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Summary

Acinetobacter baumannii can thrive on a broad range
of substrates such as sugars, alcohols, lipids, amino
acids and aromatic compounds. The latter three are
abundant in the human host and are potential candi-
dates as carbon sources for the metabolic adaptation
of A. baumannii to the human host. In this study we
determined the biodegradative activities of A.
baumannii AYE with monocyclic aromatic com-
pounds. Deletion of genes encoding the key enzymes
of the ß-ketoadipate pathway, the protocatechuate-3,-
4-dioxygenase (ΔpcaHG) and the catechol-1,-
2-dioxygenase (ΔcatA), led to a complete loss of
growth on benzoate and p-hydroxybenzoate,
suggesting that these substrates are metabolized via
the two distinct branches (pca and cat) of this path-
way. Furthermore, we investigated the potential role of
these gene products in host adaptation by analyzing
the capability of the mutants to resist complement-
mediated killing. These studies revealed that the
mutants exhibit a decreased complement resistance,
but a dramatic increase in survival in normal human
serum in the presence of p-hydroxybenzoate or pro-
tocatechuate. These results indicate that the ß-
ketoadipate pathway plays a role in adaptation of A.
baumannii to the human host. Moreover, the single
and double mutants exhibited increased antibiotic

resistances indicating a link between the two
dioxygenases and antibiotic resistance.

Introduction

Acinetobacter baumannii can colonize different niches in
the human host causing soft tissue, bloodstream,
ventilator-associated lung and urinary tract infections
leading to pneumonia, meningitis, osteomyelitis, or even
sepsis (Dijkshoorn et al., 2007; Peleg et al., 2008;
Antunes et al., 2011; Doughari et al., 2011; Harding
et al., 2018). Also, animals were found to be a reservoir
of A. baumannii and moreover, these pathogens have
also been isolated from different soil samples (Müller
et al., 2014; van der Kolk et al., 2019; Wareth
et al., 2019). The ability to colonize different hosts and to
thrive in different host niches but also outside the human
host such as in soil environments suggests that this path-
ogen must be able to adapt to substantial environmental
changes through modification of its metabolism and nutri-
tional needs (Mitchell et al., 2009; Bleuven and
Landry, 2016). Indeed, A. baumannii exhibits a high met-
abolic flexibility and distinct systems for nutrient acquisi-
tion and homeostasis (Dijkshoorn et al., 2007; Peleg
et al., 2008; Fiester and Actis, 2013; Harding
et al., 2018). It is able to metabolize a broad range of car-
bon sources including different sugars (Hubloher
et al., 2020), amino acids (König et al., 2021), alcohols
(Camarena et al., 2010), fatty acids (Stahl et al., 2015),
trimethyl ammonium compounds (Breisch et al., 2018)
and aromatic amino acids (Bouvet and Grimont, 1986).
This metabolic diversity together with its high desiccation
resistance (Jawad et al., 1996; Wendt et al., 1997; Gua-
rdabassi et al., 1998; Zeidler and Müller, 2019) and multi-
drug or even pan-drug resistance (Allen and
Green, 1987; Dijkshoorn et al., 2007; Peleg et al., 2008;
Towner, 2009; Roca et al., 2012; Lee et al., 2017) plays
an important role in the emergence of A. baumannii as
very notorious opportunistic human pathogen.

The utilization of aromatic carbon sources is a clear
metabolic benefit in the human host, due to the high
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abundance of aromatics, such as amino acids, hormones
and signal substances (Teufel et al., 2010; Cerqueira
et al., 2014). The three most common pathways for the
degradation of aromatic compounds are the phenylacetic
acid pathway (Teufel et al., 2010), the homogentisate
pathway (Arias-Barrau et al., 2004) and the ß-ketoadipate
pathway (Harwood and Parales, 1996). The latter con-
sists of two parallel branches, the catechol and pro-
tocatechuate branch which converge at the enol-lactone
of ß-ketoadipate (Harwood and Parales, 1996). A broad
range of aromatic and hydroaromatic substrates, such as
benzoate, p-hydroxybenzoate, vanillate, mandelate,
coumarate, ferulate, salicylate are metabolised via the ß-
ketoadipate pathway to succinyl-CoA or acetyl-CoA
which enter the central metabolism via the tricarboxylic
acid cycle (Sze and Dagley, 1987; Vasudevan and
Mahadevan, 1992; Bleichrodt et al., 2010). The full chem-
istry, genetic organization and regulation of this pathway
has been known for decades and has been studied in
detail in the soil bacterium Acinetobacter baylyi
(D’Argenio et al., 1999; Trautwein and Gerischer, 2001;
Dal et al., 2002; Brzostowicz et al., 2003; Dal
et al., 2005; Young et al., 2005; Siehler et al., 2007;
Fischer et al., 2008; Williams and Kay, 2008). However,
information with respect to the role of the ß-ketoadipate
pathway in A. baumannii is very scarce. Here we report
on the role of the ß-ketoadipate pathway in aromatic deg-
radation, complement resistance and antibiotic resistance
of A. baumannii.

Results and discussion

A. baumannii ATCC 19606 and AYE use different
aromatic compounds as sole carbon and energy source

To address the question of whether A. baumannii
exhibits a functional ß-ketoadipate pathway, growth stud-
ies of the A. baumannii type strain ATCC 19606 and the
genetically modified clinical isolate AYE comMR, the lat-
ter is devoid of the large resistance island AbaR, con-
taining up to 25 putative antibiotic resistance genes
against mainly aminoglycosides, tetracycline and sulfon-
amides (Godeux et al., 2020), with potential substrates of
the ß-ketoadipate pathway such as p-hydroxybenzoate,
benzoate, benzyl acetic ester, benzyl alcohol, quinate,
kynurenic acid, ferrulate, styrene, toluol, salicylic acid,
mandelic acid, cinnamic acid and folic acid were per-
formed in mineral medium [MM; (Zeidler et al., 2017)].
Both strains were able to grow on benzoate, p-hydro-
xybenzoate, quinate and kynurenic acid as sole carbon
and energy source with comparable growth rates
(Table 1). The growth of both strains on p-
hydroxybenzoate and benzoate suggests that both
strains exhibit a functional ß-ketoadipate pathway. The

growth on kynurenic acid indicates that both strains
exhibit a kynureninase which catalyzes the conversion of
kynurenic acid to anthranilate (Stanier et al., 1951;
Kurnasov et al., 2003). The latter can be further degraded
by different pathways such as via catechol funnelled
either into the ß-ketoadipate pathway (Stanier
et al., 1951) or the meta cleavage pathway (Costaglioli
et al., 2012), the gentisate pathway (Cain, 1968), the
3-hydroxyanthranilate pathway (Liu et al., 2010) or the
2-aminobenzoyl-CoA pathway (Schühle et al., 2001). The
growth on quinate suggests the presence of the genes
encoding QuiA, QuiB and QuiC feeding quinate into the
protocatechuate branch of the ß-ketoadipate pathway
(Smith, 1990; Elsemore and Ornston, 1995).

Identification of ß-ketoadipate pathway genes

The finding that A. baumannii AYE comMR can use ben-
zoate and p-hydroxybenzoate as sole carbon and energy
source raised the question, whether this strain employs
the ß-ketoadipate pathway to oxidize the aromatic sub-
strates. We screened the genome of A. baumannii AYE
for the presence of potential pca and cat genes encoding
the enzymes of the two branches of this pathway and

Table 1. Growth of A. baumannii ATCC 19606 and AYE on different
aromatic substrates.

Substratea ATCC 19606 (td) (h) AYE (td) (h)

Without carbon source – –

Na-acetate 0.4 0.4
Kynurenic acid 0.61 0.5
Quinate 0.55 0.46
Phenylacetic acid – –

Phenylalanine 0.68 0.6
Tyrosine 0.8 0.5
Tryptophan – –

Benzoate 1 0.9
p-hydroxybenzoate 1.1 0.98
Benzyl alcohol – –

Benzyl acetate – –

Ferrulate – –

Indole-3-acetate 0.68 0.61
Styrene – –

Toluol – –

Salicylic acid – –

Mandelic acid – –

Cinnamic acid – –

Folic acid – –

A. baumannii ATCC 19606 and AYE was grown in 5 ml MM (Zeidler
et al., 2017) with 20 mM Na-acetate as carbon source overnight at
37�C. Fresh MM with 20 mM Na-acetate was inoculated to a final
OD600 of 0.01 and incubated over 14 h shaking at 37�C. Afterwards,
100 ml fresh MM with the given carbon sources are inoculated to a
final OD600 of 0.1 and incubated shaking at 37�C. OD600 was deter-
mined every hour and the doubling time (td) was determined with
GraphPad Prism 6.00 for Windows (GraphPad Software, La Jolla,
CA, USA).
a20 mM Na-acetate and 5 mM of all other carbon sources were
used; -: no growth; td: doubling time.

© 2022 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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identified all potential pca and cat genes (Fig. 1A). Eight
cat and nine pca genes were organized in two distinct
gene clusters spanning 7501 and 7914 kbp respectively
(Fig. 1B). Sequence alignments of the deduced proteins
revealed that the proteins exhibit highest similarities to
the ß-ketoadipate pathway enzymes of A. baylyi, such as
similarities and identities in the range of 65%–92% and
86%–99% were found respectively (Fig. 1B). Interest-
ingly, pcaU, which encodes an IclR-type transcriptional
regulator of the pca genes in A. baylyi (Gerischer
et al., 1998) was absent in the pca gene cluster of A.
baumannii AYE (Fig. 1B).

The pcaHG and catA genes are essential for the
degradation of p-hydroxybenzoate and benzoate

To address the role of the ß-ketoadipate pathway in ben-
zoate and p-hydroxybenzoate degradation single and
double mutants exhibiting markerless deletions of either
one or both key enzyme genes such as pcaHG
(encoding protocatechuate-3,4-dioxygenase) or catA
(encoding catechol-1,2-dioxygenase) were generated in
A. baumannii AYE comMR (Godeux et al., 2020). To
generate markerless single or double mutants the
RecET-based recombination-mediated genetic engineer-
ing (recombineering) was used (Tucker et al., 2014).
Therefore, the plasmid pAT04 expressing the RecAB-
recombination system and a PCR product exhibiting the
up- and downstream region of the gene flanking a kana-
mycin resistance cassette were transformed into A.
baumannii AYE comMR (for primer information see
supporting information Table S1). The mutants were
selected on LB-agar containing kanamycin and verified
by PCR (primer in supporting information Table S1). Exci-
sion of the resistance cassette was performed using the
flippase (FLP) recombinase target sites flanking the cas-
sette which are substrate of a FLP recombinase encoded
by pAT03 with a tetracycline antibiotic resistance cas-
sette instead of the ampicillin resistance gene (Tucker
et al., 2014). Both single and double markerless mutants
were verified by PCR (primer in supporting information
Table S1).
Analyses of the growth phenotype of the ΔpcaHG

mutant revealed that growth with p-hydroxybenzoate was
completely abolished, whereas growth with benzoate
was unaffected. Moreover, the ΔpcaHG mutant was not
able to grow with quinate, as expected. The ΔcatA
mutant was completely defective in growth with benzoate
but unaffected in growth with p-hydroxybenzoate. Fur-
thermore, the ΔcatA mutation did not abolish growth with
kynurenic acid leading to the conclusion that kynurenic
acid is not funnelled into the catechol branch of the ß-
ketoadipate pathway. A ΔpcaHG/ΔcatA double mutant
grew with neither benzoate nor p-hydroxybenzoate. The

growth defects of the single mutants were complemented
with the pcaHG or catA gene encoded by the E. coli/
Acinetobacter shuttle vector pVRL1 [(Lucidi et al., 2018),
primer pairs for amplification are in the supporting infor-
mation Table S1]. Taken together these results provide
clear evidence that pcaHG and catA encode the two
dioxygenase key enzymes of the two branches of the ß-
ketoadipate pathway which initialize the degradation of
benzoate and p-hydroxybenzoate, respectively.

A ΔpcaHG/ΔcatA mutant is impaired in complement
resistance

The fact that aromatic compounds are abundant in the
human host, such as amino acids or hormones and that
pathways important for the degradation of aromatic com-
pounds play a role in virulence of A. baumannii such as
the phenyl acetic acid pathway (Cerqueira et al., 2014),
prompted us to analyze the susceptibility of A. baumannii
AYE comMR to complement-mediated killing in normal
human serum (NHS) and compared the resulting pheno-
type with those of the ΔpcaHG and ΔcatA mutants.
Therefore, A. baumannii AYE comMR and the mutants
were incubated for 2 h in 25% or 30% NHS. The number
of colony-forming units (CFU) was determined after plat-
ing on LB agar. The percentage of CFU was calculated
with 100% CFU corresponding to the CFUs in a control
assay with phosphate-buffered saline containing 0.9 mM
CaCl2 and 0.5 mM MgCl2 (PBS+/+). Incubation of A.
baumannii AYE comMR in 25% NHS resulted in nearly a
300% increase in CFUs in comparison to the control
incubated in PBS+/+, whereas incubation of A.
baumannii AYE comMR in 30% NHS led to a 13%
decrease in CFUs (Fig. 2). This finding leads to the con-
clusion that growth of A. baumannii AYE comMR is not
affected by NHS below 25% but is inhibited in the pres-
ence of higher serum concentrations. Potential carbon
sources could be the different amino acids in NHS. In
contrast to A. baumannii AYE comMR all mutants
exhibited a decrease in CFUs after incubation in 25%
NHS. Just around 60% of the cells of the ΔcatA (63%),
ΔpcaHG (61%) and the ΔpcaHG/ΔcatA (51%) mutants
survived in 25% NHS (Fig. 2). Applying 30% NHS even
lower CFUs could be detected with the ΔpcaHG and
ΔcatA mutants such as a decrease of around 70% in
CFUs (ΔcatA 73%, ΔpcaHG 79% and ΔpcaHG/ΔcatA
70%) was found (Fig. 2). These results suggest that the
ß-ketoadipate pathway plays a role in mediating serum
resistance of A. baumannii AYE comMR. Furthermore,
our finding that the CFUs of the two single mutants and
the ΔpcaHG/ΔcatA double mutant were comparable after
incubation in NHS suggests that both branches are
essential for complement resistance.

© 2022 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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Fig. 1. The ß-ketoadipate pathway (A) and genetic organization of the cat and pca gene clusters in A. baumannii AYE and A. baylyi ADP1 (B).
The genes responsible for catechol degradation (cat) and for protocatechuate degradation (pca) are organized in two gene clusters. Similarities/
identities are stated underneath the genes.

© 2022 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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ß-ketoadipate pathway of Acinetobacter baumannii 173

 17582229, 2022, 1, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13042 by U
niversitatsbibliothek Johann, W

iley O
nline L

ibrary on [29/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Growth of the A. baumannii AYE comMR strain and the
ΔpcaHG and ΔcatA mutants in inactivated NHS

To address the question of whether NHS impaired growth
of the generated mutants, growth studies with the
ΔpcaHG and the ΔcatA single mutant, the ΔpcaHG/
ΔcatA double mutant, and A. baumannii AYE comMR
were performed by incubating the bacterial cells in heat-
inactivated NHS (100%). As shown in Fig. 3, growth of all
three mutants and the A. baumannii AYE comMR strain
was unaffected in heat-inactivated NHS and no differ-
ences could be observed after a 5 h incubation period
indicating that the reduced survival of the cells after incu-
bation in 25% or 30% NHS is not due to an impaired
growth of the mutants.

Complement resistance of the ΔpcaHG/ΔcatA mutant is
stimulated in the presence of p-hydroxybenzoate and
protocatechuate

To get deeper insights into the role of aromatic com-
pounds in complement resistance of A. baumannii AYE
comMR, the A. baumannii AYE comMR strain and the
ΔpcaHG/ΔcatA double mutant were incubated for 2 h in
30% NHS in the presence or absence of 5 mM p-
hydroxybenzoate or in the presence of 5 mM Na-acetate
as control. The CFUs were determined after plating on
LB agar. As shown in Fig. 4A, incubation of the A.

baumannii AYE comMR strain in 30% NHS alone or in
30% NHS supplemented with 5 mM Na-acetate led to
15% and 25% reduced CFUs respectively, in comparison
to PBS+/+. However, the addition of 5 mM p-
hydroxybenzoate to 30% NHS led to an increase of the
CFUs by 175% of the A. baumannii AYE comMR strain.

Even more dramatic was the effect with the ΔpcaHG/
ΔcatA double mutant. Incubation of the ΔpcaHG/ΔcatA
double mutant in 30% NHS supplemented with 5 mM p-
hydroxybenzoate resulted in a 15-fold increase in CFUs
in comparison to the CFUs obtained after incubation in
PBS+/+ and an even 20-fold increase in CFUs in compar-
ison to the CFUs obtained after incubation in 30% NHS
alone. Furthermore, the CFUs after the incubation of the
ΔpcaHG/ΔcatA mutant in NHS as well as in NHS sup-
plemented with Na-acetate were comparable to those
obtained with the double mutant after incubation in NHS
without Na-acetate. This leads to the conclusion that
either p-hydroxybenzoate or the oxidation product pro-
tocatechuate which is not further oxidized in the
ΔpcaHG/ΔcatA double mutant might play a role in com-
plement resistance.

To address the question whether p-hydroxybenzoate
or the accumulation of protocatechuate led to the
increased complement resistance, an A. baumannii AYE
comMR ΔpobA deletion mutant was generated using the
RecET recombineering system as described before
(primers are given in supporting information Table S1).
As expected, the ΔpobA mutant did not grow with p-
hydroxybenzoate but with protocatechuate (data not
shown). Investigating complement resistance of this par-
ticular mutant under the same conditions but in the pres-
ence or in the absence of p-hydroxybenzoate revealed
that the ΔpobA mutant did not exhibit any increase in

Fig. 2. Survival of A. baumannii AYE comMR, the ΔcatA and
ΔpcaHG single mutant and the ΔpcaHG/ΔcatA double mutant in
25% or 30% NHS. Acinetobacter baumannii AYE comMR strains
(wild type: white bars; ΔcatA: light grey bars; ΔpcaHG: dark grey
bars; ΔpcaHG/ΔcatA: black bars) were grown in LB medium (5 g L�1

NaCl, 10 g L�1 tryptone, 5 g L�1 yeast extract), harvested at an
OD600 of 0.5–0.6, washed two times in PBS+/+ (2.7 mM KCl, 1.5 mM
KH2PO4, 137.9 mM NaCl, 8.1 mM Na2HPO4, 0.9 mM CaCl, 0.5 mM
MgCl) and resuspended to a final OD600 of 0.4 in PBS+/+. The fro-
zen NHS was thawed on ice and diluted to a final concentration of
30% or 25% with PBS+/+. 10 μl of the respective cell culture were
given to 200 μl PBS+/+, 200 μl 25% NHS or 30% NHS and incubated
over 2 h at 37�C. 790 μl PBS+/+ were given to the assay mixtures
followed by several dilutions. 100 μl of the 10�2, 10�3 and 10�4 dilu-
tions were plated onto LB agar and CFUs were counted. The CFUs
are given in percentage in comparison to the CFUs of the cultures
incubated with PBS+/+. Each value is the mean of �SEM of at least
three independent measurements.

Fig. 3. Growth of A. baumannii AYE comMR in heat-inactivated
NHS. A. baumannii AYE comMR strains (wild type: ■; ΔcatA: ♦;
ΔpcaHG: ▲; ΔpcaHG/ΔcatA: ●) were cultivated overnight in LB
medium at 37�C and inoculated to a final OD600 of 0.1 in 100% heat-
inactivated NHS. Growth was monitored by counting CFUs at given
time points. Each value is the mean of �SEM of at least three inde-
pendent measurements.

© 2022 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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CFUs in the presence of p-hydroxybenzoate. Moreover,
addition of p-hydroxybenzoate had no effect on the com-
plement resistance of the deletion mutant, which leads to
the conclusion that the accumulation of protocatechuate
in the ΔpcaHG/ΔcatA double mutant plays a role in com-
plement resistance.

To test the direct effect of protocatechuate on the com-
plement resistance of A. baumannii AYE comMR, we
analyzed the complement resistance of A. baumannii
AYE comMR and the ΔpcaHG/ΔcatA double mutant in
the presence of 5 mM protocatechuate (Fig. 4B). The
presence of protocatechuate also significantly stimulated
the complement resistance. However, the A. baumannii
AYE comMR strain showed a decrease in CFU after
incubation in 30% NHS alone or in 30% NHS plus 5 mM
Na-acetate by 55% and 35% respectively, the addition of
5 mM protocatechuate to 30% NHS led to an increase of
CFU by 500%. The same holds true for the ΔpcaHG/
ΔcatA double mutant, such as after incubation with 30%
NHS alone or with 30% NHS supplemented with 5 mM
Na-acetate the CFUs of the double mutant decreased by
75% and 50% respectively. After incubation in 30% NHS
supplemented with 5 mM protocatechuate the CFUs of
the double mutant increased by 650%. These results
lead to the conclusion that protocatechuate indeed stimu-
lates the complement resistance of A. baumannii AYE
comMR. It is tempting to speculate that this increased
complement resistance is due to regulatory effects,

where protocatechuate is a potential signal molecule, but
this has to be addressed in future studies.

The ß-ketoadipate pathway is important for antibiotic
resistance or susceptibility

To get insights into the role of the ß-ketoadipate pathway
in antibiotic resistance, the ΔpcaHG and the ΔcatA sin-
gle mutant, the ΔpcaHG/ΔcatA double mutant and A.
baumannii AYE comMR were subjected to antibiotic
resistance assays using aromatic and non-aromatic anti-
biotics. The strains were cultivated in MM with 20 mM
Na-acetate as carbon source to the late stationary phase
and diluted with saline (0.9% NaCl) to a final OD600 of
1. Several dilutions were prepared and 5 μl per dilution
were dropped onto MM with 20 mM Na-acetate, 5 mM
benzoate and 5 mM p-hydroxybenzoate agar or onto MM
agar containing the same carbon sources plus antibiotics
such as 5 μg ml�1 novobiocin, 15 μg ml�1 benzalkonium
chloride, 20 μg ml�1 chlorhexidine or 2 μg ml�1 kanamy-
cin. Interestingly, A. baumannii AYE comMR showed a
higher susceptibility against novobiocin than the deletion
mutants (Fig. 5). However, the ΔpcaHG deletion mutant
showed growth up to a dilution of 10�3 and the ΔcatA
and ΔpcaHG/ΔcatA mutants even to a dilution of 10�5,
growth of A. baumannii AYE comMR was only detectable
up to the 10�1 dilution. It is tempting to speculate that the
aromatic antibiotic novobiocin is modified by the

Fig. 4. p-hydroxybenzoate (A) and protocatechuate (B) induce serum resistance in A. baumannii AYE comMR. A. baumannii AYE comMR and
the ΔpcaHG/ΔcatA double mutant were grown in LB medium, harvested at an OD600 of 0.5–0.6, washed two times in PBS+/+ and resuspended
to a final OD600 of 0.4 in PBS+/+. The frozen NHS was thawed on ice and diluted to a final concentration of 30% with PBS+/+. 10 μl of the cell
cultures were added to 200 μl PBS+/+ or 30% NHS both without addition of any carbon source or supplemented with 5 mM p-hydroxybenzoate,
5 mM protocatechuate or 5 mM Na-acetate. After incubation over 2 h at 37�C, 790 μl PBS+/+ were added to the reaction mixtures and several
dilutions were prepared. 100 μl of the 10�2, 10�3 and 10�4 dilutions were plated on LB agar and CFUs were counted. The CFUs are given in per-
centage in comparison to the CFUs of the cultures incubated with PBS+/+ without any additional carbon source. A. CFUs of cultures which were
incubated in the absence of an additional substrate are shown in white bars, cultures which were incubated in the presence of 5 mM p-
hydroxybenzoate are shown in grey bars and those which were incubated in the presence of 5 mM Na-acetate are shown in black bars. B. CFUs
of cultures which were incubated in the absence of an additional substrate are shown in white bars, cultures which were incubated in the pres-
ence of 5 mM protocatechuate are shown in grey bars and those which were incubated in the presence of 5 mM Na-acetate are shown in black
bars. Each value is the mean of �SEM of at least three independent measurements.
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protocatechuate-3,4-diooxygenase (PcaHG) and the
catechol-1,2-dioxygenase (CatA) leading to even higher
toxic effects than novobiocin itself. The ΔcatA deletion
mutant and the ΔpcaHG/ΔcatA double mutant showed a
higher resistance against the aromatic antibiotics benzal-
konium chloride and chlorhexidine than A. baumannii
AYE comMR and the ΔpcaHG single mutant, such as
growth was detectable up to a dilution of 10�4 in the case
of benzalkonium and 10�3 in the presence of chlorhexi-
dine, whereas A. baumannii AYE comMR and the
ΔpcaHG single mutant showed growth only up to a dilu-
tion of 10�2 or 10�1 in the presence of both benzal-
konium and chlorhexidine, respectively (Fig. 5). In the
presence of the glycoside antibiotic kanamycin, no
growth difference between A. baumannii AYE comMR
and the mutants was detectable. Analogous results were
obtained during growth of the strains on LB-agar plates
with the given antibiotics or on MM agar with Na-acetate
as sole carbon source in the presence of the given antibi-
otics (data not shown).

Conclusions

This work provides clear evidence that pcaHG and catA
encode a functional protocatechuate-3,4-dioxygenase
and catechol-1,2-dioxygenase, the two key enzymes of
the two branches of the ß-ketoadipate pathway in A.
baumannii AYE. Deletion of these two genes results in a
decrease in complement resistance. It is tempting to
speculate that aromatic substrates in the blood serum
might be degraded to signal compounds via the ß-
ketoadipate pathway and, thus lead to an increased sur-
vival of this bacterium in human serum. In the absence of
these dioxygenases, the aromatic substances in the
blood serum, such as hormones or aromatic amino acids
are possibly not converted into such signal compounds
and complement resistance is reduced. Interestingly, the

ΔpcaHG/ΔcatA mutant exhibits a dramatically increased
complement resistance in the presence of p-hydro-
xybenzoate. This finding along with the finding that pro-
tocatechuate also significantly increased complement
resistance together with the abolished increase in com-
plement resistance of the ΔpobA mutant suggest that
accumulation of protocatechuate enhances complement
resistance of A. baumannii AYE comMR. The ΔcatA,
ΔpcaHG and ΔpcaHG/ΔcatA mutants exhibited
increased resistance against different aromatic antibiotics
compared to the A. baumannii AYE comMR strain,
whereas the resistance against the non-aromatic antibi-
otic was unaffected. This indicates that the key enzymes
of the ß-ketoadipate pathway might modify the aromatic
moieties of these aromatic antibiotics leading to
increased toxicity. Whether this indeed is the case will be
addressed in future studies.
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