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For several decades, many bacteria, among which A. bau-
mannii, have shown their ability to colonize the upper
surface of static liquids, forming a biofilm at the air-liquid
interface named pellicle. Despite the ubiquity of these
pellicles in both natural and artificial environments, few
studies have investigated this biofilm type. The present
data set provides the first description of the whole pro-
teome of A. baumannii cells grown as pellicle, using a
label-free mass spectrometry approach. Results are in
accord with the general findings reporting that sessile
bacteria are far more resistant to detrimental conditions
than their planktonic counterparts, by the accumulation of
stress proteins. The present investigation also confirmed
previous studies suggesting a correlation between the
pellicle forming ability and the bacterial virulence. Indeed,
we showed the up-regulation of numerous virulence fac-
tors during the pellicle growth, e.g. phospholipases, ad-
hesion factors, as well as those of the GacAS Two-Com-
ponent System (TCS) and Type 6 Secretion System (T6SS).
We also highlighted that Bam and Tam systems, both
related to the OM insertion machinery, play a critical role
during pellicle biogenesis. Moreover, sessile bacteria
activate several pathways, e.g. iron, magnesium, phos-
phate pathways, which allows for increasing the panel
of nutrient sources. Molecular & Cellular Proteomics
16: 10.1074/mcp.M116.061044, 100–112, 2017.

Acinetobacter baumannii is a member of the ESKAPE group
of bacterial pathogens (Enterococcus faecium, Staphylococ-
cus aureus, Klebsiella pneumoniae, A. baumannii, Pseudomo-
nas aeruginosa, and Enterobacter sp.) (1), responsible for a
majority of hospital-acquired infections. This Gram-negative
pathogenic bacterium has become an important human
pathogen owing to both an increasing number of infections
and an emergence of multidrug-resistant (MDR) strains (2). A.

baumannii infections occur mostly in intensive care units and
cause severe nosocomial infections including pneumonia,
bacteremia, endocarditis, skin and soft tissue infections,
urinary tract infections, or meningitis (3–5). A. baumannii is
known for its long-time survival in hospital settings because of
its great ability to survive desiccation (6), oxidative stress (7),
or treatment with disinfectants (8). This persistence is mostly
linked to its capacity to form biofilms (9–11). Indeed, MDR
clinical isolates showed a high ability to form biofilm, which
was positively associated with a capability to adhere to hu-
man bronchial epithelial cells (12, 13).

Biofilms are structured communities of bacteria encapsu-
lated within a polymeric matrix formed by extracellular poly-
meric substances (EPS)1, e.g. exopolysaccharides, proteins,
nucleic acids, and other substances (14). This matrix acts as
a protective layer and creates an optimal environment for
genetic material exchange between the microorganisms (15).
The dynamics of the transition between planktonic and biofilm
growth modes occur in response to different hostile environ-
mental signals (16). In the biofilm state, bacteria are generally
more tolerant to antibiotics than in planktonic state (17). The
mechanism of bacterial biofilm resistance to antibiotics is still
under investigation but several explanations have been pro-
posed: (1) the biofilm EPS matrix acts as penetration barriers
to antibiotics, (2) the biofilm bacteria up-regulate efflux pumps
decreasing intracellular antibiotic concentration, and (3) finally
the presence of a nondividing dormant bacterial subpopula-
tion that is protected from antibiotics (18, 19).

Biofilms can develop on a wide variety of interfaces. The
best studied biofilms are those formed at the solid-liquid (S-L)
interface in which bacteria adhere to biotic or abiotic surfaces
(17, 20). Some bacteria, like A. baumannii, also form biofilms
at the air-liquid (A-L) interface, usually named pellicles. This
interface is an ideal environment for strictly aerobic bacteria to
obtain oxygen from the air and nutrients from the liquid media
(9, 21–23). A-L biofilms form more complex structures and
require a higher level of organization, compared with S-L
biofilms, owing to the lack of a solid surface on which the
growth can be initiated (24). A recent study in our laboratory
(8) showed that the Acinetobacter species forming pellicles
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are those mainly involved in nosocomial infections such as A.
baumannii and A. nosocomialis (23). This obviousness sug-
gested a correlation between this feature and the bacterial
virulence.

Today, transcriptomic (25) and proteomic (26, 27) studies
are performed to investigate the physiology of S-L A. bau-
mannii biofilms. Only a proteomic work focused on the
membrane compartment of pellicle bacteria (28) and to our
knowledge, no comparative study was performed to give
information on the protein expression dynamics during the
pellicle formation.

In this context, the goal of the present work was to monitor
the proteomic alterations during the pellicle formation in order
to give insight into the biological processes that are involved.
To this aim, we investigated the differential protein expression
by bacteria grown in the planktonic and pellicle modes, with a
particular focus on the protein dynamics of pellicle formation
(1- and 4-day pellicles). Both cytoplasmic and membrane
proteins were here analyzed, using a label-free approach. We
thus successfully highlighted 620 proteins that were differen-
tially expressed in young and/or mature pellicles. Data sug-
gest a higher virulence of A. baumannii pellicle cells compared
with planktonic counterparts.

EXPERIMENTAL PROCEDURES

Planktonic and Pellicle Growth Conditions—An overnight culture of
A. baumannii strain ATCC 17978, performed in Mueller-Hinton Broth
(MHB, Difco), was used to inoculate 500 ml of MHB at a final con-
centration of 107 Colony Forming Unit (CFU)/ml. For the planktonic
growth, the culture was performed at 37 °C for 24 h, under constant
shaking. Cells were harvested at the stationary phase of growth (i.e.
OD600 � 1.9), by centrifugation (2700 � g, 20 min, 4 °C), and washed
3 times with deionized water. For the pellicle formation, bacterial
growth was performed in glass Erlenmeyer containing 500 ml of MHB
during 1-day or 4-day, at 37 °C, without shaking. Pellicles (1-day and
4-day) were recovered from the surface of the culture, and resus-
pended in 5 ml of a sterile phosphate buffered saline solution (PBS, 10
mM, pH 7.4). Cell recovery from pellicles was performed by sonication
(twice during 15 min) and then by centrifugation (after each sonication
at 4000 � g, 15 min, 4 °C). For each growth condition, the bacterial
culture was performed in triplicate.

Pellicle Growth in Minimal Medium Supplemented with Aromatic
Amino Acids, Magnesium, and Phosphate Ions—To measure the
impact of nutrients on the 1-day pellicle growth, a minimal media M9
(Fluka) was supplemented with glucose (Glc) and/or amino acids (Ser,
Tyr, His, or Phe, Sigma-Aldrich) at 2.5 mM. Magnesium or phosphate
enrichment effects on 1-day and 4-day pellicle formation were also
assessed at 2 and 10 mM (MgSO4 or H2PO4

�/HPO4
2�), using M9 and

MMG minimal media, respectively. After an overnight MHB culture,
minimal media supplemented or not with the appropriate nutrients,
were inoculated and incubated at 37 °C in 5 ml polystyrene tubes.
After removing subphase under pellicles, biomass quantification was
achieved by staining with a crystal violet assay, as described by
O’Toole and Kolter (29). After rinsing pellicles with water, staining was
performed by incubation for 20 min in 0.5% crystal violet. Crystal
violet was then solubilized by adding 2 ml of ethanol in each tube, and
the OD590 was finally measured. Assays were performed in triplicates
and data were statistically analyzed by ANOVA one-way test, using
the GraphPad Prism software.

Protein Extraction—Protein extraction from pellicle and planktonic
bacteria were performed as described by Marti et al. (28) and Ouidir
et al. (30), respectively. Briefly, after centrifugation (2700 � g, 10 min,
4 °C) the resulting cell pellets were resuspended in 10 ml of Tris-HCl
buffer (20 mM, pH 7.4). The mixtures were sonicated twice, each for 3
min (Vibra Cell 75115, Bioblock Scientific, Illkirch, France). Unbroken
cells were eliminated by centrifugation (10,000 � g, 10 min, 4 °C). An
ultracentrifugation (60,000 � g, 45 min, 4 °C) of supernatants allowed
to separate cytoplasmic and membrane protein fractions for further
analyses. The protein concentration in each fraction was evaluated by
the Bradford assay (Bio-Rad).

Enzymatic Digestion of Protein Extracts—Twenty-five micrograms
of proteins were mixed with SDS loading buffer (63 mM Tris-HCl, pH
6.8, 10 mM DTT, 2% SDS, 0.02% bromphenol blue, 10% glycerol),
then loaded onto a SDS-PAGE stacking gel (7%). A short electropho-
resis was performed (10 mA, 20 min) in order to concentrate proteins.
After migration, gels were stained with Coomassie Blue and
destained (50% ethanol, 10% acetic acid, 40% deionized water). The
revealed protein band from each fraction was excised, washed with
water, and then immersed in a reductive medium (5 mM DTT). Cys-
teines were irreversibly alkylated with 25 mM iodoacetamide in the
dark. Following washing steps in water, gel bands were submitted to
protein digestion with trypsin (2 �g per band), overnight at 37 °C, in
ammonium bicarbonate buffer (10 mM and pH 8). Peptide were ex-
tracted with H2O/CH3CN/TFA mixtures (49.5/49.5/1) and then dried.
For each growth conditions, three biological replicates were carried
and two technical replicates were realized for each of them (in total 6
samples per conditions were analyzed).

Tandem Mass Spectrometry—Cytoplasmic and membrane frac-
tions were separately analyzed by mass spectrometry. All experi-
ments were performed on a LTQ-Orbitrap Elite (Thermo Scientific)
coupled to an Easy nLC II system (Thermo Scientific). One microliter
of sample (1 �g) was injected onto an enrichment column (C18
PepMap100, Thermo Scientific). The separation was performed with
an analytical column needle (NTCC-360/internal diameter: 100 �m;
particle size: 5 �m; length: 153 mm, NikkyoTechnos, Tokyo, Japan).
The mobile phase consisted of H2O/0.1% formic acid (FA) (buffer A)
and CH3CN/FA 0.1% (buffer B). Tryptic peptides were eluted at a flow
rate of 300 nL/min using a three-step linear gradient: from 2 to 40%
B over 75 min, from 40 to 80% B in 4 min and 11 min at 80% B. The
mass spectrometer was operated in positive ionization mode with
capillary voltage and source temperature set at 1.5 kV and 275 °C,
respectively. The samples were analyzed using CID (collision induced
dissociation) method. The first scan (MS spectra) was recorded in the
Orbitrap analyzer (r � 60,000) with the mass range m/z 400–1800.
Then, the 20 most intense ions were selected for tandem mass
spectrometry (MS2) experiments. Singly charged species were ex-
cluded for MS2 experiments. Dynamic exclusion of already frag-
mented precursor ions was applied for 30 s, with a repeat count of 1,
a repeat duration of 30 s and an exclusion mass width of �10 ppm.
Fragmentation occurred in the linear ion trap analyzer with collision
energy of 35 eV. All measurements in the Orbitrap analyzer were
performed with on-the-fly internal recalibration (lock mass) at m/z
445.12002 (polydimethylcyclosiloxane).

Protein Quantification—For protein quantification, a label-free ex-
periment was performed as previously described by Obry et al. (31).
Two independent analyses were achieved on cytoplasmic and mem-
brane samples. Briefly, after MS analysis, raw data were imported
in Progenesis LC-MS software (Nonlinear Dynamics, version
4.0.4441.29989, Newcastle, UK). For comparison, one sample was
set as a reference and the retention times of all other samples within
the experiment were aligned. After alignment and normalization, sta-
tistical analysis was performed for one-way analysis of variance
(ANOVA) calculations. For quantitation, peptide features presenting a
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p value and a q-value less than 0.05, and a power greater than
0.8_were retained. MS/MS spectra from selected peptides were ex-
ported for peptide identification with Mascot (Matrix Science, version
2.2.04) against the database restricted to A. baumannii ATCC 17978
containing 4071 protein sequences (http://www.genoscope.cns.fr/)
(32). Database searches were performed with the following parame-
ters: 1 missed trypsin cleavage site allowed; variable modifications:
carbamidomethylation of cysteine and oxidation of methionine. Mass
tolerances for precursor and fragment ions were set at 10 ppm and
0.5 Da, respectively. False discovery rates (FDR) were calculated
using a decoy-fusion approach in Mascot (version 2.2.04). Identified
peptide-spectrum-matches with �10logP value of 20 or higher were
kept, at a FDR threshold of 5%. Mascot search results were imported
into Progenesis. For each growth condition, the total cumulative
abundance of the protein was calculated by summing the abun-
dances
of peptides. Proteins identified with less than 3 peptides were dis-
carded. Only the proteins that varied by 2-fold in their average nor-
malized abundances between growth conditions were retained. In
this study, protein expressions in 1-day and 4-day pellicle states were
systematically compared with those in planktonic state. The MS
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE partner repository with the data set identifier
PXD004167.

Bioinformatic Analyses—Both protein cellular localization and bio-
logical function were determined from the Genoscope database
(http://www.genoscope.cns.fr) (32). For unknown function and local-
ization, the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
National Center for Biotechnology Information (NCBI) databases were
used. InterPro database (http://www.ebi.ac.uk/interpro/) (33) was
used for protein sequence analysis. STRING database were used
to investigate protein-protein network interactions (http://string91.
embl.de) (34).

Experimental Design and Statistical Rationale—We investigated the
protein contents of bacteria grown in three conditions i.e. planktonic,
1-day-, and 4-day-old pellicles. For each condition, three biological
replicates were performed. Two technical replicates per biological
replicate were achieved (i.e. a total of 6 samples per condition was
analyzed). Growth conditions were closely matched for planktonic
and pellicle samples (same broth composition, same volumes, and
same vessel material (glass)).

R software (35) was used for the statistical analyses to determine
protein markers. To compare protein expression variations between
the three conditions, a one-way analysis of variance (ANOVA) test
with post hoc pairwise was used. The univariate associations be-
tween selected proteins and the different groups were assessed by
simple regression. Additionally, a principal coordinate analysis (PCoA)
was conducted, to visualize the relationships among groups at each
stage. Proteins with a similar expression pattern were presented as
heat map, visualized using the hclust function. Proteins with the same

expression variation were grouped, showing strong correlation. Re-
lationships between the marker proteins were visualized with a cor-
relation matrix with corrplots (Pearson’s r correlation coefficient,
corrplot package) (36). Hierarchical clustering of each growth condi-
tion was performed using Euclidean distance metric and Average
linkage method (unsupervised clustering).

RESULTS AND DISCUSSION

Proteome Expression Profile in Planktonic and Pellicle
States—In the present study, we investigated the protein
differential expression of the fully sequenced clinical isolate A.
baumannii ATCC 17978 (35) in three growth conditions: plank-
tonic, i.e. 1-day and 4 days-old pellicles, to access to the
protein dynamics during the pellicle formation. Both cytoplas-
mic and membrane proteomes were separately investigated
by a label-free approach (Fig. 1). A total of 1668 proteins were
identified in the whole cell lysates with a minimum of 2 pep-
tides (supplemental Table S1). The quantitative analysis using
the Progenesis software pointed out 620 proteins (37% of the
proteins) that exhibited a significant fold change (�2) accord-
ing to the culture conditions (supplemental Table S2). Differ-
ent statistical parameters (see Materials and Methods section)
were used both at the peptide and protein levels, to select
specifically proteins with a difference of expression profile in
one condition. A PCoA analysis, clustering the data of mem-
brane and cytoplasmic proteins analyses, showed a good
homogeneity of the biological replicates because three dis-
tinct protein populations were discriminated (supplemental
Fig. S1).

The study pointed out some specific accumulated proteins
in each growth condition, i.e. 93, 95, and 97 proteins in
planktonic, 1-day and 4-day pellicle states, respectively (sup-
plemental Fig. S2). Some proteins were commonly more
abundant in two different growth conditions. For example,
147 polypeptides were up-regulated in both 1-day and 4-day
pellicle cells; 119 in planktonic and 1-day pellicle cells and 69
in planktonic and 4-day pellicle states (supplemental Fig. S2).
Protein profiles in mature pellicle (4-day pellicle) underwent
the greatest modifications compared with planktonic state, as
previously demonstrated for S-L biofilms (20).

The biological processes of these 620 differentially pro-
duced proteins were inventoried from different databases (see

FIG. 1. Experimental design used to determine protein expression variations between planktonic, 1-day pellicle and 4-day
pellicle states in A. baumannii.

Pellicle Proteome in Acinetobacter baumannii

102 Molecular & Cellular Proteomics 16.1

http://www.genoscope.cns.fr/
http://www.genoscope.cns.fr
http://www.ebi.ac.uk/interpro/
http://string91.embl.de
http://string91.embl.de
http://www.mcponline.org/cgi/content/full/M116.061044/DC1
http://www.mcponline.org/cgi/content/full/M116.061044/DC1
http://www.mcponline.org/cgi/content/full/M116.061044/DC1
http://www.mcponline.org/cgi/content/full/M116.061044/DC1
http://www.mcponline.org/cgi/content/full/M116.061044/DC1
http://www.mcponline.org/cgi/content/full/M116.061044/DC1
http://www.mcponline.org/cgi/content/full/M116.061044/DC1


Material and Methods section). As previously observed in a P.
aeruginosa planktonic/S-L biofilm comparative study (36),
overproduced proteins in planktonic state was mainly in-
volved in carbohydrate catabolism, protein maturation, DNA
transcription and replication, and cell division (Fig. 2A). Trans-
lation process was particularly well represented with 55 pro-
teins (mainly ribosomal). All these processes are in accord-
ance with a planktonic growth mode, an ideal environment for
bacterial biomass production (20, 36). The classification of
biological functions for pellicle proteomes highlighted differ-
ent categories like amino acid metabolism, biofilm, drug re-
sistance, ions acquisition and metabolism, lipid metabolism,
quorum sensing and secretion systems.

The cellular localization was also investigated. Membrane
proteins were obviously overexpressed in pellicle states (20
and 28 membrane proteins in 1-day and 4-day pellicles, re-
spectively) whereas only 10 up-regulated proteins were found
in planktonic samples (Fig. 2B). This observation points out
that biological processes involved in bacterial membrane traf-
ficking or membrane structure are crucial during pellicle for-
mation. Next sections will focus on accumulated proteins in
(1) 1-day and 4-day pellicles, (2) 1-day pellicle, and (3) 4-day
pellicle.

Accumulated Proteins in 1-Day and 4-Day-Old Pellicle
Bacteria—

Outer Membrane Proteins (OMPs) in Pellicles—We ob-
served, in 1-day and 4-day pellicle cells, the accumulation of
several proteins involved in the process of outer membrane
(OM) �-barrel proteins assembly into outer membrane, i.e.

three proteins of the Sec system (SecA (A1S_2862), SecD
(A1S_2914), and SecY (A1S_3061)), as well as the chaperonin
Skp (A1S_1968), and all the proteins of the Bam system which
is related to the OM insertion machinery: BamA (A1S_1969),
BamB (A1S_0505), BamC (A1S_3424), BamD (A1S_0840),
and BamE (A1S_0894) (Fig. 3). Moreover, we observed the
accumulation of a protein (A1S_2132), sharing 34% of iden-
tity with TamA of E. coli. The TamAB system (Translocation
and Assembly Module) also participates to the �-barrel
protein assembly and might be more specifically required
for efficient translocation of the autotransporters cell sur-
face domain (37).

All these data demonstrate that the overall pathway re-
quired for OMP assemblies was mobilized. It is well known
that newly synthesized OMPs have to cross the inner mem-
brane via the Sec-dependent pathway. Once in the peri-
plasm, periplasmic chaperone proteins, e.g. Skp, SurA and
DegP assist the delivery of the unfolded proteins to the Bam
system. Final folding and insertion of OMPs into the mem-
brane is then performed via a protein-lipid interphase pro-
vided by BamA, assisted by four lipoproteins: BamB and
BamC:D:E module (38, 39). In accordance with an overex-
pression of this pathway by pellicle bacteria, we observed
that OMPs underwent an accumulation in pellicle cells com-
pared with planktonic counterparts (Fig. 2B). This phenom-
enon could be involved in the pellicle establishment, EPS
matrix production and/or adhesion (40) but, also, could be a

FIG. 2. Protein distribution in the 3 experimental culture condi-
tions according to their (A) biological process, and (B) cellular
localization.

FIG. 3. Examples of protein expression variations in the 3
culture conditions.
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response to particular environments such as a nutrient star-
vation (17, 27).

Thus, several porins, that may use the Bam pathway for OM
insertion, were significantly accumulated in pellicle cells,
probably to improve bacterial nutrients assimilation, i.e. OprB
(A1S_2849), OprC (A1S_0170), OprD-like (A1S_0201), DcaP-
like (A1S_2753), and CarO (A1S_2538). Apart from OprC,
these proteins were already described as up-regulated in S-L
biofilm-forming A. baumannii (27). It has been shown that loss
of most of these OMPs in mutant strains induces the forma-
tion of small cell aggregates as compared with a wild-type
strain that forms a dense biofilm (27). The accumulation of
CarO and OprD-like porins, that are respectively involved in
the uptake of ornithine (precursor of siderophore biosynthe-
sis from hydroxamate family (41, 42)), and uptakes of Fe3�

and Mg2�, could contribute to the bacterial adaptation to
magnesium- and/or iron-depleted environments (41, 43,
44). An overexpression of the DcaP-like protein has already
been observed in an A. baumannii S-L biofilms; however,
the biological function of this protein remains unclear (22,
23, 28, 21). Lastly, the abundance of the copper-regulated
protein OprC in A-L biofilms might highlight oxygen limited
conditions (28).

Increase of Drug Resistance and Stress Adaptation Proteins
by Pellicle Microorganisms—Several proteins belonging to
resistance-nodulation-cell division type efflux pumps (RND
pumps) were accumulated in pellicle states. It is the case of
AdeI (A1S_2735) and AdeJ (A1S_2736) that belong to the
constitutive AdeIJK efflux pump, as well as an inner mem-
brane protein (A1S_3446) and a membrane fusion protein
(A1S_3447) that are, to our knowledge, described for the first
time. These two last efflux pumps are part of a RND efflux
system and are different from those found as up-regulated in
S-L biofilms (25, 27) and so highlight the specificity of A-L
biofilms. The AdeIJK efflux pump has a high broad substrate
specificity; its overexpression in A. baumannii would confer a
low bacterium susceptibility to major antibiotic classes, in-
cluding �-lactams, fluoroquinolones, tetracyclines, phenicols,
antifolates, and fusidic acid (45). This feature is reminiscent of
the bacterial biofilms, sessile bacteria being able to be up to
1000 times more tolerant to antibiotics than their planktonic
counterparts (46). Rao et al. (47) investigated the correlation
between biofilm production and multidrug resistance of clin-
ical A. baumannii isolates. They showed that high biofilm
producer strains were more resistance to amikacin, cefo-
taxime, ciprofloxacin and aztreonam than low biofilm produc-
ers. On the other hand, we observed a downregulation of the
cephalosporinase AmpC (A1S_2367) in pellicule bacteria,
suggesting a higher sensibility to cephalothin, cefazolin, ce-
foxitin, and most penicillins (48).

It has been advanced that the matrix contributes not only to
the biofilm cohesion but also participates to the drug resist-
ance by limiting the antibiotics penetration (18). To date, few
pathways involved in EPS matrix synthesis have been de-

scribed in A. baumannii (27, 49). It has been shown that the
synthesis and export of cell-associated poly-�-(1–6)-N-
acetylglucosamine (PNAG) is ensured by the pgaABCD locus,
that was demonstrated as essential for the biofilm growth at
the S-L interface under high shear forces (49). The present
study points out a strong accumulation of PgaA (A1S_2162),
a porin allowing PNAG translocation across the OM (49), in
1-day and 4-day pellicle cells (by 3.5- and 4.5-fold, respec-
tively). Neither transcriptomic (25) nor proteomic studies per-
formed on S-L biofilms (26, 27) had revealed this overexpres-
sion up to now, suggesting that the PNAG production in static
conditions is specific to biofilms at the A-L interface. It has
been shown on E. coli biofilms containing PNAG that the
increased tolerance to cationic peptides, e.g. polymyxin B or
colistin, is because of an electrostatic repulsion between the
positively charged of PNAG and those of the cationic peptides
(50). Consequently, we can advance that the same phenom-
enon might confer the same colistin resistance within the A.
baumannii pellicle biofilm. Though many other antimicrobial
resistance mechanisms exist in A. baumannii, the overpro-
duction of efflux pumps and EPS matrix establishment might
be crucial for antibiotic resistance of A. baumannii pellicles.

It is also well known that biofilm cells often exhibited an
oxidative stress (51, 53). In agreement with data reported by
Cabral et al. on S-L biofilms (27), we showed here an up-
regulation of the catalase hydroperoxidase II (KatE, A1S_
1386) and the alkyl hydroperoxide reductase F (AhpF,
A1S_1458) in pellicles. The paraquat inducible protein (PqiB,
A1S_2204) was also accumulated. Paraquat is a superoxide
radical-generating agent that, in E. coli (52), induces the tran-
scription of the pqiAB cluster, via a control by the soxRS
system which is involved in the oxidative stress response.
Little information has been reported on PqiB, and its role
remains unknown. We observed however, that the superoxide
dismutase B (SodB, A1S_2343) amount decreased in pel-
licles, suggesting that this protein is differently regulated.
Reactive oxygen species like H2O2 that are generated may
cause the bacterial lysis (53) leading to chromosomal DNA
releasing and providing extracellular DNA (eDNA) which con-
tributes to the matrix cohesion (53). Many proteins involved in
adaptation to several stress conditions (nutrient, osmotic,
heavy metals, xenobiotic, or heat shock stresses) were ac-
cumulated (supplemental Table S2). All these data demon-
strate that the alterations in the proteome of pellicle bacteria
are widely involved in the antibiotic resistance and stress
adaptation.

Iron Uptake and Pellicle Formation—Iron availability plays a
key role in a lot of bacterial mechanisms, like adhesion (54),
virulence (55–57), quorum sensing (58, 59), drug resistance
(59), and biofilm formation (60). We observed here that nu-
merous proteins belonging to the 5 principal iron uptake sys-
tems (54, 61–65), were significantly up-regulated in both
1-day and 4-day pellicles, as compared with planktonic cul-
ture: (1) the ferrous iron uptake system (FeoB A1S_0243), (2)
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the heme or acinetobactin uptake system (TonB A1S_0452
and ExbB A1S_0453 of the ExbB:ExbD:TonB complex), (3)
the acinetobactin synthesis and transport system (BarB
A1S_2375, BasF A1S_2380, BasC A1S_2384, BauA A1S_
2385, BauB A1S_2386 and BasB A1S_2390), and (4) the
hydroxamate siderophore synthesis and transport system
(siderophore synthetase A1S_1650, TonB-dependent OM re-
ceptor A1S_1655 and acetyltransferase A1S_1657). The
two components of the enterobactin receptor FepA, i.e.,
A1S_0980 and A1S_0981, were also accumulated, as ex-
pected (28). Some other ferric siderophore receptor proteins,
never described up to now (proteins A1S_0474, A1S_1063,
A1S_1667, A1S_2080, and A1S_3324), were also overex-
pressed by pellicle cells. This accumulation of iron uptake
systems in pellicles agrees well with previous data by Marti et
al. (28), which pointed out the importance of iron in A. bau-
mannii pellicle formation.

Surprisingly, the present study shows that most of these
proteins (17/20) were more abundant in 1-day pellicle than in
4-day one (supplemental Table S2) though we might imagine
that nutrient-starved environment prevail in mature biofilms.
The decrease of iron scavenging capability were also reported
in P. aeruginosa 4-day S-L biofilm compared with early stages
(i.e. one and 2 day S-L biofilm) (36). This discrepancy might be
explained by a higher cellular activity in young biofilms.

An overexpression of the iron uptake has never been de-
scribed in A. baumannii biofilms (25, 27). Some works even
concluded that iron availability did not have a significant role
in the ability of the bacterium to form a biofilm at the S-L
interface (54, 66), or on the contrary generated an inhibitory
effect (10, 58). The present results may suggest 2 hypotheses:
(1) in contrast to S-L biofilm, iron is an essential inducer for A.
baumannii pellicle formation; (2) as suggested for static cul-
ture growth conditions, a gradient of nutrient from the bottom
to the top, including iron, was established (67) and A-L bio-
films, because of their location, might be more starved.

Histidine and Aromatic Amino Acids Metabolism During
Pellicle Biogenesis—Amino acids availability can also modu-
late bacterial biofilm development (27, 68, 69). Several pro-
teins involved in the aromatic amino acids metabolism were
here found accumulated in pellicles. Thus, proteins involved
in the histidine degradation, i.e. HutG (A1S_3402), HutH
(A1S_3405), HutI (A1S_3403) and HutU (A1S_3409), were up-
regulated in 1-day pellicle cells (Fig. 3). The overproduction of
the hut cluster products is in agreement with previous inves-
tigations on young (1-day) S-L biofilms (25, 27). This cluster
leads to the production of purines and pyrimidines that may
be required for eDNA production in matrix (70). We also
showed, for the first time, a high abundance of proteins re-
lated to histidine biosynthesis, i.e. HisA (A1S_3238), HisC
(A1S_0688) and HisZ (A1S_1178) in 4-day pellicle (supple-
mental Table S2). Histidine may serve as a precursor for
various metabolites synthesis. Here, it might be necessary for

histamine production that is required for acinetobactin sidero-
phore biosynthesis (71).

Furthermore, two pathways (hmg and paa clusters) involved
in the degradation of phenylalanine and tyrosine, were over-
expressed in pellicles. Thus, five proteins belonging to the
homogentisate (Hmg) degradation pathway controlled by the
hmg cluster (72) were accumulated: TyrB (A1S_0071), HmgA
(A1S_3416), HmgB (A1S_3415), HmgC (A1S_3414), and Hpd
(A1S_3418,) (Fig. 3). Ten proteins of the phenylacetic acid
(paa) degradation cluster i.e. A1S_1335–1338, A1S_1340–
1344, and A1S_1347, were highly up-regulated in pellicle cells
compared with planktonic counterparts (Fig. 3) (e.g. 18- and
41-fold for PaaB, respectively, supplemental Table S2). Ace-
toacetate (cleaved in acetyl-CoA) and fumarate are the final
products of the hmg pathway, whereas the degradation paa
pathway essentially generates acetyl-CoA and succinyl-CoA.
These metabolites then integrate TCA cycle to generate en-
ergy, which is required for pellicle development (73–76).

Histidine metabolism is likely linked to that of aromatic
amino acids (77, 78). Thus, protein-protein interaction net-
work performed on the differentially expressed proteins
showed that HisC protein was predicted to interact with the
accumulated AroA (A1S_2276, supplemental Table S2, sup-
plemental Fig. S3). AroA (also designated as EPSP synthase)
is involved in the shikimate pathway leading to aromatic
amino acids biosynthesis (79, 80). HisC also participates in
the final steps of tyrosine and phenylalanine biosynthesis, by
converting 4-hydroxyphenylpyruvate to tyrosine and phe-
nylpyruvate to phenylalanine by transamination (77, 78).

To investigate the role of these aromatic amino acids in
pellicles, we assessed the capacity of A. baumannii to form a
pellicle in a minimum culture medium M9 containing Tyr
or Phe as a sole carbon source. His and Ser were used as
positive and negative controls, respectively (27). As expected,
His promoted the pellicle formation as described for S-L
biofilm (27). Moreover, Tyr and Phe significantly enhanced the
pellicle development (supplemental Fig. S4A). These results
corroborate those previously observed for P. aeruginosa in
which Phe and Tyr robustly promoted biofilm formation
(69) and support the hypothesis suggesting the important
role of the aromatic acids metabolism in the pellicle
formation.

Proteins Overrepresented in 1-Day Pellicle Cells—The anal-
ysis of the protein expressions dynamic revealed a group of
proteins mostly overexpressed in 1-day pellicle cells (supple-
mental Table S2). Some biological processes in which these
proteins are involved are discussed below.

Quorum Sensing—A cluster of proteins (A1S_0112 to
A1S_0118, except A1S_0114), that was described as an
operon related to the quorum sensing (QS) and motility
(supplemental Fig. S5) (81, 82), was accumulated in 1-day
pellicles. This operon could be involved in the synthesis of a
biosurfactant lipopeptide, or an N-Acyl homoserine lactone
(AHL) (25, 81). It is independently regulated by three different
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factors: (1) by the AHL, N-(3-hydroxydodecanoyl)- homoser-
ine lactone (3-OH-C12-HSL), itself in a abaI-dependent man-
ner (AbaI, A1S_0109, being the AHL synthase (81, 83), (2) by
the cAMP via the CpdA regulator (82), and (3) via an iron
limitation (58). A1S_0112 and A1S_0115 proteins are an Acyl-
CoA synthetase and an AMP-dependent synthetase, respec-
tively. Loss of these proteins in mutant strains induces an
alteration of the pellicle formation, motility and hydrophobicity
(82). In S-L biofilm, the A1S_0112–0118 genes have been
shown overexpressed after 24 h of growth and an A1S_0114
deletion mutant (the corresponding protein being an acyl car-
rier protein ACP), also exhibited a reduced S-L biofilm forma-
tion compared with the wild-type (25). The relationship be-
tween the QS and the biofilm formation dynamics, has been
widely investigated in P. aeruginosa (84). These studies, in
particular, showed that lasI (abaI-homolog) expression de-
creased over the course of the biofilm development. The QS
might so have a leading function during the early stages of the
biofilm development, notably in attachment and microcolo-
nies formation (84). The accumulation of autoinducers at this
early stage of biofilm might play a crucial role to trigger the
differentiation process (85).

Three of the four gene products from A1S_0104–0107 clus-
ter, located upstream to abaI HSL-synthase, were also accu-
mulated in 1-day pellicle organisms. These proteins, i.e., the
acetyl-CoA synthetase/AMP-fatty acid ligase (A1S_0104), the
acyl-CoA dehydrogenase (A1S_0105), and the enoyl-CoA hy-
dratase/isomerase (A1S_0106), are predicted to be involved
in fatty acids metabolism. Interestingly, it seems that biolog-
ical functions of A1S_0104 and A1S_0105 are similar to those
of A1S_0112 and A1S_0113 respectively. A1S_0106 and
A1S_0107 may be required for the maturation of the acyl part
during AHL biosynthesis, conducting to speculate that
A1S_0104–0107 cluster could be also related to QS ( supple-
mental Fig. S5). Recently, a transcriptomic analysis on imi-
penem resistant mutants derivative from ATCC 17978 strain,
demonstrated a correlation between a decrease of the biofilm
formation and a decrease of the expression of genes belong-
ing to both clusters A1S_0104–0107 and A1S_0112–0118
(86) ( supplemental Fig. S5).

Finally, it is known that QS may also affect lipopolysaccha-
ride (LPS) synthesis (87). In E. coli, a knock-out mutant of luxS
induced a 2-fold reduction in LPS amount when compared
with the wild-type strain (87). Here, LPS-synthesis-related
proteins, i.e., the UDP-acetylglucosamine acyltransferase
LpxA (A1S_1965), the LPS glycosyltransferase (A1S_3841),
and the phosphoglucosamine mutase GlmM (A1S_3320) were
accumulated in 1-day pellicle. LPS has been suspected to be
a component of the pellicle extracellular matrix in A. bauman-
nii (22). Consequently, the accumulation of proteins involved
in its synthesis might favor the pellicle establishment and
facilitate, via its amphiphilic nature, the initial cells attachment
(88).

Magnesium and Phosphate Enhanced Pellicle Formation—
During biofilm formation, bacteria are in a constant interaction
with their surrounding environment, in particularly with ions
(as discussed above for iron). It has been described that
magnesium ions may influence biofilm formation according to
the bacterial species (89–91). The present work points out
that the Mg2� ATPase transporter MgtA (A1S_2070) was
overexpressed in 1-day pellicle by 15- and 9-fold, compared
with planktonic and 4-day pellicle cells, respectively. Mg2�

seems so to be required for the A. baumannii initial pellicle
formation, as described for P. fluorescens for S-L biofilms
(89), probably by limiting electrostatic repulsions or/and as a
co-factor for some enzymes (90).

Two proteins, i.e. PstB (A1S_2445) and PstS-like (A1S_
2448), related to the assimilation of inorganic phosphate (Pi),
were also accumulated. Pi was shown to modulate S-L biofilm
formation via PstSCAB-PhoU complex (92, 93). In non-limited
Pi conditions, Pi assimilation is mainly provided by PstSCAB
transporter to drive biofilm formation.

To confirm the importance of magnesium and phosphate
on the pellicle formation, biofilm kinetics were performed in
the presence of increasing ion concentrations. The positive
effect of Mg2� and phosphate on the pellicle formation was
clearly observed, particularly after 1-day of growth (supple-
mental Fig. 4B and 4C).

Acetylation and Pellicle Development—Data analysis shows
that the acetyltransferase A1S_1657 was specifically overex-
pressed in 1-day pellicle cells (by 17-fold). This result might
suggest an important role of acetylation in young pellicle cells.
Thus, the highest protein change fold (i.e., 51-fold) that we
observed here, concerns an uncharacterized protein (A1S_
1281), which has no homolog in other A. baumannii strains,
but shares 51% of identity with the Sir2-like protein
EMW58725.1 of E. coli strain 2762100. Sir-2 proteins are
NAD�-dependent deacetylases and are broadly conserved
from bacteria to higher eukaryotes (94). In M. tuberculosis,
the NAD�-dependent deacetylase (CobB) mutant forms less
biofilm compared with the wild-type strain (95, 96). More-
over, we also recently demonstrated that several adhesin/
pili involved in biofilm formation in A. baumannii, e.g., Ata,
Bap, LysM, CsuA/B and CsuC, were acetylated (article un-
der minor revisions in Journal of Proteomics, 2016).

Proteins Overexpressed in 4-Day Pellicle State—
Pellicle Adaptation to Nutrient Starvation—Bacterial cul-

tures were here carried out in batch conditions, characterized
by no nutrients renewing. After 4 days of growth, nutrients
e.g., carbohydrates, are probably scarcer in the culture me-
dium. Consequently, bacteria have to adapt their metabolism
to a nutrient starvation. It is well known that matrix constitu-
ents (EPS, proteins, and lipids), can be recycled and utilized
as carbon and energy sources (97). Thus, in A. baumannii, it
has been reported that 5-day pellicle accumulated a lipase
and a long chain fatty acid transporter, two proteins that could
be used for fatty acids recycling (28). In accordance with this
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hypothesis, we observed here the 5-fold overproduction of
both the phospholipase PLD1 (A1S_1919) (98) and the un-
characterized protein A1S_2738 which shares 75% of identity
with the phospholipase C (PlcB) of Psychrobacter sp. Phos-
pholipases are known as virulence factors in A. baumannii,
they allow its growth in serum and promote host cell invasion
(98, 99). The expression of extracellular phospholipases, al-
lowing degradation of phospholipids as one nutrient source,
has already been associated with the expression of fatty acids
transporters (100). Here, we observed that the long-chain fatty
acid transporter FadL-like (A1S_2773) was accumulated by
5-fold. These FadL transporters may be involved in the first
steps of bacterial adherence, leading to host colonization
(101). In E. coli, FadL transporter works in association with
FadB, FadD, FadG, and FadI to convert fatty acids to acetyl-
CoA in the cytoplasm to finally generate energy in TCA cycle
(102). In accordance with this observation, FadG (A1S_0818)
and FadB (A1S_0863) were up-regulated in 4-day cells and
FadD (A1S_0817) and FadI (A1S_0534) in both 1-day and
4-day cells. All these data suggest that pellicle bacteria are
highly adapted to nutrient limitation and more virulent com-
pared than planktonic counterparts.

Importance of the TCS GacSA-regulated Proteins in Mature
Pellicle—Bacterial TCS are designed to sense diverse stimuli
and enact an appropriate and rapid adaptive physiological
response. Recently, a novel global virulence regulator TCS
has been described in A. baumannii, the GacSA system,
which is composed by the inner membrane sensory kinase
GacS (A1S_0574) and its response regulator GacA (A1S_
0236) (73). In our data, GacA was found to be accumulated
(4-fold) in 4-day pellicle cells. This overexpression is of par-
ticular importance. Indeed, this TCS regulates various viru-
lence aspects, including the control of pili synthesis, the
bacterial motility, the biofilm resistance and the metabolism
of aromatic compounds. GacSA is also relevant for A. bau-
mannii to persist and to cause infection in healthcare envi-
ronments (73). We also observed that different gacA-regu-
lated genes products varied in the same way: OmpA/MotB
(A1S_1193), the paa cluster products (A1S_1335–1349), the
ast operon product (A1S_3128–3132, a cluster involved in
the arginine metabolism), as well as CsuA/B (A1S_2218),
CsuC (A1S_2215) and CsuD (A1S_2214) (Table SI-2), which
belong to the csu chaperone-usher pili operon which is
associated in A. baumannii to adhesion on abiotic surfaces
(15, 101).

Pili and other adhesion factors to maintain mature pellicle
cohesion—The activation of the csu operon is mediated by
the BfmRS TCS in A. baumannii strain ATCC 19606 (103).
Indeed, we observed here an accumulation of the BfmR re-
sponse regulator (A1S_0748) in mature biofilm cells. We also
identified an accumulation of FilF (A1S_0695), shown to be
involved in the structure of filamentous type III pili in Burk-
holderia cepacia (104). The overproduction of these appendi-
ces in A. baumannii pellicles has been already described (28).

In Klebsiella pneumoniae, a type III pili deficient strain exhib-
ited a reduced biofilm thickness and a higher rigidity of cap-
sular polysaccharides. This type III pili may play a key role in
capsular polysaccharide organization, improving the mechan-
ical properties of biofilms (105). In the present study, among
proteins involved in capsular biosynthesis, Wzi (A1S_0999)
and Amylovoran glycosyltransferase AmsE (A1S_0060) were
overexpressed both in 1-day and 4-day, Wzc and Wza were
overexpressed at 1- and 4-day, respectively. Of note, it was
recently demonstrated that the K locus genes (A1S_0049-
A1S_0066,) expression, which is responsible of the capsular
exopolysaccharide production, is dependent of the BfmRS
TCS (106).

Some other adhesion factors were found overexpressed in
mature biofilms: (1) OmpA (A1S_2840) which is an A. bauman-
nii virulence factor facilitating adherence to eukaryotic cells
and the cell invasion (103, 104). Two proteins presenting an
OmpA/MotB peptidoglycan-associated domain (A1S_0884
and A1S_1193) were also accumulated in 4-day pellicle.
These proteins share, 37 and 28% of identity with OmpA,
respectively. (2) The LysM protein (A1S_0820), that belongs to
the class of staphylococcal adhesins (109–111), presented a
2-fold amount increase in 4-day pellicle cells. It has been
shown that a �LysM mutant strain presented a reduced S-L
biofilm forming ability in A. baumannii (27). (3) Finally, the
protein Bap (A1S_2724) was overexpressed in mature pellicle
cells (supplemental Table S2). This protein is a surface adhesin
that mediates primary attachment and which is also involved in
intercellular adhesion in the mature biofilm (112, 113).

All these data show that mature pellicle cells mobilize an
arsenal of adhesion factors to probably circumvent the lack of
solid surface and to maintain the pellicle cohesion in improv-
ing cell-to-cell adherence.

Type VI Secretion System—Type VI secretion systems
(T6SS) have been identified in a large number of pathogens.
They are involved in cell invasion and competition among
bacteria. T6SS have been implicated in numerous processes,
including toxin delivery, bacterial fitness in chronic infection
and biofilm formation (114–116). Recently, a genomic analy-
sis of different Acinetobacter strains revealed the existence of
T6SS related genes (117). In the present study, some T6SS-
related proteins were mainly overexpressed in 4-day pellicle
cells: TssC (A1S_1295), type VI secretion-associated protein
(A1S_1301), TssM (A1S_1303), TssA (A1S_1308), and TssK
(A1S_1309). TssC forms a tubular complex with TssB, partic-
ipating to T6SS biogenesis (118). TssM is actively required for
T6SS function in strain ATCC 17978 and controls the expres-
sion of Hcp and VgrG proteins, thought to form the needle of
the secretion system (112, 114). A1S_1301, TssA and TssK
proteins, presenting a high degree of conservation across
bacterial T6SSs, are required for T6SS function, but their
exact roles remain unclear (115). However, T6SS seems less
operating in P. aeruginosa 4-day S-L biofilm than planktonic
counterpart (36). T6SS is used by A. baumannii for interbac-
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terial competition but may also play an important role in its
virulence (120–122). In A. baumannii strain ATCC 17978,
Weber et al. (2015) showed that the negative regulators of
T6SS were harbored in a large self-transmissible resistance
plasmid, pAB3. When A. baumannii is in competition with
other bacteria, a part of the population undergoes plasmid
loss, resulting in the activation of the T6SS (122). We might
consequently suggest that after 4 days of growth in pellicle, a
subset of the cellular population lost their pAB3 plasmid,
leading to the T6SS activation, in response to environmental
conditions. The T6SS has also been described as essential in
the biofilm-specific drug resistance in A-L biofilms. Thus, the
loss of tssC1 in P. aeruginosa PA14 resulted in a reduction of
biofilm resistance to antibiotics such as tobramycin, gentam-
icin and ciprofloxacin, compared with the wild type whereas
the mutation had no impact on the susceptibility of planktonic
cells (123). TssC1 shared 47% of identity with A. baumannii
TssC, overexpressed in A-L biofilm.

Protein Markers of Planktonic and Pellicle States—We then
look for some protein markers specific of each growth con-
dition (planktonic, 1- and 4-day pellicles). To this aim, an
ANOVA-one way test was performed on the 620 identified
proteins; 69 of them allowed to discriminate the 3 growth
conditions (supplemental Table S3 and supplemental Fig.
S1B). They were classified according to their correlation in

abundance variation (Fig. 4). Their localization and their func-
tion are also given. This representation clearly separated the
three culture conditions (planktonic, 1- and 4-day pellicles).
The degree of positive correlation between these 69 proteins
is described in supplemental Fig. S6. From this analysis,
different groups could be discriminated (Fig. 4 and supple-
mental Fig. S6A). For the planktonic group (group G), proteins
involved in translation were overrepresented with 12 ribo-
somal proteins (RplW (A1S_3078), RplK (A1S_0283), RplA
(A1S_0284), RplJ (A1S_0285), RplL (A1S_0286), RpsA
(A1S_1572), RplI (A1S_2173), RplM (A1S_3000), RplN
(A1S_3071), RplV (A1S_3076), RplD (A1S_3079) and RplS
(A1S_3161)) and the elongation factor EF-Ts (A1S_2322). For
1-day pellicle, two groups were discriminated (groups A and
E), which clustered proteins involved in histidine catabolism
(HutH, A1S_3405 and HutU, A1S_3409), the energy (AtpD,
A1S_0155) or QS (A1S_0113 and A1S_0116). The group B
and C concern the markers of 4-day pellicles. The corre-
sponding proteins are involved in (1) bacterial attachment
(CsuA/B A1S_2218) (2) virulence (LysM A1S_0820, OmpA
A1S_2840, and TssC A1S_1295), (3) nutrient assimilation
(CarO, A1S_2538), or (4) stress adaptation (KatE, A1S_1386)
(supplemental Fig. S6B, supplemental Table S3). Therefore,
this analysis provides the first biomarkers associated to the
culture growth condition, and the pellicle development

FIG. 4. Heatmap hierarchical clus-
ter representing the correlation in
abundance variation of the 69 pro-
tein markers.
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stage of A. baumannii ATCC 17978. Further experiments are
required to validate these indicators at the species level.

CONCLUSION

Despite the ubiquity of pellicles in both natural and artificial
environments (124), few studies have investigated this biofilm
type. This study provides the widest proteomic investigation
devoted to the dynamic protein expression of A. baumannii
cells grown as pellicle. Here, different mechanisms seem to
be involved in pellicle development, summarized in Fig. 5. An
outstanding result is the confirmation that A. baumanni cells
enhance the expression of virulence factors in pellicle, con-
firming clinical observations (26). The bacterial adaptation to
this growth mode also requires drastic changes at the mem-
brane level, highlighted by the accumulation of adhesion fac-
tors and proteins involved in the nutrient assimilation. Accord-
ing to the high number of iron uptake systems overexpressed
in pellicles, iron seems also essential for this growth mode.
Multiple unknown proteins were also pointed out as playing a
role in the pellicle phenotype. To identify their function con-
stitutes yet a future challenge.

Acknowledgments—T.K. thanks the Région Haute-Normandie for
and the IRIB institute for the PhD financial support.

□S This article contains supplemental material.
� To whom correspondence should be addressed: Laboratoire

Polymères, Biopolymères, Surfaces, UMR CNRS 6270, Université de
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