










trations of DNA substrate for transformation experiments and found that both methods
provided comparable results (Fig. 3). For both methods, transformation efficiencies
were around 10�6 using 0.25 ng of hu-sfgfp_aac gDNA, and then the transformation
frequencies increased by 10-fold with DNA concentration up to a transformation
frequency of �10�5 for 2.5 ng of gDNA. However, for higher gDNA amounts (25 and
250 ng), the transformation frequencies seem to reach saturation and remained around
10�4. Altogether, these results demonstrate that detection of HU-sfGFP marker by flow
cytometry constitutes a method as quantitative and specific as the classical antibiotic
selection method to follow natural transformation in A. baumannii. The apramycin
resistance cassette of the HU-sfGFP chromosomal marker was required here to bench-
mark the fluorescence-based method against the antibiotic selection method. However,
our initial objective was to obtain a transformation marker that does not confer
additional antibiotic resistance. We consequently engineered a HU-sfGFP chromosomal
marker without an apramycin resistance cassette (see Fig. S3A in the supplemental
material). We ensured that the new genetic construct was still compatible with bacterial
growth (see Fig. S3B in the supplemental material) and that the fluorescence emitted
was comparable to the hu-sfgfp_aac strain (see Fig. S3C in the supplemental material).
Therefore, all of the following experiments were performed using the HU-sfGFP marker
without any antibiotic resistance gene.

Improving parameters of natural transformation of A. baumannii. To detect
natural transformation in MDR clinical isolates, we first took advantage of the
fluorescence-based method to optimize conditions of natural transformation in A.
baumannii. Because less than a nanogram of gDNA already results in frequencies higher
than 10�6, we set this value as the detection threshold of transformation. We first
investigated how the type of transforming DNA would influence the transformation
frequencies. A. baumannii strain AB5075 was subjected to transformation using the
same mass of DNA (50 ng) carrying the HU-sfGFP marker flanked by 2-kb-long regions
homologous to the targeted chromosomal locus, either as a linear PCR product, as an
insertion in nonreplicative plasmid (pASG-5), or as integrated at its locus in gDNA (Fig.
4A). Transformation using gDNA resulted in transformation efficiencies between 10�5

and 10�4, which were comparable to the foregoing result (Fig. 3, 25 ng). However,
transformation using a PCR product appeared less efficient, with at least 10-fold-fewer
transformants than with gDNA. On the other hand, transformation frequencies using

FIG 3 Comparison of flow cytometry sensitivity to antibiotic selection in detecting natural transformation
with the hu-sfgfp_aac marker. Wild-type A. baumannii AB5075 cells were transformed using increasing
amounts of hu-sfgfp_aac genomic DNA (gDNA). The DNA concentrations are expressed in nanograms of
DNA per microliter of the bacterial suspension used in the transformation assay. The transformation
frequencies were determined both by flow cytometry and by antibiotic selection for each gDNA
concentration. For each method and DNA concentration, the three dots represent technical replicates.
For a given gDNA concentration, dots of the same color indicate a sample tested by both methods. The
horizontal lines represent the mean of the three measurements.
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pASG-5 were significantly higher than using gDNA (mean of 1.5 � 10�4). As previously
proposed for A. baylyi (31), the difference in transformation efficiency between gDNA
and plasmid DNA (pASG-5) may be explained by the number of copies of markers,
which was much greater when using plasmid DNA than in gDNA (Fig. 4B). With this
result taken into consideration, the following experiments were performed using
pASG-5 as the substrate of transformation. We tested first the impact of the bacterial
culture and storage conditions prior to transformation assay and found that culturing
bacteria in liquid broth results in slightly higher transformation efficiencies in compar-
ison to bacteria stored at �80°C in conservation medium (5-fold decrease) (see Fig. S4
in the supplemental material). This decrease may be due partially to the presence of
glycerol, given that the addition of glycerol to bacteria grown on solid or liquid media
decreases transformation (respectively, by 4-fold and 2-fold) (see Fig. S4 in the supple-
mental material). The optimal pH values for natural transformation have been reported
to be more than 6.5 for A. baylyi ADP1 and 7.5 in A. baumannii A118 (31, 32). We
therefore investigated the effect of pH on natural transformation in strain AB5075. To
this end, transformation medium was buffered in the range of 5.3 to 8.3 using the
potassium phosphate buffering system of Palmen et al. (31) (Fig. 5A). We observed that
at between pH 5.3 and pH 6.1, the transformation levels were around 10�4. For pH
values greater than 6.36, the transformation frequencies decrease by 10-fold steadily
down to 100-fold for a pH above 7.36 to reach the lower detection limit. Based on the
study of Traglia et al. performed on the A. baumannii strain A118, we also investigated
the role of bovine serum albumin (BSA) on transformation efficiency and found no
concentration-dependent effect on transformation level when 0.25 to 1% BSA was
added to the transformation medium (see Fig. S5A in the supplemental material). On
the contrary, the addition of BSA results in a moderate decrease in transformation (3-
to 4-fold). We also investigated the role of divalent cations (Ca2�, Mg2�, and Mn2�) in
transformation. The addition of Mg2�and Mn2�did not improve the transformation
level, in contrast to Ca2�, which, upon addition alone or combined with other divalent
cations, slightly increased the transformation levels (2-fold) (see Fig. S5B in the sup-
plemental material). Finally, we tested the effect of the agarose concentration in the
transformation medium and observed that at 0.25 to 1% agarose, bacteria were
increasingly and steadily transformable (by 2- to 3-fold in comparison to the control
condition 0.5%) (Fig. 5B).

FIG 4 DNA forms and transformation efficiency. Comparison of transformation frequencies obtained
with the hu-sfgfp marker on either a PCR fragment with 2 kb of flanking homology, gDNA, or a
nonreplicative plasmid (pASG-5). The same mass of DNA (50 ng) was used for each DNA form. The
graphics represent either absolute measurement (A) or results normalized to the copy number of the
marker (B). A total of six independent transformation assays were performed on two separate occasions.
The horizontal lines represent the means for each condition. The limit of detection (10�6) is indicated by
a shaded area. Two-by-two comparison using the nonparametric Mann-Whitney-Wilcoxon test (two-
tailed) between the various conditions yielded P values of �0.01 (**).
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Altogether, using flow cytometry, we refined the optimal conditions for the trans-
formation of A. baumannii strain AB5075 and improved by 100-fold the transformation
frequencies of this strain (compare Fig. 3 to 5B).

Probing natural transformation in nonclinical and MDR clinical animal isolates.
To further validate the cytometry-based method and to gain insight into the transfor-
mation ability of nonclinical strains isolated from wild animals, we sought to estimate
the transformation ability of nine fully sequenced strains isolated from wild storks,
some of which were related to human clinical isolates (33). Taking advantage of avian
strain genome availability (33), we confirmed that the HU gene and the flanking regions
are highly conserved with at least 99.1% identity between the avian strain sequences
and the AB5075 strain sequence. Previously, five of these nine strains were found to be
transformable in a qualitative transformation assay using the antibiotic selection-based
method (33). All five strains were also transformable using the fluorescence-based
method, but their ability to undergo transformation spreads over a range of 3 orders
of magnitude (Fig. 6A). Remarkably, the fluorescence based-method allowed us to
detect transformation in one isolate that was not identified as transformable using the
antibiotic selection method (33) (Fig. 6A, strain 280/1C). There is no clear correlation
between the transformation level and the sequence identity of the transforming
sequence given that strains that present the same sequence identity (99.4%) (Fig. 6A)
are either highly transformable (strains 29D2 and 86II/2C) or not transformable (strains

FIG 5 Parameters affecting transformability of A. baumannii. (A) Effect of pH on transformation efficien-
cies. Bacteria were transformed using 0.5% agarose in transformation medium buffered using potassium
phosphate with a measured pH ranging from 5.35 to 8.33. The Spearman correlation coefficient between
pH 5.35 and 6.1 and the transformation frequency is r � �0.4 (P [two tailed] � 0.05). The Spearman
correlation coefficient between pH 6.1 and 7.89 and the transformation frequency is r � �1 (P [two
tailed] � 0.01). (B) Effect of increasing concentrations of agarose on transformation efficiencies (0.5%
agarose was used in the foregoing experiments). The Spearman correlation coefficient between agarose
concentration and transformation frequency is r � 0.9758 (P [two tailed] � 0.0001). A total of nine
independent transformation assays were performed on three separate occasions. The horizontal lines
represent means for each condition. The limit of detection (10�6) is indicated by a shaded area.
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29R1 and 151/1C). Remarkably, strains presenting levels sequence identities lower than
the strain AYE (strains 29D2, 192/2C, and 86II/2C) still presented comparable levels of
transformation (Fig. 6A).

Taking advantage of the flow cytometry-based method and improved conditions for
testing transformation, we then investigated the transformation profile of clinical MDR
A. baumannii isolates, again of animal origin (typed but not fully sequenced). We
estimated the transformation frequencies of 12 A. baumannii isolates from diseased
animals obtained through the French Surveillance Network for Antimicrobial Resistance
in Animal Pathogens (Resapath). These isolates presented multiple antibiotic resistance,
including to carbapenems (34). For 50% of the isolates (6 of 12) transformation could
be detected, with transformation frequencies ranging from 10�6, the limit of detection,
up to 10�2 (Fig. 6B). Interestingly, most sequence type 25 (ST25) and ST25-like isolates
were found to be transformable (5 of 7), in contrast to all of the ST415 isolates
(n � 3). Altogether, these results on animal clinical isolates and nonclinical iso-
lates demonstrate that the fluorescence-based method allows the detection of trans-
formation events in A. baumannii regardless of the origin of the strain.

FIG 6 Determination of natural transformation frequencies of nonclinical and clinical A. baumannii
isolates using flow cytometry. Wild animal (A) and clinical animal (B) isolates of A. baumannii were
subjected to transformation using pASG-5 and the optimized conditions developed for the strain. (A)
Results of transformation ability obtained in a qualitative manner are reproduced from the work of
Wilharm et al. (33). ND, not done; �, transformable; –, not transformable. The percent sequence identity
between the HU region of strain AB5075 (4,220 nucleotides long) with the recipient strain is indicated.
(B) Sequence types (Pasteur scheme) of clinical isolates are specified (with 25-L representing ST25-like).
A total of six to nine independent transformation assays were performed on two or three separate
occasions. The horizontal lines represent the mean measurements for each strain. The limit of detection
(10�6) is indicated by shading.
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DISCUSSION

Acinetobacter baumannii is now an established member of the growing list of
bacteria capable of undergoing natural genetic transformation (13, 33). Together with
genomic evidence of high recombination rates and multiple horizontal gene transfer
events, natural transformation should be considered a major contributor of antibiotic
resistance genes acquisition in A. baumannii. To investigate natural transformation in
clinical MDR isolates, we developed here a fluorescence-based assay to detect and
quantify transformation. To select an optimal marker of transformation, we engineered
seven chromosomal markers consisting in C-terminal translational fusion of sfGFP with
abundant proteins. Interestingly, we obtained an sfGFP fusion protein with the Fis
protein, an essential protein in AB5075 (35). However, the level of expression of this
chimeric protein did not confer the cells a fluorescence level distinguishable from
autofluorescence (Fig. 1B and C; see also Fig. S1 in the supplemental material). All other
translational fusions were highly expressed and emitted a fluorescence signal that
could distinguish the corresponding strains from the wild-type strain (Fig. 1; see also
Fig. S1 in the supplemental material). Expectedly, the fluorescence intensity of the cells
correlates with abundance of the sfGFP fusion protein (see Fig. S1 in the supplemental
material). Yet, protein folding or its location in the bacterial cell also influences the
fluorescence intensity of a protein fusion. For instance, HU-sfGFP and HNS-sfGFP fusions
are both predicted to be associated with the nucleoid and seemed to be expressed at
similar levels (see Fig. S1 in the supplemental material). However, the HU-sfGFP fusion
was brighter than the HNS one regardless of the growth phase (Fig. 1 and S2). While the
HU-sfGFP signal appears distributed evenly in the cell (Fig. 1B), the HNS-sfGFP signal
was restricted to one to two discrete foci per cell. Both subcellular localizations
observed in A. baumannii were reminiscent of localization patterns observed for HU and
H-NS in Escherichia coli (36). Besides their use as fluorescent markers of natural
transformation, the fusion proteins could be useful to further investigate the function
of nucleoid-associated proteins in A. baumannii. However, the functionality of the
fusion protein was not assessed in this study given that HU and HNS, along with RpsA
and DnaK, are nonessential proteins for growth in rich medium (35).

The HU-sfGFP marker combined with flow cytometry performed at least as well as
the classical antibiotic selection to determine transformation frequencies (Fig. 2 and 3).
We thus investigated the chemical and physical parameters susceptible to alter trans-
formation efficiencies in A. baumannii. We tested the influence of divalent cations
Mg2�, Ca2�, and Mn2� on transformation efficiency to find a mild (2-fold) but signif-
icant effect of Ca2�, as in A. baylyi and A118. In A118, BSA was found to increase
transformation by 2-fold (37), and yet the addition of this blood protein to the
transformation medium results in a slight decrease in transformation efficiency in
AB5075 (see Fig. S5A in the supplemental material). With a difference greater than 2
orders of magnitude, the parameter influencing transformation the most is pH (Fig. 5B).
We found that transformation is more efficient at slightly acidic pH (5, 6), which is
opposite to results obtained in A. baylyi ADP1 for which transformation drops by 10 to
100-fold at pH below neutrality (31). This is a clear indication that even closely related
species can undergo natural transformation under specific conditions. Transformation
occurring at mildly acidic pH in AB5075 led us to hypothesize that competence may be
triggered in several specific sites within a host. For instance, acidic pH values are
reminiscent of cutaneous pH (which is slightly lower than 5 [38]), or parts of the
gastrointestinal tract, with pH levels of 5 to 7 in the colon (39). Noteworthy, these body
sites contain large bacterial communities, including A. baumannii or other Acinetobacter
species, that could offer substrates for natural transformation and foster the acquisition
of antibiotic resistance genes (4, 5).

We also found that increasing agarose concentration improved transformation (Fig.
5A). A simple explanation for the apparent agarose concentration-dependent increase
of natural transformation could be that at high concentrations, agarose physically
impairs bacterial movement and somehow increases the local DNA/bacterial cell ratio
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and therefore transformation efficiency. Another hypothesis could be that mechano-
chemical perception of type IV pilus retraction on agarose stimulates competence.
Indeed, sensing pilus retraction was involved in the induction of virulence gene
expression and holdfast synthesis, respectively, in Pseudomonas aeruginosa and Cau-
lobacter crescentus (40, 41). Also, and intriguingly, agarose is a necessary component of
the semisolid media required to natural transform A. baumannii or closely related
species (13, 33, 42). One hypothesis could be that the competent state for natural
transformation is induced by the presence of agarose itself. Indeed, agarose, a polymer
produced by seaweed, is made of repeating units of disaccharide (D-galactose and
3,6-anhydro-L-galactopyranose). Some soil or marine isolates of Acinetobacter sp. pro-
duce an agarase able to degrade agarose (43, 44). Similarly to the degradation products
of chitin that induce competence in Vibrio cholerae (45), the degradation products of
agarose could represent the trigger of competence in A. baumannii. The regulatory
cascade that triggers competence in A. baumannii is currently unknown, and its
identification may provide clues about the inducing cues.

Regardless of the inducing mechanism, the improved assay results in the highest
transformation frequencies ever reported for A. baumannii, which can be as high as 1%
for strain AB5075. The combined improved assay and method of detection made
possible the investigation of natural transformability on a panel of nonclinical strains
and clinical isolates. We found that 50% of A. baumannii clinical isolates isolated from
pets (6 of 12) and 66% of nonclinical strains isolated from wild birds (6 of 9) were
transformable. Among transformable strains or isolates, the transformation levels vary
from 10�2 down to the detection limit (10�6). The variability of transformation effi-
ciencies among A. baumannii isolates is reminiscent of the transformation levels
observed in A. baumannii human clinical isolates (13) but also among isolates of other
transformable species, such as S. pneumoniae or Haemophilus influenzae (46, 47). We
ruled out the hypothesis that HU genomic region divergence prevents transformation.
However, although HU gene and protein sequences are highly conserved, the expres-
sion level of the HU gene in the recipient strain varies, with some strains expressing less
of the HU gene under the condition tested, resulting in cells presenting a lower
fluorescent signal (see Fig. S6 in the supplemental material). Therefore, although the
strain may be transformable, it is possible that transformants escape detection. As
discussed beforehand, another explanation for the undetectable transformability may
be related to strain-specific requirements for competence development. In this regard,
the fact that most of the ST25 strains presented high level of transformation indicates
that competence development is favored by the experimental conditions set for ST1
strains (AB5075 and AYE). These conditions may not be optimal for some strains, and
we cannot rule out the possibility that strains that appear nontransformable in our
assay would someday reveal themselves to be transformable under slightly different
conditions. Variability among A. baumannii isolates may also result from mechanisms
limiting transformation, such as secreted endonucleases that inhibit transformation in
Campylobacter jejuni and V. cholerae (48–50).

A major limitation of our assay lies in its relative low sensitivity. Using our current
equipment and settings, our assay does not allow us draw conclusions about the
transformability of strains that would transform at frequencies below 10�6. Yet, the use
of HU-sfGFP and flow cytometry offers, for now, the possibility to phenotypically detect
transformation events in clinical isolates of A. baumannii for which transformability
could not have been otherwise investigated. Little is known about the conditions that
foster horizontal gene transfer by transformation in A. baumannii. Our easy and rapid
method now allows study of the environmental conditions that may influence the rates
of horizontal gene transfer using undomesticated strains. For instance, the method
could be used to quantify horizontal gene transfer by natural transformation resulting
from intra- or interspecific predatory behaviors (50, 51). The new HU-sfGFP would also
constitute an excellent tool for the live-cell imaging of transformation in this species. It
also opens investigations on horizontal gene transfer in infection models, experimen-
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tally testing the possibility that conditions specific to body sites, exposure to antibiotics,
or antiseptics stimulate horizontal gene transfer.

MATERIALS AND METHODS
Bacterial strains, typing, and growth conditions. The bacterial strains or strains used in this study

are listed in Table S1 in the supplemental material. Genotyping of the isolates was based on sequence
type determination according to the multilocus sequence typing method described previously (52).
Unless specified otherwise, Acinetobacter baumannii isolates and strains were grown in lysogeny broth
(LB; Lennox). All experiments were performed at 37°C.

Construction of bacterial strains and plasmids. All the oligonucleotides used in this study for
genetic modification are listed in Table S2 in the supplemental material. Plasmid pASG-1 was constructed
by cloning chimeric PCR product from assembly of PCR1 (primers asg-2 and asg-4 on pKD-sfGFP were
obtained from Erwan Gueguen [Université de Lyon]) and PCR2 (primers Apr_Fw3 and asg-3 on plasmid
carrying an apramycin resistance cassette) into pX5, a pMMB207 derivative to place the sfGFP gene under
the control of an artificial strong constitutive promoter. The plasmid pASG-5 was constructed by cloning
a PCR performed on genomic DNA extracted from AB5075 hu-sfGFP strain using the primers mlo-32 and
mlo-35 into pJET1.2 according to the manufacturer’s instructions (CloneJET PCR cloning kit; Thermo
Fisher Scientific). Plasmid pMHL-2 is a pGEM-T Easy derivative in which an apramycin resistance cassette
and a sacB counterselection cassette have been cloned. All plasmid sequences are available upon
request.

Gene disruptions were performed using overlap extension PCR to synthesize a large chimeric DNA
fragment carrying the selection/detection marker flanked by 2-kb fragments that are homologous to the
insertion site. The oligonucleotides used for strain construction are listed in Table S2 in the supplemental
material. Briefly, the coding sequence of the GFP superfolder (sfGFP) and the apramycin resistance
cassette [aac(3)IV] were amplified from plasmid pASG-1 using the primers mlo-28 and mlo-29. The DNA
fragments allowing homologous recombination (2 kb upstream and downstream of the targeted locus)
were obtained by PCR on genomic DNA of strain AB5075. In a second step, the fragments previously
obtained were assembled by PCR. The PCRs were performed with a high-fidelity DNA polymerase
(PrimeStarMax; TaKaRa). Subsequently, each PCR fragment was purified after migration on an agarose
gel, followed by extraction as recommended by the manufacturer (QIAquick gel extraction kit; Qiagen).
For fusion between the nucleoproteins and sfGFP, a linker sequence that encodes the RGSGGEAAAKAGTS
sequence between sfGFP and the nucleoprotein has been added so as not to disturb the functioning of
the proteins (26). All chimeric PCR products were independently introduced into the AB5075 wild-type
strain using natural transformation as described above.

To obtain a chromosomal marker without antibiotic cassette (hu-sfgfp strain), we first inserted a
sacB-aac cassette (amplified from pMHL-2 plasmid) into the hu gene using overlap extension PCR. The
resulting strain was subsequently transformed with a chimeric PCR product carrying a hu-sfgfp fusion
without an antibiotic determinant and counterselected recombinants on minimal medium (M63) with
10% sucrose.

Fluorescence microscopy. Five hundred microliters of culture was incubated 30 min at room
temperature with formaldehyde (final concentration, 3.7%), DAPI (4=,6=-diamidino-2-phenylindole; final
concentration, 3 �M), and FM4-64 (final concentration, 10 �g/ml). Then, 3-�l portions of the preparation
were spotted onto a poly-L-lysine-coated coverslip. After adhesion of the bacterial cells, the coverslips
were washed twice with phosphate-buffered saline (PBS). The specimens were then observed under a
fluorescence microscope by an immersion objective lens for a final magnification of �1,000 (EVOS FL; Life
Technologies).

Flow cytometry. Bacterial suspensions were fixed with formaldehyde (final concentration, 3.7%) and
membrane stained with FM4-64 (final concentration, 10 �g/ml) for 30 min at room temperature and then
washed twice with PBS and further diluted in PBS to obtain about 106 cells/ml. An Attune acoustic
focusing cytometer (Life Technologies) was used for all flow cytometry acquisitions. Samples were run at
a collection rate of 25 �l/min, and fluorescence emission was detected using a 530/30 bandpass filter for
GFP fluorescence and a 640 long-pass filter for FM4-64 fluorescence. To avoid aggregates, a maximum
concentration of 106/ml FM4-64-positive particles was analyzed. Flow cytometry data were analyzed
using Attune software. Green fluorescence was analyzed on a minimum of 20 million FM4-64-positive
particles.

Transformation assay. The following method was adapted from one published previously (13).
Overnight cultures at 37°C in LB liquid medium were diluted in PBS to obtain 107 CFU/ml. Then, 10 �l
of bacterial suspension was mixed with 10 �l of substrate DNA (at 100 ng/�l for genomic DNA), and 2.5
�l of this bacterial/DNA suspension was then stabbed into 1 ml of freshly prepared motility medium (5
g/liter agarose, 5 g/liter tryptone, and 2.5 g/liter NaCl) in 2-ml Eppendorf tubes. After 20 h at 37°C, 200
�l of PBS was added to the tube, and the bacteria were resuspended by vigorous vortexing. The
transformants were then selected by plating on selective agar media (apramycin, 30 �g/�l), or their
fluorescence was measured by flow cytometry. Transformation frequencies were then determined by
calculating the ratio of the number of transformant CFU (apramycin resistant or fluorescent) to the total
number of CFU (antibiotic sensitive or nonfluorescent).

All of the transformation assays were performed on two or three separate occasions. On each
occasion, three independent transformation reactions were conducted (three different bacterial cultures
and DNA samples). All of the independent data points and the means of the measurements are plotted.
Since normality of the distribution of transformation frequency does not apply for transformation
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frequency analysis, only nonparametric tests were performed (Mann-Whitney-Wilcoxon and Spearman
correlation tests).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00181-18.

SUPPLEMENTAL FILE 1, PDF file, 2.6 MB.
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