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Light is a ubiquitous environmental signal that many organisms sense and respond to by modulating their
physiological responses accordingly. While this is an expected response among phototrophic microorganisms,
the ability of chemotrophic prokaryotes to sense and react to light has become a puzzling and novel issue in
bacterial physiology, particularly among bacterial pathogens. In this work, we show that the opportunistic
pathogen Acinetobacter baumannii senses and responds to blue light. Motility and formation of biofilms and
pellicles were observed only when bacterial cells were incubated in darkness. In contrast, the killing of Candida
albicans filaments was enhanced when they were cocultured with bacteria under light. These bacterial re-
sponses depend on the expression of the A. baumannii ATCC 17978 A1S_2225 gene, which codes for an
18.6-kDa protein that contains an N-terminal blue-light-sensing-using flavin (BLUF) domain and lacks a
detectable output domain(s). Spectral analyses of the purified recombinant protein showed its ability to sense
light by a red shift upon illumination. Therefore, the A1S_2225 gene, which is present in several members of
the Acinetobacter genus, was named blue-light-sensing A (blsA). Interestingly, temperature plays a role in the
ability of A. baumannii to sense and respond to light via the BlsA photoreceptor protein.

Acinetobacter baumannii is a Gram-negative opportunistic
human pathogen that has been recognized as the etiological
agent of severe nosocomial infections in compromised patients
and wounded military personnel (14, 32). More recently, it was
identified as the sole causative agent of necrotizing fasciitis
(11). This pathogen survives in hospital environments despite
unfavorable conditions such as desiccation, nutrient starvation,
and antimicrobial treatments (6, 52). These remarkable prop-
erties could be due to the ability of this pathogen to attach to
and form biofilms on abiotic and biotic surfaces (19, 41). In
spite of extensive work on antibiotic resistance and the epide-
miology of infections caused by A. baumannii, little is known
about the factors and environmental signals modulating the
physiology of this bacterium and its capacity to cause diseases
in humans.

Pathogens sense and respond to extracellular cues that play
a role in host-pathogen interactions and their ability to persist
in the environment. Accordingly, A. baumannii responds to
iron limitation, a condition that is central to human defense
against microbial infections, by sensing this condition via the
Fur repressor and expressing active iron acquisition systems
(12, 15, 54). This pathogen could also sense other environmen-
tal signals that modulate functions supporting its persistence in
clinical settings, such as biofilm formation on abiotic surfaces
(42). Among these signals is light, a ubiquitous environmental
stimulus that plays an obvious role in photosynthetic eu-

karyotes and prokaryotes. However, it is becoming apparent
that this signal also plays a role in the physiology of environ-
mental and pathogenic chemotrophic nonphototrophic
prokaryotes (30, 33, 49). This is due to the production of
light-sensing photoreceptors, with those harboring a blue-light-
sensing-using flavin (BLUF); light, oxygen, or voltage (LOV);
or photoactive yellow protein (PYP) domain being the most
prevalent, as predicted by in silico analysis of bacterial ge-
nomes (30, 49). While some of the bacterial photoreceptors are
single-domain proteins, others are coupled to output domains
that regulate gene expression. The structure of the latter type
of photoreceptors, together with studies such as those done
with the Rhodobacter sphaeroides AppA (23), Escherichia coli
YcgF (45), and Bacillus subtilis YtvA (20) photoreceptors, sup-
ports the idea that these systems regulate a wide variety of cell
functions, including development, stress response, and viru-
lence in response to light (30, 33). Regarding the latter cell
function, the report by Swartz et al. (40) is so far the only study
that links blue-light regulation to the virulence of a human
bacterial pathogen—Brucella abortus. Here, we report the ob-
servation that A. baumannii senses and responds to blue light
through a temperature-dependent process that involves a gene
coding for an 18.6-kDa single-BLUF-domain-containing pho-
toreceptor protein, which regulates cell motility, biofilm for-
mation, and killing of fungal filaments.

MATERIALS AND METHODS

Strains, plasmids, and media. The bacterial strains and plasmids used in this
work are listed in Table 1. Luria-Bertani (LB) broth and agar (37) were used to
grow and maintain bacterial strains. Broth cultures were incubated either stati-
cally or with shaking at 200 rpm at 24°C or 37°C. The growth rates of the parental
strain and isogenic derivatives were determined as described before (16). Growth
curves were determined three times with fresh overnight inocula each time at
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24°C or 37°C using LB. The Candida albicans tup1 mutant was cultured as
described previously (19).

Cell motility experiments and biofilm assays. Swimming plates containing
0.3% agarose (35) were used as a tool to detect cell motility on a semisolid
surface rather than swimming motility. A. baumannii is not capable of flagellum-
mediated swimming motility because members of this genus do not produce this
type of cell appendage (44). Therefore, to avoid confusion, we refer to these
plates here as motility plates. The plates were inoculated on the surface with
bacteria lifted from overnight LB agar cultures using flat-ended sterile wooden
sticks or depositing 0.003 ml of LB cultures grown to an optical density at 600 nm
(OD600) of 0.3. Plates were incubated for 10 to 12 h (overnight) or 24 h at 24°C
or 37°C in the dark or under light emitted by nine-LED (light-emitting diode)
arrays with an intensity of 6 to 10 �mol photons/m2/s. Each array was built using
three-LED module strips emitting blue, green, or red light with emission peaks
centered at 462 nm, 514 nm, and 636 nm, respectively, as determined using a
LI-COR LI-1800 spectroradiometer (see Fig. S1B in the supplemental material).
For biofilm assays, one milliliter of fresh LB broth medium was inoculated
into glass tubes (1 by 10 cm) with 0.01 ml of an overnight shaking culture
grown at 37°C. The cultures were then incubated for 4 days stagnantly at 24°C
either in darkness or under blue light. Biofilms that formed on the walls of the
glass tubes were visualized by crystal violet staining as previously described
(41). Pellicles that formed on the culture surfaces were detected by visual
inspection. To estimate total biofilm formation, biofilms attached to the wall
tubes plus pellicles on the liquid surfaces, the culture medium was removed
gently with a Pasteur pipette without losing pellicles. The cells that remained
in the tubes were resuspended in 1 ml of sterile phosphate-buffered saline

(PBS) solution, sonicated for 10 s at low power with a thin probe, and then
suspended vigorously for 1 min with a vortex mixer. The suspended cells were
transferred to a spectrophotometer cuvette, and the cell density was deter-
mined by measurement of OD600. Full cell suspension was confirmed by
staining the tubes with crystal violet after the samples were transferred to
spectrophotometer cuvettes. The amount of biofilm formed by each sample
was normalized to its total biomass, which was determined by measuring the
OD600 as described before (41). Accordingly, the biofilm results are reported
as a percentage of the total biomass of each sample. Triplicate assays were
done at least three times using fresh samples each time.

Killing of C. albicans filaments. Assays were performed as described before
(19), with the modification of incubating 1-ml cocultures without shaking at 24°C
from 24 h to 120 h under the dark or blue light conditions used in the cell motility
and biofilm experiments. CFU counts were determined after the plates were
incubated at 28°C for 48 h. These experiments were repeated at least three times
using fresh samples each time.

General DNA procedures. Genomic and plasmid DNAs were isolated as de-
scribed before (41). DNA restriction and Southern blot analyses were conducted
using standard protocols (37). DNA was sequenced by standard automated
sequencing methods with appropriate primers. Sequences were assembled and
analyzed as described before (41). The SABLE server (http://sable.cchmc.org
/sable_doc.html) was used for protein structure predictions. The presence of the
chromosomal region harboring blsA in A. baumannii clinical isolates was deter-
mined by PCR using as the template total DNA, which was obtained after lysing
bacterial cells in 0.050 ml distilled water at 98°C for 7 min, and primers BlsA.R/1
and BlsA.F/2 (Table 2).

TABLE 1. Bacterial strains and plasmids used in this study

Strain/plasmid Relevant characteristic(s)a Source or reference

A. baumannii
ATCC 19606T Clinical isolate, type strain ATCC
ATCC 17978 Clinical isolate ATCC
ATCC 17978.OR blsA::aph derivative of 17978; Kmr This work
ATCC 17978.ORc 17978.OR harboring pWHBLSA; Kmr Ampr This work
ATCC 17978.ORp 17978.OR harboring pWH1266; Kmr Tetr Ampr This work
AYE Clinical isolate ATCC
LUH 07672 Clinical isolate, EU clone III 47
LUH 8809 Clinical isolate, EU clone I 48
LUH 5875 Clinical isolate, reference strain, EU clone III 51
LUH 13000 Clinical isolate, EU clone II L. Dijkshoorn
RUH 134 Clinical isolate, reference strain, EU clone II 13
RUH 875 Clinical isolate, reference strain, EU clone I 13

C. albicans tup1 Constitutive filamentous derivative of SC5314 9

E. coli
DH5� Used for DNA recombinant methods Gibco-BRL
Top10 Used for DNA recombinant methods Invitrogen
EC100D� pir�, host for pKNOCK-Amp maintenance Epicentre
HB101 Conjugation helper strain harboring pRK2073; Tpr Str 7
BL21 (DE) Overexpression of His-tagged BlsA Novagen

Plasmids
pCR-Blunt II-TOPO PCR cloning vector; Kmr Zeor Invitrogen
pGEM-T Easy PCR cloning vector; Ampr Promega
pUC4K Source of the Kmr cassette; Kmr Ampr Pharmacia Biotech
pET-TEV pET28a (Novagen) containing TEV protease cleavage site; Kmr 25
pKNOCK-Amp Suicide vector for allelic exchange; Ampr 2
pRK2073 Used as helper in plasmid conjugation; Tpr 29
pWH1266 E. coli-A. baumannii shuttle vector; Ampr Tcr 26
pBLSA blsA cloned into pCR-Blunt II-TOPO; Kmr Zeor This work
pKABLSA pKNOCK-Amp harboring blsA; Ampr This work
pKABLSA-Km pKABLSA with the pUC4K Kmr cassette inserted into NsiI restriction site; Ampr Kmr This work
pGBLSA1 Amplicon harboring blsA promoter and coding region cloned into pGEM-T Easy; Ampr This work
pWHBLSA pWH1266 harboring wild-type copy of blsA expressed under its own promoter; Ampr This work
pGBLSA2 Amplicon harboring blsA coding region cloned into pGEM-T Easy; Ampr This work
pEBLSA pET-TEV harboring a parental copy of blsA; Kmr This work

a Ampr, ampicillin resistance; Kmr, kanamycin resistance; Str, streptomycin resistance; Tcr, tetracycline resistance; Tpr, trimethoprim resistance; Zeor, zeocin
resistance.
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Construction of the A. baumannii ATCC 17978.OR isogenic insertion deriva-
tive. A 1,738-bp fragment containing the blsA gene and flanking sequences was
PCR amplified using primers BlsA.R/1 and BlsA.F/2 (see Fig. 2 and Table 2).
The amplicon was cloned with the Invitrogen Zero Blunt TOPO PCR cloning kit
to generate pBLSA. This fragment was subsequently subcloned into the EcoRI
sites of pKNOCK-Amp, and the resulting plasmid (pKABLSA) was used to
construct pKABLSA-Km, in which the pUC4K PstI restriction fragment harbor-
ing the DNA kanamycin resistance (Kmr) cassette was inserted into a unique
NsiI site located at nucleotide 145 of blsA that maps to the BLUF protein
domain. E. coli EC100D� cells harboring pKABLSA-Km, E. coli HB101 cells
harboring pRK2073, and A. baumannii ATCC 17978 cells were used as donor,
helper, and recipient strains, respectively, in triparental conjugations. Transcon-
jugants were selected on Simmons citrate agar plates containing 40 �g/ml Km.
Total DNA was isolated from a putative A. baumannii ATCC 17978.OR
transconjugant derivative, which was resistant to Km and sensitive to 200 �g/ml
ampicillin (Amp), and used to confirm the nature of the site-directed insertion
mutation by PCR with primers BlsA.R/1 and BlsA.F/2 and Southern blotting
hybridization of HincII- or HindIII-digested DNA. The blots were hybridized
with [32P]dCTP-labeled probes (17) harboring either the pUC4K aph or the
pBLSA blsA gene.

Construction of a complementation plasmid. A 747-bp fragment harboring
blsA and its predicted promoter was PCR amplified using A. baumannii ATCC
17978 total DNA and primers PblsA.R/3 and PblsA.F/4 (see Fig. 2 and Table 2),
both of which were tailed with BamHI restriction sites. The amplicon was cloned
into pGEM-T Easy (pGBLSA1) and then subcloned as a BamHI fragment into
the cognate site of pWH1266. Proper construction of the complementing
pWHBLSA plasmid was confirmed by automated DNA sequencing. Plasmid
DNA was electroporated into A. baumannii ATCC 17978.OR as described be-
fore (16).

Overexpression and purification of BlsA. The blsA coding sequence was PCR
amplified from A. baumannii ATCC 17978 genomic DNA using primers
EblsA.R/5 and EblsA.F/6 (see Fig. 2 and Table 2), which were tailed with NdeI
and BamHI restriction sites, respectively, and cloned into pGEM-T Easy
(pGBLSA2). The NdeI-BamHI restriction fragment was subcloned from pG-
BLSA2 into the corresponding sites of the pET-TEV expression plasmid to
generate pEBLSA, a derivative coding for a His6 tag fused to the BlsA amino-
terminal end. Proper construction of this derivative was confirmed by automated
DNA sequencing, and the plasmid was transformed into E. coli BL21(DE3) cells,
which were cultured in LB broth at 37°C until they reached an OD600 of 0.6 to
0.7. Overexpression of the His-tagged BlsA derivative was induced with 0.5 mM
IPTG. After incubation for 5 h at 15°C to avoid the formation of inclusion
bodies, the cells were collected by centrifugation, suspended in 20 ml of lysis
buffer (20 mM Tris-HCl [pH 8.0], 500 mM NaCl, 1 mM �-mercaptoethanol), and
disrupted at 2,000 lb/in2 using a French pressure cell press. Cell debris was
removed by centrifugation at 20,000 � g for 30 min at 4°C, and the supernatant
was loaded onto a nickel nitrilotriacetic acid (NiNTA)-agarose column (Qiagen).
The column was washed sequentially with lysis buffer containing 20 mM and 40
mM imidazole, and the His-tagged protein was eluted with the same buffer
containing 80 mM imidazole (elution buffer). Amicon Ultra-4 centrifugal filter
units (Millipore) with a molecular mass cutoff of 10 kDa were used to concen-
trate purified BlsA and exchange the elution buffer to a buffer containing 20 mM
Tris-HCl (pH 8.0), 200 mM NaCl, and 3 mM imidazole. The His-tagged BlsA
recombinant derivative was digested with His-tagged tobacco etch virus (TEV)
protease (1:100 mass ratio) overnight at 4°C. After digestion, untagged BslA was
separated from the protease and the His tag by a further Ni-NTA column
purification step. The flowthrough fraction containing the digested protein was
concentrated and used for photoactivation kinetic experiments. The purity of the

overexpressed His-tagged protein and the TEV protease-digested product was
confirmed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
using a 15% polyacrylamide gel (28). Protein concentration was determined by
the Bradford method (8).

Spectroscopy. UV and visible light absorption spectra were recorded using
protein samples in a buffer containing 20 mM Tris-HCl (pH 7.0) and 200 mM
NaCl with a Jasco V550 spectrophotometer at 20°C. Spectra were recorded
before and after illumination for 10, 40, 100, or 220 s with a nine-blue-LED array
at a constant light intensity of 10 �mol photons/m2/s. The kinetics of recovery to
the initial darkness receptor state was determined by absorbance at 510 nm after
a protein sample was illuminated for 3 min with blue light at the aforementioned
intensity.

Transcriptional analysis. Cells were scraped from motility plates after over-
night incubation at 24°C or 37°C in the presence or absence of blue light, quickly
resuspended in 4 ml of diethyl pyrocarbonate (DEPC)-treated deionized water
and immediately mixed with 2 ml lysis buffer (0.3 M Na acetate, 30 mM EDTA,
3% SDS) in a boiling-water bath. Each motility plate incubated at 24°C under
illumination was inoculated several times at different positions to scrape enough
cells to obtain appropriate amounts of total RNA. Cell lysates were extracted
twice at 60°C with phenol, which was equilibrated to pH 4.0 with 50 mM Na
acetate, and then once with chloroform at room temperature. The RNA precip-
itated overnight at �20°C with ethanol was collected by centrifugation, washed
with 70% ethanol, and dissolved in DEPC-treated deionized water. Total RNA
samples were purified further with the Qiagen RNeasy kit, including in-column
treatment with RNase-free DNase I as suggested by the manufacturer. The
integrity of the RNA samples was checked with an Agilent 2100 Bioanalyzer.
RNA samples were collected from three different biological samples prepared in
triplicate each time. Gene transcription was examined with the Qiagen real-time
one-step QuantiTect SYBR green quantitative reverse transcription (qRT)-PCR
system by following the manufacturer’s recommendations. Primers BlsAR.rt/7
and BlsAF.rt/8 (see Fig. 2 and Table 2) amplified an internal 180-bp blsA region,
while primers RecAF.rt and RecAR.rt (Table 2) amplified an internal 148-bp
recA fragment, which was used as an internal control for constitutively expressed
genes. A Bio-Rad iCycler was used under the following conditions: an RT cycle
of 50°C for 30 min and 95°C for 15 min, followed by 35 amplification cycles of
95°C for 15 s, 55°C for 30 s, and 72°C for 30 s. These experiments were done in
triplicate using three different biological samples. The blsA transcript levels of
each sample were normalized to the recA cDNA levels of each RNA sample.
Samples containing no reverse transcriptase or template RNA were included as
negative controls.

RESULTS

Cell motility is inhibited under blue light at 24°C. The initial
observation of the effect of light on the physiology of A. bau-
mannii ATCC 17978 was made while we were testing the mo-
tility of this strain at different temperatures. Switching because
of equipment problems from an environmental chamber con-
stantly illuminated by regular fluorescent tubes to one in which
lights were always off resulted in the observation that bacteria
moved away from the inoculation site on motility plates when
incubated overnight (10 to 12 h) at 24°C in darkness but not in
the presence of light. This initial unexpected observation was
followed by a more detailed analysis using an array of nine
LEDs conducted under more controlled conditions. This anal-
ysis showed that while cells grew only around the inoculation
point on plates incubated in the presence of blue light, cellular
halos covering almost half of the surface formed when the
motility plates were incubated overnight at 24°C in darkness
(Fig. 1). Bacterial cells covered the entire surface of the plate
when the incubation in darkness was extended to 24 h at the
same temperature, with no appreciable motility changes on
plates incubated under illuminated conditions. While red-light
illumination had no inhibitory effects on cell motility, incuba-
tion of motility plates in the presence of green light resulted in
partial motility inhibition compared to that detected with blue
light (see Fig. S1A in the supplemental material). These results

TABLE 2. Primers used in this study

Name/no. Nucleotide sequence

BlsA.R/1.....................5�-GCAATGTCTCACAATTATGT-3�
BlsA.F/2 .....................5�-ATGACCATACAAACATCTAG-3�
PblsA.R/3...................5�-TGATATGGATCCTGTCGATTTCAGT-3�
PblsA.F/4 ...................5�-ATGTGAGGATCCAGTATTACAAATT-3�
EblsA.R/5...................5�-GGATCCCTAGAACGGGTTTAC-3�
EblsA.F/6 ...................5�-CATATGAACGTTCGCCTGTGT-3�
BlsAR.rt/7..................5�-TCAACGACCTCTTGTTCACC-3�
BlsAF.rt/8 ..................5�-GAACGTTCGCCTGTGTTATG-3�
RecAF.rt ....................5�-TACAGAAAGCTGGTGCATGG-3�
RecAR.rt ...................5�-TGCACCATTTGTGCCTGTAG-3�
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are consistent with the fact that the emission spectra of the
blue and red LEDs do not overlap, while the emission spectra
of the blue and green LEDs are superimposed (see Fig. S1B in
the supplemental material). It is important to note that the
light-mediated response is not due to the effect of light on cell
growth and viability. Cells cultured in LB broth displayed sim-
ilar growth curves and reached comparable viable counts after
incubation for up to 96 h at 24°C in the presence or absence of
light (see Fig. S2 in the supplemental material).

Identification of a chromosomal locus coding for a BLUF-
domain containing protein that functions as a photoreceptor.
The results described above suggest that a light-sensing effec-
tor must be operating in A. baumannii ATCC 17978. Accord-
ingly, our in silico analysis of the genome of this strain showed
that the hypothetical A1S_2225 gene codes for a predicted
18.6-kDa protein harboring a BLUF photosensor domain
(pfam04940) in its N-terminal region. This domain harbors two
� helices (Fig. 2B), a structure that is shared with other BLUF
domain-containing bacterial proteins significantly related (E
values higher than 1 � e�5) to the predicted A1S_2225 prod-
uct. In contrast, the C-terminal region of the A1S_2225 prod-

uct, which also harbors two predicted � helices, showed no
significant similarity to sequences deposited in GenBank.

Ni affinity column chromatography of an A1S_2225 overpro-
duced derivative His6 tagged at the amino-terminal end re-
sulted in the isolation of a single 20-kDa protein eluted with 80
mM imidazole (Fig. 3). This purified protein fraction was treated
with the TEV protease to obtain the untagged recombinant de-
rivative of A1S_2225 that was used for spectral analysis. The
visible absorbance spectrum of dark-adapted A1S_2225 recombi-
nant protein showed the characteristic pattern of flavin-binding

FIG. 1. Effects of light and temperature on motility. Cells of the
parental strain ATCC 17978 and the ATCC 17978.OR blsA mutant
harboring no additional plasmid or transformed with the blsA-comple-
menting plasmid pWHBLSA (ATCC 17978.ORc) were inoculated on
the surface of motility plates. Plates were inspected and photographed
after incubation overnight (10 to 12 h) in darkness (D) or in the
presence of blue light (L) at 24°C or 37°C.

FIG. 2. Genetic organization of the blsA locus and predicted sec-
ondary structure of its translational product. (A) Genetic map of the
chromosomal region harboring blsA. The horizontal arrows indicate
the locations and directions of predicted genes. The numbers and
vertical black bar in the upper portion represent base pairs and the
location of the NsiI site used for insertion mutagenesis, respectively.
The black rectangles, horizontal lines, and numbers indicate the loca-
tions of the primers listed in Table 2 that were used to PCR amplify the
different chromosomal regions involved in this work. (B) Predicted
amino acid sequence, location of the BLUF domain (black horizontal
bar), and secondary structure of BlsA: black horizontal line, coil;
hatched arrows, � strand; waved line, � helix. The vertical black arrow
indicates the site of insertion of the Kmr DNA cassette.

FIG. 3. Electrophoretic analysis of bacterial proteins. Proteins
present in E. coli BL21 lysates and chromatographic fractions were size
fractionated on 15% polyacrylamide gels under denaturing conditions
and visualized by staining with Coomassie blue. Lanes: 1, molecular
mass markers; 2, cell lysate from uninduced cells; 3, cell lysate from
induced cells; 4, NiNTA-agarose chromatographic flowthrough frac-
tion; 5, NiNTA-agarose chromatographic fraction isolated with elution
buffer.
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proteins, including two major absorbance peaks at 360 nm and
459 nm, with the latter band showing a defined vibrionic struc-
ture with shoulders at 426 nm and 480 nm (Fig. 4A). These
prominent shoulders on the lowest-energy band suggest that
flavin is located in a nonpolar environment. Spectral analysis of
dark-adapted versus illuminated protein samples exposed to a
blue LED array showed significant changes, with a distinct
12-nm red shift of the 459-nm peak (Fig. 4A; see Fig. S3 in the
supplemental material), which is characteristic of BLUF pho-
toreceptors. We then measured the kinetics of recovery to the
equilibrium dark state of the activated protein. A sample of the
purified protein was illuminated with blue light, and the recov-
ery was followed both in a discontinuous way by recording the
full spectra of the sample kept in the dark at different times
and by continuously measuring the absorbance at 510 nm (Fig.
4B). Each decay was fitted to an exponential decay function
giving similar rate constants: 180 s and 210 s for the continuous
and discrete modes, respectively. These values place the
A1S_2225 derivative between the slow-recovery AppA (with a
recovery time of ca. 1,000 s) and the fast-recovery BlrB and F2
(with recovery times ranging from 2 s to 40 s) BLUF-contain-
ing proteins (55).

The BLUF domain-containing product of A1S_2225 is in-
volved in photoresponse. The experimental data described so

far suggest that the product of the A. baumannii ATCC 17978
A1S_2225 gene is an active photoreceptor protein. Such a
possibility is supported by the observation (Fig. 1) that the
A1S_2225::aph ATCC 17978.OR isogenic mutant fails to re-
spond to light by forming similar halos on motility plates under
dark and illuminated conditions, a response that stands in
contrasts to that of the ATCC 17978 parental strain. The pho-
toreceptor function of the A1S_2225 gene product was further
confirmed by the observation that electroporation of
pWHBLSA, a derivative of the shuttle vector pWH1266 har-
boring a copy of the A1S_2225 wild-type allele, into ATCC
17978.OR restored the parental photoinhibition phenotype in
the complemented isogenic derivative ATCC 17978.ORc (Fig.
1). In contrast, the light response phenotype of the mutant
ATCC 17978.OR was not changed upon transformation with
the empty pWH1266 vector (data not shown). These results,
together with the detection of the predicted A1S_2225 inser-
tion derivative by PCR and Southern blotting, using the aph
and A1S_2225 genes as probes, indicate that the phenotype of
the ATCC 17978.OR mutant is due to the inactivation of
A1S_2225. It is also important to note that the parental strain,
the ATCC 17978.OR mutant, and the ATCC 17978.ORc com-
plemented derivative did not display significant differences in
growth rate when cultured in LB broth at 24°C or 37°C (data
not shown). Furthermore, restriction analysis proved that the
pWHBLSA complementing plasmid was stably maintained as
an independent replicon without detectable rearrangements in
the ATCC 17978.ORc complemented strain. Taken together,
all of these observations indicate that the product of the
A1S_2225 gene controls the motility of A. baumannii ATCC
17978 at 24°C by sensing blue light. Therefore, this coding
region was named blue-light-sensing A (blsA).

Blue light modulates biofilm and pellicle formation through
blsA. Since motility affects biofilm formation by bacteria such
as Pseudomonas aeruginosa (38), we determined whether blue
light also affects biofilm formation on an abiotic surface such as
glass. The incubation of A. baumannii ATCC 17978 for 4 days
in LB at 24°C without shaking under blue light produced little
or no biofilm on glass tube walls (Fig. 5A). However, when
incubated under the same conditions in darkness, this strain
formed biofilms on the tube walls at the liquid-air interface, as
well as surface pellicles, a multicellular structure that is a type
of biofilm formed by other bacterial pathogens such as P.
aeruginosa (18). In contrast, the incubation of the ATCC
17978.OR blsA mutant resulted in the formation of similar
amounts of pellicles and biofilms on tube walls in cultures
incubated in either darkness or blue light (Fig. 5B). The ge-
netic complementation of the ATCC 17978.OR blsA mutant
with pWHBLSA restored the differential production of pel-
licles and biofilms on tube walls in response to illumination as
observed with the parental strain. However, this response was
not detected when ATCC 17978.OR mutant cells harbored the
empty pWH1266 plasmid vector (Fig. 5, panels C and D, re-
spectively). These macroscopic observations were confirmed
by spectrophotometrically measuring the biomass of total bio-
films (pellicles plus cells attached to the tube walls) formed in
each sample after the culture medium was gently removed and
the cells were suspended in PBS. This quantitative approach
showed that the absence of light resulted in a 4-fold increase in
biofilm formation by the A. baumannii ATCC 17978 parental

FIG. 4. Spectral analysis of recombinant BlsA. (A) UV-visible light
spectra of dark and light states of BlsA recombinant protein. For
simplicity, the spectra of the dark-adapted sample and a sample illu-
minated for 220 s are shown. The spectra collected after 10 s, 40 s,
100 s, and 220 s of illumination, together with the spectrum of the
dark-adapted sample, are displayed in Fig. S3 in the supplemental
material. (B) Kinetics of recovery to the initial receptor state in the
dark of purified His-BlsA. The decrease in absorbance at 510 nm is
shown in black. The red line shows a fit of the data to an exponential
decay function.
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strain compared with that of duplicate samples incubated at
24°C in the presence of blue light (Fig. 5E), a response similar
to that detected with the ATCC 17978.ORc mutant comple-
mented with a plasmid copy of the parental blsA allele. In

contrast, no noticeable regulation of biofilm formation in re-
sponse to light was observed with the ATCC 17978.OR blsA
insertion mutant and the derivative ATCC 17978.ORp harbor-
ing the empty pWH1266 cloning vector (Fig. 5E). It is impor-
tant to note that these differential biofilm responses could not
be attributed to the effect of light on cell viability, considering
that there were no significant differences between the growth
rates and colony counts of samples cultured in the presence or
absence of light at 24°C (see Fig. S2A and B in the supple-
mental material). Taken together, these results show that the
formation of pellicles on the surface of the culture medium and
biofilms on the tube walls by cells incubated at 24°C is another
cell property that is influenced by blue light through a regula-
tory process that involves the expression of a functional blsA
gene.

blsA is involved in the killing of C. albicans tup1 filaments.
We tested the effect of blue light on the ability of A. baumannii
to interact with eukaryotic cells, given our recent report de-
scribing the killing of C. albicans tup1 filaments upon their
incubation with this bacterial pathogen, a response that paral-
lels the apoptosis of human alveolar epithelial cells and serves
as a model to study bacterial virulence (19). Coincubation of
tup1 mutant filaments with A. baumannii ATCC 17978 cells
resulted in a time-dependent increase of fungal death, which
represented a 14,000-fold decrease in filament survival after
incubation for 120 h at 24°C in the presence of blue light
(compare open diamonds and triangles in Fig. 6A), while a
116-fold decrease was observed when duplicate samples were
incubated in darkness (compare closed diamonds and triangles
in Fig. 6A). This 121-fold reduction in fungal killing is due to
the effect of light on the A. baumannii ATCC 17978 virulence
phenotype rather than to a drastic detrimental illumination
effect on the viability of the tup1 mutant filaments; only a
2.9-fold growth reduction was detected between fungal fila-
ments incubated in sterile medium in the presence of blue light

FIG. 5. Effects of light on biofilm formation. The biofilms formed by
parental strain ATCC 17978 (A) and the ATCC 17978.OR blsA mutant
harboring no additional plasmid (B) or transformed with the blsA-com-
plementing derivative pWHBLSA (C) or the shuttle vector pWH1266
(D) were recorded after static incubation for 96 h at 24°C by direct visual
inspection and staining with crystal violet. The white arrows point to the
pellicles formed on the liquid surface. (E) Quantification of total biofilms
(pellicles plus cells attached to tube walls) of duplicate samples shown in
the cognate panels. Error bars show the standard error of the mean.

FIG. 6. Killing of tup1 mutant C. albicans by A. baumannii cells. (A) Fungal filaments were incubated in sterile medium or medium inoculated
with bacterial cells from the ATCC 17978 parental strain or the BlsA-deficient derivative ATCC 17978.OR either in the presence of blue light
(L) or in darkness (D). (B) Experiment similar to that shown in panel A but using the ATCC 17978.ORc and ATCC 17978.ORp derivatives
harboring the complementing plasmid pWHBLSA and the empty vector pWH1266, respectively. Error bars show the standard error of the mean.
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and those incubated in darkness (compare open and closed
diamonds in Fig. 6A). The fact that the number of tup1 mutant
filaments was not significantly affected when they were coin-
cubated with ATCC 17967.OR blsA mutant cells in either the
presence or the absence of light and the observation that the
filament death rate under these conditions was similar to that
obtained with filaments coincubated with parental bacterial
cells in darkness indicate that blsA also plays a role in the
virulence of A. baumannii when tested using the C. albicans
virulence model. This possibility was further confirmed by the
fact that the ATCC 17978.ORc mutant, complemented with
the blsA parental allele, and the ATCC 17978.ORp derivative,
complemented with the empty shuttle plasmid pWH1266, dis-
played a behavior similar to that of the ATCC 17978 parental
strain and the ATCC 17978.OR blsA mutant, respectively (Fig.
6B). Notably, the complementation experiments showed that
the ATCC 17978.ORc derivative displays a 2.9 � 106-fold
increase in virulence compared with that displayed by the pa-
rental strain when tup1 filaments and ATCC 17978 bacterial
cells are coincubated in the presence of light (Fig. 6B). This
enhanced-virulence phenotype and the enhanced-motility phe-
notype of ATCC 17978.ORc (Fig. 1) are most likely due to the
higher copy number of the blsA allele in this plasmid-comple-
mented derivative of the ATCC 17978.OR blsA mutant.

Presence of blsA and light response in A. baumannii clinical
isolates. In silico analysis showed that the ATCC 17978 BlsA
predicted amino acid sequence is significantly related (E values
higher than 1 � e�5) to a large number of bacterial proteins,
with those found in the genomes of the A. baumannii ACICU
(ACICU_02430), AYE (ABAYE1304), AB0057 (AB57_2585),
AB307-0294 (ABBFA_001217) (1, 27, 46), and ATCC 19606T

(ZP_05826716.1) strains being the top matches. The top
matching protein sequences also include the products of pre-
dicted genes found in other members of the Acinetobacter
genus, such as the environmental strains A. baylyi ADP1 (4)
and A. radioresistens (ZP_05360709). Most of these predicted
proteins were annotated as either conserved hypothetical pro-
teins or BLUF domain-containing proteins. Our in silico anal-
ysis and resequencing data also showed that when two se-
quencing errors that mapped outside blsA were corrected by
adding a T at positions 2,590,157 and 2,591,288 of the origi-
nally reported A. baumannii ATCC 17978 genome sequence
(GenBank accession number NC_009085), blsA is flanked by
two predicted coding regions (Fig. 2A). The downstream open
reading frame is transcribed in the opposite direction and
codes for a hypothetical protein, while the one located up-
stream of blsA and transcribed in the same direction codes for
a predicted membrane protein that belongs to the bacterial
oligonucleotide/oligosaccharide-binding (OB) fold protein
family. Members of this protein family are putative periplasmic
proteins that harbor a predicted OB fold structure, which can
bind proteins, small molecules, or other ligands recognized by
the OB fold structure (21). Interestingly, the gene coding for
this type of protein is found in mobile genetic elements and
although their function is still unknown, their presence may be
associated with bacterial virulence (21). The gene arrangement
shown in Fig. 2A is also present in the genome of the afore-
mentioned A. baumannii clinical strains, as well as in the ge-
nome of the A. baylyi ADP1 environmental strain. Further-
more, PCR analysis using primers BlsA.R/1 and BlsA.F/2

(Table 2 and Fig. 2A) and total DNA isolated from the A.
baumannii strains listed in Table 1, for which there is no
genomic information available and which are different repre-
sentatives of EU clones I, II, and III (Table 1), resulted in the
production of a single amplicon which matched the size of that
produced when ATCC 17978 total DNA was used as the tem-
plate (data not shown). Thus, the genetic arrangement shown
in Fig. 2A is not a feature unique to the A. baumannii ATCC
17978 clinical isolate.

The motility test proved that isolates AYE and RUH 134
have a light response similar to that of ATCC 17978, while
isolates LUH 5875, LUH 13000, and RUH 875 displayed an
intermediate response between those of ATCC 17978 and iso-
lates ATCC 19606T, LUH 7672, and LUH 8809. The latter
three strains grew only around the inoculation site when incu-
bated in the presence or absence of light. The C. albicans
infection assays revealed that strains ATCC 17978, LUH 7672,
and LUH 5875 kill the fungal filaments at similar rates. On the
other hand, the other strains tested showed various degrees of
killing under illumination, ranging from 2.5-fold (strain RUH
134) and 4-fold (strains ATCC 19606T, AYE, and LUH 13000)
reductions to a 12-fold reduction (strains LUH 8809 and RUH
875) of the response displayed by ATCC 17978. Whether these
variations in motility and killing activity among the strains
tested are due to differences in light sensing or the expression
of functions associated with these two light-mediated re-
sponses is a possibility that must be examined in more detail
before drawing final conclusions. Nevertheless, these results
indicate that strains other than ATCC 17978 are also able to
mount differential motility and killing responses upon illumi-
nation. The effect of light on biofilm and pellicle formation by
the A. baumannii strains used in this study could not be eval-
uated because of the wide variations observed among them,
even under a single culture condition. Such a response is not
surprising, considering the significant variations in biofilm phe-
notypes displayed by different A. baumannii clinical isolates
(10, 36, 53).

Effect of temperature on bacterial response to blue light.
Since A. baumannii is a pathogen that produces serious infec-
tions in humans, whose normal temperature is close to 37°C,
we tested the effect of this temperature on the A. baumannii
ATCC 17978 light-inhibited motility response. The entire sur-
face of each motility plate was covered with a fuzzy layer of
cells and striations of cell aggregates radiating from the inoc-
ulation site when the plate was incubated at 37°C in the pres-
ence or absence of light (Fig. 1, bottom panels). Microscopy of
Gram-stained cells lifted from motility plates incubated at
24°C or 37°C showed no detectable differences in cell morphol-
ogy (data not shown) that could account for this observation.
Incubation at 37°C also affected the differential production of
biofilms in response to light. The amount of biofilm formed by
strain ATCC 17978 under darkness and illumination repre-
sented 20% and 25% of the total biomass of each sample,
respectively, values that were similar to those produced by the
ATCC 17978.OR blsA mutant and the ATCC 17978.ORc and
ATCC 17978.ORp complemented derivatives (see Fig. S4 in
the supplemental material). Furthermore, these values are
comparable to those detected when A. baumannii ATCC 17978
cells were incubated at 24°C in the presence of light (Fig. 5E).
As shown by experiments done at 24°C, cell growth and via-
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bility were not significantly affected by incubation at 37°C in
the presence or absence of light (see Fig. S2 in the supplemen-
tal material). These results indicate that temperature could
play a role in light response probably due to the temperature-
dependent differential expression of blsA. Accordingly, incu-
bation of A. baumannii ATCC 17978 cells at 37°C results in a
5-fold reduction of blsA mRNA levels compared with those of
cells incubated at 24°C, independently of whether the cells
were incubated in the presence or absence of light (Fig. 7).
While the blsA transcript levels were comparable when cells
were incubated at 37°C in darkness or in the presence of light,
the lack of illumination resulted in a 1.5-fold increase when the
cells were incubated at 24°C. Taken together, these results
indicate that blsA could control cellular functions and possibly
its own production via a temperature response never examined
before in this bacterial pathogen.

DISCUSSION

It is apparent from our spectral, genetic, and functional data
that A. baumannii ATCC 17978 senses and responds to blue
light through a process that depends on the expression of a
functional bslA gene, which codes for the production of a
BLUF-containing photoreceptor. This observation is in agree-
ment with in silico studies predicting the presence of a single
gene coding for this type of photoreceptor in fully sequenced
and annotated A. baumannii genomes (30, 49), our analysis of
Acinetobacter genomic data, and the light-mediated response
displayed by the A. baumannii AYE strain, the chromosome of
which harbors a blsA homolog highly related to that present in
ATCC 17978. The lack of motility displayed by the ATCC
19606T strain, which also has a blsA homolog, could be ex-
plained by the fact that ATCC 17978 cells produce pili that do
not contain the CsuA/B putative pilin subunit and are struc-
turally different from those detected on the surface of ATCC
19606T cells (C. McQueary and L. A. Actis, unpublished data).

Although photosensing seems to be a widespread phenotype
among members of this genus that includes environmental and
pathogenic species, there are variations in the number of pre-
dicted genes coding for photoreceptors among members of the
Acinetobacter genus. For example, the A. baylyi ADP1 genome

includes four genes predicted to encode BLUF domain-con-
taining proteins. Also in agreement with previous studies (49)
is the observation that BlsA belongs to the most common
bacterial BLUF photoreceptors, small proteins containing a
flavin-binding photosensing core lacking an effector or output
domain(s). In spite of the apparent lack of an output do-
main(s), it is obvious from our data that BlsA serves as a
regulatory factor controlling at least three different cell behav-
iors. Overall, our findings are compatible with the multistep
regulatory process mediated by BlsA, which starts with light
sensing and ends with the differential expression of diverse
cellular functions, including those involved in motility and the
interaction of bacteria with biotic and abiotic surfaces. BlsA
could accomplish this role by interacting with unknown down-
stream signaling proteins with which it could form stable or
transient regulatory complexes. In contrast to other systems in
which the genes coding for the photosensing and signal-trans-
ducing components are located next to each other and are
translationally coupled, our genomic analysis indicates that the
A. baumannii photosensing system may involve transducers
coded for by genes that do not map near blsA, as has been
described in several unrelated bacteria (22).

The fact that the motility, virulence, and biofilm formation
of ATCC 17978 cells are affected by light and the expression of
blsA suggests that this signal and photoreceptor-coding gene,
respectively, have a global effect on the physiology of A. bau-
mannii. This hypothesis is supported by the spectral changes
displayed by the BslA recombinant derivative upon blue light
illumination and the dark-state recovery times, which are
within the values of bona fide BLUF-containing bacterial pho-
toreceptors that regulate different cellular functions (49), as
well as the pleiotropic effects of the blsA insertion inactivation.
Interestingly, these three cellular responses are functionally
interrelated although different sets of genes code for their
individual components. The negative effect of blue light on A.
baumannii biofilm formation is similar to that of Idiomarina
loihiensis, a deep sea bacterium that produces a single PYP
photoreceptor protein (50). On the other hand, the A. bau-
mannii blsA-mediated light response contrasts with the positive
role light plays in biofilm formation by E. coli via the BLUF-
EAL YcgF photoreceptor (45) and the attachment of Cau-
lobacter crescentus to glass surfaces mediated by the LovK/
LovR two-component light-dependent regulatory system (34).
These differences could reflect the diverse sensing and regula-
tory pathways bacteria use to interact with surfaces (39) rather
than differences in the mechanisms by which bacteria sense
and respond to light.

The motility of A. baumannii ATCC 17978 cells on semisolid
agarose plates is also reduced by blue light through a blsA-
dependent process, a response that may explain the lack of
biofilm formation under illumination. It is possible that, under
darkness, genes coding for functions associated with biofilm
formation, such as cell motility and the production of pili and
exopolymeric substances, are relieved from blsA-mediated re-
pression, favoring the formation of multicellular structures on
solid and liquid surfaces. This possibility is supported by the
observation that pilus production and motility are needed for
full biofilm development by bacteria such as P. aeruginosa (5).
It is also possible that light-mediated responses are part of
complex regulatory processes, such as that mediated by YcgF

FIG. 7. Effects of light and temperature on blsA transcript levels.
RNA from A. baumannii ATCC 17978 cells grown overnight on mo-
tility plates at 24°C and 37°C in the presence of blue light (L) or in
darkness (D) was used as the template for qRT-PCR using blsA-
specific primers. Transcription of recA was used as a constitutively
expressed internal control. Error bars show the standard error of the
mean.
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in E. coli (45), which could control gene expression and cellular
behavior by sensing interrelated signals (39). Temperature
should be included among these signals affecting A. baumannii
light-dependent responses since cell motility and biofilm for-
mation at 37°C are independent of illumination. This temper-
ature-dependent response to blue light, also detected in E. coli,
may allow bacteria to sense their environmental location (45).
This is a reasonable potential response by A. baumannii, con-
sidering its ability to grow at different temperatures and persist
in hospital settings outside the human host (32, 43). In contrast
to motility and biofilm formation, light and blsA play a positive
role in the virulence of A. baumannii ATCC 17978 when tested
using the killing of C. albicans tup1 mutant filaments (24), a
model that in our studies parallels the observations obtained
with A549 human alveolar epithelial cell monolayers (19). In-
terestingly, the role of blsA is reflected by not only a reduced
virulence because of its inactivation but also an enhanced vir-
ulence phenotype as a consequence of a gene dosage effect
when present as a higher-copy-number plasmid-based trait as
it is in the case of the complemented derivative ATCC
17978.ORc. A similar effect was observed in B. subtilis, where
overproduction of YtvA results in an enhanced light-mediated
stress response (3). The potential virulence role of blsA is
further supported by the observation that the expression of
genes coding for LOV-HK photoreceptors is either constitu-
tive or enhanced under conditions inducing the virulence of
the plant pathogen P. syringae pathovar syringae strain DC3000,
as well as being required for B. abortus replication in murine
macrophages (40). Whether BlsA also plays a role in the
pathogenesis of the infections A. baumannii causes in humans
is not clear at the moment in view of the lack of understanding
of the role of photoreceptors in bacterial virulence. However,
it is possible to speculate that photoreceptors may not play a
role in systemic infections considering the temperature and the
lack of blue illumination of internal human tissues and organs
targeted by this pathogen. On the other hand, the function of
these receptors could be important in the pathogenesis of
surface-exposed wound infections considering the potential ex-
posure of bacteria to light and the relatively lower tempera-
tures recorded in these types of lesions (31). It is also possible
that the production of BlsA is responsible for the ability of A.
baumannii to persist in medical settings, where it interacts with
biotic and abiotic substrata under conditions that would re-
quire a gene expression pattern different from that expressed
during the infection of the human host.

In summary, our study describes the ability of A. baumannii
to sense and respond to blue light, a finding that provides a
new and unexpected insight into the physiology of this bacte-
rium. The motility response we observed during our work is
also interesting considering that the Acinetobacter genus name
(akinetobacter, nonmotile rod) reflects the nonmotile pheno-
type initially assigned to members of this bacterial group. This
is perhaps one of the main reasons why this response, which
plays a key role in bacterial cell biology and virulence, has been
overlooked in most of the members of this genus.
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