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ABSTRACT Transcriptional analyses of Acinetobacter baumannii ATCC 17978 showed
that the expression of A1S_2091 was enhanced in cells cultured in darkness at 24°C
through a process that depended on the BlsA photoreceptor. Disruption of A1S_2091, a
component of the A1S_2088-A1S_2091 polycistronic operon predicted to code for a
type I chaperone/usher pilus assembly system, abolished surface motility and pellicle for-
mation but significantly enhanced biofilm formation on plastic by bacteria cultured in
darkness. Based on these observations, the A1S_2088-A1S_2091 operon was named the
photoregulated pilus ABCD (prpABCD) operon, with A1S_2091 coding for the PrpA pilin
subunit. Unexpectedly, comparative analyses of ATCC 17978 and prpA isogenic mutant
cells cultured at 37°C showed the expression of light-regulated biofilm biogenesis and
motility functions under a temperature condition that drastically affects BlsA production
and its light-sensing activity. These assays also suggest that ATCC 17978 cells produce
alternative light-regulated adhesins and/or pilus systems that enhance bacterial adhesion
and biofilm formation at both 24°C and 37°C on plastic as well as on the surface of po-
larized A549 alveolar epithelial cells, where the formation of bacterial filaments and cell
chains was significantly enhanced. The inactivation of prpA also resulted in a significant
reduction in virulence when tested by using the Galleria mellonella virulence model. All
these observations provide strong evidence showing the capacity of A. baumannii to
sense light and interact with biotic and abiotic surfaces using undetermined alternative
sensing and regulatory systems as well as alternative adherence and motility cellular
functions that allow this pathogen to persist in different ecological niches.
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Acinetobacter bacteria are Gram-negative, aerobic, non-spore-forming bacteria that
do not require complex media for growth (1). Members of this genus, which

comprises more than 30 species (2), are present in the environment (3) and frequently
found in different food sources, even under refrigerated conditions or after irradiation
(4). They are also normal inhabitants of the human skin and are widely distributed in
hospital environments (5, 6). Not surprisingly, these microorganisms have been impli-
cated in a variety of food spoilage processes and human infections (7, 8). These diseases
involve a group of isolates represented by members of the “A. calcoaceticus-A. bau-
mannii (Acb) complex,” which are relevant to human health since they are associated
with intra- and extranosocomial infections worldwide (9). A. baumannii is the most
medically relevant member of the Acb complex since it has been associated with
hospital infections as well as community-acquired and injury infections, particularly
those caused after natural disasters or wound infections in military personnel deployed
to Iraq and Afghanistan (10). Furthermore, A. baumannii has been isolated from a wide
range of environmental sources and samples, including water and aquaculture envi-
ronments (11), soil (12), different food sources (13), animals (14, 15), and insects (16), all
of which could be reservoirs for this bacterium outside the hospital environment (10).
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As a facultative pathogen that lives in different ecological niches, A. baumannii uses
a wide range of extracellular signals to adapt to either an environmental or a host
lifestyle, with each style playing a critical role in the less understood life cycle and
ecology of this bacterium. Accordingly, our work and that of others showed that A.
baumannii senses and responds to extracellular signals, including iron limitation,
changes in salt concentrations, desiccation stress, and the presence of antibiotics and
disinfectants (17). These signals affect A. baumannii’s ability to interact with the host,
form biofilms on abiotic surfaces, and display motility on semisolid media (18–21).
However, these are only some of the numerous extracellular signals that modulate the
physiology of A. baumannii and its interaction with environments in which this micro-
organism is normally found. Thus, while we were studying the effects of factors such as
temperature and medium composition on the expression of some of the above-
mentioned phenotypes, we unexpectedly observed that A. baumannii senses and
responds to light by differentially affecting biofilm formation, motility, and the inter-
action with Candida albicans, a response that is widespread among different members
of the Acinetobacter genus (22–24). The ability of A. baumannii to sense and respond to
light when cultured at 24°C depends on the expression of blsA, a gene that codes for
a “short” photoreceptor that harbors an N-terminal blue-light sensing using flavin
(BLUF) domain, which binds the chromophore flavin adenine dinucleotide (FAD) but
lacks identifiable regulatory output motifs (24, 25). Albeit limited, there is some
understanding of the molecular interactions that play a role in the photosensing
functions exerted by BlsA (26). In contrast, almost nothing is known regarding the
mechanisms by which this protein works as a regulator and the cellular targets that it
affects in response to illumination.

In this report, we show that the light-regulated motility and biofilm and pellicle
formation responses displayed by A. baumannii ATCC 17978 (17978) depend on the
active expression of the photoregulated pilus assembly system PrpABCD in a BlsA-
mediated process when bacteria are cultured at 24°C. PrpABCD also proved to be
critical for the interaction of polarized A549 human alveolar epithelial cells with 17978
and the virulence of this strain to Galleria mellonella when tested at 37°C, a temperature
at which BlsA-mediated light regulation is lost because of a drastic reduction in blsA
expression and an alteration of the BlsA reversible photocycle at temperatures higher
than 30°C (24, 27). However, the ability of a 17978 prpA mutant to display light-
regulated surface motility and biofilm responses at 37°C indicates that undetermined
additional 17978 factors involved in these responses are controlled by light in a
BlsA-independent regulatory process that remains to be identified and characterized.

RESULTS
Identification of a light-regulated locus coding for a predicted type I pilus. Our

initial analysis of transcriptome sequencing (RNA-Seq) data collected from 17978 cells
cultured in swimming broth (SB) in the presence or absence of light (B. A. Arivett, S. E.
Fiester, C. C. R. Wood, and L. A. Actis, unpublished data) led to the identification of the
A1S_2088-A1S_2091 4-gene locus (Fig. 1A), in which the expression of all of its
components was significantly repressed when bacteria were cultured at 24°C under
illumination (see Table S1 in the supplemental material). The initial annotation of the
17978 genome describes A1S_2089 and A1S_2090 as genes coding for putative fimbrial
usher and P pilus assembly proteins, respectively (28). Our in silico analysis using several
bioinformatics tools, including Phyre2, predicted that (i) A1S_2091 is a 147-amino-acid
protein significantly related to type I fimbrial proteins, (ii) A1S_2090 is a 234-amino-acid
protein significantly related to fimbrial chaperone proteins, (iii) A1S_2089 is an 819-
amino-acid protein significantly related to type I fimbrial usher proteins, and (iv)
A1S_2088 is a 339-amino-acid protein significantly related to fimbrial tip adhesins.
Thus, we named this 4-gene cluster the photoregulated pilus ABCD (prpABCD) operon,
which has the potential for assembling a type I pilus in A. baumannii differentially
produced in response to illumination. Interestingly, BLAST searches proved that the
prpABCD operon is present in the genome of a large number of A. baumannii strains,
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and analysis of strain MAR002 showed that this biofilm-hyperproducing isolate harbors
a prpABCD homolog, which was annotated as the LH9211085-LH9211080-LH9211075-
LH9211070 operon (29). The prpABCD was also detected in the genomes of different
members of the Acinetobacter genus, including the clinical species A. gyllenbergii, A.
pittii, and A. nosocomialis and the environmental species A. calcoaceticus, A. oleivorans,
and A. nectaris.

Taken together, these observations, which are in agreement with our reports
describing light-regulated responses in A. baumannii and different members of the
Acinetobacter genus (23, 24), support the potential importance of PrpABCD in the
biology and physiology of a bacterium that has a remarkable ability to persist under
different environmental conditions.

Expression analysis of the prp locus. The prp locus is preceded by a 638-nucletide
intergenic region that separates prpA from A1S_2092, which is predicted to code for a PepN
homolog, and is followed by a 367-nucleotide (nt) intergenic region that separates prpD
from A1S_2087, a gene encoding a putative glutathione S-transferase (Fig. 1A). This
genomic structure together with the fact that prpA-prpB, prpB-prpC, and prpC-prpD are
separated by 72-, 9-, and 5-nucleotide intergenic regions, respectively, suggest that pr-

FIG 1 Genetic organization and expression analysis of the prpABCD operon. (A) In silico analysis of the A1S_2089-
A1S_2091 coding region. The horizontal arrows represent predicted coding regions and their direction of
transcription. Coding regions are identified by their original genomic annotation, the names assigned in this work,
and their predicted protein products. Numbers on the top of the vertical bars represent size in base pairs. The
location of the insertion of the Emr DNA cassette within prpA is indicated by the black triangle. The connected
vertical bars indicate primer locations and the lengths of cognate amplicons used to clone and mutagenize prpA,
construct the complementing vector pMU1269 (Table 1), test the expression of prpA by qRT-PCR, and determine
the polycistronic nature of the prpABCD operon. Numbers underneath the vertical bars identify primers listed in
Table S2 in the supplemental material. (B) qRT-PCR of prpA using RNA isolated from 17978 and 17978.OR cells
cultured in SB at 24°C under darkness or illumination. (C) qRT-PCR of prpA using RNA isolated from 17978 cells
cultured in SB at 37°C under darkness or illumination. recA was used as a constitutively expressed control gene.
Horizontal bars identify statistically different values (****, P � 0.0001), and error bars represent the standard errors
of each data set.
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pABCD is a polycistronic operon. This possibility was tested by reverse transcription-PCR
(RT-PCR) of total RNA isolated from 17978 wild-type bacteria cultured in darkness at 24°C.
Figure S1A in the supplemental material shows that the amplification of 17978 cDNA with
primers 4470 and 4615 resulted in the predicted 975-nucleotide amplicon encompassing
the 3= end of prpA and the 5= end of prpC. The size of this amplicon matches the size of the
amplicon obtained by using total DNA as a template. Similarly, PCR amplification of 17978
cDNA using primers 4471 and 4618 produced a 288-nucleotide amplicon linking the 3= end
of prpC with the 5= end of prpD, which matches the amplicon obtained with total DNA (Fig.
S1C). In contrast, no amplicons were produced when the same primer sets were used with
total RNA samples that were not reverse transcribed. The same results were obtained when
total RNA isolated from bacteria cultured in the presence of light was used as a template
(data not shown).

The initial RNA-Seq data showing that the prpABCD locus is differentially expressed
in response to light was further confirmed by RT-quantitative PCR (qRT-PCR) using recA
as a constitutively expressed internal control. Our RNA-Seq data show that there are not
significant differences in the transcription of recA in 17978 cells cultured under darkness
or illumination (Arivett et al., unpublished). This approach showed that the transcription
of prpA is increased about 2.2-fold in cells cultured in darkness compared to transcript
levels detected in bacteria cultured under illumination at 24°C (Fig. 1B). This observa-
tion together with the polycistronic nature of this pilus-encoding operon are in
agreement with our RNA-Seq data showing a significant reduction in the transcription
of all four prp coding regions in cells cultured in the presence of light compared to data
collected from cells cultured in darkness (Table S1). Since the BlsA photoreceptor
protein plays a critical role in 17978 light responses (24), the transcription of prpA was
further measured in the 17978 parental strain and the 17978.OR blsA::aph isogenic
derivative. Figure 1B shows that the insertion inactivation of blsA results in comparable
prpA transcriptional levels in bacteria cultured at 24°C in the presence and absence of
light.

Taken together, these results indicate that prpABCD is a polycistronic operon that is
differentially transcribed in response to light via a BlsA-mediated regulatory process
when bacteria are cultured at 24°C by a mechanism that remains to be determined.

Functional analysis of the prp locus in bacteria cultured at 24°C. The biological
role of the prpABCD locus was tested by using the isogenic 17978.prpA mutant (Table
1), which harbors the insertion of a DNA cassette coding for erythromycin (Em)
resistance (Emr) within a 61-bp prpA intragenic deletion (Fig. 1A) that resulted in the
predicted 800-nucleotide size increase compared with the 2.4-kbp parental amplicon
(see Fig. S2A in the supplemental material). As reported previously (24), the 17978
parental strain displayed surface motility when inoculated onto the surface of a
swimming agar (SA) plate incubated at 24°C in darkness (Fig. 2A). In contrast, only
growth at the inoculation site without detectable surface motility was observed when
the 17978.prpA derivative was tested under the same experimental conditions (Fig. 2A).
The effect of the prpA mutation was further examined by transmission electron
microscopy (TEM) of cells lifted from SA plates incubated in darkness at 24°C. Figure 3A
shows the presence of long and thin pili associated with bacteria located at the edge
of the motility zone. These pili, some of which formed bundles (Fig. 3B, white arrow),
were clearly detected in the area located immediately in front of the motility zone. In
contrast, none of the pilus structures produced by the parental strain could be detected
in 17978.prpA samples collected and analyzed under the same experimental conditions
(Fig. 3C).

Electroporation of the complementing vector pMU1269, a derivative of the
pWH1266 shuttle cloning vector that harbors the prpA parental allele expressed from
its native promoter (Table 1), into 17978.prpA mutant cells (17978.prpA.CV) significantly
increased surface motility (P � 0.05) albeit not to wild-type levels (Fig. 2A). This
response by 17978.prpA.CV cells could be due to a potential polar effect on the
expression of downstream coding regions because of the insertion of the Emr cassette
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within prpA. RT-PCR of RNA isolated from 17978.prpA cells with primer pairs 4470-4615
and 4471-4618 (Fig. 1A), which were used to determine the polycistronic nature of the
prpABCD operon (Fig. S1A and S1C), produced prpA-prpC and prpC-prpD intergenic
amplicons of the same sizes as those detected by using 17978 RNA as a template
(compare Fig. S1A and S1B and Fig. S1C and S1D, respectively). These results demon-
strate that the insertion of the Emr DNA cassette within prpA did not cause polar effects
on the prpBCD downstream coding regions. Alternatively, the reduced motility re-
sponse displayed by 17978.prpA.CV cells could be due to a gene dosage effect because
of the genetic complementation of this mutant with a plasmid copy of the prpA
parental allele. The qRT-PCR data shown in Fig. S1E prove that the electroporation of
pMU1269 indeed results in a 2.2-fold increase (P � 0.008) in prpA transcript levels
compared with the parental 17978 strain. Thus, the higher copy number of prpA in the
complemented strain most likely affects the stoichiometry of the PrpABCD protein
components needed for proper motility functions. As expected from our previous
observations (24), 17978 cells displayed no motility when SA plates were incubated at
24°C under illumination, a response that was also observed with 17978.prpA and
17978.prpA.CV bacteria (Fig. 2B). The motility phenotype of the 17978.prpA.EV strain,

TABLE 1 Bacterial strains and plasmids used in this study

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

Strains
A. baumannii

ATCC 17978 Clinical isolate ATCC
17978.OR blsA::aph derivative of ATCC 17978; Kmr 24
17978.prpA prpA::ermAM derivative of ATCC 17978; Emr This work
17978.prpA.EV prpA mutant harboring pWH1266; Emr Tetr This work
17978.prpA.CV prpA mutant harboring pMU1269; Ampr Emr Tets This work

E. coli
DH5� DNA recombinant methods Gibco-BRL
Top10 DNA recombinant methods Life Technologies

Lactococcus lactis subsp. cremoris Strain MG1363 harboring pIL252; Emr H. Smidt and T. Kruse

Plasmids
pCR8-TOPO Gateway cloning vector; Spr Life Technologies
pEX100T Suicide vector for allelic exchange; Ampr ATCC
pIL252 Cloning vector; source of ermAM encoding Emr H. Smidt and T. Kruse
pWH1266 A. baumannii-E. coli shuttle vector; Ampr Tetr 42
pMU1135 pCR8-TOPO harboring prpA; Spr This work
pMU1142 pCR8-TOPO harboring prpA::ermAM; Spr Emr This work
pMU1143 pEX100T harboring prpA::ermAM; Ampr Emr This work
pMU1269 pWH1266 harboring prpA; Ampr Tets This work

aAmpr, ampicillin resistance; Emr, erythromycin resistance; Kmr, kanamycin resistance; Spr, spectinomycin resistance; Tetr, tetracycline resistance; Tets, tetracycline
sensitivity.

FIG 2 Role of PrpA in surface motility at 24°C. Cells of the parental strain (17978) and the prpA insertion
mutant (prpA) and its complemented derivative (prpA.CV) were surface inoculated onto SA plates and
incubated at 24°C under darkness (A) or illumination (B). Horizontal bars in panel A represent statistically
different values (****, P � 0.0001; ***, P � 0.001) between cognate samples, and error bars represent the
standard errors of each data set.
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which was electroporated with the empty vector pWH1266, was comparable to that
displayed by the 17978.prpA mutant when tested under the same experimental con-
ditions (data not shown). Taken together, these results show that the PrpABCD pilus
assembly system is required for 17978 bacterial cells to display motility on a semisolid
surface in the absence of light. Growth analysis of the 17978 parental strain and the
prpA derivative proved that the insertion inactivation of this coding region did not

FIG 3 TEM analysis of samples collected from the surface of SA plates. (A and B) TEM grids were placed
substrate-side down on 17978 cells at the edge of the motility zone (A) or immediately in front of this
zone, where cells were not visible (B). (C) Micrograph of cells lifted from the edge of the colony formed
by the nonmotile 17978.prpA mutant. The white arrows in panels A and B identify pili attached to
bacterial cells as well as pili present in front of the motility zone. Plates were incubated overnight at 24°C
under darkness. Images are representative of at least three fields of view for each sample at a �50,000
magnification.
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result in significant growth defects when the strains were cultured in SB (Fig. S2B) or
Luria-Bertani (LB) broth (data not shown) without selective pressure.

Biofilm assays showed that 17978 cells were able to form readily detectable pellicles
on the surface of SB cultures statically incubated at 24°C in darkness (Fig. 4A). In
contrast, 17978.prpA cells produced no detectable pellicles when incubated under the
same experimental conditions. As expected from our previous observations (24), illu-
mination resulted in no detectable pellicle formation by cells of the 17978 parental
strain as well as by cells of the 17978.prpA mutant when the SB cultures were statically
incubated in the presence of light (data not shown).

The biofilm assays showed that the inactivation of prpA significantly affected biofilm
biogenesis on plastic, with 2.5-fold and 3.0-fold increases under illumination and
darkness, respectively, when the 17978 and 17978.prpA strains were compared side by
side under the same experimental conditions (Fig. 4B). Genetic complementation of the
17978.prpA derivative with a plasmid copy of the prpA parental allele reduced biofilm
formation to levels comparable to those produced by 17978 under illumination but
lower than those produced by the parental strain under darkness. The latter response
could also be due to a prpA gene dosage effect that affects the proper stoichiometry
and function of the PrpABCD pilus assembly system.

Scanning electron microscopy (SEM) analysis of plastic coverslips semisubmerged in
SB inoculated with 17978 bacteria showed that this strain produced denser and
more-structured biofilms under darkness than under illuminated conditions, particu-
larly at the liquid-air interface (Fig. 5A). A similar outcome was detected with the
17978.prp strain, which covered the surface of the coverslips with a more uniform and
denser layer of cells at the liquid-air interface when incubated in darkness (Fig. 5A). This
analysis also showed that overall, the 17978.prp insertion derivative produced more
biofilm than the 17978 strain under both darkness and illumination, an observation that
matches the biofilm data collected by using standard crystal violet assays, as shown in
Fig. 4B.

Taken together, these observations underscore the positive roles that the prpABCD
locus and the products that it codes for play in the capacity of 17978 cells to
differentially display surface motility and produce pellicles at the surface of static broth
cultures incubated at 24°C. On the other hand, the biofilm results indicate that cellular
products other than those coded for by prpABCD could be responsible for the light-
mediated responses shown in Fig. 4B.

Functional analysis of the prp locus in bacteria incubated at 37°C. Considering
that the interaction of A. baumannii with the human host occurs mostly at 37°C, we
determined whether the prpABCD operon plays a role when bacterial cells are incu-

FIG 4 Role of PrpA in pellicle and biofilm formation in response to illumination at 24°C. (A) Pellicle
formation by the parental strain (17978) and the prpA insertion mutant (prpA) on the surface of SB
cultures statically incubated at 24°C in darkness. (B) Biofilm formation by the same two strains and the
complemented prpA derivative (prpA.CV) on microtiter plate wells statically incubated at 24°C under
darkness or illumination. Horizontal bars identify statistically different values (**, P � 0.01; ***, P � 0.001),
and error bars represent the standard errors of each data set.
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bated at this temperature. Surface motility assays showed that 17978 cells displayed
comparable high-motility responses on SA plates incubated 37°C in the presence and
absence of light (Fig. 6A). These responses are in accordance with the finding that the
transcriptional levels of prpA were not significantly different in cells cultured in darkness
and those cultured under illumination (Fig. 1C). Altogether, these results reinforce the
correlation between the light-regulated expression of the prpABCD operon and the
consequent differential display of surface motility on a semisolid surface, which was
apparent when bacteria were cultured at 24°C but not at 37°C.

In contrast to the parental strain, 17978.prpA cells showed no motility and about half
of the motility displayed by 17978 parental cells when the SA plates were incubated in
the presence and absence of light, respectively (Fig. 6A). Electroporation of 17978.prpA

FIG 5 SEM analysis of biofilms formed on plastic. Plastic coverslips were semisubmerged in SB inoculated with 17978 or prpA bacteria
and statically incubated at 24°C (A) or 37°C (B) under illumination (L) or darkness (D) for 96 h or 48 h, respectively. Samples were fixed,
gold coated, and examined by SEM. Images taken above, at, and below the air-liquid interface are representative of at least three fields
of view for each sample at a �5,000 magnification.
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cells with pMU1269, a pWH1266 derivative harboring a copy of the prpA parental allele,
fully restored motility in the absence of light and significantly increased the motility
response to illumination compared to the prpA mutant although not to the levels
displayed by the 17978 parental cells (Fig. 6A).

Crystal violet assays of biofilms formed on plastic surfaces using cells cultured in SB
at 37°C showed that the 17978 parental strain and the prpA mutant formed more
biofilm in darkness than under illuminated conditions, although the amounts of biofilm
produced by these two strains under illumination and darkness were not significantly
different from each other (Fig. 6B). Genetically complemented 17978.prpA.CV cells
displayed the same response as 17978 parental and 17978.prpA cells under illumination
and significantly reduced biofilm formation when cultured in darkness (Fig. 6B). Further
analysis of biofilms using SEM supports the data collected with crystal violet assays. The
17978 strain formed biofilms with more complex structures under darkness than in the
presence of light, mainly at the liquid-air interface (Fig. 5B). Interestingly, 17978.prpA
cells formed more biofilms under darkness not only at the liquid-air interface but also
above and below this interface than in samples of this strain cultured under illumina-
tion. Overall, the SEM results support the data collected with standard crystal violet
assays shown in Fig. 6B. Although not shown, incubation of the 17978 parental strain
and the 17978.prpA derivative in SB at 37°C resulted in nondetectable formation of
pellicles on the surface of SB in either the presence or absence of light.

Taken together, these results not only reveal the importance of the PrpABCD pilus
system in surface motility and biofilm biogenesis but also suggest the expression of
alternative light-regulated motility and biofilm mechanisms when 17978.prpA cells are
cultured at 37°C.

Contribution of the prp locus to virulence. The virulence role of the 17978
PrpABCD pilus assembly system was tested by using the ex vivo polarized A549 human
alveolar epithelial cell system and the in vivo G. mellonella experimental infection model
that we used previously to examine the role of A. baumannii factors and products in its
pathophysiology (18, 29). Infection of polarized A549 cells with 17978 bacteria resulted
in remarkable damage to the cells and the disappearance of the surfactant layer that
covers their surfaces, which was readily detectable on polarized cells cultured under
sterile conditions (compare Fig. 7A with B to D). Furthermore, 17978 bacteria formed
clusters, filaments, and cell chains attached to the surface of damaged A549 cells (Fig
7B and C, aqua, yellow, and red arrows, respectively). Examination at higher magnifi-
cation showed that some of the bacterial filaments were formed by incomplete or a

FIG 6 Role of PrpA in surface motility and biofilm formation in response to illumination at 37°C. (A) Cells
of the parental strain (17978) and the prpA insertion mutant (prpA) and its complemented derivative
(prpA.CV) were surface inoculated onto SA plates and incubated at 37°C in the presence or absence of light.
(B) Biofilm formation by the same three strains on microtiter plate wells statically incubated at 37°C under
darkness or illumination. Horizontal bars identify statistically different values (****, P � 0.001), and error bars
represent the standard errors of each data set.
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lack of cell division, while chains were formed by bacterial cells attached by their ends
(Fig. 7C, yellow and red arrows, respectively). Infection with the 17978.prpA insertion
derivative resulted in apparent A549 cell damage, with bacterial clusters attached to
damaged cells, as well as the formation of areas covered by a dense layer of bacterial
filaments (Fig. 7D, pink and red squares, respectively). Examination at higher magnifi-
cation showed that, as shown for the 17978 strain, cell chains were formed by bacteria
attached by their ends, while filaments were formed by incomplete or a lack of cell
division, with the latter being the predominant structures (Fig. 7E and F, red and yellow
arrows, respectively).

Infection of G. mellonella larvae, which were incubated for 5 days at 37°C after
injection with cells of the 17978 strain, resulted in a survival rate of 47.5%. This rate is
significantly lower (P � 0.05) than the rates displayed by noninjected larvae or larvae
injected with the same volume of sterile phosphate-buffered saline (PBS) (Fig. 8). Figure

FIG 7 Role of PrpA in A549 cell-bacterium interactions. Shown are SEM micrographs of uninfected (sterile) polarized A549 human alveolar epithelial cells (A)
or polarized cells infected with bacteria of the 17978 strain (B and C) or the prpA insertion derivative (D to F) and incubated for 48 h at 37°C in the presence
of 5% CO2. The green and white boxes in panel A identify the surface of a healthy A549 cell and the mucin layer covering the cells when cultured under sterile
conditions, respectively. The red and pink boxes in panel D identify areas covered by a layer of bacterial filaments and areas where the mucin layer was
degraded upon bacterial infection, respectively. The aqua arrows in panels B and C identify bacterial clusters attached to damaged epithelial cells. The yellow
and red arrows in panels B, C, E, and F identify bacterial filaments and bacterial chains attached to A549 cell surfaces, respectively.

FIG 8 Role of PrpA in virulence. G. mellonella larvae (n � 40 per experimental condition) were injected
with 105 bacterial cells of the 17978 parental strain or the prpA isogenic insertion derivative. Larvae
injected with sterile PBS and noninjected larvae were used as negative controls. Larvae were incubated
at 37°C and assessed for death at 24-h intervals over 5 days, with the removal of dead larvae at times of
inspection. The asterisk below the prpA line data indicates a P value of �0.05 compared with the data
representing the virulence response of 17978.
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8 also shows that infection of caterpillars with 17978.prpA bacteria resulted in an 82.5%
survival rate, which is significantly higher (P � 0.05) than the rates scored with larvae
infected with cells of the 17978 parental strain but comparable to the survival rates
displayed by the negative controls.

Taken together, these observations indicate that the PrpABCD pilus assembly
system plays a role in the interaction of host cells with 17978 and its virulence when
tested with two experimental models already used to study A. baumannii virulence (17).

DISCUSSION

Our original report describing the unexpected ability of A. baumannii ATCC 17978 to
respond to light showed that this ubiquitous environmental signal controls surface
motility, biofilm biogenesis, and virulence through the function of BlsA, a “short”
BLUF-containing photoreceptor (24). The fact that the molecular and cellular factors
involved in these light-regulated responses are mostly unknown prompted us to
identify and characterize some of these factors and associated responses in more detail
using RNA-Seq data as a guide. This approach (see Table S1 in the supplemental
material) together with qRT-PCR analyses (Fig. 1B) resulted in the identification of
prpABCD, a polycistronic operon coding for a predicted type I pilus assembly system,
the expression of which was significantly increased under darkness by an uncharacter-
ized regulatory mechanism that depended on the production of active BlsA when cells
were cultured at 24°C in SB (Fig. 1C). Such a response strongly indicates that the effect
of light on surface motility could be associated with the expression of this operon when
cells are incubated under the above-mentioned conditions. This hypothesis is fully
supported by the failure of the 17978.prpA derivative, which harbors a deletion-
insertion that removed an internal region of this gene, to display surface motility on SA
plates incubated at 24°C in darkness (Fig. 2). Furthermore, the comparative analysis of
17978 and 17978.prpA cells lifted from SA plates incubated under the above-mentioned
conditions using TEM showed that prpA inactivation abolishes the production of long
and thin pilus structures detected only in the 17978 samples (Fig. 3). Interestingly, the
prpA mutation also resulted in a significant reduction in the presence of vesicle-like
structures that were readily apparent in the 17978 samples. Currently, it is not known
whether these structures play a role in surface motility and/or any aspect of A.
baumannii pathophysiology. The lack of motility of the parental strain, the 17978.prpA
mutant, and the 17978.prpA.CV derivative when cultured at 24°C under illumination is
not surprising considering our initial observation that light drastically reduces this
cellular response (24). Altogether, these results not only demonstrate the effect of light
on the differential expression of the prpABCD operon but also provide novel insights
into the cellular factors and the mechanism by which a microorganism is able to move
on the surface of a semisolid medium in spite of a genus name that derives from the
Greek term “akineto,” which denotes a lack of motility.

The pellicle and biofilm biogenesis responses suggest different relationships between
these two cellular responses and motility (Fig. 4). In the case of pellicle formation, it is
apparent that this relationship is direct, since the inactivation of prpA drastically reduced
this cellular response, a behavior that most likely depends on the ability of bacterial cells to
migrate toward the liquid-air interface by a mechanism that so far has not been described
for any member of the Acinetobacter genus. The role of PrpA, and predictably the entire
PrpABCD pilus assembly system, in pellicle formation is further supported by the identifi-
cation of PrpA as a component of the proteins embedded in the matrix of pellicles formed
by 17978 cells statically cultured at 25°C in Mueller-Hinton broth or T broth (30). Taken
together, our surface motility and pellicle formation results provide strong support for the
potential involvement of the PrpABCD pili in A. baumannii motility functions, which remain
to be understood at the functional and cellular levels.

In contrast to pellicle formation at 24°C, the relationship between motility and
biofilm formation on an abiotic surface is inverse; nonmotile 17978.prpA bacteria
formed more biofilms on plastic, under both illumination and darkness, when tested by
using crystal violet assays (Fig. 4B). This observation is supported by data from SEM
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analyses, which showed that 17978.prpA bacteria form more-uniform and denser
biofilms at the liquid-air interface under illumination and darkness, respectively, than
17978 (Fig. 5A). This outcome could be due to a decrease in motility and the conse-
quent increased sessility that results in enhanced bacterial adherence and biofilm
development, as reported previously for other bacteria (31–33). Alternatively, the
absence of prpABCD-mediated pili could facilitate or trigger the interaction of 17978
bacteria with solid substrates through additional or alternative light-regulated ad-
hesins. The annotation of additional 17978 putative pilus assembly systems, including
the A1S_0690-A1S_0695 and A1S_1507-A1S_1510 operons, and predicted pilus pro-
teins, such as A1S_3167 (PilY1) and A1S_3177 (fimbrial protein), lends support to this
possibility, which remains to be tested experimentally.

The studies conducted at 37°C resulted in particularly interesting and novel infor-
mation, since they showed that light still controls cellular functions under conditions
that have a negative impact on BlsA’s production and function. Our original report
describing light-regulated responses in A. baumannii ATCC 17978 showed that the
incubation of bacteria at 37°C resulted in the constitutive expression of surface motility
and biofilm biogenesis on plastic (24). This response could be attributed to the
significantly reduced constitutive transcription of blsA in cells cultured at this temper-
ature (24). The negative effect of a temperature of 37°C on blsA transcription was
recently confirmed by work reported by Abatedaga et al. (27), which also showed the
predicted reduction in BlsA production as well as the observation that temperatures
higher than 30°C significantly impair the photocycle of purified BlsA protein. Thus, the
ability of the 17978 parental strain incubated at 37°C to produce comparable surface
motility responses in the presence and absence of light under the conditions described
in this report (Fig. 6A) is in accordance with all the above-mentioned observations
regarding the effect of temperature on BlsA production and activity and the conse-
quent constitutive expression of the PrpABCD pilus assembly system (Fig. 1C). Con-
versely, the ability of 17978.prpA cells to display light-regulated motility at 37°C was an
unexpected response that has relevant functional and regulatory implications. First, the
expression of light-regulated motility at 37°C by 17978.prpA (Fig. 6A) strongly indicates
that this cellular response involves additional motility functions that are not operational
at 24°C, since this mutant is nonmotile at this temperature under darkness or light (Fig.
2A). Second, considering the observation that the amounts of biofilm produced by the
17978 parental strain under darkness and illumination are similar to those produced by
the 17978.prpA mutant, it is possible to speculate that the same cellular component
and/or process is responsible for the biofilm responses shown in Fig. 6B. Third, the
detection of light-regulated responses by the 17978 parental strain and the isogenic
17978.prpA strain under temperature conditions that negatively affect the production
of BlsA and its photoreceptor activity (Fig. 6) strongly indicates that an alternative and
uncharacterized photodetection and regulatory system must be operational when A.
baumannii cells persist and/or grow at 37°C. Taking into account all these observations,
it is tempting to speculate that the BlsA-mediated system is one of the mechanisms
that A. baumannii uses to persist outside the host in nosocomial environments at
temperatures lower than 37°C, while at least one different light-dependent regulatory
system, which remains to be identified and characterized, is responsible for the capacity
of this pathogen to adapt to and persist under higher-temperature conditions imposed
by the human host.

Our data also suggest that A. baumannii is capable of producing different adhesins
and pilus assembly systems in response to changes in environmental conditions. This
possibility is supported by our previous reports showing that an A. baumannii ATCC
19606T derivative deficient in the expression of the CsuAB-A-B-C-D-E chaperone-usher
pilus assembly system does not produce pili and does not to attach to and develop
biofilms on plastic when cultured in LB broth at 37°C (21, 34). However, the inactivation
of this system enhanced rather than abolished the adherence of the ATCC 19606T

Csu-deficient mutant to A549 monolayers and sheep erythrocytes compared to the
parental strain (35). Furthermore, the Csu mutant produced an increased amount of
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thin and short pili compared with the ATCC 19606T parental strain, whose surface
contained thin and short as well as long pilus-like structures (35). Thus, several
uncharacterized sensory and regulatory functions, in addition to those mediated by
BlsA, should be involved in these adaptive responses, which allow facultative patho-
gens, such as A. baumannii, to respond to different extracellular cues that they
encounter throughout their life cycles.

The A. baumannii MAR002 biofilm hyperproducer clinical isolate is among the strains
that harbor a homolog of the prpABCD operon, which was annotated as the
LH92_11070-LH92_11085 4-gene cluster (29). That report (29) showed that LH92_11085
and its 17978 prpA homolog were significantly overexpressed in biofilm cells compared
to planktonic bacteria of the cognate strains cultured at 37°C. That observation indi-
cates that the expression of the prpABCD operon is controlled not only by light but also
by the bacterial lifestyle. It is interesting to note that the analysis of the MAR002 Δ11085
derivative, which harbors a partial LH92_11085 deletion, resulted in functional out-
comes that were similar to as well as different from those that we observed with the
17978.prpA derivative. The MAR002 Δ11085 derivative produced less rather than more
biofilms on plastic as well as on the surface of polarized A549 cells than the parental
strain, without detectable formation of filamentous bacteria as we observed with the
17978 strain and particularly the 17978.prpA derivative (Fig. 7). In contrast, the polarized
A549 cell culture model showed that the inactivation of LH92_11085 reduced the
virulence of MAR002 against host cells (29), a response that parallels our data collected
with the G. mellonella experimental infection model. This virulence model showed that
the rates of survival of caterpillars infected with the 17978.prpA mutant were not only
significantly higher than those displayed by larvae infected with the 17978 parental
strain but also comparable to those of the negative controls (Fig. 8). Overall, these
observations indicate that the 17978 PrpABCD system and its MAR002 LH92_11070-
LH92_11085 homolog play a role in the physiology and virulence of A. baumannii.
However, some of the biological roles associated with these pilus assembly systems,
such as adherence and biofilm biogenesis, seem to be strain specific, a phenomenon
that has been described for other A. baumannii traits, including the different effects of
mutations in genes coding for the same antimicrobial resistance functions in different
clinical isolates (36–38). Furthermore, it is important to note that A. baumannii MAR002
was classified as an ST271 genotype isolate that is not related to any of the high-biofilm
producers reported and does not map to any international clonal lineage (29). Whether
these taxonomical differences or the potential ability to differentially express distinct
adhesins and biofilm functions under different conditions is responsible for the distinct
MAR002 phenotypes compared to those of 17978 is a possibility that remains to be
explored.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. All bacterial strains and plasmids used in this

work are listed in Table 1. Bacterial strains were routinely maintained and cultured on Luria-Bertani (LB)
agar or broth (39), unless otherwise indicated, and supplemented with the appropriate antibiotics. All
cultures were grown at 37°C for 16 to 18 h (overnight) or at 24°C under dark or illuminated conditions
as described previously (24).

General DNA procedures. A commercial kit (Qiagen) and a phenol-based method adapted from the
one described previously by Barcak et al. (40) were used to isolate plasmid and total DNA, respectively.
DNA was amplified with DNA polymerases and digested with restriction enzymes as indicated by the
supplier (New England BioLabs). Automated DNA sequencing using BigDye-based chemistry (Life
Technologies) was performed prior to subcloning reactions and electroporation using primers supplied
with cloning vector kits (Life Technologies) or custom-designed primers (Integrated DNA Technologies)
listed in Table S2 in the supplemental material.

Construction and complementation of a 17978 prpA::ermAM isogenic insertion derivative. A
2.4-kb genomic fragment including the prpA coding region and 1-kb up- and downstream flanking
regions were PCR amplified by using Taq DNA polymerase and primers 4151 and 4152 (Fig. 1A; see also
Table S2 in the supplemental material). This amplicon was ligated into pCR8-TOPO, generating pMU1135
(Table 1), which was further confirmed by automated DNA sequencing. Inverse PCR of pMU1135 with
Phusion DNA polymerase and primers 4153 and 4154 (Table S2), which anneal within the prpA coding
region and result in a 61-bp intragenic deletion, were used to generate an amplicon that was ligated into
the Lactococcus lactis pIL252 ermAM cassette, which codes for erythromycin resistance (Emr) (Table 1).

A. baumannii PrpABCD Pilus System Infection and Immunity

September 2018 Volume 86 Issue 9 e00442-18 iai.asm.org 13

http://iai.asm.org


Phusion DNA polymerase and primers 4100 and 4101 (Table S2) were used to PCR amplify the ermAM
cassette from pIL252. The resulting pMU1142 derivative harboring the prpA::ermAM fragment (Table 1)
was PCR amplified by using primers 4151 and 4152 (Fig. 1A and Table S2). The amplicon was ligated into
pEX100T, which was previously digested with SmaI, generating pMU1143 (Table 1). This plasmid was
then electroporated into electrocompetent 17978 cells as described previously (41). Gene disruption
mutants were selected based on their erythromycin and sucrose resistance phenotypes. PCR using
primers 4151 and 4152 (Fig. 1A and Table S2) was performed to verify the mutation by allelic exchange
in the 17978.prpA isogenic derivative (Fig. 1A and Table 1). The nature of this mutant was further
confirmed by automated DNA sequencing.

For complementation studies, a 662-nt chromosomal region encompassing the prpA wild-type allele
and its promoter region was PCR amplified from 17978 total genomic DNA with Q5 high-fidelity DNA
polymerase (New England BioLabs) using primers 4413 and 4465 (Fig. 1A and Table S2), each flanked
with BamHI restriction sites, and cloned into the cognate site of the A. baumannii-Escherichia coli shuttle
vector pWH1266 (42) to generate the pMU1269 complementing plasmid (Table 1). This plasmid, which
was checked by automated DNA sequencing, was electroporated into 17978.prpA electrocompetent
cells, and the resulting 17978.prpA.CV transformants (Table 1) were selected on LB agar plates containing
500 �g/ml ampicillin (Amp) and 20 �g/ml Em. The 17978.prpA.EV derivative harboring the empty
pWH1266 shuttle vector (Table 1) was used as a negative control.

RNA isolation and transcriptional analysis of prpABCD. Three independent cultures of the 17978
parental strain and the blsA (17978.OR) mutant were grown in 25 ml of swimming broth (SB) (10 g/liter
tryptone, 5 g/liter NaCl) at 24°C or 37°C under illumination or darkness until an optical density at 600 nm
(OD600) of 0.8 was reached. Bacterial cells were collected by centrifugation, and total RNA was isolated by
using the Direct-Zol Miniprep Plus kit (Zymo Research) according to the manufacturer’s protocol. Following
treatment with DNase I (Invitrogen), RNA quality was assessed by using the Bioanalyzer 2100 system and the
RNA Pico 6000 kit (Agilent Technologies). cDNA used for RT-PCR and qRT-PCR assays was synthesized by using
the iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s protocol. Briefly, 100 ng of DNA-free
total RNA isolated from 17978 cells cultured as described above was used as the template with random
hexamer primers and the following cycling conditions: priming for 5 min at 25°C, reverse transcription for 20
min at 46°C, and inactivation for 1 min at 95°C.

RT-PCR was performed by using the cDNA samples described above as the template and primer pairs
4470-4615 and 4471-4618, which link the prpA-prpC and prpC-prpD coding regions, respectively (Fig. 1
and Table S2), to determine the predicted polycistronic nature of the prp operon and the potential polar
effect of the insertion of the ermAM cassette under the following conditions: initial denaturation at 95°C
for 3 min, denaturation at 95°C for 30 s, annealing for 30 s, and extension for 1 min at 72°C. The
denaturation, annealing, and extension steps were repeated for 29 more cycles, followed by a final
extension step for 5 min at 72°C. The level of production of the predicted amplicons was determined by
ethidium bromide agarose gel electrophoresis (39). Amplification of total RNA without reverse transcrip-
tion was used as a negative control.

The differential transcription of prpA was measured by qRT-PCR using cDNA synthesized from
DNA-free total RNA isolated from cells of the 17978 parental strain, the 7978.OR blsA mutant, and
the 17978.prpA.CV derivative cultured under illumination or darkness as described above and
primers 4419 and 4420 (Fig. 1A and Table S2) under experimental conditions described previously
(43). Primers 4488 and 4489 (Table S2) were used to detect the transcription of an internal fragment
of the recA housekeeping gene, which was used as a constitutively expressed gene. Triplicates of
three independent biological samples were used to statistically validate the data collected for each
tested strain.

Bacterial growth analysis. Fresh bacterial cultures of 17978 and the prpA insertion derivative were
passaged from LB agar plates to LB broth and grown overnight at 37°C in a shaking incubator set at 200
rpm. Bacterial cultures were then diluted 100 times into fresh SB and transferred to a 96-well microtiter
plate. OD600 measurements were recorded hourly for 24 h at 37°C in a shaking plate reader (BioTek
Instruments, Inc.), using two independent biological samples in six technical replicates.

Motility assays. Fresh bacterial cultures grown on LB agar plates supplemented with antibiotics
when necessary were used to inoculate the surface of swimming agar (SA) (SB containing 0.3% agarose)
plates and incubated overnight at 24°C or for 16 to 18 h at 37°C as described previously (24). Motility
assays were performed in triplicate using three independent biological samples each time. The surface
motility area of each replicate was measured by using the ImageJ image-processing program (National
Institutes of Health).

Transmission electron microscopy. Bacterial cells were inoculated onto the surfaces of SA plates
that were incubated overnight at 24°C in darkness. Freshly prepared carbon-coated, nitrocellulose-
substrated TEM grids were placed substrate side down at the edge or immediately in front of the motility
zone to analyze the 17978 strain. Grids were placed at the edge of the colony formed by the nonmotile
179878.prpA mutant. The grids were carefully removed and negative stained with 5 �l of 1.5% (wt/vol)
ammonium molybdate for 5 min. The grids were then wicked dry with filter paper and allowed to air dry.
Images were captured at 120 kV with a JEOL 1200-EX II TEM instrument.

Biofilm and pellicle assays. Fresh bacterial cultures of 17978 and the prpA mutant were grown in SB
overnight with shaking at 37°C. To assess pellicle formation, cultures grown overnight were diluted 1:100 into
fresh SB, and 1 ml of each diluted culture was inoculated into glass tubes, which were incubated statically at
24°C or 37°C for 96 h or 48 h, respectively, as reported previously (24). The formation of pellicles on the surface
of liquid cultures was assessed visually. To assess biofilm formation, bacterial cultures were prepared as
described above, and 200 �l of each strain was inoculated into 96-well microtiter plates. Plates were
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incubated at 24°C for 96 h or at 37°C for 48 h without shaking. Each incubation was performed in light or
darkness, for a total of four different conditions for each culture. Biofilms were quantified by crystal violet
staining as described previously (21). Biofilm experiments were performed in duplicate, using fresh biological
samples for each experiment.

To examine biofilm structures formed on plastic surfaces, three independent fresh SB cultures of
17978 or the isogenic prpA derivative grown overnight at 37°C were diluted 1:100, and 5 ml of each
diluted culture was inoculated into 50-ml conical tubes. A sterile plastic coverslip was placed semisub-
merged into each tube, as described previously (44). All cultures were incubated statically at either 24°C
for 96 h or 37°C for 48 h in light or darkness. Coverslips were recovered from each 50-ml conical tube,
washed, processed, and examined by scanning electron microscopy (SEM) on a Zeiss Supra 35 VP
microscope as described previously (44).

Infection of polarized A549 human alveolar epithelial cells. A549 cells were polarized and
infected with bacteria cultured in LB broth as described previously (45), using 106 bacteria/ml, and
incubated for 48 h at 37°C in the presence of 5% CO2. All polarized cell samples were fixed after 48 h of
infection and analyzed by SEM as described previously (44). Polarized cell assays were performed in
duplicate under each condition, using different biological samples each time.

Galleria mellonella virulence assays. Fresh cultures of 17978 or the prpA mutant were passaged
from LB agar plates and grown overnight in LB broth without antibiotics. Cells were harvested by
centrifugation, washed twice in a sterile phosphate-buffered saline (PBS) solution, and then resuspended
in 1 ml PBS. Bacterial cells were standardized to an OD600 of 0.5, which corresponded to 108 bacterial
cells/ml. Healthy G. mellonella larvae weighing between 250 and 300 mg, which were previously sorted
into groups of 10 based on yellow coloration and high activity, were injected with 5 �l of either the
17978 parental strain or the prpA mutant. Control groups included larvae inoculated with 5 �l sterile PBS
to account for physical trauma caused by the injection process or larvae that were not injected to confirm
larva viability throughout the experiment. Infected and control larvae were stored for 5 days at 37°C in
a humidified chamber and assessed for death at 24-h intervals. Death events were based on a lack of
movement and melanization, as described previously (18). If more than two deaths occurred in the
control groups, the experiment was discarded and repeated. Kaplan-Meier survival curves were plotted
by using GraphPad Prism 7, and log rank tests were performed by using the statistical analysis tools
included with GraphPad Prism software. A total of four replicates per experimental condition (n � 40)
were used to validate the experimental data. P values of �0.05 were considered statistically significant
for the log rank test of survival curves (SAS Institute, Inc., Cary, NC).

Statistics. The GraphPad 7 InStat software package (GraphPad Software, Inc.) was used to analyze
the statistical significance of data sets by Student’s t test or analysis of variance (ANOVA) as appropriate
for each experiment. P values of �0.05 were considered statistically significant for all above-mentioned
assays. Error bars represent the standard errors for each data set shown in the figures.
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