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Acinetobacter baumannii is a metabolically versatile pathogen that causes severe infections in compromised
patients. However, little is known about the genes and factors involved in its basic physiology and virulence
properties. Insertion mutagenesis was used to initiate the identification and characterization of some of these
factors and genes in the prototype strain 19606. The utilization of the pPLOFKm suicide delivery vector, which
harbors a suicide mini-Tnl0 derivative, proved to be unsuccessful for this purpose. The EZ::TN (R6K+yori/
KAN-2) Tnp transposome system available from Epicentre was then used in conjunction with electroporation
to generate isogenic insertional derivatives of A. baumannii 19606. Replica plating showed that 2% of the
colonies that grew after electroporation on agar plates without antibiotics also grew in the presence of 40 pg
of kanamycin per ml. DNA hybridization proved that all of the kanamycin-resistant derivatives contained the
EZ:: TN (R6K+vyori/KAN-2) insertion element, which was mapped to different genomic locations. Replica plating
on Simmons citrate agar and microtiter plate-plastic tube assays identified growth- and biofilm-defective
derivatives, respectively. The location of the insertion in several of these derivatives was determined by
self-ligation of Ndel- or EcoRI-digested genomic DNA and electroporation of Escherichia coli TransforMax
EC100D (pir*). Sequence analysis of the recovered plasmids showed that some of the A. baumannii 19606
growth-defective derivatives contain insertions within genes encoding activities required for the generation of
energy and cell wall components and for the biosynthesis of amino acids and purines. A gene encoding a protein
similar to the GacS sensor kinase was interrupted in four derivatives, while another had an insertion in a gene
coding for a hypothetical sensor kinase. A. baumannii 19606 derivatives with defective attachment or biofilm
phenotypes had insertions within genes that appear to be part of a chaperone-usher transport system described
for other bacteria. DNA hybridization experiments showed that the presence of strain 19606 genes encoding

regulatory and attachment or biofilm functions is widespread among other 4. baumannii clinical isolates.

Acinetobacter baumannii is being increasingly recognized as
an important pathogen that causes severe infections in hospi-
talized patients (6, 7). In addition, deadly cases of community-
acquired pneumonia were reported among compromised pa-
tients (3, 9). These infections are difficult to treat due to the
expanding antibiotic resistance of the clinical strains (8, 30),
which represents one of the most difficult problems confronted
by clinicians who deal with the infections caused by this human
pathogen.

Literature searches showed that there are numerous reports
describing either the different types of infections caused by A.
baumannii, the antibiotic resistance profiles of the different
clinical strains, the characterization of some of the genetic
elements responsible for their antibiotic resistance, or the de-
velopment and application of typing methods and fingerprint-
ing systems used to identify and trace the sources of clinical
isolates of this pathogen. In contrast, only a few reports de-
scribing different aspects related to the basic physiology, ge-
netics, and molecular biology of this opportunistic pathogen (2,
12, 13, 19, 20, 41, 58) could be found during these literature
searches. The apparent lack of suitable genetic methods such
as random mutagenesis with transposable elements, which is a
widely used approach to characterize bacteria genetically and
functionally, appears to be the reason for the delay of the
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characterization of this human pathogen. While different basic
aspects of the biology and genetics of environmental Acineto-
bacter strains were analyzed by using transposable elements
such as Tn5 (49), Tni0 (14), Tn3171 (55), and mini-
Tnl0PttKm (35), no work describing the application of this
approach to A. baumannii clinical strains could be found. We
report here the genetic and molecular analysis of the A. bau-
mannii prototype strain 19606 by electroporation of transpo-
son-transposase complexes. This novel insertional mutagenesis
method proved to be efficient for the generation of random
mutants affected in metabolic, global regulatory, and attach-
ment and biofilm functions. This convenient approach should
facilitate the genetic and functional analysis of this poorly
characterized opportunistic human pathogen.

MATERIALS AND METHODS

Bacterial strains, media, and plasmids. The bacterial strains and plasmids
used in this work are listed in Table 1. Bacterial strains were maintained on
Luria-Bertani (LB) agar or broth (48) supplemented with the appropriate anti-
biotics and were incubated overnight at 37°C. Simmons citrate agar (Difco,
Detroit, Mich.) was used either without any addition or supplemented with the
appropriate amino acids, purines, and meso-o,e-diaminopimelate, all purchased
from Sigma (St. Louis, Mo.). These compounds were added to the Simmons
citrate agar to final concentrations of 1 mM, 100 pg/ml, and 1 mM, respectively.
The inoculated plates were incubated overnight at 37°C. LB broth cultures were
incubated at 37°C in a rotary shaker at 200 rpm. The growth curves of the
parental and insertion derivatives were determined in triplicate, using fresh
samples each time.

General DNA procedures. Total DNA was isolated either by ultracentrifuga-
tion in CsCl density gradients (38), by a miniscale method adapted from that
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TABLE 1. Bacterial strains and plasmids used in this work

Strain or plasmid

Relevant characteristics®

Source or reference(s)

Strains
A. baumannii
9235, 8971, 8143, 8114, 8637, Clinical isolates representing plasmid profiles A to K and W, 2,22
7133, 7138, 8399, 9606, respectively
7931, 9124, 9397
BM4420, BM4421, BM4422, Clinical isolates representing RAPD types A to F, H, I, and K, 46
BM4424, BM4427, respectively

BM4430, BM4432,
BM4436, BM4439

E. coli
DH5«a
TransforMax EC100D

Used for recombinant DNA methods
pir", used to clone R6K derivatives

Gibco-BRL (Gaithersburg, Md.)
Epicentre (Madison, Wis.)

CC118, SM10, and S17-1 Apir, used to maintain and conjugate suicide plasmid pLOFKm 10, 26
Plasmids

pLOFKm Suicide plasmid harboring mini-Tn/0Km; Amp" Km" 26

pVK100 Cosmid cloning vector; Km" Tet" 33

pRK2073 Conjugation helper plasmid 37

pWHI1266 E. coli-Acinetobacter shuttle plasmid; Amp" Tet" 28

pFVP25 ColEL mob™, Amp"; source of the BamHI-PstI fragment 56

harboring gfp

pBCSK™* Cloning vector; Cm" Stratagene (La Jolla, Calif.)
pMU125 pWH1266 with gfp under control of the Tet promoter This work

“ Amp’, ampicillin resistant; Km", kanamycin resistant; Tet", tetracycline resistant; RAPD, random amplified polymorphic DNA.

published previously (4), or with the DNeasy tissue kit from Qiagen (Valencia,
Calif.). Plasmid DNA was isolated by ultracentrifugation in CsCl-ethidium bro-
mide density gradients (48) or with a commercial kit (Qiagen). DNA was di-
gested with restriction enzymes as indicated by the supplier (New England
Biolabs, Beverly, Mass.) and size fractionated by agarose gel electrophoresis
(48). Both strands of cloned DNA were sequenced with BigDye (Applied Bio-
systems, Foster City, Calif.) and DYEnamic ET (Amersham Pharmacia Biotech,
Piscataway, N.J.) chemistries on Applied Biosystems Prism 310 or 3100 instru-
ments and with M13 forward and reverse primers (59) or custom-designed
primers. Sequences were examined and assembled with Sequencher 4.1.2 (Gene
Codes Corp., Ann Arbor, Mich.). Nucleotide and amino acid sequences were
analyzed with DNASTAR (DNASTAR, Inc., Madison, Wis.), BLAST (http:
/www.ncbi.nlm.nih.gov), and the software available through the ExXPASy Molec-
ular Biology Server (http://www.expasy.ch).

Southern blot analyses were conducted by using standard protocols (48) with
high-stringency conditions (21). The probe to detect the insertion of transposable
elements encoding kanamycin resistance (Km") was prepared by PCR amplifi-
cation of the pUC4K (Amersham Pharmacia Biotech) aph gene, which encodes
the aminoglycoside 3'-phosphotransferase that confers this antibiotic resistance,
with Pfu DNA polymerase (Stratagene) and primers 133 (5'-GGCGCTGAGG
TCTGCCTCGTG-3") and 134 (5'-GAGCCATATTCAACGGG-3"), which were
designed by using the sequence data deposited under GenBank accession num-
ber X06404. The primer pairs 1077 (5'-ACATTTACAGGTGGTGTC-3")-1210
(5'-GCTAGATTTTGCGCAGTG-3') and 1481 (5'-TACCACGTCAGTTCCA
CG-3')-1600 (5'-TTGCGTAGTGGGTTGCTC-3") were used to amplify inter-
nal regions of the gacS-like gene and the hypothetical sensor kinase gene inter-
rupted in the derivative 249, respectively. The primer pairs 1034 (5'-ACACCT
ACAAACCGTCTG-3')-1670 (5'-AGGACTTACGCATTGACG-3') and 1123
(5'-TACTGGTTTGGCCTATCC-3')-1037 (5'-CGTAAAGCTACTCATGTC-
3") were used for PCR amplification of internal regions of the csuB- and csuE-
like genes, respectively. All of these primers were designed by using nucleotide
sequences obtained in this work, and the nature of each amplicon was validated
by automated DNA sequencing. The amplicons were purified by using the Gene-
Clean II kit (Qbiogene, Carlsbad, Calif.) and labeled with [a->*P]dCTP (15). The
radioactive bands were detected with a Storm 860 scanner (Molecular Dynamics,
Sunnyvale, Calif.).

Construction of pMUI125 and detection of green fluorescent cells. The
pFVP25 BamHI-Pst1 fragment harboring a promoterless gfp gene was ligated to
pBCSK™" and transformed into E. coli DH5a. Plasmid DNA isolated from a
green fluorescent colony was digested with BamHI and Sall and cloned in the
cognate sites of the shuttle vector pWH1266. An E. coli DHS5a colony resistant

to 100 pg of ampicillin per ml, sensitive to 20 pg of tetracycline per ml, and
expressing green fluorescence due to the fusion of gfp to the pWH1266 Tet
promoter was used to isolate the plasmid pMU125. The appropriate structure of
the latter construct was confirmed by restriction analysis. The expression of gfp
in E. coli DH5a and A. baumannii 19606 cells was examined by epifluorescence
microscopy with an Eclipse E400 microscope (Nikon Inc., Melville, N.Y.)
equipped with a SPOT digital camera (Diagnostic Instruments Inc., Sterling
Heights, Mich.).

Random insertion mutagenesis. The delivery suicide vector pPLOFKm was
used as described previously (10, 26, 35) to generate insertion derivatives of A.
baumannii 19606. The exconjugants were selected on Simmons citrate agar
containing 40 pg of kanamycin per ml. The triparental mating system described
before (1) was used as an alternative to mobilize plasmid DNA into A. baumannii
19606. Exconjugants harboring pLOFKm or pVK100 were selected on Simmons
citrate agar containing 40 pg of kanamycin per ml or 10 to 20 pg of tetracycline
per ml, respectively. The EZ::TN (R6Kvyori/KAN-2) Tnp transposome kit was
used as suggested by the manufacturer (Epicentre). The EZ:'TN (R6Kyori/
KAN-2) transposon-EZ:: TN transposase complexes were introduced by electro-
poration into A. baumannii 19606 electrocompetent cells. These cells were pre-
pared as described in the Bio-Rad electroporation manual (Bio-Rad, Hercules,
Calif.) and electroporated with a 2510 Eppendorf electroporator (Brinkmann
Instruments, Westbury, N.Y.) and 2-mm-wide cuvettes. After electroporation at
2.5 kV, the cells were suspended in 1 ml of SOC broth (48) and allowed to
recover for 1 h at 37°C with shaking. Dilutions of electroporated cells were plated
on LB agar containing 40 g of kanamycin per ml. The genomic regions har-
boring the insertion of the EZ::TN (R6Kvyori/KAN-2) transposon were rescued
by self-ligation of Ndel- or EcoRI-digested total DNA and electroporation of E.
coli TransforMax EC100D (pir*) electrocompetent cells. Transformants were
recovered by plating on LB agar containing 40 pg of kanamycin per ml. The
nucleotide sequence of the genomic DNA flanking the transposon element was
determined by automated DNA sequencing with the primers complementary to
this insertion element that were supplied with the mutagenesis kit. Further
extension of nucleotide sequences was done by using custom-designed primers
and plasmid DNA as a template.

Isolation and characterization of metabolic and adhesion-biofilm mutants. A.
baumannii 19606 derivatives affected in metabolic functions were isolated by
replica plating Km" colonies on Simmons citrate agar plates without the addition
of antibiotics. Positive growth was recorded as concomitant detection of abun-
dant bacterial growth on the streaked areas and a change of color from green to
blue in the surrounding areas, after incubation at 37°C for 8 h to 12 h. Derivatives
affected in their ability to attach to and form biofilms on abiotic surfaces were
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isolated after 24 h of stagnant incubation at 37°C in polystyrene tubes or micro-
titer plates as described before (42). Briefly, cells were incubated without shaking
in 1 or 0.2 ml of LB broth in sterile polystyrene tubes and 96-well microtiter
plates, respectively, at 37°C overnight. The culture supernatants were removed,
and the tubes and wells were rinsed with deionized water. Cells attached to the
plastic surface were visualized by adding enough 0.1% crystal violet aqueous
solution to cover the uppermost level of the original cultures. After incubation at
room temperature for 15 min and washing with deionized water, the attached
cells were detected visually as a purple band located at or near the LB broth-air
interface. Attachment- or biofilm-deficient derivatives were identified by the
absence of detectable staining compared with the parental strain.

Nucleotide sequence accession numbers. The nucleotide sequences of the A.
baumannii 19606 cysl, gacS, and trpE genes were deposited in GenBank under
accession numbers AF498617, AF497904, and AY094355, respectively.

RESULTS AND DISCUSSION

Generation and characterization of A. baumannii 19606 in-
sertion derivatives. The transposon mutagenesis system based
on the delivery vector pLOFKm, which harbors the mini-
Tn/0Km insertion element (10, 26), was initially used to mu-
tagenize A. baumannii 19606. This decision was based on the
fact that pLOFPttKm (26), which is very similar to pLOFKm,
was used successfully to obtain insertion derivatives of the
Acinetobacter calcoaceticus RAG-1 environmental strain (35).
This approach proved to be ineffective for the mutagenesis of
the A. baumannii 19606 clinical isolate, since it did not yield
Km" derivatives that harbored the aph gene, although various
experimental conditions such as utilization of different donor/
recipient ratios, mixing of donor and recipient cells with a
sterile loop that was deposited on LB agar, or mixing of dif-
ferent volumes of donor and recipient liquid cultures that were
collected on 0.2-pm-pore-size sterile filters that were incu-
bated on LB agar (10, 26, 35), were used. Attempts to generate
these derivatives by triparental mating under the conditions
described previously (1) also failed. In contrast, A. baumannii
19606 tetracycline-resistant exconjugants could be obtained
when the cosmid vector pVK100 was mobilized from an E. coli
donor in the presence of the helper plasmid pRK2073 (data
not shown). Electroporation of pLOFKm also failed to yield A4.
baumannii 19606 Km" derivatives, although this DNA trans-
formation method yielded ampicillin-resistant and green fluo-
rescent cells when this strain was electroporated with pMU125
and plated on LB agar containing ampicillin (data not shown).
Taken together, these results demonstrate that plasmid DNA
can be transferred to A. baumannii 19606 by conjugation and
electroporation and then can be maintained stably without
detectable rearrangements even after extensive culture in the
absence of selective pressure. Furthermore, this strain can
express nonindigenous genes such as those harbored by the
pVK100 and pMUI125 plasmid vectors as well as the gfp re-
porter gene from Aequoria victoria. These results also indicate
that the failure to obtain A. baumannii 19606 derivatives with
pLOFKm could be due to problems associated with this par-
ticular insertion mutagenesis system, which has been applied
successfully to other gram-negative bacteria.

The observation that foreign DNA can be electroporated
into A. baumannii 19606 prompted us to use the Epicentre
system based on the electroporation of complexes formed be-
tween the EZ:TN transposase and the EZ:TN (R6Kvyori/
KAN-2) transposon, an approach that has not been applied to
any Acinetobacter strain. Replica-plating experiments showed
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FIG. 1. Southern blot analysis of the A. baumannii 19606 parental
strain and 18 EZ::'TN (R6Kvyori/KAN-2) insertion derivatives. HindIII-
digested N DNA (lane M), EcoRI-digested total DNAs isolated from
the parental strain (lane 1) and insertion derivatives (lanes 2 to 19),
and the aph amplicon (lane 20) were size fractionated by agarose gel
electrophoresis. The DNA fragments were transferred to nitrocel-
lulose and probed with X\ DNA and the aph amplicon labeled with
[**P]dCTP.

that about 2% of the A. baumannii 19606 colonies recovered
on LB agar without antibiotic pressure after electroporation
also grew on plates containing 40 pg of kanamycin per ml.
DNA hybridization of total DNA isolated from 18 of these A.
baumannii 19606 Km" derivatives with the aph probe showed
that all of them (Fig. 1, lanes 2 to 19) harbored this resistance
gene, which could not be detected in the genome of the pa-
rental strain (lane 1). All of these derivatives appear to contain
a single transposon insertion, with the exception of that shown
in lane 14, which displays two EcoRI fragments that reacted
with the aph probe, suggesting that this derivative harbors two
independent transposon insertions. This analysis also shows
that about half of the insertions occurred in different EcoRI
fragments, while others, such as those shown in lanes 2, 5, 13,
15, and 19; 3 and 11; and 6, 7, and 18, appear to be located in
EcoRI fragments of similar size. The nucleotide sequence
analysis described below indicates that EZ: TN (R6Kvyori/
KAN-2) indeed inserted in different locations of the A. bau-
mannii 19606 genome, although some of them were mapped at
different sites within the same gene. This observation explains
the detection of EcoRI fragments displaying similar size when
tested with the aph probe (Fig. 1).

Nucleotide sequence analysis of insertion derivatives. The
random insertion of the EZ::TN (R6K~yori/KAN-2) transposon
in the A. baumannii 19606 strain was assessed further by iso-
lating mutants of several different phenotypes. This was
achieved by testing the ability of Km" derivatives to attach to
and form biofilms on plastic surfaces and to grow on Simmons
citrate agar. Simmons citrate agar is a standard bacteriological
medium that contains only essential inorganic salts, citrate as a
carbon source, and a pH indicator, and it therefore should
facilitate the isolation of metabolic mutants. Replica plating of
2,800 Km" derivatives produced 41 colonies that grew well on
LB agar but not on Simmons citrate plates. Screening of 3,000
insertion derivatives cultured in plastic tubes and microtiter
plates resulted in the identification of mutants slightly affected
or completely impaired in their ability to attach to and form
biofilms on abiotic surfaces.

Sequence analysis of 21 plasmids rescued from insertion
derivatives by self-ligation of EcoRI- or Ndel-digested genomic
DNA showed that all of the EZ::TN (R6K~vyori/KAN-2) inser-
tions resulted in a 9-bp duplication of the target sites, with an
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TABLE 2. Characterization of transposome insertion derivatives of
A. baumannii 19606

Insertion Target site Gene, function disrupted”

1 GCCCTAAAA dapA, dihydrodipicolinate
synthase

2 GATCATAGT gacS/lemA, histidine kinase
sensor

4 GTAGTGACT csuB, chaperone-usher secretion
system

5 CTACAATCA gacS/lemA, histidine kinase
sensor

9 CGCGGATAC trpD, anthranilate
phosphoribosyltransferase

10 GTTTATTCA argF, ornithine
carbamoyltransferase

11 GAACATGAT gacS/lemA, histidine kinase
sensor

12 GGGCCATAC argG, argininosuccinate synthase

13 ATAGAATGG aceElaceA, pyruvate
dehydrogenase E1

15 AATGGAAAC proA, y-glutamyl phosphate
reductase

16 AATATACGT cysl/nirA/sir, sulfite reductase

19 CTACGATGC trpE, anthranilate synthase

23 CTATTCACA trpE, anthranilate synthase

25 GAACATGAT gacS/lemA, histidine kinase
sensor

26 CATGTGAAT cysl/nirA/sir, sulfite reductase

28 CATGTGAAT cysl/nirA/sir, sulfite reductase

30 GCATTGGGT hisA/his4,
phosphoribosylformimino-5-
aminoimidazole carboxamide
ribotide isomerase

31 CTGCAAACC hisH, glutamine amidotransferase

44 GTTTTACGT cysl/nirA/sir, sulfite reductase

144 GTCACAAAC csuE, chaperone-usher secretion
system

249 ATGGTAAAA Hypothetical sensor histidine
kinase

“ Potential genes and functions were predicted by BLASTp and BLASTx
searches.

A+T content that ranged from 33.3 to 77.7% (Table 2). The
nucleotide sequences of 17 of these sites were different, while
the same nucleotide sequence was determined for the target
sites of insertions 11 and 25 and insertions 26 and 28, respec-
tively (Table 2). These results indicate that the EZ: TN
(R6Kyori/KAN-2) transposon inserts most of the time in dif-
ferent regions of the A. baumannii 19606 genome and gener-
ates derivatives that display diverse phenotypes. The insertion
target sites and the nature of the disrupted genes were char-
acterized further by sequencing the genomic DNA flanking
each insertion with primers that anneal near the ends of the
transposon as well as custom-made primers that anneal with
specific genomic sequences.

Amino acid biosynthesis-defective derivatives. A. baumannii
19606 derivative 9 harbors the insertion of the transposon
element within the #7pD gene homolog described for 4. cal-
coaceticus (31), which is part of the rpGDC gene cluster re-
quired for the tryptophan biosynthesis. The product of the trpD
is the anthranilate phosphoribosyltransferase that is involved
in the second step of the biosynthesis of this amino acid (45).
Insertions 19 and 23 interrupted the A. baumannii 19606 trpE
homolog, which has been described for A. calcoaceticus (23)

APPL. ENVIRON. MICROBIOL.

FIG. 2. Tryptophan complementation assay of #p mutants. The
19606 parental strain and the #rpD (derivative 9) and trpE (derivatives
19 and 23) mutants were streaked on Simmons citrate agar (A) and
Simmons citrate agar supplemented with 1 mM tryptophan (B).

and encodes anthranilate synthase component I. This enzy-
matic activity is involved in the first step of tryptophan biosyn-
thesis from chorismate. These two insertions were mapped in
two different regions of the #7pE homolog, and their combined
nucleotide sequences produced the entire sequence of this
1,317-nucleotide (nt) open reading frame (ORF), which is pre-
dicted to encode a 48.3-kDa protein highly similar (score, 701;
e value, 0.0) to that reported for the A. calcoaceticus homolog
(23). The metabolic deficiency of these three insertion deriv-
atives was confirmed further by the restoration of their growth
in Simmons citrate agar only when supplemented with trypto-
phan (Fig. 2B). However, these three insertion derivatives
showed growth curves identical to that of the 19606 parental
strain when cultured in LB broth (data not shown).

The EZ: TN (R6Kyori/KAN-2) transposon interrupted
genes encoding products that are highly similar to those en-
coded by the Pseudomonas syringae pv. phaseolicola argF (24)
and the Haemophilus influenzae Rd argG (16) genes in deriv-
atives 10 and 12, respectively. These two genes encode orni-
thine carbamoyltransferase and argininosuccinate synthase, re-
spectively, which are involved in the biosynthesis of arginine
(18). The arginine biosynthesis defect of these two derivatives
was further confirmed by the observation that the addition of
arginine to Simmons citrate agar plates restored their ability to
grow in this chemically defined medium, while no growth de-
fects were observed when they were tested with LB broth (data
not shown).

Insertion 15 was mapped within the A. baumannii 19606
proA-like gene, which encodes a protein highly related to the
v-glutamyl phosphate reductase described for Pseudomonas
aeruginosa PAO1 (51). This enzymatic activity is required to
complete the second step of the biosynthesis of proline from
glutamate (36). Accordingly, this mutant grew as the parental
strain did when cultured in LB broth, although it could be
cultured on Simmons citrate agar only after the addition of
proline (data not shown). Insertions 16, 26 (same as 28), and 44
were mapped within a gene that showed very high similarity to
the A. calcoaceticus RAG-1 cysI gene (GenBank accession
number AAK96890). The combined nucleotide sequences of
these insertion derivatives resulted in the identification of the
A. baumannii 19606 cysI homolog, which comprises a 1,644-nt
OREF encoding a 547-amino-acid protein with a predicted mo-
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lecular size of 62.1 kDa. This predicted protein is highly similar
(score, 1030; e value, 0.0) to those reported for A. calcoaceticus
RAG-1 (GenBank accession number AAK96890) and other
bacteria such as P. aeruginosa PAO1 (51) and the plant patho-
gen Ralstonia solanacearum (47). The sulfite reductase activity
of this protein is essential for the biosynthesis of cysteine in
other bacteria (34), an A. baumannii 19606 requirement that
was confirmed by the ability of these four derivatives to grow
on Simmons citrate agar only after supplementation with cys-
teine, without detectable growth defects in LB broth (data not
shown).

Derivative 1 harbors an insertion within the A. baumannii
19606 dapA-like gene, whose deduced translation product
showed the highest similarity with the P. aeruginosa dihydro-
dipicolinate synthase (51). This mutation should result in a
more complex phenotype, because inactivation of dapA im-
pairs lysine biosynthesis as well as the production of murein
monomers, which are required for the formation of the bacte-
rial cell wall (43). This hypothesis was supported by the obser-
vation that this derivative produced colonies with different
sizes, which in general were smaller than the parental strain
when plated on LB agar (data not shown). The growth rate of
this derivative was slightly reduced but not significantly differ-
ent from that displayed by the parental strain when cultured in
LB broth (data not shown). Furthermore, the growth of this
derivative on Simmons citrate agar was similar to that of the
parental strain only after the simultaneous addition of lysine
and meso-o,e-diaminopimelate, which restored the amino acid
and cell wall precursor deficiencies of this mutant.

The transposome insertions 30 and 31 were mapped within
genomic regions encoding proteins with the highest similarity
to those coded for by the Rhodobacter sphaeroides hisA gene
(GenBank accession number X87256) and the E. coli O157:H7
hisH gene (44). These genes encode the phosphoribosyl-
formimino-5-aminoimidazole carboxamide ribotide isomerase
and glutamine amidotransferase, respectively. These enzy-
matic activities are involved in the fourth and fifth steps, re-
spectively, of the histidine biosynthesis from 5-phosphorybosyl-
a-pyrophosphate (57). In addition, this metabolic pathway
generates the purine biosynthetic precursor S-aminoimidazole-
4-carboxamide ribonucleotide, and therefore these two deriv-
atives must be affected in histidine as well as purine biosyn-
thesis. While their growth was similar to that of the parental
strain when tested in LB broth, their ability to grow on Sim-
mons citrate agar was restored only after the simultaneous
addition of histidine, adenine, and guanine (data not shown), a
response that is compatible with the locations of these inser-
tions in the genome of this bacterium.

Insertion derivatives affected in central metabolic and
global regulatory functions. Insertion derivative 13 did not
grow as fast and well as the parental strain when cultured on
LB agar (data not shown) or broth medium (Fig. 3). This
growth behavior, which was reproducible in replicate experi-
ments, suggested the disruption of a central metabolic func-
tion, a hypothesis that was confirmed when the insertion har-
bored by this derivative was mapped within the aceE-like gene
that encodes a predicted protein highly similar to the P. aerugi-
nosa E1 component of the pyruvate dehydrogenase complex
(51). Therefore, disruption of this essential metabolic function,
which participates in the conversion of pyruvate into acetyl
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FIG. 3. Growth curves of the parental strain and the aceE insertion
derivative. Overnight cultures of the parental strain 19606 (open
squares) and the insertion derivative 13 (closed squares) were diluted
100-fold in LB broth and incubated at 37°C in a rotary shaker. Samples
were drawn at the times shown, and bacterial growth was determined
by optical density at 600 nm (ODg,). Error bars represent standard
deviations of the mean from one representative experiment.

coenzyme A and CO, (17), should affect bacterial growth even
when the cells are cultured in rich media, as was observed with
this A. baumannii 19606 derivative.

EZ:: TN (R6K~vyori/KAN-2) insertions 2, 5, 11, and 25 were
mapped within a genomic region of A. baumannii 19606 en-
coding a protein that initially showed the highest similarity to
sensor kinases described for different Pseudomonas strains.
The combined nucleotide sequences of these four insertions
produced the entire sequence of a 2,808-nt ORF predicted to
encode a 107.1-kDa protein that showed the highest similarity
(score, 410; e value, —113) to the Pseudomonas tolaasii RtpA
(39) and the P. fluorescens GacS sensor kinase (GenBank ac-
cession number AAG13658) (score, 401; e value, —110). This
protein is also known as the LemA regulatory protein in the
plant pathogen Pseudomonas syringae pv. syringae (27), which
is the sensor element of a two-component regulatory system
that includes the GacA transcriptional response regulator. This
system plays a role in the virulence of this plant pathogen,
being required for lesion formation, swarming, production of
proteases, and N-acyl-L-homoserine lactone compounds in-
volved in quorum sensing (27, 32). Some of the other bacterial
systems similar to GacA-GacS (LemA) include the BarA sen-
sor protein, which could activate OmpR by phosphorylation
(40); the ResB-ResC system, which controls the biosynthesis of
capsule in E. coli (50); the RpfC protein, which positively
controls the synthesis of extracellular enzymes and polysaccha-
rides in Xanthomonas campestris pv. campestris (52); the E. coli
aerobic respiration control sensor protein ArcB (29); and the
Vibrio harveyi LuxQ sensor protein (5). Whether the disruption
of the A. baumannii 19606 gacS-like gene results in phenotype
changes similar to those described for other bacteria remains
to be determined, since this is, to the best of our knowledge,
the first work that reports the presence of this two-component
regulatory system in Acinetobacter.

DNA hybridization showed that with the exception of strain
BM4439 (Fig. 4A, lane 10), all of the A. baumannii clinical
isolates tested positive when probed with gacS. This gene was
located in a 6.3-kbp EcoRI fragment in strain 19606 (lanes 1
and 23) and the European isolates BM4420 to BM4422,
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FIG. 4. Detection of sensor kinase genes in A. baumannii clinical
strains. HindIlI-digested N DNA (lane M) and EcoRI-digested total
DNAEs isolated from the strains 19606 (lanes 1 and 23), BM4420 (lane
2), BM4421 (lane 3), BM4422 (lane 4), BM4424 (lane 5), BM4427
(lane 6), BM4430 (lane 7), BM4432 (lane 8), BM4436 (lane 9), and
BM4439 (lane 10) represent the European isolates. Strains 9235 (lane
11), 8971 (lane 12), 8143 (lane 13), 8114 (lane 14), 8637 (lane 15), 7133
(lane 16), 7138 (lane 17), 8399 (lane 18), 9606 (lane 19), 7931 (lane 20),
9124 (lane 21), and 9397 (lane 22) represent the Oregon isolates. DNA
blots were probed with radiolabeled N DNA and either a fragment of
the gacS-like gene (A) or a fragment of the hypothetical sensor histi-
dine kinase gene disrupted in the insertion derivative 249 (B).

BM4439, and BM4436 (lanes 2 to 4, 7, and 9, respectively),
while the probe reacted with EcoRI fragments ranging from 20
to 23 kbp in the European strains BM4424, BM4427, and
BM4432 (lanes 5, 6, and 8, respectively) and all of the Oregon
isolates (lanes 11 to 22).

Derivative 249 is a mutant that was initially identified by its
reduced ability to attach to and form biofilm on microtiter
plates. However, nucleotide sequence analysis showed that
EZ: TN (R6Kyori/KAN-2) interrupted an ORF encoding a
protein highly similar (score, 323; e value, —138) to a hypo-
thetical sensor histidine kinase found in Vibrio cholerae (25)
and other gram-negative bacteria such as P. aeruginosa PAO1
(51) and Aeromonas hydrophila (GenBank accession number
AF388670). The latter was annotated as the proline sensor
PrIS that appears to be involved in the regulation of bacterial
motility. It is noteworthy that insertion derivative 249 grew well
when cultured on Simmons citrate agar, while derivatives 2, 5,
11, 25, in which the transposon interrupted the gacS-like gene,
were not able to grow in this culture medium. Furthermore, no
significant similarity was detected between these two predicted
genes when they were compared by using BLAST. These re-
sults indicate that the GacS-like sensor kinase and the hypo-
thetical sensor kinase are components of two unrelated regu-
latory systems that appear to sense different environmental
signals.

A Southern blot hybridization analysis showed that, with the
exception of strains 8637, 7133, 7138, and 9606 (Fig. 4B, lanes
15 to 17 and 19), the Oregon strains harbor sequences related
to this hypothetical sensor kinase gene, which were located
within a 9.4-kbp EcoRI fragment. A restriction fragment of
similar size was also detected in the prototype strain 19606
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FIG. 5. Detection of bacterial attachment and biofilm formation
and of secretion genes. (A) Attachment to and biofilm formation by
the parental strain 19606 (lane 1) and the insertion mutant 144 (lane
2) were tested by incubation in polystyrene tubes and crystal violet
staining. (B and C) Detection of csuE-like genes (A) and csuB-like
genes (B) in A. baumannii clinical isolates. Lanes are as described for
Fig. 4.

(lanes 1 and 23). EcoRI fragments of similar size were also
detected in the European isolates BM4420, BM4421, BM4422,
BM4430, and BM4436 (lanes 2 to 4, 7, and 9), while strains
BM4424, BM4427, and BM4432 (lanes 5, 6, and 8) displayed a
different hybridization pattern. No signal was detected in the
DNA sample of the European strain BM4439 (lane 10).
Isolation of attachment or biofilm mutants. Insertion deriv-
ative 144 was isolated by its inability to attach to and form
biofilm in LB broth cultures when incubated stagnantly in
polystyrene tubes (Fig. 5A) and microtiter plates (data not
shown). Nucleotide sequence analysis showed that the EZ:: TN
(R6Ky0ri/KAN-2) transposon interrupted an ORF encoding a
polypeptide highly similar to the Vibrio parahaemolyticus CsuE
protein (GenBank accession number AAK37524.1), which is
encoded within the apparently polycistronic locus csuABCDE
(GenBank accession number AF339087). Figure 5B shows that
with the exception of strains 8114 and 8637 (lanes 14 and 15),
all of the Oregon isolates (lanes 11 to 22) harbor sequences
related to the csuE-like gene. While these sequences were
located in 20- to 23-kbp EcoRI fragments in nine of these
strains (lanes 11 to 13 and 16 to 21), that present in strain 9397
(lane 22) was detected in a 9.4-kbp EcoRI fragment. Only
three, strains BM4420, BM4427, and BM4439 (lanes 2, 6, and
10, respectively), of the nine European isolates (lanes 2 to 10)
showed the presence of csuE-like sequences in their genomes.
Insertion derivative 4 was isolated by its slightly reduced
expression of the attachment-biofilm phenotype compared
with that of the parental strain (data not shown). Sequence
analysis showed that the EZ::TN (R6K+yori/KAN-2) transposon
interrupted a gene highly similar to csuB, which is part of the
V. parahaemolyticus csuABCDE locus (GenBank accession
number AF339087) that is related to other bacterial chaper-
one-usher secretion systems. DNA hybridization showed that
the 10 Oregon isolates that tested positive with the csuE probe
(Fig. 5B, lanes 11 to 13 and 16 to 22) also tested positive with
the csuB probe (same lanes of Fig. 5C). The European strains
BM4420, BM4421, BM4422, BM4427, BM4430, and BM4439
(lanes 2 to 4, 6, 7, and 10, respectively) also produced detect-
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able signals with the latter probe, although strains BM4421,
BM4422, and BM4430 (compare lanes 3, 4, and 7 of Fig. 5B
and C) did not show the presence of csuE-like determinants in
their genomes. Interestingly, the EcoRI fragments hybridizing
with the csuB and csuE probes displayed similar sizes (ca. 15
kbp) in all strains that tested positive with both probes. This
observation indicates that these two genes are located within
the same chromosomal region, suggesting a potential organi-
zation similar to that described for the V. parahaemolyticus
csuABCDE locus. The detection of two A. baumannii 19606
EcoRI fragments with the csuB probe (Fig. 5C, lanes 1 and 23),
with one of them matching the size of the fragments detected
in other clinical isolates, is another interesting result of these
hybridization experiments. The presence of a second csuB copy
in the 19606 genome may help explain the observation that the
adhesion and biofilm phenotypes of insertion 4 were reduced
slightly but not abolished, as was the case with the disruption of
csuE. The latter appears to be present as a single-copy gene in
all positive strains (Fig. 5B), and therefore its interruption
must result in a more drastic effect as was observed with in-
sertion derivative 144.

Concluding remarks. The A. baumannii 19606 prototype
strain proved to be amenable to the electroporation of the
EZ: TN (R6Kvyori/KAN-2) transposon complexed with the
EZ::'TN transposase, an approach that resulted in the genera-
tion of random insertion derivatives, some of which were af-
fected in primary metabolic functions. This insertion mutagen-
esis approach also led to the identification of a gacS-like gene
and a hypothetical gene that encode sensor kinases that are
part of global regulatory systems present in other, unrelated
bacteria. The widespread presence of these genes in different
A. baumannii clinical isolates suggests that these genetic traits
play an important regulatory function or functions that could
determine the ability of this pathogen to use different nutrient
sources and respond to changes in environmental signals. The
potential regulatory function of the A. baumannii 19606 GacS-
like sensor kinase is supported further by the observation that
isogenic derivatives with transposon insertions within the gene
encoding this protein were not able to use citrate as a sole
carbon source. A similar influence of the gacS-gacA system on
the utilization of carbon sources was found recently in P. fluo-
rescens (11), indicating that this two-component global regula-
tory system influences primary as well as secondary metabolism
in bacteria. Insertions in the csuB- and csuE-like genes, which
affected to different degrees the expression of attachment and
biofilm functions, indicate that A. baumannii contains a
csuABCDE locus. The role of this predicted locus is supported
further by the fact that the csuC and csuD predicted translation
products are highly related to chaperone and usher assembly
proteins required for the secretion of folded proteins across
bacterial outer membranes (53). This type of protein secretion
system, which has been described for other bacteria (54), is
involved in the assembly of a variety of surface structures that
play a role in the interactions between bacterial cells and biotic
and abiotic surfaces.
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