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The increasing frequency of bacteria showing antimicrobial resistance (AMR) raises the menace of entering into a postantibiotic
era. Horizontal gene transfer (HGT) is one of the prime reasons for AMR acquisition. Acinetobacter baumannii is a nosocomial
pathogen with outstanding abilities to survive in the hospital environment and to acquire resistance determinants. Its capacity
to incorporate exogenous DNA is a major source of AMR genes; however, few studies have addressed this subject. The transfor-
mation machinery as well as the factors that induce natural competence in A. baumannii are unknown. In this study, we demon-
strate that naturally competent strain A118 increases its natural transformation frequency upon the addition of Ca2�or albumin.
We show that comEA and pilQ are involved in this process since their expression levels are increased upon the addition of these
compounds. An unspecific protein, like casein, does not reproduce this effect, showing that albumin’s effect is specific. Our work
describes the first specific inducers of natural competence in A. baumannii. Overall, our results suggest that the main protein in
blood enhances HGT in A. baumannii, contributing to the increase of AMR in this threatening human pathogen.

Acinetobacter baumannii has emerged as a severe nosocomial
pathogen over the course of the last few decades, with high

levels of morbidity and mortality associated with infections by this
pathogen (1, 2). A. baumannii is considered to be a paradigm of
multidrug resistance since it has developed resistance to almost all
available antibiotics, leaving few or no treatment options left. The
ability of A. baumannii to persist in the clinical setting even under
desiccation and nutrient starvation, as well as its ability to accu-
mulate several antibiotic resistance determinants, allowed its evo-
lution as a successful pathogen in the hospital environment (3).

The large number of available A. baumannii genomes (n �
1,289) shows that foreign DNA is acquired at high frequencies
(4–7).

The transformation process has been well described for some
species, such as Streptococcus pneumoniae, Vibrio cholerae, Neisse-
ria meningitidis, and Helicobacter pylori (8–12). However, how
natural competence is regulated has not been thoroughly studied,
particularly for Gram-negative bacteria. Some well-characterized
competence inducers are DNA damage in H. pylori (13), starva-
tion, as was suggested for Haemophilus influenzae, and chitin me-
tabolism in Vibrio cholerae (14, 15). In most known examples,
natural competence is a transitory state that is regulated by differ-
ent internal and external signals. Often, these regulation networks
are not completely understood. For Acinetobacter spp., most of the
studies focusing on this issue were performed by using Acineto-
bacter baylyi strain ADP1 (16–20), a bacterium not as threatening
to human health as A. baumannii (18–23). Data regarding A. bau-
mannii and competence inducers are scarce (24–27). Wilharm et
al. showed previously that several A. baumannii clinical isolates
were able to acquire exogenous DNA depending on the expression
of pilT, encoding an ATPase involved in type IV pilus retraction,
and comEC, encoding the DNA uptake channel (26). Another
study showed that the natural competence of Acinetobacter noso-
comialis strain M2 relies on the presence of pilA, pilD, and pilT
(28).

We recently demonstrated that A. baumannii strain A118,

which was recovered from a patient’s blood sample and was
shown to be susceptible to several antibiotics, has the capacity to
acquire exogenous DNA (24, 25).

In the present study, we focused on identifying inducers that
enhance or trigger natural competence in A. baumannii. Careful
comparison of media led us to identify two specific signals, bovine
serum albumin (BSA) and Ca2�, as transformation inducers.
These compounds increased the natural competence frequency
while inducing comEA and pilQ expression. Albumin induction
was protein specific, since human serum also exhibited an effect
on natural transformation, and other proteins, such as casein, did
not enhance the rate of DNA acquisition.

Our results show that albumin, the main blood protein, and
Ca2� are specific inducers of natural competence in A. baumannii,
a mechanism that could be implicated in the increasing frequency
of emergence of antimicrobial resistance (AMR) in this threaten-
ing pathogen.

MATERIALS AND METHODS
Strains, media, and plasmids. Acinetobacter baumannii A118, ATCC
17978, and A42 and Escherichia coli TOP10 cells harboring pDsRedAK
were cultured on Luria-Bertani (LB) broth and LB agar at 37°C. When
appropriate, antibiotics (12.5 �g/ml kanamycin and/or 6 �g/ml amika-
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cin) were added to the bacterial cultures. Total genomic DNA (gDNA)
from A. baumannii Ab144, Ab155, and A118 was obtained by using a
Wizard genomic DNA purification kit according to the manufacturer’s
instructions (Promega, Madison, WI). Plasmid DNA (pDsRedAK) was
extracted from E. coli TOP10 cells by using a Highway ADN Puriprep-P
kit (Inbio Highway).

Natural transformation assays. Standard natural transformation as-
says were performed as previously described (24). Briefly, 50 �l of late-
stationary-death-phase cultures of A. baumannii A118 was transferred to
50 �l of sterile LB medium with 100 ng of pDsRed plasmid DNA and/or
gDNA. These cultures were incubated for 1 h at 37°C and then plated onto
LB agar with 12.5 �g/ml kanamycin. Transformation events were scored
by counting Kanr colonies, while total CFU were assessed by plating serial
dilutions onto LB agar (see Fig. S1 in the supplemental material). Trans-
formation events were confirmed by PCR targeting aac(6=)-Ib, aac(3)-IIa,
and aph(3=)-Ia as well as by measuring the level of resistance to aminogly-
cosides (MICs) and macroscopic observation of red-pigmented colonies.
MICs were determined by the gradient diffusion method (Etest method)
(29) with commercial strips (bioMérieux) according to procedures rec-
ommended by the supplier. An average of 15 colonies (transformants)
were checked in every independent transformation experiment.

In order to test different conditions, assays were carried out as de-
scribed above while altering each physical parameter one at a time. The
temperature was switched to 25°C, 30°C, 35°C, 37°C, or 42°C. The pH
varied from 2 to 14. The effect of osmolarity was tested by changing the
concentration of sodium chloride. Different media were assayed, includ-
ing brucella broth, lactose broth, complete transformation medium
(CTM), minimal medium M9 (20% [wt/vol] �-D-glucose and 20% [wt/
vol] sucrose), Terrific broth, and human serum. Individual effects of BSA
(0.2%), human serum albumin (HSA) (0.2%), casein (0.2%), and CaCl2
(1 mM) were also tested (Sigma-Aldrich). Finally, the concentration of
transforming DNA was studied by using total genomic DNA of A. bau-
mannii strains Ab155KanR and Ab144KanR. All experiments were per-
formed in triplicate, and statistical analysis was performed. Transforma-
tion events were scored as mentioned above.

Kinetics of natural transformation. To determine the kinetics of nat-
ural transformation, 50 �l of the late-stationary-phase culture was trans-
ferred to 50 �l of sterile LB medium with 100 ng of pDsRed plasmid DNA.
The transformation experiments were done at various time points (0 to
180 min) and scored by plating onto selective agar. Termination of trans-
formation was done by adding 0.0017 U of DNase I (Promega, Madison,
WI) to the mixture of transforming DNA and the bacterial inoculum.

Denaturation and digestion of BSA and casein. To denature BSA and
casein, the proteins were exposed to heat treatment at 100°C for 1 min.
BSA and casein digestions were done with trypsin (2 �g) as previously
described (30).

RNA procedures and transcriptional analysis. Strain A118 was
grown in LB broth, LB broth with 1 mM CaCl2, LB broth with 0.2% BSA,
LB broth with 1 mM CaCl2 and 0.2% BSA, and CTM for 24 h at 37°C
under agitation. Cell pellets were immediately lysed by using a solution
containing 0.3 M sodium acetate (pH 4), 30 mM EDTA, and 3% SDS
(wt/vol) and incubated for 3 min at 100°C. RNAs were extracted accord-
ing to protocols described previously by Ramirez et al. (31). The integrity
of the RNA samples was checked by agarose electrophoresis. RNA con-
centrations were determined by spectrophotometry. Reverse transcrip-
tion was carried out by using Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Promega, Madison, WI) according to the manufac-
turer’s instructions. Specific oligonucleotides were designed for retrotran-
scription coupled to quantitative PCR (RT-qPCR) with Primer3 (see Ta-
ble S1 in the supplemental material). Samples containing no reverse
transcriptase or template RNA were included as negative controls to en-
sure that RNA samples were free of DNA contamination. The 16S rRNA
gene was used as an internal control for relative quantification. The RT-
qPCRs were completed by using 5� Hot FIREPol EvaGreen qPCR Mix
Plus (Solis Biodyne, Tartu, Estonia) with a two-step reaction protocol

consisting of 40 cycles of 94°C for 15 s and 52°C for 20 s, followed by a
dissociation phase for quality control. The 20-�l qPCR mixtures con-
tained 0.2 �M specific primers and 2 �l of cDNA (10 ng/�l).

The comEA and pilQ transcript levels of each sample were normalized
to the 16S rRNA transcript levels for each cDNA sample. Each cDNA
sample was run in triplicate, and experiments were repeated with at least
three independent sets of samples. The relative quantification of gene
expression was performed by using the 2���CT comparative threshold
method. The ratios obtained after normalization were expressed as fold
changes compared to values for cDNA samples isolated from bacterial
cultures on LB medium.

Comparative analyses of BSA and HSA. The amino acid sequence
comparison was performed by using BLAST (V2.0) and ClustalX. More-
over, the structure comparison between BSA and HSA was performed by
using the jFATCAT-rigid (java flexible structure alignment by chaining
aligned fragment pairs allowing twists) method using UCSF Chimera soft-
ware.

Bioinformatic analyses of presumptive competence genes. Forty-
two genome sequences of A. baumannii and 8 reference genomes of other
Acinetobacter species (Acinetobacter sp. strain ADP1, A. baylyi, A. calcoace-
ticus, A. haemolyticus, A. johnsonii, A. junii, A. lwoffii, and A. nosocomialis)
were used to generate an amino acid similarity matrix for the 16 presump-
tive natural competence genes (comEA, pilQ, pilD, pilF, pilP, pilA, comEC,
pilW, pilH, pilO, pilN, pilY1 [comC], pilE, pilR, pilM, and pilT) previously
identified in the A118 strain (25). Comparison and analyses of these genes
were performed by blastp and represented by using a heat map. The heat
map was done by using R project software (version 3.0.2).

Statistical methods. Data were expressed as means 	 standard devi-
ations (SD). The Student t test was used to analyze differences between
two groups, and one-way analysis of variance with Bonferroni correction
was used to study differences between three or more groups. Statistical
analyses were performed by using R project software (version 3.0.2).

RESULTS
Natural transformation is optimal at blood pH but is not af-
fected by temperature or osmolarity. Abundant evidence from
the literature points out that physical environment factors, such as
temperature, pH, and osmolarity, impact natural competence in
different bacterial species (11, 17, 32, 33). Therefore, we inquired
about the effect of different physical conditions on the transfor-
mation frequency of the A118 strain. Natural transformation as-
says with A118 at 26°C, 30°C, 37°C, and 42°C showed no signifi-
cant differences, indicating that temperature does not influence
transformation in A. baumannii A118 (see Fig. S2A in the supple-
mental material).

Variations of the NaCl concentration (0, 0.25, 0.5, 0.75, 1.0,
and 1.25%) showed no significant differences in transformation
frequencies, suggesting that osmotic stress does not affect trans-
formation (see Fig. S2B in the supplemental material).

We next investigated the effect of pH on natural competence
by measuring bacterial survival and the natural transformation
frequency of A. baumannii A118 at a range of pHs from 2 to 14.
The bacterium survived at a pH range of 5.5 to 7.5, while natural
transformation was optimal at pH 7.5 and occurred at a lower
frequency at pH 5.5 (see Fig. S2C in the supplemental material).
These results show that although growth can be sustained at a pH
interval ranging from 5.5 to 7.5, the pH for optimal transforma-
tion frequency corresponds to the highest pH supporting bacterial
culture. Interestingly, this value coincides with the pH found in
human blood (pH 7.35 to 7.45).

Transformation in A. baumannii A118 occurs readily and is
independent of the amount of DNA. For some species, such A.
calcoaceticus and S. pneumoniae, it has been shown that transfor-
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mation follows saturation kinetics (17, 18, 34). For E. coli, Baur et
al. obtained higher transformation frequencies with increasing
amounts of DNA (35).

To address this point, transformation assays were per-
formed by adding plasmid DNA (pDsRed) at various concen-
trations ranging from 5 ng/�l to 100 ng/�l (Fig. 1). Meanwhile,
we also tested transformation using increasing quantities of
gDNA in A118. For this purpose, we carried out experiments by
adding gDNAs of two different A. baumannii clinical strains
(A144KanR and A155KanR) that contain aminoglycoside resistance
genes [aac(6=)-Ib, aac(3)-IIa (aacC2), and aph(3=)-Ia] within their
genomes (GenBank accession numbers JQSF01000000 and
JXSV01000000, respectively). The acquisition of A155 and A144
gDNAs was confirmed phenotypically by measuring the level of
resistance to aminoglycosides and by PCRs using specific primers
that amplified the aac(3)-IIa and/or aph(3=)-Ia gene.

No significant differences were detected in the transformation
frequency independently of the concentration or the source of the
DNA (Fig. 1). The same amount of DNA resulted in a similar
transformation frequency when plasmid DNA or gDNA was used.
However, in the latter case, the generation of resistant clones re-
quired a double-recombination event for the integration of the
resistance marker into the A118 chromosome. This suggests that
the entry of DNA into the bacterial cytoplasm is the limiting step,
rather than further recombination steps.

We next studied natural transformation kinetics by monitor-

ing this process over time (see Fig. S3 in the supplemental mate-
rial). Surprisingly, we already obtained transformant colonies af-
ter 30 s. The frequency of transformation was then constant over
further time points (see Fig. S3 in the supplemental material).

Identification of Ca2� and BSA as competence inducers for
natural transformation through comparison of media. Data
from previous studies support the notion that specific chemical
compounds influence natural competence in various species (17,
35–39). A well-studied example is the case of chitin in the Gram-
negative species V. cholerae (40, 41).

Information regarding the Acinetobacter genus is scarce, as A.
baylyi ADP1 is the most studied strain (16–19). Most of the data
obtained by using this strain support the hypothesis that an up-
shift of nutrients could have a role in competence induction (18,
42). Moreover, in 1993, Palmen et al. proved that transformation
in A. calcoaceticus BD413 (also know as A. baylyi ADP1) was
Mg2�, Mn2�, and Ca2� dependent, not observing a dependency
on the growth medium and pH (18). Previously reported conclu-

TABLE 1 Natural transformation frequencies of A. baumannii strain A118 challenged with different culture mediaa

Medium Mean transformation frequency 	 SD Mean CFU/ml 	 SD

LB 4.81 � 10�8 	 4.67 � 10�8 2.79 � 105 	 2.10 � 105

Brucella broth 1.17 � 10�8 	 4.55 � 10�9 1.93 � 106 	 1.40 � 106

Lactose broth 2.82 � 10�9 	 2.87 � 10�9 3.02 � 106 	 1.47 � 106

Terrific broth 2.00 � 10�8 	 5.61 � 10�8 3.00 � 106 	 1.03 � 106

M9 broth supplemented with 20% (wt/vol) �-D-glucose 9.25 � 10�8 	 9.47 � 10�8 1.33 � 105 	 1.20 � 105

M9 broth supplemented with 20% (wt/vol) sucrose 4.94 � 10�8 	 2,84 � 10�8 1.58 � 105 	 2.04 � 105

CTM 4.67 � 10�7 	 4.46 � 10�7 5.26 � 105 	 3.7 � 102

a n � 3 biological replicates.

FIG 2 Natural transformation frequency with LB broth, LB broth plus BSA,
LB broth plus CaCl2, LB broth plus BSA and CaCl2, and CTM. Transformation
assays were performed with LB broth with 0.2% (wt/vol) BSA, LB broth with 1
mM CaCl2, LB broth with 0.2% (wt/vol) BSA and 1 mM CaCl2, and CTM. The
experimental control was transformed in LB broth. The cultures were then
plated onto selective media, and the number of CFU per plate was determined.
Data are presented as the means, and error bars represent the SD. Six indepen-
dent experiments were performed. Asterisks indicate that the observed differ-
ence in transformability is statistically significant (*, P 
 0.05 by the Student t
test; n � 6).

FIG 1 Natural transformation frequencies using different concentrations of
genomic and plasmid DNAs. The transformation assay was performed with
gDNAs of two A. baumannii strains (A144KanR and A155KanR) and plasmid
pDsRed. The cultures were then plated onto selective media, and the number
of CFU per plate was determined. Three independent experiments were per-
formed. Data are presented as the means, and error bars represent the SD
(n � 3).
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sions and data proving natural competence for A. baylyi ADP1
have often been applied to the entire genus. However, putative key
inducer chemical compounds remain to be identified.

In this study, we challenged the natural transformation of A118
with six different media: brucella broth, lactose broth, CTM, min-
imal medium M9 supplemented with 20% (wt/vol) �-D-glucose,
minimal medium M9 supplemented with 20% (wt/vol) sucrose,
and Terrific broth. Transformation assays using the above-men-
tioned media were performed in parallel with assays using LB
medium. Among these media, CTM showed a significant increase
in the transformation frequency compared to that with LB me-
dium (Table 1). The differential components in CTM compared
to LB medium are 1 mM CaCl2 and 0.2% BSA (Fig. 2). Therefore,
medium composition impacts the transformation frequency.

To gain insight into the role of CaCl2 in this process, we per-
formed natural transformation experiments by adding CaCl2 or
EDTA, a Ca2�-chelating agent. On one hand, a significant CaCl2
addition enhanced the transformation frequency (Fig. 3 and Ta-
ble 2). Meanwhile, EDTA treatment reduced transformation lev-

els. These results demonstrate that Ca2� ions are specifically in-
volved in promoting competence in A. baumannii A118. Indeed,
divalent cations seem to play a role in transformation in several
bacterial systems (35, 36).

Since BSA is the other differential component in CTM, we first
carried out transformation experiments using LB medium sup-
plemented with 0.2% BSA, at the same concentration as that in
CTM, to determine if this protein directly induces competence
(Fig. 2).

We observed an �2.5-fold increase in the frequency of trans-
formation upon the addition of BSA. However, these levels are still
below the ones observed with CTM (Fig. 4). Assays with the addi-
tion of CaCl2 and BSA to the same levels as those in CTM showed
a frequency of transformation equal to that observed with CTM
(Fig. 2). These two inducers showed added effects rather than
synergistic or antagonistic modes of action, suggesting that they
may act through different mechanisms or at different stages of the
transformation process.

To determine if the increase in the frequency of transformation
observed with BSA is specific to this protein or rather due to the
mere consequence of a higher peptide concentration, we carried
out transformation assays by adding 0.2% (wt/vol) casein to LB
medium. Notably, casein did not induce natural competence,
showing that the effect of BSA is specific (Fig. 4A and Table 3).

To determine dosage dependence, we performed the experi-
ment with a wide range of BSA concentrations (0.002 to 3.2%,
wt/vol). The lowest concentration of BSA tested (0.002%) was
already able to induce a significant increase in the transformation
frequency, and a concentration of 0.2% was enough to reach max-
imal competence induction (see Fig. S4 in the supplemental ma-
terial). Moreover, a posttest for linear trends showed a significant
linear trend between the amount of BSA added and the transfor-
mation frequency, indicating dose dependence for the observed
biological effect (P 
 0.0001; slope, 0.1169; R2 � 0.4).

Since albumin is a main component of serum, we performed
transformation assays by supplementing LB medium with hu-
man serum and compared the effect of this mixture with the
effect of BSA. Human serum triggered an increase in natural
transformation (Fig. 4B). Moreover, the addition of HSA inde-
pendently to LB medium also showed a significant 12.65-fold
increase in the transformation frequency. This result, as well as
results with BSA and serum, strongly supports our above-de-
scribed hypothesis, showing the role of albumin as an inducer
of competence.

We next inquired how BSA could induce this physiological
process. To test if its structure was necessary, BSA was heat dena-
tured. To determine if the whole molecule is necessary for com-

FIG 3 Transformability of A. baumannii cells under CaCl2 induction. Trans-
formation assays were carried out by using different media: LB broth, LB broth
plus CaCl2, and CTM. The cells were treated with EDTA to remove Ca2�. The
cultures were then plated onto selective media, and the number of CFU per
plate was determined. Data are presented as the means, and error bars repre-
sent the SD. Three independent experiments were performed. Asterisks indi-
cate that the observed difference in transformability is statistically significant
(*, P 
 0.05 by the Mann-Whitney test; n � 3).

TABLE 2 Natural transformation frequencies of A. baumannii A118 in the presence or absence of CaCl2 in LB medium and CTM with or without
EDTA treatmenta

Treatment Mean transformation frequency 	 SD Mean CFU/ml 	 SD

LB 1.522 � 10�7 	 4.952 � 10�8 1.025 � 108 	 9.874 � 107

LB � EDTA 6.560 � 10�8 	 3.348 � 10�8 4.11 � 105 	 2.08 � 105

LB � CaCl2
b 5.620 � 10�7 	 4.140 � 10�7 4.762 � 106 	 4.471 � 106

LB � CaCl2 � EDTAb 2.146 � 10�7 	 1.482 � 10�7 1.502 � 107 	 1.354 � 107

CTM 1.433 � 10�6 	 7.375 � 10�7 1.010 � 108 	 5.050 � 107

CTM � EDTA 4.640 � 10�7 	 1.999 � 10�7 1.861 � 108 	 1.641 � 108

a n � 5 biological replicates.
b A total of 0.001 M CaCl2 was used.

Inducers of Natural Competence in A. baumannii

August 2016 Volume 60 Number 8 aac.asm.org 4923Antimicrobial Agents and Chemotherapy

 on July 22, 2016 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org
http://aac.asm.org/


petence induction, we digested BSA with trypsin. The samples
were then used for transformation assays. Assays in which cultures
are treated with BSA or trypsin-digested BSA showed similar in-
creases in their frequencies of natural transformation. Interest-
ingly, competence levels were even higher when denatured BSA
was employed than when BSA, LB plus BSA, or LB plus trypsin-
digested BSA were employed (Fig. 4C and Table 4). Our results
indicate that neither BSA’s native full-length structure nor its ter-
tiary structure is needed to enhance competence. We hypothe-
sized that some of the peptides obtained after trypsin digestion
maintain the capacity to prompt the effect and that a masked

protein motif may serve as a specific enhancer of natural compe-
tence. Importantly, no variations in natural transformation were
observed when denatured casein was used, showing that BSA pos-
sesses a specific motif capable of inducing natural competence
(Fig. 4A). In the case of Streptococcus thermophilus, it was observed
that competence is induced by casein-derived octapeptides (43).
This was not observed with A. baumannii A118, suggesting a dif-
ferent regulatory mechanism and reinforcing the idea of the spec-
ificity exerted by albumins.

BSA and Ca2� induce comEA and pilQ transcription in A.
baumannii strain A118. The recent sequencing of the A118 ge-

FIG 4 Transformability of A. baumannii A118 cells under different conditions. (A) Transformation assays with the addition of 0.2% (wt/vol) casein, heat-
denatured 0.2% (wt/vol) casein, trypsin-digested 0.2% (wt/vol) casein, and 0.2% (wt/vol) BSA to LB medium (*, P 
 0.05 by the Mann-Whitney test; n � 3). (B)
Comparison of natural transformation frequencies with LB broth, LB broth and 0.2% (wt/vol) BSA, LB broth and HSA, and human serum (*, P 
 0.05 by the
Mann-Whitney test; n � 3). (C) Transformation assays with denatured and digested 0.2% (wt/vol) BSA added to LB broth. Simultaneously transformation assays
using LB broth were performed to allow comparison. We compared transformation with BSA treatment to transformation without treatment in LB broth (*, P 

0.05 by the Mann-Whitney test; n � 3). For all assays, cultures were plated onto selective media, and the number of CFU per plate was determined. Data are
presented as the means, and error bars represent the SD. Three independent experiments were performed in each case. Asterisks indicate that the observed
difference in transformability is statistically significant.
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nome shows the conservation of genes that could be related to
competence, such as comEA, which encodes a small DNA-bind-
ing periplasmic protein, and pilQ, which encodes the outer
secretin protein found in type IV pili (11, 44–46). We investi-
gated whether Ca2� could induce the expression of such genes.
Retrotranscription coupled to quantitative PCR (RT-qPCR)
was performed in the presence or absence of 1 mM CaCl2. We
observed 2-fold increases in the expression levels of both
comEA and pilQ in the presence of CaCl2 (Fig. 5), suggesting
that divalent cations, specifically Ca2�, imposed an effect on
the frequency of natural transformation of the A118 strain by
inducing competence-related genes. We also observed that
upon the addition of BSA, the levels of comEA and pilQ tran-
scripts were increased by 1.4- and 2.5-fold, respectively (Fig. 5).
Most prominently, the addition of BSA and CaCl2 to the media
increased the expression levels of the comEA and pilQ tran-
scripts by 2.5- and 3.1-fold, respectively (Fig. 5).

BSA and Ca2� induce competence among several A. bau-
mannii strains. To rule out the possibility that BSA-dependent
competence enhancement is limited to A118, two other A. bau-
mannii strains (ATCC 17978 and A42) were tested. ATCC 17978 is
one of the most studied A. baumannii strains (5, 47–52), and A42
is a multidrug-resistant clinical isolate exhibiting susceptibility to
kanamycin (53). We performed transformation assays with and
without BSA, and we observed an increase in the transformation
frequency for both strains (Fig. 6A). Upon the addition of BSA
and using plasmid DNA as the DNA source, we observed 23- and
1.5-fold increases for ATCC 17978 and A42, respectively (see Ta-
ble S2 in the supplemental material).

We carried out the transformation assay by adding Ca2�, and
we also observed a significant increase in the frequency of trans-
formation for both strains (Fig. 6B). Increases of 5.96- and 7.17-
fold were observed for strains ATCC 17978 and A42, respectively
(see Table S3 in the supplemental material).

These results strongly suggest that induction by BSA and Ca2�

is not limited to the A118 strain, thereby extending the relevance
of our findings to other A. baumannii strains. Additionally, these

findings suggest that transformation is a common trait of A. bau-
mannii.

Moreover, for clinical strain A42, we observed a significantly
higher transformation frequency when plasmid DNA was used as
the DNA source. As is known for A. baumannii, transformation
rates can vary depending on the isolates. These results suggest that
this strain can acquire plasmid DNA more efficiently. Other plas-
mids and gDNA sources can be tested to see if the same results
occur with other types of DNA.

Bioinformatic analysis of putative competence genes in A.
baumannii genomes and other non-A. baumannii species. We
recently identified the presence of 17 presumptive competence
genes (comM, comEA, pilQ, pilD, pilF, pilP, pilA, comEC, pilW,
pilH, pilO, pilN, pilY1 [comC], pilE, pilR, pilM, and pilT) in strain
A118 (25). To confirm whether this set of genes is conserved
within A. baumannii species and to determine the extent to which
natural competence is preserved among members of this genus,
we decided to perform a comparative sequence analysis using 42
genomes of A. baumannii and 8 genomes of species within the
Acinetobacter genus available in GenBank. Since comM was inter-
rupted by an insertion of a resistance island (AbaR-type genomic
island) in most of the A. baumannii genomes, this gene was ex-
cluded from the analysis. We found that 15 of the 16 presumptive
competence gene-encoded proteins are highly conserved (�80%
similarity) among A. baumannii isolates, whereas 12 of the 16
genes were present in all members of the Acinetobacter genus in-
cluded in the present study (Fig. 7). Of the 16 genes, pilA, pilY,
pilE, and pilT were not present in all Acinetobacter spp. A. nosoco-
mialis, a species closely related to A. baumannii and an important
pathogen in hospital-acquired infections, possessed all 16 genes,
with a considerable degree of average similarity (86.47%). Our
results, as well as those reported in the literature, support the
notion that most Acinetobacter species strains are likely to be
transformable under certain conditions and that they share com-
mon mechanisms of DNA uptake described for other transform-
able bacteria (7, 25).

TABLE 3 Natural transformation frequencies of A. baumannii A118 in the presence of casein, denatured and digested casein, and BSA in LB
mediuma

Treatment
Mean transformation
frequency 	 SD Mean CFU/ml 	 SD

LB 1.146 � 10�7 	 6.362 � 10�8 4.784 � 106 	 2.168 � 106

LB � BSAb 3.849 � 10�7 	 2.492 � 10�7 5.534 � 107 	 5.433 � 107

LB � caseinc 1.030 � 10�7 	 4.854 � 10�8 1.737 � 107 	 4.105 � 106

LB � denatured casein 1.818 � 10�8 	 2.553 � 10�8 2.944 � 107 	 2.315 � 107

LB � digested casein 3.800 � 10�8 	 1.384 � 10�8 1.087 � 108 	 2.935 � 107

a n � 3 biological replicates.
b A total of 0.2% (wt/vol) BSA was used.
c A total of 0.2% (wt/vol) casein was used.

TABLE 4 Natural transformation frequencies of A. baumannii A118 in the presence of native, denatured, and digested BSAa

Treatment Mean transformation frequency 	 SD Mean CFU/ml 	 SD

LB 2.607 � 10�8 	 7.441 � 10�9 1.250 � 106 	 7.05 � 105

LB � BSA 7.049 � 10�8 	 3.807 � 10�8 2.881 � 106 	 2.560 � 106

LB � denatured BSA 2.620 � 10�7 	 1.540 � 10�7 1.544 � 106 	 1.168 � 106

LB � digested BSA 6.332 � 10�8 	 5.684 � 10�8 5.708 � 106 	 4.100 � 106

a n � 3 biological replicates.
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DISCUSSION

Antibiotic-resistant bacteria, such as A. baumannii, pose a serious
threat to human health, and the increase in the number of infec-
tions caused by such pathogens is a growing concern worldwide.
The CDC reports 12,000 infections with multidrug-resistant A.
baumannii annually (54). This pathogen is responsible for a wide
variety of nosocomial infections, including pneumonia, blood in-
fections, meningitis, and skin infections (1, 55). In some cases, the
patient outcomes associated with extensively drug-resistant A.
baumannii infections can be deadly (2).

Recent analysis of the A. baumannii genome suggests that

transformation plays a key role in the development of antibiotic
resistance in A. baumannii, but the mechanisms by which it occurs
and the factors or signals that play a role in transformation are
poorly understood.

Here we identified environmental conditions and factors that
could trigger and enhance transformation in this dangerous
pathogen. Transformation could help A. baumannii acquire DNA
and increase its potential to be a deadly nosocomial pathogen. We
employed A. baumannii strain A118, which was previously shown
to be naturally competent (24), for this purpose.

We observed that temperature and osmolarity did not exert
any effect on the level of natural transformation of A118. In con-
trast, we observed that different alkaline or acidic conditions im-
pacted transformation levels. A higher level of transformation was
obtained at pH 7.5, a pH that corresponds to the pH found in
human blood (pH 7.35 to 7.45). It is known that one of the most
severe infections caused by this pathogen is septicemia (1, 56);
therefore, this result shows that blood pH could be a signal that
could have an impact on transformation during the course of A.
baumannii infection.

Our results also showed that transformation is not dependent
on the amount of DNA or on its source. As has been observed for
other species, it is a prompt process that occurs rapidly during the
first seconds of DNA-cell exposition, proceeding continuously
thereafter over time.

The capacity to undergo natural competence has been studied
for many bacterial species. However, how natural competence is
triggered, enhanced, or blocked is less understood, particularly for
Gram-negative bacteria. In some species, such as H. influenzae,
starvation of required carbon sources acts as an inducer of com-
petence (14, 15); in Moraxella catarrhalis, iron limitation affects
natural competence (57); and in V. cholerae, chitin induces natu-
ral competence (11, 40). In other cases, replication arrest gener-
ated by stress can induce competence when competence genes are
located near the replication origin (58). For Acinetobacter spp.,
using A. baylyi strain ADP1, it was observed that an upshift of
nutrients has a role in competence induction (18, 42). However,

FIG 5 BSA and Ca2� induction of comEA and pilQ transcription in A. bau-
mannii strain A118. Bacterial cells grown in LB, LB plus CaCl2, LB plus BSA, LB
plus CaCl2 and BSA, and CTM were used. Determination of relative expression
levels of comEA and pilQ was performed by using RT-qPCR. Fold changes were
calculated from threshold cycle (CT) values after normalization to 16S rRNA.
Data are presented as the means and SD. (*, P 
 0.05 compared with the
absence of 1 mM CaCl2 and 0.2% [wt/vol] BSA in medium, as determined by
the Kruskal-Wallis test; n � 4).

FIG 6 Transformability of A. baumannii A118, ATCC 17978, and A42. Transformation using gDNA (A144KanR) and plasmid DNA (pDsRed) was performed
under two different conditions. (A) LB medium with 0% BSA and LB medium with 0.2% (wt/vol) BSA. Cultures were plated onto selective media, and the
number of CFU per plate was determined. Data are presented as the means, and error bars represent the SD. Four independent experiments were performed.
Asterisks indicate significant differences in transformability (*, P 
 0.05 by the Mann-Whitney test; n � 4). (B) LB medium and LB medium with 0.001 M CaCl2.
Cultures were plated onto selective media, and the number of CFU per plate was determined. Data are presented as the means, and error bars represent the SD.
Five independent experiments were performed. Asterisks indicate significant differences in transformability (*, P 
 0.05 by the Mann-Whitney test; **, P 
 0.01
by the Mann-Whitney test; n � 5).
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the effect of individual compounds was not clearly defined in the
literature. Our results obtained by comparing different media re-
vealed that two distinctive components, Ca2� and BSA, produced
an increase in the level of transformation observed for strain A118
as well as the other two A. baumannii strains tested. Each compo-
nent induced transformation independently and presented added
effects when included in LB medium. Importantly, the addition of
BSA did not cause transformation induction simply by increasing
the nutrient concentration or protein availability, since the addi-
tion of casein at the same concentration did not enhance the rate
of transformation. Interestingly, such specificity is not provided
by the tertiary structure of the protein but rather by a motif that is
exposed when the protein is denatured. We are currently search-
ing this motif and investigating if it is borne by other human
proteins within blood or the extracellular matrix. On the other
hand, a specific receptor might exist on the bacterium surface.

Another important element supporting the notion that BSA
induces natural transformation is that it induces the transcription
of comEA and pilQ, two competence genes. Meanwhile, these two
genes are also overexpressed upon the addition of Ca2�. Taken
together, these results and the observed decrease in the transfor-
mation frequency upon EDTA treatment provide evidence that
demonstrates that Ca2� is actively involved in the induction of
competence rather than just aiding in this process by mitigating
electrostatic repulsion between the negative charges present in the
DNA phosphate backbone and on the cell surface. In accordance
with our results, Palmen et al. also showed that divalent ions, such
as Mg2�, Ca2�, or Mn2�, are required during the transformation
process in A. baylyi strain BD413 (18).

Serum albumin is the main protein of mammalian blood
plasma, and it is involved in the regulation of the colloidal osmotic
pressure of blood as well as serving as a carrier for molecules that
have low solubility in water. Calcium is among the elements car-

ried by this protein (59). In particular, BSA (also known as “frac-
tion V”) is a serum albumin protein derived from cows, and its
crystal structure showed three calcium ions bound to it (60). As
shown by our results, the association of calcium with BSA could
play a role in the observed effect on natural transformation, since
added effects were observed when both elements were present in
the medium. These results possessed relevant significance, since it
is known that serum albumins interact with Ca2� (acid dissocia-
tion constant [Ka] � 1.5 � 103 M�1 for human albumin) and that
almost 45% of the 2.4 mM flowing Ca2� in serum is albumin
bound (60, 61).

A. baumannii A118 showed an increase in the transformation
frequency with BSA. Similar results were obtained for two other A.
baumannii clinical strains tested under the same conditions.
Therefore, it is highly likely that induction of natural transforma-
tion by BSA could be present in the whole species or even along the
genus, greatly increasing the significance of our finding.

Jacobs et al. reported increased expression levels of various
genes when A. baumannii ATCC 17978 was grown in human se-
rum by using microarrays (51). Among some of the genes that
showed upregulation were DNA uptake genes (51). Our experi-
ments are in line with those results, since we also observed an
increase of natural transformation when we used human serum as
well as HSA in the transformation experiments. Comparison of
BSA and HSA proteins showed a high level of similarity between
the BSA and HSA structures (root mean square deviation
[RMSD], 1.372; Q score, 0.811). Taken together, the results that
we provide are evidence that serum albumins could serve as a
competence inducer.

Our work provides a description of the first specific inducers,
albumins and Ca2�, of natural competence and also shows some
aspects of this process in A. baumannii. We observed that natural
transformation is a prompt and continuous process that is af-

FIG 7 Comparative sequence analysis of known competence genes. The heat map representation shows similarity between 15 competence genes of 42 genomes
of Acinetobacter baumannii and 8 other species of the genus against the Acinetobacter baumannii A118 genome. The values are represented from 50% (red) to
100% (green) amino acid similarities, as indicated by the color scale. Clustering was carried out by using the complete-linkage method together with Euclidean
distance.
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fected by the pH of the environment. The competence genes
comEA and pilQ showed high levels of expression in medium con-
taining both Ca2� and BSA, conditions under which higher levels
of natural transformation were obtained.

Overall, our results suggest that the main blood proteins en-
hance a primary mechanism of horizontal gene transfer (HGT) in
A. baumannii and therefore contribute to the emergence of AMR
in this threatening human pathogen. Remarkably, the A118 strain,
as well as the other two strains tested here (ATCC 17978 and A42),
easily acquired resistance determinants from related bacteria,
showing the high flux of AMR across different isolates from this
species.

Therefore, albumins and Ca2� can directly contribute to the
acquisition and dispersion of antimicrobial resistance determi-
nants among clinical A. baumannii strains.
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