 (C) in TSB medium supplemented with 100, 250, and 200mM DIP,

(Continued on next page)
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compared with illumination conditions (Fig. 5C). Again, no differences were observed
in growth, either in the dark or in the presence of light, in minimal media supple-
mented with acetoin as the sole carbon source in A. baumannii ATCC 19606 at 37°C
(Fig. 5D). Bacterial growth is not affected by light under our experimental conditions,
as similar growth curves were obtained for the different strains in LB broth under blue
light and in the dark (Fig. 4F and H). Overall, our results show that light modulates PAA
and acetoin catabolism in A. nosocomialis but not in A. baumannii at 37°C. S. aureus
USA300 and P. aeruginosa PAO1 were not assayed, as they do not grow in M9 medium
supplemented with PAA or acetoin as the sole carbon source (not shown).

Modulation of carbohydrate metabolism can also be relevant for bacterial pathoge-
nesis (32). The sugar trehalose has been shown to be involved in colonization and
pathogenesis in phytopathogens (33–35). Most bacteria use this disaccharide as a gen-
eral osmo- and thermoprotectant (36). In addition, mycobacteria produce trehalose-
containing glycolipids, which are considered virulence factors (36). Finally, trehalose
has been shown to be involved in resistance to desiccation (37) by preserving mem-
branes and labile proteins generating a glassy state (38, 39). Phenotype microarray
(Biolog) screenings using the PM1 panel (carbon sources) provided the clue that treha-
lose catabolism might be modulated by light in S. aureus USA300 at 37°C (Fig. S3B). To
confirm phenotype microarray results, we performed growth curves of S. aureus
USA300 in M9 minimal media supplemented with trehalose as the sole carbon source
at 37°C. Our results show that growth on 5mM trehalose as the sole carbon source is
supported in the dark, while it is severely inhibited in the presence of light (Fig. 5E).
Consistent results were obtained using 10 and 15mM trehalose (Fig. S3C and D,
respectively). The viability of the bacteria was not affected by light, as similar growth
curves were obtained for S. aureus USA300 in TSB broth under blue light and in the
dark (Fig. S3E). Thus, trehalose metabolism is modulated by light in S. aureus at 37°C.
However, trehalose catabolism was not influenced by light in A. nosocomialis RUH2624
(Fig. 5F) or in P. aeruginosa PAO1 or ATCC 19606, either at 5mM or at 10mM or 15mM
trehalose (not shown).

Light modulates resistance to desiccation in S. aureus and A. nosocomialis.
Resistance to desiccation has been shown to contribute directly to long-term survival,
which is key in the ability of S. aureus and Acinetobacter spp. to spread in the hospital
environment and between patients (40–42). So, we next evaluated the effect of light
on the ability of S. aureus and A. nosocomialis to resist desiccation, by inoculating the
bacteria on filter papers and determining the viable number at different time points at
37°C. Our results show that S. aureus USA300 exhibits higher levels of resistance to des-
iccation in the dark than under illumination conditions (Fig. 6A). In fact, an abrupt
decrease in the number of S. aureus USA300 cells is observed during the first 2 days in
the dark, remaining relatively constant since then until day 8. On the contrary, the
number of viable bacteria under blue light decreased sharply from the beginning, fall-
ing below the limit of detection from day 5 onward (Fig. 6A). The A. nosocomialis
RUH2624 strain showed a similar behavior as S. aureus USA300, but interestingly, the
differential response to light was maintained much longer in time (Fig. 6B). Our results
show that there is approximately a two-order-of-magnitude decrease in the number of
bacteria during the first 5 days in the dark, and then it remains relatively constant at
least until day 30 (Fig. 6B). But the number of viable bacteria decreased drastically in
the presence of light, falling below the limit of detection as early as day 5 and until day
30 (Fig. 6B). Thus, the overall results indicate that light modulates resistance to desicca-

FIG 4 Legend (Continued)
respectively, and control curves in TSB-0mM DIP (B and D) were incubated stagnantly at 37°C under blue light (L) or in the dark (D). (E to H) Growth
curves of A. nosocomialis strain RUH2624 (E) and A. baumannii strain ATCC 19606 (G) in LB medium supplemented with 200mM DIP and control
curves in LB medium-0mM DIP (F and H), all incubated stagnantly at 37°C under blue light (L) or in the dark (D). Growth was measured by
determining the optical density at 660 nm. Shown is a representative result from three independent experiments. In each experiment, three technical
replicates for each strain and condition were included, and error bars indicate the standard deviation of the mean. In some cases, error bars are
hidden by the point marker.
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tion in S. aureus and A. nosocomialis at 37°C, which are relevant findings in the context
of the clinical setting.

Light modulates S. aureus and P. aeruginosa virulence in an epithelial infection
model at 37°C. As we have shown above, light modulates very important pathogene-
sis determinants in S. aureus, such as hemolysis, motility, growth under iron limitation,
and metabolism. We next evaluated the effect of light on S. aureus virulence in an epi-
thelial infection model using a keratinocyte cell line designated HaCaT (43). This model

FIG 5 Light modulates PAA, acetoin, and trehalose metabolisms in the pathogens studied. (A to D) Growth curves of A. nosocomialis RUH2624 (A and C) or
A. baumannii ATCC 19606 (B and D) in M9 liquid minimal medium supplemented with 5mM PAA (A and B) or 5mM acetoin (C and D) as the sole carbon
source, incubated stagnantly at 37°C under blue light (L) or in the dark (D). (E and F) Growth curves of S. aureus USA300 (E) or A. nosocomialis RUH2624 (F)
in M9 liquid minimal medium supplemented with 5mM trehalose as the sole carbon source incubated stagnantly at 37°C under blue light (L) or in the
dark (D). Shown is a representative result from three independent experiments. In each experiment, three technical replicates for each strain and condition
were included, and error bars indicate the standard deviation of the mean. In some cases, error bars are hidden by the point marker.

Tuttobene et al. Journal of Bacteriology

March 2021 Volume 203 Issue 5 e00566-20 jb.asm.org 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 2
9 

N
ov

em
be

r 
20

24
 b

y 
20

0.
3.

12
6.

13
2.

https://jb.asm.org


was chosen since this microorganism is an important skin and soft tissue infection pro-
ducer (7), and the skin is exposed to light, making it a relevant and useful model to study
the effect of light on S. aureus skin infections. HaCaT is a nontransformed continuous ke-
ratinocyte line of human origin, widely used to study epithelial infection (44, 45), biofilm
formation (46), cytotoxicity (47), and skin cancer (48). It is also compatible with skin
wound infection models, in which the stratum corneum is disrupted and the bacteria
get in direct contact with the living keratinocytes (46). S. aureus has been shown to repli-
cate intracellularly in HaCaT cells (49, 50), and therefore, invasion assays were performed.
Briefly, HaCaT cells were infected with the bacteria at a multiplicity of infection (MOI) of
100 for 60min at 37°C. HaCaT cells were then washed and treated with 100mg/ml genta-
micin for 90min in order to eliminate nonadhered and noninternalized bacteria. Cells
were washed again and the medium was replaced as described in the Materials and
Methods. Immediately after the infections, the plates were exposed to blue light or kept
in the dark for the rest of the experiment. Our results show that at 6 and 24hours postin-
fection (PI) with S. aureus USA300, a marked reduction in HaCaT survival of approxi-
mately 46% and 50%, respectively, was observed when the plates were incubated in the
presence of blue light compared with dark conditions (Fig. 7A).

As P. aeruginosa is also a clinically relevant pathogen producing skin and soft tissue
infections (3) and has also been shown to internalize and replicate in epithelial cells
(51, 52), we wondered whether it behaved similarly to S. aureus in response to light
when facing invasion assays in a HaCaT infection model. In this case, we used an exten-
sively characterized strain, PAO1 (53), as well as the clinical isolate PAE4840 (Table S1).
At very short times, such as 2 or 6 h PI with PAO1, no significant differences were
detected in HaCaT survival between blue light and darkness (Fig. 7B). On the contrary,
at 24 hours PI, a drastic reduction of HACAT survival of approximately 56% for PAO1
and 58% for PAE4840 (Fig. 7B and C, respectively) was observed in the dark compared
with light conditions in HaCaT infections.

Controls performed using noninfected HaCaT cells incubated under blue light or in
the dark showed that keratinocyte survival was similar between both conditions at
each time point assayed (Fig. 7A to C), indicating that light does not affect HaCaT sur-
vival. These controls were included in all infection assays performed this work, and sim-
ilar results were obtained. Moreover, light does not affect bacterial viability, as no dif-
ferences were detected in growth curves, either for S. aureus USA300 grown in TSB
medium at 37°C or for P. aeruginosa PAO1 or PAE4840 grown in TSB glucose medium
at 37°C, in the presence or absence of light (see Fig. S5A to C, respectively, in the sup-
plemental material).

FIG 6 Light modulates resistance to desiccation in S. aureus and A. nosocomialis. Dried cells located on filter paper pieces were
incubated at 37°C under blue light (L) or in the dark (D). Survival was assessed by determining the CFU counts per milliliter at the
indicated times points. The data presented are the means from two and three independent experiments in the cases of S. aureus
and A. nosocomialis, respectively, and error bars show the standard error of the mean. Dotted lines represent the limit of
detection, which corresponds to 10 CFU/ml in these experiments. All determinations below the limit of detection line received
the arbitrary value of 0.1, for plotting purposes.
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The results thus far indicate that the application of light resulted in a significant
increase in keratinocyte killing by S. aureus at temperatures found in warm-blooded
hosts, suggesting that light enhances virulence in this microorganism. On the contrary,
the application of light resulted in a marked reduction in keratinocyte killing in infec-
tions caused by P. aeruginosa compared with that of dark conditions at 37°C, showing
only a slight decrease compared with noninfected controls both for PAO1 and
PAE4840 (approximately 12% and 20%, respectively) (Fig. 7B and C).

The number of S. aureus USA300 bacteria recovered from infected keratinocytes
was similar under light and dark conditions either at 2 or at 24 hours PI (Fig. 7D),
indicating that light does not modulate bacterial internalization and/or replication
inside HaCaT cells. In the case of P. aeruginosa infections, more bacterial cells were
counted in the dark than in the light at 24 h both for PAO1 and PAE4840 (Fig. 7E
and F, respectively), suggesting that light modulates the ability of P. aeruginosa to
replicate intracellularly. This response to light is opposite the effect of light on
infected HaCaT survival, which prompted us to hypothesize that light inhibits bac-
terial replication inside the HaCaT cells leading to reduced HaCaT killing under this
condition.

Overall, the response to light was differential in both intracellular pathogens P.

FIG 7 Light modulates virulence of S. aureus and P. aeruginosa in an epithelial infection model. (A to C) HaCaT cells were infected
with the intracellular bacterial pathogens S. aureus strain USA300 (A), P. aeruginosa strain PAO1 (B), or the clinical isolate PAE4840
(C), and invasion assays were performed as described in Materials and Methods using an MOI of 100. Noninfected HaCaT cell
controls, treated with blue light or kept in the dark, are shown for each condition and time point studied. The percent HaCaT
survival represents the number of viable HaCaT cells at each light (L) or dark (D) condition and time point assayed, normalized to
the number of cells in the uninfected control at time zero, determined by the trypan blue exclusion method. The data are the
means and standard deviations of three replicate assays. The mean of the number of cells at time zero was considered 100%.
Different letters indicate significant differences as determined by ANOVA, followed by Tukey’s multiple-comparison test (P, 0.05).
These tests were performed comparing data within each time point assayed. The results shown are representative of three
independent experiments. (D to F) Bacterial quantification in infected HaCaT keratinocytes. S. aureus strain USA300 (D), P.
aeruginosa strain PAO1 (E), and P. aeruginosa PAE4840 clinical isolate (F) were recovered from infected HACAT cells and counted.
After invasion assays, keratinocytes were lysed with 0.1% Triton X-100, and the bacteria were recovered and quantified after
plating a dilution series onto TSB agar, at 2 and 24 hours postinfection for each light (L) or dark (D) condition, and the plates
were incubated at 37°C in the dark. The data represent the means and standard deviations from three replicate assays. Asterisks
indicate significant differences between light and dark treatments, as determined by t test (P, 0.05) performed by comparing
data within each time point assayed. ns, not significant. The results shown are representative of three independent experiments.
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aeruginosa and S. aureus; virulence was enhanced in the presence of light in S. aureus,
while in the dark in P. aeruginosa.

Light modulates A. nosocomialis and A. baumannii virulence in an epithelial
infection model at 37°C. We next evaluated the effect of light on A. nosocomialis and
A. baumannii virulence using the HaCaT keratinocyte infection model (43), as these
microorganisms are also skin infection producers. For this purpose, we first optimized
the HaCaT infections with A. nosocomialis RUH2624 and determined that this pathogen
does not internalize significantly. Thus, we decided to perform adhesion assays (see
the supplemental text and Fig. S6). Briefly, A. nosocomialis RUH2624 was grown stag-
nantly for 48 hours in the presence or absence of light, and then the bacteria were
added to the monolayers of keratinocytes at an MOI of 100 and incubated for 60min
at 37°C. Immediately after the infection, the unattached bacteria were washed off, and
the plates were exposed to blue light or kept in the dark for the rest of the experiment.
At 6 hours PI, no significant differences were observed on HaCaT viability under blue
light or in the dark (Fig. 8A). However, at 12, 18, and 24 hours PI, we observed
decreases of approximately 20%, 31%, and 63%, respectively, in HaCaT survival in the
dark compared with illumination conditions (Fig. 8A).

For A. baumannii infections, the bacterial cultures were also grown stagnantly, and
dark/light conditions were kept during the entire interval of the assay. At early time
points, such as 6 and 12 hours PI, no significant differences in the percentage of HaCaT
survival was detected between light and dark conditions (Fig. 8B). However, the pres-
ence of light generated 32% and 40% increases in keratinocyte killing at 18 and 24
hours PI, respectively, compared with that under darkness conditions (Fig. 8B).

Controls performed using noninfected HaCaT cells showed that light does not
affect HaCaT survival (Fig. 8A and B). Moreover, light does not affect bacterial viability,
as no differences were detected in growth curves when A. nosocomialis RUH2624 or A.
baumannii ATCC 19606 were grown in LB medium at 37°C stagnantly in the presence
or absence of light (Fig. S5D and Fig. 4H, respectively).

HaCaT viability was assayed not only by the trypan blue exclusion method but also
by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay in
the cases of A. nosocomialis RUH2624 and A. baumannii ATCC 19606 (see Fig. S7A to C
in the supplemental material), as these microorganisms were used to optimize the viru-
lence assays. MTT results were consistent with the trypan blue exclusion method (Fig.
S7A to C), thus validating these assays. Also, the effect of preconditioned medium
(PCM) addition instead of Dulbecco’s modified Eagle’s medium (DMEM) was assayed in
the case of A. nosocomialis RUH2624 infections (see the supplemental material). It
should be noted that PCM has been shown to be required by different pathogens to
kill C. albicans (54), and thus, we evaluated its effect in the HaCaT infection model.
However, a similar tendency as DMEM was observed in HaCaT survival between blue
light and dark conditions (Fig. S7D and E).

Overall, the data obtained here indicate that light reduces A. nosocomialis virulence
against a HaCaT infection model at temperatures found in warm-blooded hosts (Fig.
8A). In A. baumannii, light also shows an important effect on virulence modulation,
which in this case is opposite to that observed for A. nosocomialis (Fig. 8B). The differ-
ences observed in the virulence of these microorganisms between light or dark in the
adhesion assays were not due to a differential adhesion or replication during the infec-
tion, as determined by bacterial enumeration at 2 and 24 h PI (Fig. 8C and D).

The photoreceptor BlsA and the T6SS are not involved in modulation by light
of A. baumannii virulence in an epithelial infection model at 37°C. Previous studies
have shown that the type VI secretion system (T6SS) of several Gram-negative patho-
gens is involved in competition with other microorganism for the colonization of dif-
ferent niches (55). Also, its presence has been related to resistance to human serum
and a more active formation of biofilms (56). However, less evidence has been gath-
ered regarding the role of T6SS in A. baumannii virulence in eukaryotic hosts. On the
other hand, the photoreceptor BlsA has been described as a global regulator modulat-
ing different aspects related to bacterial persistence, virulence, and antibiotic susceptibility
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in A. baumannii at environmental temperatures (10–18). In order to analyze the
involvement of T6SS and BlsA on the effect of light in A. baumannii virulence
against the HaCaT infection model, we carried out similar adhesion assays as above
using two isogenic mutants, namely, DtssM and DblsA (10). TssM forms, in combina-
tion with other proteins, the membrane complex upon which the macromolecular
syringe of the T6SS is assembled. Thus, a tssM mutant would be defective in the
production of an essential component required for T6SS functioning (57). As shown
previously, A. baumannii ATCC 19606 virulence was significantly modulated by
light, with enhanced HaCaT killing of approximately 32% and 23% at 18 and 24 h,
respectively, under blue light compared with under darkness (Fig. 9A). However,
neither DtssM nor DblsA mutants showed significant differences in keratinocyte sur-
vival compared with the wild-type between blue light and dark conditions in adhe-
sion assays in the HaCaT infection model (Fig. 9A). Controls performed using nonin-
fected HaCaT cells show that light does not affect HaCaT survival (Fig. 9B). Thus, the
overall evidence indicates that neither TssM nor the photoreceptor BlsA is involved
in the response to light of the pathogen’s virulence under the tested conditions.

FIG 8 Light modulates virulence of A. nosocomialis and A. baumannii in an epithelial infection model. (A and B) HaCaT
cells were infected with the noninternalizing bacterial pathogens A. nosocomialis RUH2624 (A) and A. baumannii ATCC
19606 (B), and adhesion assays were performed as described in Materials and Methods, with an MOI of 100 in each case.
Noninfected HaCaT cell controls, treated with blue light or kept in the dark, are shown for each condition and time point
studied. The percent HaCaT survival represents the number of viable HaCaT cells at each light (L) or dark (D) condition and
time point assayed, normalized to the number of cells in the uninfected control at time zero, determined by the trypan
blue exclusion method. The data are the means and standard deviations of three replicate assays. The mean number of
cells at time zero was considered 100%. Different letters indicate significant differences as determined by ANOVA, followed
by Tukey’s multiple-comparison test (P, 0.05). These tests were performed by comparing data within each time point
assayed. The results shown are representative of three independent experiments. (C and D) Bacterial quantification in
infected HaCaT keratinocytes. A. nosocomialis strain RUH2624 (C) and A. baumannii strain ATCC 19606 (D) were recovered
from infected HACAT cells and counted. After adhesion assays, keratinocytes were lysed with 0.1% Triton X-100, and the
bacteria were recovered and quantified after plating a dilution series onto LB agar plates, at 2 and 24hours postinfection
for each light (L) or dark (D) condition, and the plates were incubated at 37°C in the dark. The data represent the means
and standard deviations of three replicate assays. The data were analyzed by t test performed by comparing data within
each time point assayed, and no significant differences (ns, not significant) were found (P, 0.05). The results shown are
representative of three independent experiments.
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Coinfection with A. baumannii and A. nosocomialis alters the light-modulated
virulence pattern against an epithelial infection model. Considering that A. bau-
mannii and A. nosocomialis showed opposite behaviors during adhesion assays in
response to illumination, we decided to analyze the effect of light on the outcome of a
coinfection produced by both species, as polymicrobial infections are common in
patients (58, 59). To this end, we coinfected HaCaT keratinocytes with A. baumannii
ATCC 19606 and A. nosocomialis RUH2624 at a 50/50 ratio and at an MOI of 100 or 30.
When an MOI of 100 was used, no significant differences were quantified at 2 h PI
between the coinfection and the controls, either under light or under dark conditions
(Fig. 10). At 6 h PI, a small but significant decrease in the percentage of HaCaT survival
was detected for the coinfection compared with the uninfected controls, but no differ-
ences were detected between light and dark conditions (Fig. 10). Unexpectedly, at 24 h PI,
a strong reduction of HaCaT survival was observed for the coinfection in the presence of
light, with practically no cells recovered; while 20% of HACAT cells were still counted in
the dark (Fig. 10). Thus, coinfection with both pathogens, A. baumannii and A. nosocomia-
lis, at an MOI of 100 resulted in a pattern that resembles that of A. baumannii, i.e., more vir-
ulent in the presence of light. Using an MOI of 30, no modulation by light was observed,
and HaCaT killing was, as expected, not as drastic (see Fig. S8 in the supplemental mate-
rial). No significant differences were obtained in coinfection assays, either in the total num-
ber of adherent bacteria (CFU per milliliter) recovered from HaCaT cells under blue light or
dark conditions or for A. baumannii, which was determined by plating in LB containing
ampicillin, or for A. nosocomialis, which was calculated by subtracting the two values, at 2
and 24 h PI and MOI of 100 or 30 (not shown).

Light modulates the ability of A. nosocomialis and A. baumannii to kill C. albicans
at 37°C. Given the results shown above regarding the significant effect of light on bac-
terial virulence in the HaCaT infection model at temperatures found in warm-blooded
animals, as well as the differential response to light between A. nosocomialis and A.
baumannii, we intended to evaluate the effect of light on the ability of these bacteria
to kill competitors, such as C. albicans at 37°C. C. albicans is a microorganism poten-
tially sharing habitat with A. baumannii in the clinical setting (10) and has been shown

FIG 9 BlsA and TssM do not contribute to photoregulation of virulence of A. baumannii against a HaCaT model. (A)
HaCaT keratinocytes were infected with A. baumannii ATCC 19606 and derived strains DblsA and DtssM, and adhesion
assays were performed as described in Materials and Methods using an MOI of 100. (B) Noninfected HaCaT controls,
treated with blue light or kept in the dark, are shown for each condition and time point studied. The percent HaCaT
survival represents the number of viable HaCaT cells at each light (L) or dark (D) condition and time point assayed,
normalized to the number of cells in the uninfected control at time zero, determined by the trypan blue exclusion
method. The data are the means and standard deviations from three replicate assays. The mean number of cells at
time zero was considered 100%. In A, different letters indicate significant differences, as determined by ANOVA,
followed by Tukey’s multiple-comparison test (P, 0.05). These tests were performed by comparing data within each
time point assayed. The data in panel B were analyzed by t test performed by comparing data within each time point
assayed, and no significant differences (ns, not significant) were found (P, 0.05). The results shown are representative
of three independent experiments.
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to cause polymicrobial infections with the aforementioned pathogens (59). For killing
assays, C. albicans tup1 mutants were used, as it was previously shown that A. bauman-
nii cells are able to attach to and kill tup1 filaments but not the parental SC5314 yeast
cells (54). Coincubation of tup1 mutant filaments with A. nosocomialis RUH2624 cells
resulted in a time-dependent increase of fungal death under blue light at 37°C, while
killing was drastic in the dark with null or negligible fungal CFU registered from 24
hours onward (Fig. 11A). Controls performed by incubating fungal filaments in sterile
medium or PCM in the presence of blue light and in the dark at 37°C show that there is
no effect of light on C. albicans killing under the conditions used (Fig. 11B). Thus, as
occurred with the HaCaT virulence model, light reduces the ability of A. nosocomialis
to kill C. albicans at 37°C.

Coincubation of tup1 mutant filaments with A. baumannii ATCC 19606 cells also
resulted in a time-dependent increase of fungal death at 37°C, which was more
drastically pronounced in the presence of light than in darkness (Fig. 11C). In fact,
differences in C. albicans survival between light and dark conditions were observed
as early as 4 hours and were amplified drastically from 24 hours onward, the time
point from which the amount of recovered C. albicans fell below the limits of detec-
tion (Fig. 11C). Controls show no effect of light on C. albicans viability under the
conditions used (Fig. 11D). Thus, as occurred with the HaCaT virulence model, light
stimulates the ability of A. baumannii to kill C. albicans at 37°C. The A. baumannii
ATCC 19606 DblsA mutant behaved in a similar fashion as the wild type, without
showing statistically significant differences between light and dark at any of the
time points analyzed (Fig. 11D), suggesting that BlsA is not involved in the light
response at this temperature.

DISCUSSION

In this work, we show that light modulates important pathogenicity determinants
and virulence in priority pathogens, such as S. aureus, P. aeruginosa, A. baumannii, and
A. nosocomialis, at temperatures found in warm-blooded hosts. Our results show that
light modulates hemolysis, motility, growth under iron-deprivation conditions, metab-
olism, resistance to desiccation, and virulence at 37°C, depending on the particular
pathogen. In S. aureus, we have found that light modulates hemolysis, which was

FIG 10 Effect of light on the outcome of a coinfection by A. baumannii ATCC 19606 and A.
nosocomialis RUH2624 against an epithelial infection model. HaCaT cells were infected with an
MOI of 100 (50 each bacterium), and adhesion assays were performed as described in Materials and
Methods. Noninfected HaCaT cells controls, treated with blue light or kept in the dark, are shown for
each condition and time point studied. The percent HaCaT survival represents the number of viable
HaCaT cells at each light (L) or dark (D) condition and time point assayed, normalized to the number
of cells in the uninfected control at time zero, determined by the trypan blue exclusion method. The
data are the means and standard deviations from three replicate assays. The mean number of cells at
time zero was considered 100%. Different letters indicate significant differences, as determined by
ANOVA, followed by Tukey’s multiple-comparison test (P, 0.05). These tests were performed by
comparing data within each time point assayed. The results shown are representative of three
independent experiments.
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enhanced in the dark and limited in the presence of light. This activity depends on the
alpha-toxin, as hemolysis is lost in the hla mutant and photoregulation of hemolysis is
restored in the complemented strain. S. aureus can express a variety of resistance
mechanisms and virulence factors, allowing it to evade host natural defenses. Among
them, toxins such as alpha-toxin are able to degrade some of the host cells, manipulate
the innate and adaptive immune responses, and degrade intercellular junctions (22).
This has an obvious contribution in S. aureus proliferation and disease (7). In fact, the
identification of a-hemolysin receptors has highlighted the key role of this virulence
factor in several S. aureus diseases involving epithelial barrier disruption (22).
Staphylococcal invasion of human keratinocytes, which leads to necrotic and apo-
ptotic cell damage, represents a potent trait contributing to bacterial pathogenesis
(49).

Iron is a ubiquitous component of all living cells, with only a few exceptions (29).
For a microorganism to develop its pathogenic potential and be able to grow and mul-
tiply within the body, it must obtain iron from the host (29). We have recently shown
that light modulates iron uptake through the BlsA photoreceptor in A. baumannii at
environmental temperatures, resulting in a much poorer capability to grow under blue
light than in the dark at 23°C (15). Insights into the mechanisms showed that BlsA
interacts with and antagonizes the functioning of the Fur repressor, resulting in modu-
lation by light of the acinetobactin siderophore expression at environmental

FIG 11 Effect of light on killing of the C. albicans tup1 mutant by A. nosocomialis and A. baumannii cells. (A)
Fungal filaments were incubated in medium inoculated with A. nosocomialis RUH2624 cells either in the
presence of blue light (L) or in darkness (D). (B) Fungal filaments were incubated in sterile LB medium or sterile
PCM medium either in the presence of blue light (L) or in darkness (D), as controls. (C) Fungal filaments were
incubated in medium inoculated with A. baumannii ATCC 19606 or derived strains such as the isogenic mutant
DblsA either in the presence of blue light (L) or in darkness (D). (D) Fungal filaments were incubated in sterile
LB medium or sterile PCM medium either in the presence of blue light (L) or in darkness (D), as controls.
Dotted lines represent the limit of detection, which corresponds to 10 CFU/ml in these experiments. All
determinations below the limit of detection line received the arbitrary value of 0.1, for plotting purposes. The
data are the means and standard deviations of three replicate assays. Different letters indicate significant
differences, as determined by ANOVA, followed by Tukey’s multiple-comparison test (P, 0.05). These tests
were performed by comparing data within each time point assayed. The results shown are representative of
three experiments.
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temperatures (15). Results presented here show that S. aureus, P. aeruginosa, and A.
nosocomialis are more efficient at circumventing iron deficiency in the presence of
blue light than in the dark at 37°C. The enhanced production of siderophores, in anal-
ogy to what happens in A. baumannii (15), might be taking place in the presence of
light. Hemolysis, which releases heme from hepatocytes, the preferred iron source of S.
aureus (60), is enhanced in the dark rather than under blue light. It is thus apparent
that S. aureus counts with diverse mechanisms to obtain iron under blue light and dark
conditions. However, further investigation will be required to determine which system
is required at each particular situation along S. aureus' pathogenic life in response to
illumination.

Comparable to A. baumannii at 23°C, A. nosocomialis also shows repression of PAA
catabolism in the presence of light at 37°C, a metabolism previously shown to be
involved in A. baumannii virulence (23). Furthermore, we show that light also modu-
lates trehalose metabolism in S. aureus, a disaccharide known to be involved in resist-
ance to desiccation, osmo- and thermoprotection, and virulence (37–39), as well as re-
sistance to desiccation in S. aureus and in A. nosocomialis. The capacity of pathogenic
microorganisms to persist in an intrahospital environment is considered a key aspect
in their marked success as pathogens, as it favors the spread of multidrug-resistant
clones causing nosocomial infections and outbreaks (61).

Most interestingly, using an epithelial infection model, we demonstrated that light
has an effect on the virulence of these pathogens. Given that these microorganisms
are responsible for severe skin infections and that the skin is a light-exposed tissue, the
choice of keratinocytes as the infection model appears to be pertinent. Alternative
therapies for treatment of these pathogens are urgently needed, and the use of new
options, such as antibiotics in combination or with adjuvants, bacteriophages, antimi-
crobial peptides, nanoparticles, and light therapies are gaining increasing interest (2).
According to our results, the direct application of low-intensity blue light reduces the
virulence of some pathogens, such as P. aeruginosa and A. nosocomialis, in epithelial
infection models, suggesting that it could be used as a sole or combined tool to con-
trol human infections. Light was also found to modulate the outcome of infections
caused by S. aureus and A. baumannii, even though in the opposite way. In these cases,
detailed knowledge about the mechanisms governing the response to light would be
required to keep the regulatory switch in the lowest virulence/persistence configura-
tion possible. Importantly, the low-intensity blue light and doses applied in this work
do not alter keratinocyte viability, measured as the percentage of keratinocyte survival.
Nevertheless, the possibility exists that minor changes in host cell gene expression
could still be occurring at a less obvious level that could affect the complex host-
pathogen interactions. Most developing light therapies designed to control infections
are based on the application of high light intensities and doses, often in the presence
of photosensitizers, to achieve antimicrobial photoinactivation (photodynamic inacti-
vation [PDI]) (2, 4, 62). The mechanism of action of PDI is not yet well understood, but
it is commonly hypothesized that endogenous or exogenously provided photosensitiz-
ing chromophores are excited by antimicrobial light, which in turn produces cytotoxic
reactive oxygen species (ROS) through a photochemical process (63). Major drawbacks
are related to the use of UV light or visible light at high intensities and doses which
produce cytotoxic effects that spread to the host cells (63) and compromise their appli-
cation in patients (2, 4). The mechanism underlying in our experimental setup is com-
pletely different; bacterial viability is not compromised but rather regulatory processes
in response to light are taking place, which include transcriptional modulation by light
of bacterium-specific genetic pathways (10–18), in the presence of very low intensity
and doses of blue light (6 to 10mmol photons/m2/s). Only a few PDI reports use blue
light in the absence of exogenous photosensitizers, such as in the murine skin abrasion
infection model reported by Amin et al., in which a blue light intensity of 4,600mmol
photons/m2/s was applied with a total light exposure up to 240 J/cm2 to inactivate P.
aeruginosa (64). Also, in another work reported by Wang et al., a blue light intensity
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of 4,600mmol photons/m2/s was applied up to a total dose of 360 J/cm2 to treat
A. baumannii infection using a mouse burn infection model (63). However, in these
works, the effect of light on host tissues was not assessed, and additional studies dem-
onstrating the efficacy and safety of PDI against ESKAPE infections are required (2).

Globally, the use of light allows local treatments (62), is inexpensive, and is accessi-
ble, and low-intensity blue light does not damage the uninfected tissue cells (63–65).
From the data shown here, it follows that the design of a potential light therapy should
take into account the identity and composition of the microorganisms producing the
infection. In fact, coinfection studies, in our system, show that A. baumannii dominates
the virulence scenario over A. nosocomialis on an epithelial infection model.

Opposite behaviors have been observed in the response to light between the differ-
ent ESKAPE pathogens, e.g., the ability to grow under iron-deprived conditions is
stimulated in the presence of light for S. aureus, P. aeruginosa, and A. nosocomialis at
37°C, while inhibited in A. baumannii at 23°C. Also, acetoin catabolism is repressed by
light in A. nosocomialis at 37°C, while it is induced in A. baumannii at 23°C. Finally, dif-
ferent pathogenic species showed differential virulence responses to light. A. bauman-
nii and S. aureus increase their virulence in response to light, while P. aeruginosa and A.
nosocomialis decrease it. It is thus evident that the light signal transduction circuits
vary among pathogens, leading to different responses to light, which more likely
reflects bacterial adaptations to particular niches as well as lifestyles in the environ-
ment or as pathogens in a host.

C. albicans is an eukaryotic microorganism sharing ecological niches with A. bau-
mannii, and it is widely used as a model to study bacterial virulence (10). Coincubation
of A. baumannii with C. albicans showed a dramatic enhancement of A. baumannii-
mediated killing of C. albicans filaments through the photoreceptor BlsA in the pres-
ence of blue light at 23°C (10). In this work, we further show that light enhances the
ability of A. baumannii to kill C. albicans at 37°C, through a BlsA-independent mecha-
nism. It is not surprising that BlsA is not involved in the ability of A. baumannii to kill C.
albicans at 37°C since we have previously shown that this photoreceptor is functional
only at environmental temperatures (10, 17, 18). These results add strong evidence on
the presence of another noncanonical photoreceptor still to be identified in A. bau-
mannii, which has been already proposed (14). Interestingly, modulation of virulence
by light followed similar patterns in A. baumannii and A. nosocomialis both against C.
albicans or in an epithelial infection model; i.e., light stimulated virulence in A. bauman-
nii, while the application of light reduced virulence in A. nosocomialis (57).

Work is currently being conducted to identify the photoreceptors involved in light
sensing in these pathogens. To our knowledge, S. aureus has not been previously
shown to sense and respond to light, and no traditional photoreceptors were reported
to be encoded in its genome. By sequence analyses, we were able to identify two GAF
domain-containing proteins (see Table S2 in the supplemental material), but their func-
tion as photoreceptors has not been corroborated yet. In P. aeruginosa, the KinB-AlgB-
BphP module has been shown to modulate biofilm and virulence genes in response to
a far-red light signal at environmental temperatures such as 25°C: Phospho-AlgB
represses biofilm and virulence genes, KinB dephosphorylates and thereby inactivates
AlgB, while the photoreceptor BphP is the kinase that, in response to light, phosphoryl-
ates and activates AlgB (66). The P. aeruginosa genome does not encode LOV or BLUF
domain proteins but possesses BphP as the only identifiable photoreceptor (see Table
S2 in the supplemental material), which in addition to far-red light is also capable of
detecting blue and red light as well (66). Also, a RmcA sensory domain predicted to
bind a flavin cofactor (Table S2) was suggested to be involved in blue light-dependent
inhibition of biofilm wrinkle formation also at environmental temperatures (67).
However, further research will be essential to determine whether these photoreceptors
are responsible for the response to blue light observed at 37°C in this work. In A. bau-
mannii, the BLUF-type BlsA photoreceptor has been shown to function at environmen-
tal temperatures (10, 17, 18) (Table S2), and only recently has the presence of putative
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KinB-AlgB-BphP homologs been predicted to be encoded in the A. baumannii genome
(66) (Table S2); however, their functioning has not yet been ascertained. Despite that
responses to light independent of BlsA have already been reported in A. baumannii
(13, 68), the photoreceptor involved in these responses is still to be identified. Finally,
A. nosocomialis encodes three BLUF-type photoreceptors (19) (Table S2), which are cur-
rently under study.

Overall, we provide new fundamental knowledge regarding the physiology of im-
portant ESKAPE pathogens, as well as the basis for potential safe light therapies. Our
next goal is to assay the combination of light with antimicrobial agents to determine if
synergistic effects could be achieved to control infections.

MATERIALS ANDMETHODS
Bacterial strains. The S. aureus clinical isolates used in this study were recovered from either ambu-

latory or hospitalized patients in a public hospital from Rosario, Argentina, during 2018 (see Table S1 in
the supplemental material). Two isolates presented multidrug-resistant (MDR) phenotypes (Table S1).
MDR is defined as nonsusceptibility to at least one agent in three or more antimicrobial categories (69).
S. aureus USA300 is an extensively characterized methicillin-resistant strain whose genome has been
sequenced (GenBank accession number CP019590) and is frequently used as model (25). S. aureus
USA300 hla and hla isogenic mutants harboring plasmid pAH5 expressing a wild-type copy of hla were
provided by Jovanka Voyich from Montana State University (26), while S. aureus USA300 agr and sae mu-
tant series were obtained from the Nebraska collection (University of Nebraska Medical Center). S. aureus
RN4220 is a commonly used laboratory strain with a known defect in agrA, which affects the secretion of
numerous toxins and thus shows reduced virulence (24). P. aeruginosa PAO1 is a spontaneous chloram-
phenicol-resistant mutant of the original PAO strain that had been isolated in 1954 from a wound in
Melbourne, Australia (53). P. aeruginosa PAE4840 is a clinical isolate recovered from a peripheral venous
catheter from a patient hospitalized in the same public hospital of Rosario mentioned above in July
2019 (Table S1). All clinical isolates recovered from the public hospital from Rosario were phenotypically
identified as S. aureus (indicated as SAU) or P. aeruginosa (indicated as PAE) by the Vitek system
(bioMérieux, France). A. baumannii 19606 and 17978 strains were obtained from ATCC. A. baumannii
Ab33405 is an indigo-pigmented strain that belongs to the clonal complex CC113B/CC79P and possess
resistance to different antibiotic families (trimethoprim, florfenicol, b-lactam, aminoglycoside, and sul-
fonamide) (70). A. nosocomialis RUH2624 is a clinical isolate recovered from forehead skin (20).

Construction of the A. baumannii ATCC 19606 tssM isogenic insertion derivative. A 2,062-bp
fragment containing a region of the tssM gene was PCR amplified using primers tssMEF (59-
GAATTCCAACTTTCCCAAATTGCT-39) and tssMER (59-GAATTCCGTTGGAAGTTCATAACA-39), which harbor
EcoRI tails. The amplicon was cloned into the pBluescript SK2 plasmid, in which the pUC4K PstI restric-
tion fragment harboring the DNA kanamycin resistance (Knr) cassette was inserted into the unique NsiI
site located at nucleotide 1000 of the amplified tssM fragment to generate pBluescript-tssM-Kn. This
fragment was subsequently subcloned into the EcoRI sites of pKNOCK-Amp, and the resulting plasmid is
pKnock-tssM-Kn. Escherichia coli EC100D1 cells harboring pKnock-tssM-Kn, E. coli HB101 cells harboring
pRK2073, and A. baumannii ATCC 19606 cells were used as donor, helper, and recipient strains, respec-
tively, in triparental conjugations. Transconjugants were selected on Simmons citrate agar plates con-
taining 40 mg/ml Kn. Total DNA was isolated from a putative A. baumannii ATCC 19606 tssM insertional
derivative, which was resistant to Kn and sensitive to 500mg/ml ampicillin (Amp), and used to confirm
the nature of the site-directed insertion mutation by PCR with primers tssMEF and tssMER. The presence
of only one copy of the Kn resistance cassette in the A. baumannii 19606 tssM mutant was verified by
reverse transcription-quantitative PCR (qRT-PCR).

Blue light treatments. Blue light treatments were performed as described in our previous studies
(10). Briefly, cells were incubated for 24 h (or else as specified) at 37°C in the dark or under blue light
emitted by 9 light-emitting diode (LED) arrays, with an intensity of 6 to 10mmol photons m22 s21. Each
array was built using 3 LED module strips emitting blue light, with emission peaks centered at 462 nm,
which were determined using a Lo-Cor LI-1800 spectroradiometer (10).

Hemolysis assays. The different S. aureus strains assayed were grown overnight at 37°C in TSB
media. A total of 10ml of cultures grown to an optical density at 660 nm (OD660) of 2.5 were inoculated
as spots onto the surface of sheep blood agar commercial plate (Columbia; bioMérieux) pairs. Plates
were inspected and photographed after incubation under blue light or in the dark at 37°C for 48 hours
or else specified. The area of the zone of clearance was determined as the difference between the area
of the hemolytic halo and the area of the bacterial spot, measured with ImageJ (NIH). Three independent
experiments were performed.

Real-time reverse transcription-quantitative (qRT-PCR). Bacterial RNA was extracted from S. aur-
eus USA300 cells grown under blue light or in the dark on sheep blood agar plates for 48 hours at 37°C
using TRIzol reagent (Invitrogen Life Technologies), according to the manufacturer’s protocol. RNA was
subjected to DNase treatment using a RQ1 RNase-free DNase (Promega). Retrotranscription and qRT-
PCR experiments were done as described in Muller et al. Expression of hla and rpoB genes was assayed
using the following primer pairs: hlaF (59-GGCCTTATTGGTGCAAATGT-39) and hlaR (59-CCATATACCG
GGTTCCAAGA-39) and rpoBF (59-ACAGTATTGTTACGTGCATTAGG-39) and rpoBR (5-CAGTTGGTGGTTCA
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CCTGGACG-39). Relative expression (2DCT) value represents the difference in threshold cycle (CT)
between hla and control (rpoB) genes.

Cell motility assays. Cell motility was tested on 1% tryptone, 0.5% NaCl, and 0.3% agarose plates
inoculated on the surface by depositing 3ml of tryptic soy broth (TSB) cultures grown to an optical den-
sity at 660 nm (OD660) of 0.3. The plates were incubated overnight (24 hours) in the presence or absence
of blue light at 37°C. Three independent experiments were performed.

Growth under iron limiting conditions. To test the ability of S. aureus USA300, P. aeruginosa, A.
baumannii, and A. nosocomialis to grow under iron deprivation conditions, 1/100 dilutions of overnight
cultures grown in TSB at 37°C in the case of the first two microorganisms, or in Luria-Bertani (LB) me-
dium (Difco, San Jose, CA) for the last two, were inoculated in the corresponding liquid medium supple-
mented or not with the indicated iron chelator 2,29-dipyridyl (DIP) concentrations. Please note that the
use of different concentrations of DIP is necessary for the different species, as the microorganisms ex-
hibit differential sensitivity to this agent (MIC). Cultures were subsequently grown stagnantly in 96-well
microtiter plates at 37°C under blue light or in the dark. At the time points indicated in the figures, the
OD660 of the culture was determined using an Epoch 2 microplate spectrophotometer (BioTek). Three in-
dependent experiments were performed, with each including three replicates for each strain and condi-
tion. No light sensitivity was observed for DIP under the experimental conditions used (see the supple-
mental text and Fig. S4).

Biolog MicroArrays. Phenotype MicroArrays (Biolog, CA) were used to test the effect of light on the
ability of S. aureus USA300 to grow using different carbon sources (carbon sources assay panels PM1).
Briefly, bacterial cells were cultured in TSB at 37°C for 18 hours. Then, the cells were washed twice with
1� phosphate-buffered saline (PBS) (0.137 M NaCl, 0.0027 M KCl, 0.01 M Na2HPO4, and 0.0018 M KH2PO4;
pH� 7.4; Thermo), and the pellet was resuspended in inoculating fluid (IF-0) buffer (Biolog) adjusting
the OD660 to 0.35 to 0.4. A 1:5 dilution was prepared in IF-0 plus dye by following the manufacturer’s
instructions (final OD660 of approximately 0.06), and 100ml of this cell suspension was inoculated in each
well of duplicate PM1 plates. The plates were then incubated stagnantly for 24 hours at 37°C under blue
light or in the dark, and results were read at A590 using a Synergy 2 multimode plate reader (BioTek,
USA) and Gen5 microplate reader software (BioTek).

Growth on different carbon sources. To test the ability of S. aureus, P. aeruginosa, A. baumannii,
and A. nosocomialis to grow on a given carbon source, overnight cultures grown in TSB in the case of S.
aureus and P. aeruginosa or in LB Difco for A. baumannii and A. nosocomialis at 37°C were washed in M9
liquid medium without carbon source addition. Next, 1/100 dilutions were performed in M9 liquid me-
dium supplemented with 5, 10, or 15mM trehalose, phenylacetic acid (PAA), or acetoin as sole carbon
sources or in TSB or LB as controls and grown stagnantly at 37°C under blue light or in the dark in 96-
well microplates. At the indicated time points, the OD660 of the cultures was determined using an Epoch
2 microplate spectrophotometer (BioTek). Three independent experiments were performed, with each
including three replicates for each strain and condition.

Desiccation assay. A. nosocomialis strain RUH2624 and S. aureus USA300 were grown overnight in
10ml of LB or TSB, respectively, in the presence of blue light or in the dark at 37°C. Cells in stationary
phase were centrifuged (5,000 rpm) and resuspended in sterile 0.9% NaCl. The bacterial concentration
was adjusted to inoculate 1� 107 CFU on each sample. After a 3-h starvation period, 20ml of cell suspen-
sions was spotted onto sterile cellulose filter paper pieces (Whatman; 1.5 cm by 1.5 cm), which had been
previously sterilized by autoclaving. The membrane filters were placed in sterile petri dishes and incu-
bated at 37°C under blue light or in the dark.

At each selected time point, filter paper pieces incubated under blue light or in the dark were
located in tubes containing 1ml of LB or TSB for A. nosocomialis or S. aureus, respectively, which were
subsequently vortexed vigorously for 10 s. Vortexing was repeated after a 20-min incubation at 37°C
and 200 rpm to remove the bacteria from the filter. Serial dilutions were prepared on 0.9% NaCl, plated
onto LB agar or TSA plates, according to the microorganism, and then incubated at 37°C for 24 hours to
finally determine CFU per milliliter. Three technical replicates were analyzed at each time point studied,
and two and three independent experiments were performed for S. aureus and A. nosocomialis,
respectively.

HaCaT cell infections. (i) Bacterial culture conditions. A total of 3ml of TSB broth was inoculated
with one fresh colony of S. aureus strain USA300, and the bacteria were grown in the presence of blue
light or in the dark with shaking at 37°C for 24 hours. Then, a 1/100 dilution was performed in a new
flask containing 3ml of TSB broth, and the bacteria were further grown for another 2 hours, under the
same conditions. Similar growth conditions were used for Pseudomonas aeruginosa PAO1 and PAE4840,
with the exception that TSB was supplemented with 0.5% glucose (52). A. baumannii ATCC 19606 and A.
nosocomialis RUH2624, as well as the A. baumannii ATCC 19606-derived mutant strains DtssM and DblsA,
were grown in LB agar Difco plates for 18 hours at 37°C. A total of 3ml of LB broth were inoculated with
one fresh colony, and the bacteria were grown under static or shaking conditions for 24 hours in the
presence of blue light or in the dark at 37°C. Then, 1/100 dilutions were performed in new flasks contain-
ing 3ml of LB broth, and the bacteria were incubated for another 24 hours at 37°C, under the same con-
ditions. When growing A. baumannii 19606 mutant strains, LB medium was supplemented with 30mg/
ml of Kn.

(ii) Eukaryotic cells and culture conditions. The well-established human keratinocyte cell line
HaCaT was used throughout the study. HaCaT is a spontaneously transformed human epithelial cell line
from adult skin, which maintains full epidermal differentiation capacity (43). HaCaT cells were grown rou-
tinely in DMEM high glucose (GibcoBRL, Gaithersburg, MD) supplemented with 10% fetal calf serum
(FCS) (Life Technologies, Rockville, MD), 2mM nonessential amino acids, and glutamine (GibcoBRL) at
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37°C in 5% CO2. In experiments in which different light conditions were used, HaCaT cells were first
grown in the same classical DMEM for 24 hours in the dark. Then, immediately after infection, the kerati-
nocyte culture was exposed to blue light or kept in the dark for the rest of the experiment. Uninfected
HaCaT wells were included in every plate for all the experiments performed as viability controls and
received the same light or dark treatments as the infection wells.

(iii) Bacterial adhesion and invasion assays. HaCaT cells were seeded at a density of 1.5� 105 cells
per well in 24-well culture plates harboring 500ml of DMEM and incubated at 37°C in 5% CO2 for 24
hours, until they formed 85% to 90% confluent cell monolayers. Bacteria were cultured for 3, 24, or 48
hours at 37°C in LB or TSB medium with or without shaking, as specified in “Bacterial culture conditions”
above. Then, the bacteria were centrifuged, resuspended in DMEM, and added to the monolayers at an
MOI of 100 or else specified. The plates were then centrifuged at 500 � g for 5min at room temperature
and incubated for 60min at 37°C in 5% CO2. For adhesion assays, the HaCaT cells were washed seven
times with PBS to wash off nonadhered bacteria, and then the growing medium was replaced by 500ml
of fresh DMEM for the rest of the experiment. For the internalization assays, the HaCaT cells were
washed three times with PBS and then incubated with growing medium supplemented with 100mg
ml21 gentamicin for 90min, in order to eliminate nonadherent and noninternalized bacteria. Then, the
growing medium was replaced by 500ml of DMEM with a gentamicin concentration of 10mg ml21 in
the case of S. aureus or 200mg ml21 for P. aeruginosa for the remainder of the experiment. Immediately
after infection, the culture plates were exposed to blue light or kept in the dark for the rest of the experi-
ment (as indicated in “Bacterial culture conditions” above). Triplicate wells were included for each condi-
tion and time point studied. At least three independent experiments were performed for the infections
with the different microorganisms. For bacterial counting, keratinocytes were lysed with 0.1% Triton X-
100, and bacteria were recovered and enumerated after plating a dilution series onto TSB or LB agar at 2
and 24 hours postinfection. Dilutions covered the range from nondiluted to 1025, and for each dilution,
the bacteria were quantified by triplicate for each condition and time point studied.

(iv) Keratinocyte viability. Cell viability was tested with the trypan blue exclusion method by
counting viable cells using a Neubauer camera, after treatment of infected or noninfected HaCaT cul-
tures with trypsin-EDTA (71). Briefly, the totality of cells (infected and noninfected) of each well was
recovered after trypsin-EDTA treatment in 500ml of PBS. Then, we performed a 1-to-10 dilution in PBS,
and 10ml of this solution was analyzed under the microscope using a Neubauer camera. Trypan blue is a
dye derived from toluidine that has the ability to stain cells with loss of membrane integrity. Upon entry
the cell, it binds to intracellular proteins, thereby rendering the cells a blue color. In contrast, undam-
aged cells are very selective concerning the compounds that pass through their membrane, effectively
excluding this negatively charged dye. Therefore, the trypan blue exclusion assay allows one to directly
identify and count viable (unstained) and dead (blue) cells in a given population under a microscope
(71). The experiments were repeated at least 3 times, and each sample was quantified in triplicate. The
results are expressed as the percentage of HaCaT survival, calculated as the number of viable cells at
each light (L) or dark (D) condition and time point assayed, normalized to the number of cells in the
uninfected control at time zero. For infections with A. nosocomialis and A. baumannii, keratinocyte viabil-
ity was also determined by the MTT assay. Briefly, the MTT assay reports the metabolic status of eukaryo-
tic cells, tested by a colorimetric assay based on the reduction of 3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT). MTT is taken up by the cells and reduced by the mitochondrial
succinate dehydrogenase enzyme to its insoluble form, formazan. The ability of the cells to reduce MTT
is, thus, an indicator of the integrity of the mitochondria and their functional activity and is interpreted
as an indicator of cell viability. After the reduction to formazan, which is a violet crystal, this compound
is released from the cells by solubilization with detergents, such as dimethyl sulfoxide (DMSO), and
quantified by absorbance determination at 580 nm and 630 nm (71) (see the supplemental text and Fig.
S7A to C).

Killing of C. albicans filaments. Assays were performed as described before (54), with the modifica-
tion of incubating 1-ml cocultures without shaking at 37°C from 24 hours to 72 hours under dark or blue
light conditions. Fungal CFU counts per milliliter were determined at each time point studied by plating
convenient dilutions of the cocultures onto yeast extract-peptone-dextrose (YPD) agar containing
60mg/ml tetracycline, 30mg/ml chloramphenicol, and 30mg/ml gentamicin, following incubation at 28°
C for 48 h (54). These experiments were repeated at least three times using fresh samples each time.
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