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Abstract Here, we present the genomic characteri-
zation of an Acinetobacter bohemicus strain QAC-
21b which was isolated in the presence of a qua-
ternary alky-ammonium compound (QAAC) from
manure of a conventional German pig farm. The
genetic determinants for QAAC, heavy metal and
antibiotic resistances are reported based of the whole
genome shotgun sequence and physiological growth
tests. A. bohemicus QAC-21b grew in a species typi-
cal manner well at environmental temperatures but
not at 37 °C. The strain showed tolerance to QAACs
and copper but was susceptible to antibiotics relevant
for Acinetobacter treatments. The genome of QAC-
21b contained several Acinetobacter typical QAAC
and heavy metal transporting efflux pumps coding
genes, but no key genes for acquired antimicrobial
resistances. The high genomic content of transferable
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genetic elements indicates that this bacterium can be
involved in the transmission of antimicrobial resist-
ances, if it is released with manure as organic ferti-
lizer on agricultural fields. The genetic content of the
strain was compared to that of two other A. bohemi-
cus strains, the type strain ANC 3994, isolated from
forest soil, and KCTC 42081, originally described as
A. pakistanensis, a metal resistant strain isolated from
a wastewater treatment pond. In contrast to the for-
est soil strain, both strains from anthropogenically
impacted sources showed genetic features indicating
their evolutionary adaptation to the anthropogenically
impacted environments. Strain QAC-21b will be used
as model strain to study the transmission of antimi-
crobial resistance to environmentally adapted Acine-
tobacter in agricultural environments receiving high
content of pollutants with organic fertilizers from
livestock husbandry.

Keywords Acinetobacter bohemicus - QAAC
tolerance - Manure - Environmental transmission

Introduction

Members of the genus Acinefobacter are widespread
in nature and have been cultured from both clinical
and non-clinical environments including soil, water,
wild birds and domestic/farm animals (Towner 2009;
Visca et al. 2011; Wilharm et al. 2017; Pulami et al.
2021). The ecology of most of the species is still not
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well understood (Cool et al. 2019). Multi-drug resistant
(MDR) pathogens belonging to the Acinetobacter cal-
coaceticus-Acinetobacter baumannii (ACB) complex
have immense clinical significance for causing hospi-
tal-associated nosocomial outbreaks globally (Wong
et al. 2017; Vazquez-Lopez et al. 2020). The overuse
of antibiotics in the clinical environment and livestock
husbandry has accelerated the dissemination of antibi-
otics, antibiotic resistant bacteria (ARB) and antibiotic
resistance genes (ARGs) from human populations and
livestock into the receiving environment (Chee-San-
ford et al. 2009; Rahube et al. 2012; Rizzo et al. 2013;
Biirgmann et al. 2018; Xie and Zhao 2018). Beside
antibiotic residues, heavy metals and biocides, includ-
ing quaternary alkyl-ammonium compounds (QAACsS),
are present in wastewater and manure from livestock
husbandry in parallel (Heuer et al. 2011; Rahube et al.
2012; Mulder et al. 2018; Kinney et al. 2006; Christou
et al. 2017; Pan and Chu 2018). Those pollutants can
trigger the spread of ARGs via co-selection processes
in manure and WWTPs or in the environment where
bacteria and pollutants come in close contact (Chap-
man 2003; Imran et al. 2019). Resistance and tolerance
to QAACs and heavy metal ions is often associated
with mobile genetic elements (MGEs) that have been
responsible for a wide dissemination of ARGs (Baker-
Austin et al. 2006; Hobman and Crossman 2015; Li
et al. 2017). Acinetobacter spp. including A. bauman-
nii strains have occasionally been isolated from raw
manure and digested manure of biogas plant digestates
(Schauss et al. 2015, 2016; Pulami et al. 2020). So far,
less is known about QAAC resistance of Acinetobac-
ter which are released with manure in the agricultural
environment. Less is known about Acinetobacter from
those sources which do not grow at pathogen relevant
temperatures because cultivation studies for risk assess-
ment are often performed at higher temperatures as
37 °C or even 44 °C (Schauss et al. 2015, 2016; Klotz
et al. 2019; Pulami et al. 2020). We attempted to study
the presence of QAAC tolerant bacteria which grew
at environmental relevant temperatures in pig manure
(data unpublished). The studied manure slurry con-
tained QAACs and was used as fertilizer for agricultural
fields. During this study we cultured an Acinetobacter
strain, QAC-21b, in the presence of 50 pg benzyldi-
methyldodecylammonium chloride (BAC-C12) mL~..
The strain was identified as a member of the species
Acinetobacter bohemicus. The species was originally
proposed based on 25 isolates which were isolated from
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different soil and water samples collected in natural
ecosystems in the Czech Republic (Krizova et al. 2014).
In the same year, a second species, A. pakistanensis
was proposed based on one strain which was isolated
from a textile dying wastewater treatment pond in Paki-
stan (Abbas et al. 2014). This strain was characterized
as heavy metal resistant and psychrotolerant. A. pakis-
tanensis was later reclassified as heterotypic synonym
of A. bohemicus (Nemec and Radolfova-Krizova 2016).
Based on phylogenomic analysis, A. bohemicus belongs
together with the next related species “A. kyonggien-
sis”, A. albensis, A. harbinensis, A. terrestris, A. terrae
and A. kookii to a clade of Acinetobacter species which
contains species that have nearly exclusively recov-
ered from soil and water ecosystems (Clade G; Nemec
2022). As reported for most of the species of this clade,
A. bohemicus strains did not grow at 37 °C (Nemec
2022). Strains of A. bohemicus just grew at 30 °C, but
not at 35 °C in brain heart infusion broth (Krizova et al.
2014; Nemec and Radolfova-Krizova 2016).

Here we present a detailed physiological and
genomic characterization of the BAC-C12 tolerant A.
bohemicus strain QAC-21b isolated from the manure
sample of a German pig farm. Genetic features
explaining QAAC and heavy metal tolerance were
studied. The presence of further antimicrobial resist-
ance genes, insertion sequence (IS) elements, phages
and pathogenicity genes were examined. Physiologi-
cal tests were performed in parallel to confirm the
genetic predictions of antimicrobial resistances. Aim
of the detailed characterization was to understand the
adaptation of the strain to the anthropogenic environ-
ment and to determine the potential risk associated
with QAAC tolerant Acinetobacter if it is released
on an agricultural field. Genome based analyses
were performed in comparison to A. bohemicus ANC
3994, which was originally isolated from an environ-
mental habitat which had no contact to anthropogenic
pollutants and the copper tolerant strain KCTC 42081
(originally described as the type strain of A. paki-
stanensis) also isolated from an anthropogenically
impacted environment.
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Material and methods

Sampling, isolation and initial phylogenetic
identification

The studied strain was isolated from a pooled manure
sample collected in March 2017 from a manure stor-
age tank on a pig farm in Hesse, Germany. The pigsty
on the farm was cleaned with a mixture of water and
didecyldimethylammonium chloride, and the mix-
ture drained in the same tank as the manure. Three
samples (each 40 mL) were taken in 50 mL sterile
screw cup tubes (Greiner Bio-One GmbH, Germany)
and transported cooled to 6 °C to the laboratory. Cul-
tivation was performed during the same day. Bacte-
ria were detached from 10 g liquid manure (pooled
from the three replicates) by shaking the sample for
5 min at 25 °C in 90 mL 0.2% tetrasodiumpyroph-
osphate buffer (TSPP; 0.22 um; filter-sterilized) in a
sterile 250 mL glass bottle at 150 rpm on a horizontal
shaker. Thereafter, the bottle was stored for 30 min
in the dark to enable the sedimentation of manure
particles. After sedimentation, cultivation was per-
formed with the bacterial suspension (upper super-
natant 30 mL: 107! dilution). A subsample of 0.5 mL
was serially diluted (up to 107) in 0.9% (w/v) NaCl
solution. From each dilution 100 uL. were plated on
different agar media which were incubated for 72 h
in the dark at 25 °C. A round, beige colony with a
diameter of 1.5 mm was picked from Mueller—Hin-
ton agar (MH, Carl-Roth, Germany) supplemented
with 50 ug mL~! BAC-C12. The colony was puri-
fied by streaking single colonies for multiple times
and assigned as strain QAC-21b. Fresh biomass of
the strain was preserved for long term storage in two
1.4 mL U-bottom push cap tubes (Micronic, Neth-
erlands) with 500 uL. Gibco new-born calf serum
(NBCS, ThermoFisher Scientific) at —20 and —80 °C.
The strain was assigned by partial 16S rRNA gene
sequencing as described by Schauss et al. (2015) to
the genus Acinetobacter. The Sanger sequenced 16S
rRNA gene of strain QAC-21b was deposited in Gen-
Bank (NCBI) with accession number OM327586.

Physiological tests for taxonomic characterization
Phenotypic characterization of strain QAC-21b was

performed with the API 20 NE system (bioMérieux).
The cytochrome-c oxidase activity was tested with

the Bactident oxidase test strips (Merck). Hemolysis
activity was tested on Columbia agar with 5% sheep
blood (SBA; Oxoid) as described by Krizova et al.
(2014). All incubations were performed at 25 °C.
Temperature dependent growth was tested with the
spot assay technique as described by Pulami et al.
(2021). Growth in brain heart infusion (BHI) broth
(Sigma Aldrich) at 30 °C and 35 °C were performed
according to Krizova et al. (2014) and Nemec and
Radolfova-Krizova (2016).

Susceptibility tests against QAACs, copper and
antibiotics

The two QAACs, BAC-C12 and didecyldimethyl-
ammonium chloride (DADMAC-C10), were used
for susceptibility testing of the strain against com-
mon biocides present in disinfection solutions used
on farms. Minimal inhibitory concentrations (MIC)
values were determined by broth microdilution assay
following the CLSI guidelines (M100-ED30) as
described by Heyde et al. (2020). Following concen-
tration ranges were tested, 0, 3.125, 6.25, 12.5, 25,
50, 100 and 200 ug BAC-C12 mL~, and 0, 0.3125,
0.625, 1.25, 2.5, 5, 10 and 20 pg DADMAC-C10
mL~!. Strain QAC-21b was cultured on MH agar over
night at 25 °C and suspended in 0.9% sterile NaCl
to a turbidity equal to a 0.5 McFarland standard. 61
uL of the suspension was used for the inoculation of
14 mL MH broth. The broth microdilution assay was
performed in a 96 wells plate (Greiner Bio-one) in a
total volume of 150 pL per test well containing 25
UL double concentrated MH broth, 25 uL. water dis-
solved QAAC:s (six-fold concentration) and 100 pL of
the bacterial suspension in MH broth. The plate was
sealed with sterile transparent plastic cover and incu-
bated for 48 h at 25 °C under humid conditions. The
lowest concentration that inhibited growth was con-
sidered as MIC value of the QAAC. Copper resist-
ance was tested according to Pulami et al. (2020).
Susceptibility test against antibiotics was performed
in the MRGN Micronaut-S System panel (Merlin,
Germany) and a Micronaut S panel (Merlin) contain-
ing mainly veterinary relevant antibiotics (Schauss
et al. 2015, 2016) following the CLSI guidelines as
described previously (Pulami et al. 2020). Classifica-
tion into sensitive (S) or resistant (R) for antibiotics
was done according to EUCAST (http://www.eucast.
org/clinical breakpoints/) and CLSI (M100-ED30).
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Genome sequencing, phylogenetic assignment, and
genome-wide analyses

Genomic DNA was extracted with the MasterPure
DNA purification kit (Epicentre, Madison, Wis-
consin, USA) from fresh biomass cultured on MH
agar at 25 °C. A DNA library was generated using
the Nextera XT DNA sample preparation kit fol-
lowing the manufacturer’s instructions. The whole
genome shotgun library was sequenced using the
dual index paired-end (v3, 2x 300 bp) approach for
the Illumina MiSeq platform as recommended by
the manufacturer (Illumina, San Diego, USA). The
genome assembly was performed as described pre-
viously (Pulami et al. 2021). The genome sequence
was deposited in NCBI under accession number
CAJIDZ000000000.

Initial phylogenetic analysis based on the par-
tial 16S rRNA gene sequence was performed
according to Pulami et al. (2021). A 16S rRNA
gene at contig NZ_CAJIDZ010000011 (locus
tag: QAC21B_03874) was identical to the Sanger
sequence of the 16S rRNA gene and confirmed the
strain assignment. For a higher resolution phylo-
genetic analysis, genes of the DNA-directed RNA
polymerase B-subunit (rpoB) and the DNA gyrase
B-subunit (gyrB) were retrieved from genome
sequences. Analysis is described in detail in the
Supplementary Material.

Comparative genomics including average nucle-
otide identity (ANI) analyses were performed
in EDGAR 3.0 (Blom et al. 2016; Dieckmann
et al. 2021). For comparative genomics, genome
sequences of the type strains of A. bohemicus, A.
pakistanensis (later heterotypic synonym of A.
bohemicus; Nemec and Radolfova-Krizova 2016),
A. johnsonii and A. kookii, and A. baumannii as well
as some well characterized A. baumannii strains,
AYE, ATCC 17987, and KPC-SM-125 were used.
The latter one was isolated from digested manure of
German biogas plant (Pulami et al. 2020).

Metal tolerance genes (MTGs) and antibiotic
resistance genes were searched using BacMet data-
base (Pal et al. 2014) and Resfinder 4.0 (Zankari
et al. 2012; Bortolaia et al. 2020). IslandViewer 4
(Bertelli et al. 2017) for the GI-like regions, and
ISfinder (Siguier et al. 2006) was applied to search
IS elements. Phage-related sequences were searched
using PHASTER (Arndt et al. 2016; Zhou et al.
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2011) and plasmids via Plasmidfinder 2.1 (Carat-
toli et al. 2014). Virulence factor database (VFDB)
was used to identify virulence genes (Chen et al.
2005; Liu et al. 2022). Easyfig v2.2.5 (Sullivan
et al. 2011) was used to visualize the comparisons
of efflux pump operons detected in the genome.

Results and discussion

Phylogenetic assignment of strain QAC-21b to the
species A. bohemicus

The initial phylogenetic identification of QAC-21b
showed that the strain shared highest 16S rRNA
gene sequence similarity with the type strain of A.
bohemicus (99.72%) and was placed into the dis-
tinct cluster of all A. bohemicus strains in a phylo-
genetic trees based on the 16S rRNA gene (Figure
S1, Supplementary data). This was confirmed by
the phylogenetic analyses based on the common
Acinetobacter marker genes rpoB and gyrB (Fig-
ures S2—S4, Supplementary data).

Phylogenomic analysis finally confirmed the spe-
cies assignment of QAC-21b. ANI values between
the genome sequence of QAC-21b and those of
A. bohemicus ANC 39947 and KCTC 42081 were
98.0 and 98.9%, respectively (Figure S5a). The
values were above the 95% threshold for species
discrimination (Richter and Rossell6-Méra 2009),
and within the range of intraspecies ANI values
described for A. bohemicus (95.92-96.08%) (Nemec
and Radolfova-Krizova 2016). The ANI values indi-
cated that QAC-21b represents a novel strain of the
species A. bohemicus.

Comparative genome data

The genome size (3.99 Mbp) and the GC content
(39.4%) of the whole genome sequence (WGS) of
strain QAC-21b were in a similar range to that of
ANC 3994T (3.66 Mbp and 39.6%) and KCTC
42081 (3.7 Mbp and 39.2%) (Table 1). The genome
of QAC-21b contained 3943 predicted genes and
3848 coding DNA sequence (CDS). Additional
genomic features are provided in Table 1. Strain
QAC-21b shared 2639 of 3535 genes (74.5% of the
genomic gene content) with the other two strains of
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Table 1 Genome assembly and annotation statistics of A. bohemicus strains QAC-21b, ANC 3994T and KCTC 42081

Genome features QAC-21b

ANC 39947 KCTC 42081

GenBank accession number NZ_CAJIDZ000000000

Approximate genome size 3,996,158 bp
BioProject number PRIEB42457
BioSample number SAMEA7810071
GC content 39.4%
Genome coverage 22X

Number of contigs 17

Contig N50 902,613 bp
Contig L50 2

Number of scaffolds 17

Longest contig (bp) 1,907,865 bp
Number of predicted genes 3943
Number of predicted CDS 3848
Number of complete rRNAs 11

Number of partial rRNAs 1

Number of predicted tRNAs 78

Number of non-coding RNAs 5

Number of pseudogenes 203

Source Animal (pigs)
Sample Pig manure
Country Germany
Publication This study

NZ_APOHO00000000 NZ_FOZU00000000

3,647,901 bp 3,728,266 bp
PRINA224116 PRINA224116
SAMNO1828192 SAMNO05444586
39.6% 39.2%

87.0% 413x

28 105

881,473 bp 85,922 bp

2 12

14 104

794,304 bp 301,207 bp
3430 3638

3320 3559

24 3

Absent Absent

82 72

4 4

72 188

Textile dying waste-
water treatment
pond

Natural environment

Deciduous forest soil
Czech Republic
Krizova et al. (2014)

Wastewater pond
Pakistan
Abbas et al. (2014)

the species A. bohemicus. Strain QAC-21b shared
77 gene (2.2%) only with ANC 3994T and a higher
proportion of gene, 307 genes (8.7%), only with
KCTC 42081 (Figure S5b). A total of 519 genes
(14.7%) were only detected in the genome of strain
QAC-21b. The percentage of genes specific for
individual strains was similarity for the two other
studied strains.

Physiological properties of strain QAC-21b
confirming species assignment

Physiological properties of strain QAC-21b con-
firmed the species assignment. Strain QAC-21b
was cytochrome-c oxidase negative and did not pro-
duce acid from D-glucose, was negative for gelatine
hydrolysis and nitrate reduction (API 20 NE system)
(Krizova et al. 2014; Nemec and Radolfova-Krizova
2016). Strain QAC-21b was positive for esculin
hydrolysis (API 20 NE system) and did not assimilate

D-glucose, L-arabinose, malate, phenylacetic acid,
D-mannose, D-mannitol, N-acetyl-D-glucosamine,
D-maltose, potassium gluconate, capric acid, adi-
pic acid and trisodium citrate. A slight hemolysis
was obtained on sheep blood agar. Good growth was
observed at 30 °C but not at 35 °C in BHI broth. Spot
assays showed an optimum temperature range for
growth of QAC-21b between 25 to 30 °C, growth
was strongly reduced at 15 °C and no growth was
observed at 37 °C (Figure S6). The results were con-
firm to those reported by Krizova et al. (2014) for
A. bohemicus strains, most of which showed a weak
hemolysis of sheep blood and did not grow at 35 °C.

Phenotypic resistance of strain QAC-21b to QAAC,
copper and common antibiotics

MIC values of QAC-21b for BAC-C12 and DAD-
MAC-C10 were 50 and 2.5 uyg mL~". The strain grew
on MH agar supplemented with 4 mM copper, but not

@ Springer
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«Fig. 1 a Circular plot of the whole genomes of A. bohemi-
cus QAC-21b (size at the centre of plot), A. bohemicus ANC
3994%, A. bohemicus KCTC 42081 (formerly type strain of A.
pakistanensis), A. kookii 32033", A. johnsonii CIP 64.67, A.
baumannii KPC-SM-125, A. baumannii ATCC 17,978, A. bau-
mannii AYE, and A. baumannii ATCC 196067 generated with
BioCircos (Cui et al. 2016) implemented in EDGAR3 (Dieck-
mann et al. 2021). All labelled genes were found to be located
at the chromosomes. b Comparision of operon of RND efflux
pumps (AdeABC/AdeRS and AdelJK) present in the chromo-
some of Acinetobacter strains, including A. bohemicus QAC-
21b. Figure and comparison were visualized using Easyfig
v2.2.5 (Sullivan et al. 2011)

in the presence of 8 mM copper and above (Figure
S7). Strain QAC-21b showed intermediate resistance
to tetracycline. However, it was susceptible against
amikacin, cefotaxime, ceftazidime, ciprofloxacin,
levofloxacin, colistin, imipenem, meropenem, pipera-
cillin, piperacillin/tazobactam and trimethoprim/sul-
famethoxazole (Table S1). It showed high MIC values
for fosfomycin, oxacillin, ceftiofur (third generation
chepalosporine), tylosin and florfenicol (Table S1).

QAAC s and heavy metal efflux, and antimicrobial
resistance genes

The genetic determinant often mentioned in context
of QAAC tolerance is the gene gacE or its mutated
version gacEAI (Gaze et al. 2005, 2011). These genes
are often co-located with a class 1 integron on plas-
mids and correlated with reduced susceptibility to
QAAC:s (Fournier et al. 2006; Gomaa et al. 2017; Lin
et al. 2017). Both genes were found in clinically rel-
evant Acinetobacter, mostly A. baumannii. Compara-
tive genomics showed that neither strain QAC-21b
nor the next related tested Acinetobacter strains con-
tained those genes; qacEAI, co-located with a class
1 integron, was only detected in the A. baumannii
MBDR strain AYE which was isolated from an infected
patient (Poirel et al. 2003) (Table S2, Figure S8). The
genetic arrangement found in that strain was typical
for that gene.

Search in the BacMet database and comparative
genomics showed several genes encoding multiple
QAACs and antimicrobial efflux pumps such as mul-
tidrug and toxic compound extrusion (MATE) family
efflux pumps (abeM or mdtK), small multidrug resist-
ance (SMR) family efflux pumps (sugE and abeS)
and resistance-nodulation-cell division (RND) efflux
pump (adelJK) in the genome of strain QAC-21b

and the other Acinetobacter strains used for compara-
tive analyses (Fig. 1A, B; Table S2). The combined
action of these efflux pumps might be responsible
for reduced susceptibility to the tested QAACs. Pre-
vious studies showed the association of adel/K with
reduced susceptibility to benzalkonium chloride
(QAAC) in clinical A. baumannii strains (Damier-
Piolle et al. 2008; Rajamohan et al. 2010; Lin et al.
2017). AbeM is known to be associated with efflux
of QAAC in Acinetobacter (Su et al. 2005; Lin et al.
2017). Similarly, abeS was known to be associated
with reduced susceptibility to benzalkonium chloride
in clinically associated A. baumannii strain AC0037
(Srinivasan et al. 2009). SugE was associated with
reduced susceptibility to benzalkonium chloride in
Escherichia coli (Chung et al. 2002; He et al. 2011).
We could not determine genes of the RND type efflux
pumps AdeABC and AdeRS in the genome of QAC-
21b and next related strains, but in all studied A. bau-
mannii strains including strain KPC-SM-125, which
was isolated from digested manure.

Analysis in BacMet database revealed metal
efflux pump genes such as tellurium/selenium efflux
genes (terZ, terE, terD, terA and ruvB), magnesium/
cobalt/nickel/manganese efflux genes (corA), arsenic
efflux genes (arsC and arsB), zinc/cobalt/cadmium
efflux genes (czcA and czcD), copper resistance pro-
tein efflux genes (pcoA, pcoB, copA, copB, copC
and copD) in the genome of QAC-21b (Fig. 1A;
Table S2). These genes were reported among the
copper tolerant strains of A. baumannii (Williams
et al. 2016; Thummeepak et al. 2020). Other heavy
metals were not tested so far. Tellurium resistance
genes were here only detected in strain QAC-21b
and the two other A. bohemicus strains, but not in the
genomes of the other studied strains (Table S2).

The resistome analysis showed that the genome of
QAC-21b harbored one gene coding for an intrinsic
class D beta-lactamase (Table S2). The high MIC
value against oxacillin may be explained by the
expression of intrinsic class D f-lactamase gene pre-
sent in the genome of Acinetobacter species (Cho
et al. 2018). Naturally weakly expressed class D
p-lactamases (blagxa.iype) become potent if inser-
tion of an IS element occurs upstream (Vandecraen
et al. 2017), however QAC-21b lacked an IS ele-
ment upstream of this gene. The complete sequence
of the intrinsic class D beta-lactamase (blaOXA-133,
assigned via NCBI genome submission) of QAC-21b
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had 96.43% (nucleotide based) and 95.90% (protein
based) similarity to the intrinsic beta-lactamase of
ANC 3994 (blaOXA-296, locus tag: F994_00492).
The intrinsic class D beta-lactamase of KCTC 42081
was disrupted by an internal stop codon and not
assigned further. Perichon et al. (2014) identified
a second intrinsic beta-lactamase gene ADC-ANC
3994 (AmpC-type) in the genome of ANC 3994T
(logus tag F994_00202). A homologue to this gene
was not present in the genomes of QAC-21b and
KCTC 42081.

No specific ARGs were determined in the genome
of strain QAC-21b. The higher MIC values for the
third-generation cephalosporin ceftiofur, florfenicol,
fosfomycin and tylosin, and intermediate resistance
to tetracycline (Table S1) could be due to the basal-
level expression of adel/JK and abeM (reviewed by
Coyne et al. 2011). The intrinsic resistance of Acine-
tobacter to these veterinary (florfenicol and ceftiofur)
and clinical (fosfomycin) antibiotics is known (Coyne
et al. 2011), however few studies had been performed
to use fosfomycin in combination with other drugs,
such as colistin, minocycline and polymyxin against
Acinetobacter (Zhang et al. 2013; Sirijatuphat and
Thamlikitkul 2014).

Plasmid and phage content

The draft genome sequence of QAC-21b lacked plas-
mids, but contained several phages integrated into
the genome. Five intact, five incomplete, and three
questionable phage-like regions were detected in the
chromosome using PHASTER (Table S3). Similarly,
ANC 39947 showed one intact, five incomplete and
two questionable phage-like regions (Table S4). Only
four incomplete phage-like regions were found in the
genome of KCTC 42081 (Table S5). The intact phage-
like regions in QAC-21b were similar to the Man-
nheimia phage vB_MhM_3927AP2 (NC_028766.1)
and the Acinetobacter phage YMCI11/11/R3177
(NC_041866.1). In contrast, the intact phage-like
region in ANC 3994T was similar to Burkholde-
ria phage KS14. The two intact phage-like regions
located in contigs NZ_CAJIDZ010000001 (phage
region size: 37.5 kb) and NZ_CAJIDZ010000002
(phage region size: 32 kb) of strain QAC-21b car-
ried genes coding for integrases, transposases, ter-
minases, tRNAs, and phage portal, head, tail, plate,
fibre and phage-like proteins, including the attL and
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attR recognition sites, and multiple hypothetical
genes (Figs. 1A, S10). By contrast, the phage region
detected in the genome of ANC 3994" lacked genes
coding for integrase, transposase and terminase, and
the artL and atfR recognition sites were absent (Fig-
ure S10). Those genes are required for termination,
integration, propagation and lysis inside the host bac-
terium (Casjens 2003; Canchaya et al. 2003; Labrie
et al. 2010). The presence of several phage related
genes integrated into the genome of strain QAC-
21b was in agreement with the previous findings of
multiple phage-linked DNA regions in the genome
of Acinetobacter species (Touchon et al. 2014). The
presence of multiple genes encoding hypothetical
proteins in all phage-like regions of strain QAC-21b
might be associated with environmental (pig manure)
adaptation. These phage-like regions help bacteria
to gain antimicrobial resistance, adaptation across
changing environments, and can provide novel viru-
lence characteristics to the host bacterium (Briissow
et al. 2004). Multiple studies had reported presence
of phages in genome of members of the genus Acine-
tobacter, for instance, A. baumannii was considered
as polylysogenic as several strains harbored multiple
integrated phages in the genome (Snitkin et al. 2011;
Touchon et al. 2014; Badawy et al. 2020; Loh et al.
2020).

IS elements and genomic islands (GIs)

Analysis in the ISfinder showed that strain QAC-21b
possessed putative IS elements with 98%, 97% and
98% amino acid sequence similarities to ISAbal2,
ISAbal4 and ISAlw3 (Table S1). These IS elements
are often found in the host A. baumannii and A. Iwoffii
(Montaria et al. 2016; Liu et al. 2020). ISAbal4 was
reported in clinically relevant European clone II of A.
baumannii (geputiené et al. 2012). Previous studies
had shown that ISAbal2 was responsible for mobili-
zation of the active miniature inverted-repeat trans-
poson element (MITE, designated MITE,,,;,) in the
genome of A. baumannii ATCC 17978, and disrup-
tion of the histone-like nucleoid structuring (hns)
gene by ISAbal2 resulted in multiple phenotypic
alterations, including hypermotility (Eijkelkamp et al.
2013; Adams and Brown 2019).

Based on at least one method of island detec-
tion, SIGI-HMM (Waack et al. 2006) or IslandPath-
DIMOB (Hsiao et al. 2003), in IslandViewer4, 14
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putative genomic islands (Gls) were detected in the
genomes of QAC-21b, 23 in the genome of ANC
3994T and 21 in the genome of KCTC 42081. GIs
of QAC-21b and KCTC 42081 carried genes encod-
ing metal efflux pumps (for e.g., czcA, czcD, czcO,
pcoA, cusR, cusS, copA, copB, arsH), antimicrobial
resistance (for e.g., mdtB and mdtC), transposases,
integrase, virulence-associated and hypothetical
proteins (Table S6) but those of ANC 3994 mostly
contained genes coding hypothetical proteins and
only a single transposase gene (IS605 OrfB family;
locus tag: F994_02674, TableS6). Microbial GIs
are clusters of genes involved in the genome evo-
lution and environmental adaptation. Gls are linked
with symbiosis, metabolism, fitness, antimicrobial
resistance and pathogenicity (Juhas et al. 2009).
The mobile genetic elements (for e.g., transposon,
IS elements, plasmids and pathogenicity island)
are associated with contemporary rise of antibiotic
resistance in Acinetobacter species, particularly
those representing ACB complex (Peleg et al. 2008;
Lean and Yeo 2017). The overview of genes asso-
ciated with metabolism, transposon, IS elements,
virulence, metal efflux pumps and antibiotic resist-
ance present within GIs is provided in Fig. 2 and
Table S6. There are several evidences that the spon-
taneous evolution of ARGs within the genus Acine-
tobacter has been facilitated by IS elements (Turton
et al. 2006), integrons (Hujer et al. 2006), conjuga-
tive elements (Goldstein et al. 1983) and transfor-
mation (Wright et al. 2014).

Pathogenicity related genes

Strain QAC-21b as well as the next related stud-
ied strains possessed a type six secretion system
(T6SS). This is a general feature reported from
members of genus Acinetobacter (Weber et al. 2013,
2016; Lewis et al. 2019). It was reported that Acine-
tobacter often uses T6SS to compete against other
bacteria (Weber et al. 2013; Carruthers et al. 2013).
The T6SS gene locus in the genome of QAC-21b
contained genes encoding the hemolysin coregu-
lated protein Hcp, the valine-glycine repeat protein
G (VgrG), the membrane spanning complex (TssM),
the baseplate components TssE, TssF and TssG and
sheath components TssB and TssC. Apart from
T6SS, the search in the virulence factor database

showed the presence of other pathogenicity genes
encoding outer membrane protein A (OmpA), phos-
pholipase D (PlcD) and two component response
regulator transcription factor (BmfRS) (Table S1).
Proteins expressed by these genes are involved in
adherence, invasion, apoptosis, biofilm, persistence,
pathogenesis and serum resistance (Choi et al.
2005, 2008a, 2008b; Gaddy et al. 2009; Lee et al.
2010; Smani et al. 2014; Wang et al. 2014; Jacobs
et al. 2010; Tomaras et al. 2008; Liou et al. 2014).

Survival of anaerobic conditions in the manure
storage tank

Several studies showed that the obligate aerobic
Acinetobacter survived the anaerobic treatment pro-
cesses in wastewater treatment plants (Higgins et al.
2018) and biogas plants (Schauss et al. 2015, 2016;
Pulami et al. 2020, 2021). The slurry tank in the pig
farm of this study also represented an anaerobic envi-
ronment. Comparative genomics showed the pres-
ence of genes encoding AMP phosphotransferase
(locus tag: QAC21B_01400) and adenylate kinase
(QAC21B_01250) in the genome of QAC-21b. Com-
bined enzymatic actions of these proteins help using
accumulated phosphates inside the cells as energy
source (Van Groenestijn et al. 1987). This explains
the survival of obligate aerobic Acinetobacter at oxy-
gen limited environments (Pulami et al. 2020, 2021)
as it was also expected in the manure slurry tank
where the strain was isolates from.

Knowledge gap on QAAC resistance of
Acinetobacter

QAACs are common ingredients of pesticides, dis-
infectants and detergents in agriculture and animal
husbandry (Mulder et al. 2018). As reported by the
German Society of Veterinary Medicine, at least
one quarter of disinfectants used contained QAACs
(DVG 2015). Bioavailable concentrations of QAACs
can result in cross-resistance (Singer et al. 2016) and
co-selection of resistance to antibiotics and QAACs
(Webber et al. 2015). However, this important role
of QAAC resistance for AMR spread is known less,
and little is known about resistance levels developed
against QAACs. There is still a gap of knowledge at
which point a bacterium must be considered as QAAC
susceptible or QAAC resistant to decide if studies on
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resistance mechanisms are relevant. No respective
studied for Acinetobacter are published yet. We stud-
ied here only one strain and determined MICs for two
common QAACs, BAC-C12 and DADMAC-CI10.
In a recent study we determined the effects of BAC-
C12 and DADMAC-C10 exposure of an A. bauman-
nii strain KPC-SM-21 isolated from digested manure
(Heyde et al. 2020; Pulami et al. 2021). This strain
had lower MIC values for the two QAACs (<5 g
BAC-C12 ml~! and 5 ug DADMAC-C10 ml™}) than
detected here for strain QAC-21b. This may indicate
an increased tolerance of QAC-21b to both QAACs.
Previous studies which reported on QAAC resist-
ance mechanisms of Acinetobacter strains (Srinivasan
et al. 2009; Rajamohan et al. 2010; Lin et al. 2017)
did not consider pure QAAC compounds but worked
with undefined mixtures of QAACs of different side
carbon chain length, which made a direct comparison
of our data with those of other studies not possible.

Conclusion

It has been already indicated that Acinetobacter spe-
cies might contribute to spread and persistence of
antimicrobial resistance in manured soil (Leclercq
et al. 2016). More detailed studies are still required
to understand those processes in detail. Here, we
characterized a potential model strain isolated from
manure which showed QAAC and copper-tolerance
but was still antibiotic susceptible. However, the
strain showed a high genetic potential to integrate
receiving ARGs into its genome. The ability of
QAC-21b to grow in a species typical manner well
at environmental temperatures but not at 37 °C as
typical human pathogenic Acinetobacter makes this
strain a good model candidate for those environmen-
tal studies. Environmentally adapted strains are often
neglected in risk assessments of antimicrobial resist-
ance spread, but the presented genomic plasticity of
QAC-21b shows that those strains should be consid-
ered as vector of transferable resistance determinants
which is of concern in the current era of continuous
rise in antibiotic resistances influenced by increased
anthropogenic activities (Alanis 2005; Ji et al. 2012;
Seiler and Berendonk 2012; Furlan et al. 2019). Dif-
ferences in the structure of GIs and IS elements pre-
sent in the A. bohemicus strains from anthropogeni-
cally impacted environments, compared to the type

strain of A. bohemicus isolated from a native environ-
ment indicate adaptation of specific Acinetobacter
strains of environmental species to human impacted
environments. However further proofs including more
strains are necessary. Our study indicated that more
extensive studies of environmentally adapted Acineto-
bacter strains must be considered to understand the
evolutionary adaptation of Acinetobacter to anthro-
pogenic contaminations in the environment in much
more detail. Strain QAC-21b can serve as a well char-
acterized model strain for those studies.
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