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Quotes 

“The time may come when penicillin can be bought by anyone in the shops. Then 

there is the danger that the ignorant man may easily underdose himself and by 

exposing his microbes to non-lethal quantities of the drug make them resistant.” 

 
Sir Alexander Fleming, 1945 
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Hypotheses 

This study was based on following hypotheses: 

Hypothesis I 

Diverse Acinetobacter species, and particularly different A. baumannii strains are 

released from livestock and human impacted sources into the environment. 

 

Hypothesis II 

Discharge of hospital wastewater (both human and veterinarian clinics) strongly 

influence the antimicrobial resistance phenotypes of Acinetobacter and the presence 

of clinically relevant A. baumannii strains (MLST types) in wastewater treatment plant. 

 

Hypothesis III 

Isolates of genus Acinetobacter (obligate aerobic bacteria) which also consist of 

opportunistic pathogens present in the livestock manure and influent of wastewater 

treatment plants are eliminated by anaerobic digestion of manure in biogas plants and 

sludge treatment process in wastewater treatment plant. 

 

Hypothesis IV 

The quaternanry ammonium compound present in the environment influence the 

presence of diverse genomic islands and elements in Acinetobacter bohemicus strains 

QAC-21b and KCTC 42081. 
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Summary  

Genus Acinetobacter is diverse, and multi-drug resistant (MDR) Acinetobacter 

linked infections are problematic. Studies hitherto performed in extra-clinical settings, 

such as biogas plants (BGPs) and wastewater treatment plants (WWTPs), lacked 

diversity and antimicrobial resistance (AMR) of Acinetobacter.  

This thesis studied the diversity and AMR of Acinetobacter in livestock manure, 

BGP digestates, a rural WWTP, and two urban WWTPs (receiving hospital/veterinary 

sewage), including upstream/downstream from the river receiving effluent located in 

Germany. Partial 16S rRNA/rpoB genes-based study showed highest diversity (8/14, 

phylotypes) in urban WWTPs influent. A. baumannii were found in manure, digestate 

and all stages of rural WWTP (except river upstream). BGPs and rural WWTP had 

novel sequence-types (18/23, STs) susceptible to antimicrobials—indicating these 

niches consisted diverse Acinetobacter. In urban WWTPs, Acinetobacter were also 

isolated from secondary sludge and anaerobic post-digestor filtrate, and mostly 

showed MDR phenotypes against carbapenems, colistin and ciprofloxacin, suggesting 

hospital waste inflow into WWTPs influenced their AMR profile and clinical relevance. 

Isolation of Acinetobacter from digestate, and treated sludge/anaerobic post-digestor 

filtrate indicated their survival in anaerobic condition, which was supported by the 

presence of genes encoding AMP phosphotransferase and adenylate kinase linked to 

processing of polyphosphates for energy. Comparative genomics of A. bohemicus 

strains from pig manure (QAC-21b, this study) and textile dying pond (KCTC 42081, 

Abbas et al. 2014) showed higher genomic contents of transposons/insertion 

elements, and genomic islands suggesting their adaptation to these environments 

containing quaternary alkyl ammonium compounds (QAACs), compared to type strain 

ANC 3994T (forest soil, Krizova et al. 2014).  

Considering Acinetobacter genome plasticity, the likelihood of selection/spread 

of AMR if released into environment via manure (sludge) must not be neglected. 

Experiments with Acinetobacters from various sources will help understand this 

process. Plant colonization study can provide insights into potential interactions in the 

rhizosphere and phyllosphere, revealing routes of Acinetobacter transmission to 

humans. Taking “One-Health” approach, future Acinetobacter genome comparison 

from different sources might help understanding evolution and adaptation from extra-

clinical to clinical settings. This could help development of intervention strategies to 

control AMR spread in non-clinical environments. 
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Zusammenfassung 

Die Gattung Acinetobacter ist vielfältig und Infektionen durch multiresistente 

(MDR) Acinetobacter sind problematisch. Bisherige Studien in außerklinischen 

Umgebungen wie Biogasanlagen und Kläranlagen mangelten an Vielfalt und 

antimikrobieller Resistenz (AMR) von Acinetobacter. 

Diese Dissertation untersuchte die Diversität und AMR von Acinetobacter aus 

Gülle und des Gärrestes, einer ländlichen Kläranlage (ohne Krankenhaus-

/Veterinärabwässer) und zwei städtischen Kläranlagen (die Krankenhaus-

/Veterinärabwässer empfingen), einschließlich Zufluss/Abfluss nach der 

Abwassereinleitung in einen Fluss in Deutschland. Eine teilweise auf den Genen 16S 

rRNA/rpoB basierende Studie zeigte die höchste Diversität (8/14 Phylotypen) im 

Einlauf der städtischen Kläranlagen. A. baumannii wurde in Gülle, Gärrestes und allen 

Stufen der ländlichen Kläranlage gefunden (außer flussaufwärts). In Biogas-Anlagen 

und der ländlichen Kläranlage wurden neue Sequenztypen (18/23, STs) gefunden, die 

empfindlich gegenüber Antimikrobiotika waren–was darauf hindeutet, dass diese 

Nischen eine vielfältige Acinetobacter aufweisen. In den städtischen Kläranlagen 

wurden Acinetobacter auch aus dem Sekundärschlamm und dem anaeroben 

Nachgärungsfiltrat isoliert und zeigten größtenteils MDR-Phänotypen gegen 

Carbapeneme, Colistin und Ciprofloxacin, was auf den Einfluss von 

Krankenhausabfällen auf ihr AMR-Profil und ihre klinische Bedeutung hinweist. Die 

Isolierung von Acinetobacter aus Gärrestes und behandeltem Schlamm/anaerobem 

Nachgärungsfiltrat deutete auf ihr Überleben unter anaeroben Bedingungen hin, was 

durch das Vorhandensein von Genen unterstützt wurde, die für AMP-

Phosphotransferase und Adenylatkinase kodieren, die mit der Verarbeitung von 

Energie aus Phosphaten in Zusammenhang stehen. Vergleichende Genomik der A. 

bohemicus-Stämme aus Schweinemist (QAC-21b, diese Studie) und einem Teich mit 

textilfärbendem Abwasser (KCTC 42081, Abbas et al. 2014) zeigte einen höheren 

Gehalt an Transposons/Insertionselementen und genomischen Inseln, was auf eine 

Anpassung an diese Umgebungen mit quaternären Alkylammoniumverbindungen im 

Vergleich zum Typstamm ANC 3994T (Waldboden, Krizova et al. 2014) hindeutet.  

Angesichts der Genomplastizität von Acinetobacter darf die Möglichkeit der 

Auswahl und Verbreitung von AMR bei Freisetzung in die Umwelt durch Düngemittel 

(Schlamm) nicht vernachlässigt werden. Experimente mit Acinetobacter aus 

verschiedenen Quellen werden dazu beitragen, diesen Prozess zu verstehen. Die 
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Untersuchung der Besiedlung von Pflanzen kann Einblicke in potenzielle Interaktionen 

in der Rhizosphäre und Phyllosphäre liefern und die Übertragungswege von 

Acinetobacter auf den Menschen aufzeigen. Ein "One-Health"-Ansatz schlägt vor, 

zukünftige Vergleiche des Genoms von Acinetobacter aus verschiedenen Quellen 

könnten die Evolution und Anpassung von außerklinischen an klinische Umgebungen 

verdeutlichen. Dies könnte zur Entwicklung von Interventionsstrategien zur Kontrolle 

der Ausbreitung von AMR in nicht-klinischen Umgebungen beitragen. 
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Overview 

Taxonomic status, ecology, clinical significance and comparative genomics of 

Acinetobacter species—their presence in livestock-related and anthropogenic-

impacted areas such as biogas plants and rural/urban wastewater treatment 

systems. 

A historical perspective of genus Acinetobacter  

The genus Acinetobacter was initially conceived in 1954 (Brisou and Prévot 

1954). This genus taxonomically has long history of debate and change. In the advent 

of 20th century, a Dutch microbiologist, “Martinus Willem Beijerinck”, isolated first 

strain of Acinetobacter from soil by enrichment cultivation on a calcium acetate-mineral 

medium, and was described as Micrococcus calcoaceticus (Beijerinck 1911). Similar 

bacteria were also described and inadequately defined for a long time and assigned 

into multiple genera and species, including Diplococcus mucosus (Lingelsheim 1908), 

Alcaligenes haemolysans (Henriksen 1973), Mima polymorpha (DeBord 1939), 

Moraxella lwoffi (Audureau 1940), Herellea vaginicola (DeBord 1942.), Bacterium 

anitratum (Schaub et al. 1948), Moraxella lwoffi var. glucidolytica (Piechaud et al. 

1951), Neisseria winogradskyi (Lemoigne et al. 1952), Achromobacter anitratus 

(Brisou 1953), and Achromobacter mucosus (Mannheim et al. 1962). The current 

genus designation, Acinetobacter (Greek meaning, ‘akinetos’, i.e., motionless) was 

proposed four decades later in 1954 by Brisou and Prévot to differentiate it from the 

motile organisms within the genus Achromobacter (Brisou and Prévot 1954; Peleg et 

al. 2008). In 1957, Brisou published unique species named Acinetobacter anitratum 

(Brisou 1957). Eventually in 1968, the genus “Acinetobacter” designation was widely 

accepted after Baumann et al. (1968) published comprehensive study of more than 

100 strains of the oxidase-negative Moraxellas (the Mima-Herellea-Acinetobacter 

group of bacteria), which concluded that Acinetobacter belonged to a single genus, 

and further sub-classification into different species based on phenotypical 

characteristics was impossible. Only single species, named Acinetobacter 

calcoaceticus was considered, of which Acinetobacter anitratum was regarded as a 

synonym (Baumann et al. 1968). These findings led to the formal acknowledgment of 

the genus Acinetobacter in 1971 by the subcommittee on the “Taxonomy of Moraxella 

and Allied Bacteria” (Lessel, 1971). In the 1974 edition of Bergey`s Manual of Systemic 

Bacteriology, the genus Acinetobacter was listed with the description of a single 
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species, A. calcoaceticus, and classified the genus Acinetobacter within the family 

Neisseriaceae (Lautrop 1974). A major change in complicated taxonomic history of 

this genus was achieved in 1986 when Bouvet and Grimont distinguished 12 

hybridization groups (genospecies/genomic species) by DNA-DNA hybridization 

(DDH: S1 nuclease method) assay, some of which were given formal species names, 

including A. baumannii, A. calcoaceticus, A. haemolyticus, A. johnsonii, A. junii, and 

A. lwoffii (Bouvet and Grimont, 1986; Peleg et al. 2008). Intriguingly, molecular 

taxonomic study (DNA-rRNA hybridization) performed by Rossau et al. (1991) resulted 

in emended classification of the genus Acinetobacter inside new family named 

Moraxellaceae.  

Contemporary taxonomy of Acinetobacter species 

Following substantial progress in taxonomy over the last few decades, the 

genus Acinetobacter as currently defined, comprises Gram-negative, strictly aerobic, 

non-fermenting, non-fastidious, non-motile, catalase-positive and oxidase-negative 

bacteria. Thus, current taxonomical classification is given as; Domain: Bacteria, 

Phylum: Proteobacteria, Class: Gammaproteobacteria, Order: Pseudomonadales, 

Family: Moraxellaceae, Genus: Acinetobacter, with a DNA G + C content of 38% to 

47% (Peleg et al. 2008; Juni et al. 2015; Whitman et al. 2015). Interestingly, four 

species of genus Acinetobacter, i.e., A. calcoaceticus, A. baumannii, Acinetobacter 

genomic species 3, and Acinetobacter genomic species 13TU, were closely related, 

and difficult to differentiate from each other by phenotypic properties (Gerner-Smidt et 

al. 1991). These species also showed high similarity based on DDH (Tjernberg and 

Ursing 1989), therefore these species were designated as the A. calcoaceticus-

baumannii complex (ACB-complex) (Gerner-Smidt et al. 1991; Gerner-Smidt 1992). 

Nemec et al. (2011) defined the taxonomic, phylogenetic and nomenclatural status of 

Acinetobacter genomic species 3 and Acinetobacter genomic species 13TU following 

comprehensive analysis of the intra/inter-species diversity of the species included in 

the ACB-complex from the significant numbers of strains, and considering the 

microbiological and clinical relevance of Acinetobacter genomic species 3 and 

Acinetobacter genomic species 13TU, the formal binomial names A. pittii sp. nov. and 

A. nosocomialis sp. nov. were proposed for these species.  
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There are several groups of closely related strains of Acinetobacter which share 

higher DDH value of above 70% similarity, and are not feasible to be differentiated 

based on phenotypic property, thereby designated as genomic species or 

genospecies (Peleg et al. 2008). The valid taxonomic descriptions of some of these 

strains have been published recently, for instance, A. colistiniresistens (formerly 

genomic sp. 13BJ/14TU; Nemec et al. 2017; Bouvet and Jeanjean 1989; Tjernberg 

and Ursing 1989), A. courvalinii (formerly genomic species 14BJ; Nemec et al. 2016; 

Bouvet and Jeanjean 1989), A. dispersus (formerly genomic species 17; Nemec et al. 

2016; Bouvet and Jeanjean 1989), A. guillouiae (formerly genomic species 11; Nemec 

et al. 2010; Bouvet and Grimont 1986), A. bereziniae (formerly genomic species 10; 

Nemec et al. 2010; Bouvet and Grimont 1986), A. lwoffii (formerly genomic species 9; 

Bouvet and Grimont 1986; Nemec et al. 2019), A. nosocomialis (formerly genomic 

species 13TU; Nemec et al. 2011; Tjernberg and Ursing 1989), A. pseudolwoffii 

(formerly genomic sp. 8 and taxon 23; Bouvet and Grimont 1986; Nemec et al. 2019), 

A. seifertii (genomic speies 'Close to 13TU'; Nemec et al. 2015; Gerner-Smidt and 

Tjernberg 1993), and A. variabilis (formerly genomic species 15TU; Krizova et al. 

2015; Tjernberg and Ursing 1989). Thus far, the genus Acinetobacter comprises 70 

species with valid names (https://lpsn.dsmz.de/genus/acinetobacter; Accessed 

November 2021), multiple species without valid names and several genomic species 

(www.szu.cz/anemec/Classification.pdf) (Accessed November 2021). 

Identification of Acinetobacter species 

Acinetobacter species are strictly aerobic Gram-negative rods which are 

difficult to destain, and may therefore be misidentified as either Gram-negative or 

Gram-positive cocci (Peleg et al. 2008; Juni 2015). Colonies are mucoid, and are 

generally non-pigmented when the cells are encapsulated. Cells generally occur in 

pairs and in chains of variable length measuring 0.9–1.6 × 1.5–2.5 μm in size. Cells 

are able to grow on most complex media. Most strains of Acinetobacter can grow in 

defined media with a carbon and energy source, for instance, acetate or lactate, using 

ammonium or nitrate salts or common amino acids, as a supply of nitrogen. Most 

commonly, amino acids like aspartic acid or glutamic acid serve as the source of 

carbon, energy, and nitrogen in a defined mineral medium. (Juni 2015; Whitman et al. 

2015). Notably, Acinetobacter species of human origin can grow well on solid media 

often used in clinical microbiology laboratories, for instance, sheep blood agar or 
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tryptic soy agar at an incubation temperature of 37°C (Peleg et al. 2008; Towner 2006). 

Human originated isolates occasionally show haemolysis of sheep blood erythrocytes. 

For instance, isolates related to species A. haemolyticus, A. colistiniresistens, A. 

courvalinii and A. disperses, and several other currently not well-defined genomic 

species, such as Acinetobacter genomic species 6, 15BJ and 16 may produce 

haemolysis on sheep blood agar—a characteristic that is absent among the ACB-

complex isolates (Bouvet and Grimont 1986; Bouvet and Jeanjean 1989; Peleg et al. 

2008; Nemec et al. 2016, 2017).  

Bouvet and Grimont (1986) initially proposed phenotypic identification scheme 

based on 28 different phenotypic tests. Later, they refined the scheme and included 

growth at 37°C, 41°C, and 44°C; acid production from glucose; gelatin hydrolysis; and 

assimilation of 14 various carbon sources (Bouvet and Grimont 1987a, 1987b). 

Despite the subsequent simplified scheme proved to be useful for several 

Acinetobacter species, nevertheless the four closely related members of ACB-

complex could not be distinguished precisely by this system (Gerner-Smidt et al. 

1991). However, this is inappropriate from a clinical perspective, since the ACB-

complex combines three of the most clinically relevant species (A. baumannii, A. pittii 

and A. nosocomialis) with an environmental species, A. calcoaceticus (Peleg et al. 

2008). It is prominent that the performance of commercial systems for species 

identification that are used in diagnostic microbiology are also unsatisfactory, 

particularly in cases involving ACB-complex isolates (Dijkshoorn et al. 2007). Notably, 

simple phenotypic tests usually performed during routine diagnostics for identification 

of several bacterial genera to the species level are not feasible for precise identification 

of even the most common Acinetobacter species (Peleg et al. 2008).  

The lack of specificity of phenotypic tests-based identification has forced the 

development of multiple genotypic/molecular methods (Towner 2006), some of them 

applied for identification of Acinetobacter species are listed in Table 1. Amplified 

fragment length polymorphism (AFLP) analysis (Janssen et al. 1997; Nemec et al. 

2001), amplified ribosomal DNA (rDNA) restriction analysis (ARDRA; Vaneechoutte et 

al. 1995; Dijkshoorn et al. 1998) and pulse field gel electrophoresis (PFGE; Seifert and 

Gerner-Smidt 1995) are among well-validated genotypic methods for identification and 

typing of Acinetobacter species (Dijkshoorn et al. 2007). Besides, among the 

genotypic/molecular methods that have been validated for identification of 
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Acinetobacter species, DDH remains the gold standard (Bouvet and Grimont, 1986). 

Although, these methods have assisted identification and understanding the clinical 

significance of Acinetobacter species in the recent years, they are extremely labour 

intensive for routine diagnostic microbiology, and their availability for the time being is 

confined mostly to reference laboratories (Peleg et al. 2008).  

Multilocus sequence typing (MLST) which has recently gained profound 

attention is the molecular technique for strain characterisation that shows difference 

in several protein-coding (housekeeping) genes (Maiden 2006). The partial sequences 

of genes represent allele fragments and variation in the nucleotides assign to unique 

allele of the respective gene. Allele fragments from multiple genes give rise to unique 

allele numbers that are consequently combined in a specific order to obtain allele 

profile that defines the sequence type (ST). Strains that represent identical allelic 

profiles refer to the same STs, whereas strains that only share some of the alleles are 

phylogenetically related, and therefore designated as sequence complexes (CC: 

clonal complexes) (Maiden 2006; Glaeser and Kämpfer, 2015). The main advantage 

of the system includes its successful integration into public databases for molecular 

typing and microbial genome diversity (PubMLST) as the international databases of 

clinically important species that host collection of open-access and transportable 

sequence data (https://pubmlst.org/; Wellcome Trust; Jolley et al. 2018). MLST, which 

involves assessment of neutral genetic variation accumulated within a population, is 

now considered the gold standard for population structure study and global 

epidemiological investigations (Rafei et al. 2019; Gaiarsa et al. 2019). Considering the 

Acinetobacter species, preferably due to clinical significance of A. baumannii, two 

MLST schemes [Pasteur (MLSTPas) and Oxford (MLSTOx) schemes] are developed, 

and both target seven protein-coding genes of which three are in common (Rafei et 

al. 2019). Recently, Gaiarsa et al. (2019) found novel issue with Oxford scheme 

particularly due to presence of a paralog of the gene coding glucose dehydrogenase 

B (gdhB) locus (often annotated as gdhB2) in the majority (533/730) of the ACB 

complex genomes located in a different genomic region. On multiple occasions, allele 

sequences of the paralog gdhB2 resulting from this duplication were wrongly used to 

assign novel Oxford scheme sequence types (STs) which originally do not exist. 

Another issue of the Oxford scheme is the putative recombination in the loci of gpi 

(coding glucose-6-phosphate isomerase) and gyrB (coding DNA gyrase subunit B), 
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which mostly affect phylogenetic analyses (Hamouda et al. 2010). Therefore, based 

on the suggestion of Gaiarsa et al. (2019), in our study (Pulami et al. 2020, 2023a; 

CHAPTER 2 and 3) Pasteur MLST scheme was used for typing, combined population 

structures studies and identifying domestic and international clones—since the 

Pasteur scheme provides higher precision for discriminating strains among clonal 

groups and is less influenced by homologous recombination. With the advent of whole 

genome sequencing (WGS) era, WGS-based approach such as core-genome MLST 

(cgMLST) is expected to outperform traditional typing methods (MLSTOx and MLSTPas) 

which consequently will provide an unprecedented level of resolution able to address 

local and global epidemiological scales, and help understanding the evolutionary 

trajectory of emerging successful clonal complexes and population diversity over 

extended time-frames (Rafei et al. 2019). 

In the clinical diagnostics, PCR amplification of species–specific DNA regions 

(for instance, the serine oxacillinase type blaOXA-51-like gene intrinsic to A. baumannii 

species) can be a valuable tool for confirmatory identification of individual pathogenic 

species (Turton et al. 2006b). Moreover, mass spectrometry techniques such as PCR-

electrospray ionisation mass spectrometry (PCR-ESI-MS) (Schuetz et al. 2012) and 

matrix-assisted laser desorption ionisation-time-of-flight mass spectrometry (MALDI-

TOF-MS) (Espinal et al. 2012; Li et al. 2018a) have shown promising results. These 

techniques allow rapid identification of bacterial species within few minutes; however, 

they comprise expensive equipment, fixed commercial database and require an 

expertise to evaluate data—therefore sequencing of rpoB (RNA polymerase subunit 

β) and blaOXA-51-like genes are still recommended (Álvarez-Buylla et al. 2012; Šedo et 

al. 2018). 

The 16S rRNA gene has been used to identify Acinetobacter in general 

(Wagner et al. 1994). In the phylogenetic tree based on the 16S rRNA gene, A. 

baumannii and A. nosocomialis (formerly genomic sp. 13TU), and A. calcoaceticus 

and A. pittii (formerly genomic sp. 3), are in different branches while they have 65% 

DNA–DNA (DDH) similarity (Dijkshoorn and Nemec 2008). The tree based on the 16S 

rRNA gene is not consistent with the phylogenetic trees derived from gyrB (Yamamoto 

et al. 1999) rpoB (La Scola et al. 2006) and DNA recombination protein (recA, 

Krawczyk et al. 2002) sequences. Thus, it is now considered that 16S rRNA gene 

sequence analysis may neither show the correct phylogeny of some Acinetobacter 
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species nor be a reliable method for their differentiation (Dijkshoorn and Nemec 2008; 

Wang et al. 2014; Rani et al. 2017). Reliable identification of Acinetobacter isolates at 

the species level requires at least sequence analysis of the rpoB, and/or the gyrB 

(Gundi et al. 2009; Nemec et al. 2009). Considering reliability and affordability 

sequence-based analysis and typing system, such as, rpoB and gyrB analyses, blaOXA-

51-like typing and MLST (Diancourt et al. 2010) were extensively used in our study 

(Glaeser et al. 2020; Pulami et al. 2020, 2021, 2023a, 2023b; CHAPTER 2, 3, 4 and 

5). 

For instant and reliable delineation of individual Acinetobacter species in realm 

of ecology, epidemiology and pathogenicity, focus must be towards application of 

considerable effort to develop new and user’s friendly molecular techniques that 

facilitate quick and precise identification. Therefore, the obvious challenge is to 

develop and validate the universal system for species identification, a technique most 

likely to be based upon DNA sequence analysis—provided that such system will be 

suitable for routine diagnostics. Nevertheless, the genus Acinetobacter has wide 

diversity, and comprises cluster of highly similar species, therefore development and 

reliability of a single method for Acinetobacter identification remains skeptical 

(Bergogne-Bérézin 2008). 

Table 1. Methods for genotypic/molecular identification of Acinetobacter species 

Method Molecular target Application Reference 

DNA sequence 

analysis 

16S rRNA gene Phylogenetic 

analysis/ 

identification 

Nemec et al. 

2009 

RNA polymerase 

subunit β (rpoB) 

Phylogenetic 

analysis/ 

identification 

La Scola et al. 

2006 

DNA gyrase 

subunit β (gyrB) 

Phylogenetic 

analysis/ 

identification 

Yamamoto et al. 

1999 

Recombinase/DNA 

recombination 

protein (recA) 

Phylogenetic 

analysis/ 

identification 

Krawczyk et al. 

2002 

Intergenic spacer 

region (16S - 23S 

spacer rRNA 

gene) 

Phylogenetic 

analysis/ 

identification 

Chang et al. 

2005 
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Single gene-based 

typing 

blaOXA-51-like gene Identification and 

typing 

Zander et al. 

2012; Pournaras 

et al. 2014; Rafei 

et al. 2014, 2015  

CRISPR-based ST CRISPR-cas 

arrrays 

Identification and 

typing 

Karah et al. 2015 

DDH Total DNA Species 

assignment/ 

differentiation 

Bouvet and 

Grimont, 1986. 

MLST Housekeeping 
genes  

Assessing 

population 

diversity, typing 

(Epidemiology) 

Bartual et al. 

2005; Diancourt 

et al. 2010 

Core genome MLST 

(cgMLST) 

Core genome Assessing 

population 

diversity, typing 

(Epidemiology) 

Higgins et al. 

2017; Cerezales 

et al. 2019; 

Venditti et al. 

2019  

Amplified 16S 

ribosomal 

DNA (rDNA) 

restriction analysis 

(ARDRA) 

16S rRNA gene Identification, 
typing 

Vaneechoutte et 

al. 1995; 

Dijkshoorn et al., 

1998 

Amplified fragment 

length 

polymorphism 

analysis (AFLP) 

Whole genome Identification, 
typing 

Janssen et al. 

1997; Nemec et 

al. 2001; Da 

Silva et al. 2007 

Pulse field gel 

electrophoresis 

(PFGE) 

Whole genome Typing Seifert and 

Gerner-Smidt, 

1995 

Cell envelope 

protein-sodium 

dodecyl sulfate 

polyacrylamide gel 

electrophoresis 

(SDS-PAGE) 

Cell envelope 

proteins 

Identification, 

typing 

Dijkshoorn et al. 

1990 

Lipopolysaccharides 

(LPS) analysis 

LPS Identification, 

typing 

Pantophlet et al., 

2002 

‘Identification’ corresponds to the identification to species while ‘typing’ means the 

identification at the strain level (Dijkshoorn and Nemec 2008). 
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Ecology of Acinetobacter species  

Acinetobacter spp. are saphrophytes, which are found ubiquitously in the 

natural environment (Towner 2006; Doughari et al. 2011; Juni 2015). It was estimated 

Acinetobacter represented 105 mg-1 and 105 mL-1 cells in soil and water, respectively 

(Baumann 1968). Acinetobacter spp. are considered as representatives of the normal 

flora of the human skin, pharynx, respiratory tracts, rectum and urine (Villegas et al. 

2003) and other clinical specimens (Savov et al. 2002). The carriage rates of these 

bacteria in healthy person were found to be 42.5%, and as high as 75% in hospitalized 

patients, thereby considered to be natural residents of human skin (Seifert et al. 1997).  

Apart from human, Acinetobacter spp. are also isolated from birds (Wilharm et 

al. 2017), animals (Rafei et al. 2015), fish and shrimps (Guardabassi et al. 1999), and 

faeces of domesticated animals (Poppel et al. 2016; Rafei et al. 2015). Acinetobacter 

spp. together with other Gram-negative genera such as Escherichia and Klebsiella 

have been associated with food contamination and spoilage (Doughari et al. 2011). 

They have been linked in the spoilage of meat, eggs, poultry and fish during storage 

(Towner 2006). Acinetobacter spp. have been recovered from vegetables such as 

cauliflowers, cabbages, cucumbers, lettuce, peppers, mushrooms, radishes and 

carrots, and fruits like apple and melon (Berlau et al. 1999). Acinetobacter spp. are 

also widely distributed in habitats like hospital settings, veterinary clinics, hospital and 

urban wastes, raw sewage, wastewater treatment plant settings and soil (Towner 

2006; Doughari et al. 2011).  

Notably, different members of this genus are associated to diverse habitats. A. 

calcoacetius, one of the ACB complex members and considered as soil bacterium 

(Doughari et al. 2011; Choi et al. 2012; Rafei et al. 2015), is also reported in sewage 

water (Maravić et al. 2016; Din et al. 2021), vegetable (Berlau et al. 1999; Rafei et al. 

2015), animals (Rafei et al. 2015) and human skin (Chu et al. 1999), and microflora of 

mosquito Aedes albopictus (Minard et al. 2013). Remaining ACB complex complex, 

such as A. dijkshoorniae, A. lactucae, A. seifertii, A. nosocomialis, A. pittii and A. 

baumannii are also found in diverse habitats. A. dijkshoorniae isolated from clinical 

samples linked to different geographical locations across the world (Cosgaya et al. 

2016), is a later heterotypic synonym of A. lactucae obtained from lettuce (Rooney et 

al. 2016; Dunlap et al. 2018). A. seifertii isolated from human clinical specimens 
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(Nemec et al. 2015) is also reported in soil, water and cattle faeces (Furlan et al. 2019). 

A. nosocomialis commonly linked to clinical specimens (Nemec et al. 2011), human 

skin (Chu et al. 1999), and vegetable (Berlau et al. 1999). A. pittii is known to be 

associated with diverse habitats, such as human skin (Chu et al. 1999), clinical 

specimens (Nemec et al. 2011), animal and meat (Rafei et al. 2015), soil (Rafei et al. 

2015), vegetables (Berlau et al. 1999; Rafei et al. 2015). A. baumannii considered as 

a most important ACB complex member, apart from hospital settings and clinical 

specimens (Dijkshoorn et al. 2007), has been isolated from waste water (Hrenovic et 

al. 2016), sludge (Higgins et al. 2018), livestock and cattle manure (CHAPTER 2 and 

3), soil (Furlan et al. 2018), vegetables (Berlau et al. 1999; Karumathil et al. 2016; 

Carvalheira et al. 2017), animal (Rafei et al. 2015), foods of animal origin (McLellan et 

al. 2018), milk and milk-based products (Rafei et al. 2015; Cho et al. 2018; Wareth et 

al. 2021) and birds (Wilharm et al. 2017; Lopińska et al. 2020).  

Acinetobacter species are generally known to utilize aromatic compounds in 

the nature. The genome of A. baylyi ADP1 revealed that the catabolic genes for 

aromatic compounds are located in five genomic loci (Barbe et al. 2004). Similarly, 

comparative genomics and genome wide analyses revealed that both environmental-

origin strains (A. calcoaceticus PHEA-2 and A. oleivorans DR1) and pathogenic strains 

(A. baumannii ATCC 17978) have genomic loci linked to catabolic pathways for 

diverse aromatic compounds (Barbe et al. 2004; Jung et al. 2011). This suggests the 

role of Acinetobacter in nutrient cycling in natural environments (Jung and Park 2015). 

Acinetobacter is able to degrade hydrocarbons primarily with respect to alkanes of 

diverse chain lengths. Acinetobacter spp. are frequently found in various hydrocarbon 

contaminated sites, including mangrove sediments, soils, Antarctic marine sediments, 

and pristine environments, resembling their alkane biodegradation potential (Kuhn et 

al. 2009; Kang et al. 2011; Rocha et al. 2013).  

Acinetobacter is also known to be involved in degradation of phenolic 

compounds. Microbial degradation of phenolic compounds deals with utilization of 

these compounds secreted by crop roots, and upon accumulation in the soil, phenolic 

compounds exhibit allelopathic stress and inhibit development of plant, thereby 

restraining sustainable crop production. For instance, A. calcoaceticus CSY-P13 

isolated from the rhizosphere, is known to be associated with microbial degradation of 

phenolic compounds, such as, ferulic acid (FA) and p-hydroxybenzoic acid (PHBA) 
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accumulated in soil and rhizosphere of continuously cropped cucumber—thereby, 

degrading the level of phenolic compounds in soil, and mitigating the stress of FA and 

PHBA in cucumber by activating antioxidant enzymes and reducing reactive oxygen 

species levels, and also by changing rhizosphere bacterial community and inducing 

soil enzymes (Wu et al. 2018). 

Livestock manure, BGP digestates, and WWTPs sludge and effluent as source 

of diverse Acinetobacter species into the natural environment, and their 

implications in the ‘One-Health’ 

Considering the clinical relevance of Acinetobacter species, several studies 

related to surveillance of Acinetobacter species in extra clinical environment, such as 

animal manure, cattle manure storage tank and avian (including poultry) have been 

reported (Rafei et al. 2015; Fernando et al. 2016; Wilharm et al. 2017; Hrenovic et al. 

2019)—the focus has been towards A. baumannii in these studies.  

In our study, we isolated phylogenetically diverse groups of Acinetobacter spp. 

isolates from livestock and human population sources (CHAPTER 2 and 3). 

Considering livestock sources, manure (BGPs input sample) and anaerobic digestate 

(BGPs output sample) were collected from five German farms with small scale on farm 

biogas plants (BGP1, BGP2, BGP4, BGP5, and BGP6). The farms used cattle manure 

(BGP1, BGP2, BGP6), pig manure (BGP4, BGP5) or mixed manure (cattle, pig and 

chicken; BGP5) for the biogas production. Only one BGP (BGP2) used a thermophilic 

process temperature for biogas production, while all other BGPs were operated with 

mesophilic process temperature. Similarly, considering human population influenced 

sources, three WWTPs: one receiving only wastewater without hospital derived 

wastewater (WWTP1) and two wastewater treatments plants (WWTP2 and WWTP3) 

which derived wastewater from human and veterinary hospitals were sampled. For all 

three WWTPs, water samples were analysed from the upstream and downstream of 

river receiving the effluent inlet. 

Acinetobacter isolates were assigned to phylotypes, which were defined by the 

formation of distinct clusters in the phylogenetic trees with pairwise 16S rRNA gene 

and rpoB sequence similarities of at least 98.4–100% and 95.8–100% among the 

isolates present in the respective cluster following phylogenetic analyses. Here, 

multiple Acinetobacter sp. isolates were cultured from WWTPs and BGPs. On the 
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basis of partial 16S rRNA and rpoB genes, cultured isolates belonged to A. baumannii, 

A. pittii, A. lactucae, A. oleivorans, A. calcoaceticus, A. bereziniae, A. gandensis, A. 

gerneri, A. indicus, A. wuhouensis, A. guillouiae, A. beijerinckii, A. tandoii, and A. 

ursingii, Acinetobacter sp. ANC 4050, Acinetobacter sp. ANC 4051, Acinetobacter sp. 

LUH 1470, Acinetobacter sp. ANC 4218 and Acinetobacter sp. ANC 4945, 

respectively, and represented 14 different phylotypes (CHAPTER 2). Majority (97/132: 

73.07%) were isolates of ACB complex, which consisted 52 isolates of A. baumannii 

(phylotype A-6). A. baumannii isolates were detected in all sampling point of WWTP1 

(influent, effluent, activated sludge, digested sludge, river water downstream) except 

in upstream of receiving river. Considering the WWTP2, A. baumannii isolates were 

isolated from influent sewer, inflow/outflow of primary clarifier, primary sludge and 

secondary sludge. Similarly, A. baumannii isolates were cultured from inflow/outflow 

of primary clarifier, primary sludge, secondary sludge and anaerobic post-digestor 

filtrate of WWTP3. Furthermore, these isolates were detected in samples from BGPs 

with mesophilic operation condition, which included both input manure and output 

digestate of BGP6, and only output digestate of BGP1. Considering the BGP with 

thermophilic operation condition, A. baumannii isolates were isolated from both input 

manure and output digestate of BGP2 (CHAPTER 2). Majority of non-baumannii ACB 

complex isolates (44/45; phylotypes A-7.1 and A-7.2) were cultivated from WWTP1, 

WWTP2 and WWTP3, however only single isolate was cultured from input manure of 

BGP6 (CHAPTER 2). In WWTP1, which lacked anaerobic secondary treatment 

process of the sludge, these isolates were isolated from all sampling points which 

included influent, activated sludge, dewatered sludge, effluent and water samples 

downstream of the receiving river, except from water samples in upstream of the 

discharge of effluent in receiving river. These isolates were detected in influent, 

inflow/outflow of primary clarifier, primary sludge, secondary sludge and anaerobic 

post-digestor filtrate of WWTP2 and WWTP3 (CHAPTER 2). Intriguingly, ACB 

complex (including A. baumannii) isolates were obtained from both influent and 

effluent of WWTP1, however they were not isolated from effluent samples of WWTP2 

and WWTP3, where anaerobic secondary treatment process of sludge was applied. 

This indicated the advantage of anaerobic secondary treatment process in preventing 

the release of ACB complex isolates into the environment via effluent discharge, which 

was also suggested in previous study (Hrenovic et al. 2016).  
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Based on Pasteur MLST scheme 23 novel and 12 known STs were determined 

(CHAPTER 2). Detection of majority of novel STs (18/23) from BGPs and WWTP1 

(without hospital waste) in this study indicated that non-clinical environment harboured 

huge diversity of A. baumannii isolates which were phylogenetically distinct from those 

circulating in the hospital/veterinary settings (Zander et al. 2012; Wareth et al. 2019 

and 2020). These isolates were still susceptible to clinically relevant MER 

(Meropenem), IMP (Imepenem), COL (Colistin), CIP (Ciprofloxacin), CAZ 

(Ceftazidime), AMK (Amikacin) and PIP (Piperacillin) antibiotics—which agreed with 

previous findings of phylogenetically diverse and susceptible isolates in various non-

hospital sources, such as avians (Wilharm et al. 2017), bovine (Klotz et al. 2019), milk 

powder (Cho et al. 2018), and meat and manure from cattle (Rafei et al. 2015). 

However, three STs (ST2, ST25 and ST79) grouped as CC2, CC25 and CC79, and 

considered as representatives of globally distributed IC2. IC7 and IC5 lineages were 

found in the influent sewer, post-anaerobic digestor filtrate and secondary sludge of 

WWTP2 and WWTP3 of this study. ST types of these international lineages are 

present worldwide causing outbreaks in hospital settings in the Europe and across the 

globe (Di Popolo et al. 2011; Karah et al. 2011; Chagas et al. 2014; Sahl et al. 2015; 

Molter et al. 2016; Da Silva et al. 2018; Hamidian and Nigro. 2019; Camargo et al. 

2020). These STs are not limited to humans and clinical settings, for instance ST2 was 

also detected in diseased pets in Germany (Ewers et al. 2017) and from sheep in 

Pakistan (Linz et al. 2018), and WWTP receiving hospital waste in Croatia (Higgins et 

al. 2018). Similarly, ST25 was among the dominant clones found in animals admitted 

to veterinary hospital in Switzerland (Püntener-Simmen et al. 2019), and ST79 was 

reported in WWTP treating hospital waste (Higgins et al. 2018) and river located in 

urban area in Brazil (Turano et al. 2016). Here, A. baumannii isolates from WWTP2 

and WWTP3 represented hospital/veterinary linked STs (ST2: IC2, ST25: IC7 and 

ST79: IC5), and they were identified as 3MRGN-Ab/4MRGN-Ab [MDR A. baumannii 

isolates were defined as MRGN-Ab (multi- resistant Gram-negative bacteria) with 

regard to antibiotic susceptibility test results against various antibiotic groups 

recommended by the “Commission for Hospital Hygiene and Infection Prevention 

(KRINKO) at the Robert Koch Institute”, Germany (Wendt et al. 2012; Kaase 2016)]. 

Indeed, isolation of STs exhibiting multi-resistances (3MRGN-Ab/4MRGN-Ab) and 

phylogenetic relatedness to clinical lineages (IC2 and IC7) only from WWTP2/WWTP3 

suggested that hospital/veterinary settings represented their primary source, and 
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clinical wastewater inflow influenced the resistance profile of Acinetobacter present in 

wastewater. Moreover, presence of cultivable A. baumannii and A. pittii in output 

digestate of BGPs, and secondary sludge and anerobic post-digestor filtrate of 

WWTP2/WWTP3 of this study indicated the survival of these obligate aerobes during 

anaerobic digestion process at thermophilic/mesophilic BGPs and secondary 

WWTPs. Higgins et al. (2018) suggested anaerobic environment in WWTPs and BGPs 

as putative ecological niches important in the epidemiology of this bacteria. Since, 

treated sewage sludge from WWTPs is used as manure, the risks of spread of clinically 

relevant MRGN-Ab STs into the agricultural environment cannot be excluded taking 

“One Health” as contemporary issue—our findings suggest proper treatment of 

sewage sludge and biogas digestate generated in the WWTPs and BGPs  

Clinical manifestation and antibiotic resistance in Acinetobacter species 

Members of Acinetobacter, in particular the species belonging to ACB complex, 

which comprises opportunistic nosocomial pathogen, for instance, A. baumannii has 

been associated with ventilator-associated pneumonia, bloodstream infection, soft 

tissue infection, urinary tract infection, post-surgery and traumatic injury related 

infection across the globe. A. baumannii signifies a major public health crisis due to its 

ability to acquire or develop resistance to multiple antibiotics (Dijkshoorn et al. 2007; 

Peleg et al. 2008; Lee 2017; Nasr 2020). A. calcoaceticus has been associated with 

cutaneous necrosis in immunocompromised patient (Nonaka et al. 2014). A. pittii and 

A. nosocomialis have been linked to blood stream infection among hospitalized 

patients (Wisplinghoff et al. 2012). A. baumannii, A. pittii, A. nosocomialis and A. 

calcoaceticus were reportedly isolated from the hospitalized patients with community 

acquired or nosocomial infections in Germany from 2005 to 2009 (Schleicher et al. 

2013). Antimicrobial resistance among clinically important Acinetobacter species is a 

great concern of public health (Wong et al. 2017).  

Mechanisms conferring antimicrobial resistances in Acinetobacter commonly 

involve enzymatic degradation of antibiotics, modification or protection of the target, 

and decreased permeability due to efflux of the antibiotics by active efflux pumps 

(Peleg et al. 2008). Antimicrobial resistance among Acinetobacter is intrinsic or 

acquired via HGT. Intrinsic resistances are conferred mainly by chromosomally 

encoded β-lactamases, efflux pumps, and reduction in membrane permeability (Peleg 

et al. 2008; Lee et al. 2017). Acquired resistance involves HGT of resistance genes 
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via mobile genetic elements such as plasmids and transposons (Da Silva et al. 2016; 

Hamidian and Nigro 2019). Acinetobacter spp. are known to exhibit resistance to 

multiple classes of antibiotics, such as β-lactams, quinolones, tetracyclines, 

chroramphenicol, macrolides, aminoglycosides, and polymyxin (Doughari et al. 2011; 

Cai et al. 2012). Among Acinetobacter species, A. baumannii is considered important 

clinical pathogen (Dijkshoorn et al. 2007; Peleg et al. 2008), therefore it is classified 

as one of the members of the ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas 

aeruginosa and Enterobacter species) which are commonly linked to infections by 

antibiotic resistant bacteria (Rice 2008). Considering the antibiotic resistance and 

clinical significance of A. baumanni, it is listed as the number 1 priority pathogen, which 

constitutes serious threat to modern medicine by World Health Organization (Willyard 

2017).  

Carbapenem antibiotics, for instances meropenem and imipenem belong to the 

β-lactam family, and used against most β-lactamase-producing bacteria, including 

those producing ESBL (extended spectrum β-lactamase) enzymes (Bush and Jacoby 

2010). Carbapenem resistant Acinetobacter baumannii (CRAB) produces 

carbapenemases that can hydrolyze the carbapenems (β-lactam antibiotics), which 

are usually considered as ‘last-line antibiotics’ against resistant pathogens (Papp-

Wallace et al. 2011; Kempf and Rolain 2012). To date, β-lactamases have been 

classified based on the molecular structure classification of the ‘Ambler’ (Ambler 1980) 

and the functional classification of “Bush-Jacobi-Medeiros” (Bush et al. 1995; Bush 

and Jacoby 2010). On the basis of molecular structure (conserved and distinguishing 

amino acid sequences and motifs) based approach or the Ambler’s classification, β-

lactamases are classified into four classes: class A, B, C and D, respectively. Classes 

A, C, and D include enzymes that require serine as an enzyme active center for 

hydrolysis, whereas class B β-lactamases are metalloenzymes that utilize zinc ion to 

facilitate β-lactam hydrolysis (Ambler 1980; Peleg et al. 2008; Sawa et al. 2020). 

Furthermore, in the functional classification, β-lactamases are classified as group 1, 2 

and 3 depending on the degradation of β-lactam substrates and the effects of inhibitors 

(Bush et al. 1995; Bush and Jacoby 2010).  

Inactivation of β-lactam by β-lactamase enzyme is most important antimicrobial 

resistance mechanism among Acinetobacter species. β-lactam or carbapenem 
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resistance in A. baumannii occurs via both intrinsic or acquired β-lactamases (Da Silva 

et al. 2016; Lee et al. 2017). A. baumannii produces intrinsic β-lactamases such as 

AmpC-type cephalosporinase (blaAmpC, class C β-lactamases) and oxacillinase 

(blaOXA-51-type, class D β-lactamases) expressed at low levels (Héritier et al. 2005a; 

Merkier et al. 2006; Da Silva et al. 2016). However, insertion of ISAba1 upstream of 

the blaAmpC enhances the expression, and confers resistance to 3rd generation 

cephalosporins, but not to carbapenems (Corvec et al. 2003; Segal et al. 2004; Héritier 

et al. 2006). Notably, A. baumannii isolates bearing the ISAba1-blaOXA-51-like gene, 

showed higher rates of resistance to carbapenems (imipenem and meropenem) 

(Turton et al. 2006a). Both, blaAmpC and blaOXA-51-type genes were present in all A. 

baumannii isolates of our study, however based on PCR mapping and comparative 

genomics, IS elements upstream of these genes were not detected (CHAPTER 2 and 

3). Acquired carbapenem resistance mostly occurs via class D β-lactamases 

(oxacillinases type or blaOXA-like, e.g., blaOXA-23-like) and class B metallo-β-lactamases 

(MBLs, e.g., New Delhi metallo-β-lactamases, blaNDM-types), which are largely 

responsible for clinical outbreaks worldwide (Kempf and Rolain 2012; Zarrilli et al. 

2013). Oxacillinase are a heterogeneous group of β-lactamases with higher potential 

in hydrolyzing oxacillin than benzylpenicillin (Bush 2013). To date, the acquired 

carbapenem-hydrolyzing class D oxacillinases described in A. baumannii can be 

designated into following groups: blaOXA-23-like, blaOXA-24/40-like, blaOXA-58-like, blaOXA-

143-like and blaOXA-235-like (Poirel et al. 2006, 2010; Lee et al. 2017).  

Acquired carbapenem-hydrolyzing enzymes are the main cause of 

carbapenem resistance among A. baumannii strains (Hamidian and Nigro 2019). 

Oxacillinases in general induce weak hydrolysis of carbapenems, and are often poorly 

expressed, hence they are not able to led clinically relevant levels of resistance on 

their own (Héritier et al. 2005b). However, their expression is often enhanced by the 

insertion of an upstream IS element, which provides a strong promoter for enhanced 

expression, causing high resistance levels (Turton et al. 2006a; Corvec et al. 2007; 

Mugnier et al. 2009). Due to a broad substrate spectrum, MBLs are able to hydrolyze 

all β-lactam antibiotics including carbapenems, except monobactams (Jeon et al. 

2015). So far, several types of MBLs are reported in A. baumannii which included: 

blaNDM-type, blaVIM-type, blaIMP-type and blaSIM-type (Jeon et al. 2015; Da Silva et al. 

2016; Lee et al. 2017). Among these MBLs, blaNDM-type has been reported worldwide 
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(Da Silva et al. 2016). Class A β-lactamases hydrolyze penicillins and cephalosporins 

more efficiently than carbapenems, and are not widely reported unlike class D and 

class B β-lactamases (Jeon et al. 2015). A number of class A β-lactamases, including 

blaTEM-type, blaSHV-type, blaGES-type, blaCTX-M-type, blaSCO-type, blaPER-type, blaVEB-

type, blaKPC-type, and blaCARB-type, have been reported in A. baumannii. Some of 

these enzymes, for instances, blaTEM-1, blaCARB-4, and blaSCO-1 are narrow-spectrum b-

lactamases, while other enzymes (for e.g., blaPER-1, blaPER-2, blaPER-7, blaTEM-92, blaCARB-

10, blaSHV-5, blaCTX-M-2, blaCTX-M-15 and blaVEB-1) are ESBLs (Lee et al. 2017). Some class 

A β-lactamases are able to hydorlyze carbapenems, and considered as 

carbapenemases, such as blaGES-14 and blaKPC-2, have been reported in A. baumannii 

(Bogaerts et al. 2010; Martinez et al. 2016). β-lactamase genes (blaKPC-type, blaOXA-

48, blaVIM-type) were not detected in all Acinetobacter isolates obtained from BGPs and 

WWTPs (CHAPTER 2 and 3), following screening by multiplex PCR using primers 

and amplification conditions as described by Monteiro et al. (2012). However, acquired 

carbapenemase blaOXA-23-like gene was detected in MDR A. baumannii isolates 

isolated from WWTP receiving hospital waste (CHAPTER 2) indicating hospital 

sewage as their source. 

Genome wide analysis of resistance genes, phage-like regions, resistance 

islands, genomic islands, QAACs and heavy metal tolerance efflux pumps 

genes in Acinetobacter species 

Recent advancement in whole-genome sequencing (WGS) technologies and 

bioinformatic tools have enhanced the study of bacterial pathogens with 

unprecedented resolution, enabling phylogenomic studies and screening of genetic 

contents of outbreak associated lineages, and comparison of these lineages with given 

strains of interest (Popovich et al. 2017; Schürch et al. 2017; Quainoo et al. 2017). 

Currently, there exists 5766 A. baumannii genomes publicly available in the GenBank 

non-redundant and WGS databases 

(https://www.ncbi.nlm.nih.gov/genome/?term=Acinetobacter+baumannii) (Accessed 

on November 2021). The first A. baumannii genome was sequenced in 2006, strain 

ATCC 17978 (Smith et al. 2007), followed by an epidemic global clone (GC) one (GC1 

or ST1) strain AYE in France, a non-clonal strain SDF associated with human body 

lice (Fournier et al. 2006), and a multidrug-resistant GC2 (ST2) strain ACICU 

recovered from Hospital in Italy (Iacono et al. 2008). In between 2008–2010, genomes 
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of some additional strains, including three CRAB GC1(ST1) strains (strain AB0057, 

AB056 and AB059) isolated from hospitalized military personnel were also sequenced 

in the USA (Adams et al. 2008, 2010). The accessibility and affordability of the short-

read sequencing technologies rendered exponential increment in the number of 

sequenced genomes of A: baumannii from 2014 onwards (Hamidian and Nigro 2019). 

Few studies have compared genomes of A. baumannii strains originated from clinical 

and non-clinical environment (Vallenet et al. 2008; Yakkala et al. 2019).  

In this study, we sequenced the whole genomes of six A. baumannii strains 

isolated from livestock manures (input materials) and digestates (output materials) of 

German biogas plants (CHAPTER 3). Additionally, one strain of A. bohemicus strain 

QAC-21b was also genome sequenced, which was isolated from pig manure from 

German pig farm (CHAPTER 4). The sequencing of whole genome shotgun libraries 

was done applying the dual index paired-end (v3, 2 × 300 bp) approach for the Illumina 

MiSeq platform as recommended by the manufacturer (Illumina, San Diego, USA). 

The NCBI Prokaryotic Genome Annotation Pipeline (PGAP, 

https://www.ncbi.nlm.nih.gov/genome/annotation_prok/) was used for annotation of 

the genome (Tatusova et al. 2016). Comparative genome analyses were performed in 

EDGAR 3.0 (Blom et al. 2016; Dieckmann et al. 2021). Genomes of A. baumannii and 

A. bohemicus strains have been deposited in NCBI under bioproject ‘PRJEB35515’ 

and ‘PRJNA224116’, respectively. Genomes of A. baumannii and A. bohemicus 

strains were compared to A. baumannii ATCC 19606T (NZ_ACQB00000000) and A. 

bohemicus ANC 3994T (NZ_APOH00000000). The details of comparative genomics 

and genome wide analyses are provided below (CHAPTER 3 and 4).  

The genomes of A. baumannii strains carried multiple efflux pump-related 

genes (CHAPTER 3). The higher MIC values against oxacillin, the 3rd generation 

cephalosporin ceftiofur (with or without clavulanic acid), and against florfenicol, 

temocillin, fosfomycin and chloramphenicol (CHAPTER 3) could be due to the basal-

level expression of RND (resistance-nodulation-cell division) type efflux genes like 

adeABC (regulated by two component regulatory operon, adeR-adeS) and adeIJK, 

multidrug and toxic compound extrusion (MATE) type efflux gene, e.g. multidrug efflux 

abeM, chloramphenicol resistance gene craA (reviewed by Coyne, Courvalin and 

Périchon 2011), fosfomycin resistance efflux gene abaF (Sharma et al. 2017) and 

ampC cephalosporinase (Corvec et al. 2003). All these genes were not located in 
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resistance islands but rather were intrinsic to the core genomes (CHAPTER 3). As 

expected, all A. baumannii strains in our study lacked point mutations in conserved 

regions of the AdeRS system that were reported by Yoon et al. (2013) mostly among 

multidrug-resistant clinical isolates of A. baumannii. Transposition of ISAba1 into the 

adeS was linked with overexpression of this efflux system in clinical isolates (Ruzin, 

Keeney and Bradford 2007); however, this gene was intact in all A. baumannii strains 

of our study (CHAPTER 3). Five out of six A. baumanii strains in our study lacked the 

adeC, this gene has been considered as non-essential for the multidrug-resistant 

phenotype conferred by the AdeABC efflux pump based on earlier studies (Marchand 

et al. 2004; Nemec et al. 2007). Insertion of IS element upstream was reported for 

hyperexpression of ampC in clinical A. baumannii (Corvec et al. 2003); however, all 

six strains lacked insertion at the upstream of this gene. Although A. baumannii is 

intrinsically resistant to these veterinary (florfenicol and ceftiofur) and clinical 

(temocillin, fosfomycin and chloramphenicol) antibiotics (Coyne, Courvalin and 

Périchon 2011), there are some reports on the use of fosfomycin in combination with 

other drugs, such as colistin, minocycline and polymyxin against Acinetobacter (Zhang 

et al. 2013; Sirijatuphat and Thamlikitkul 2014). In all six A. baumannii strains (isolated 

from livestock manure and digestates of German biogas plants), comM gene was 

intact and not interrupted by resistance island (CHAPTER 3), and our observation is 

in agreement with previous findings of disrupted comM gene by resistance island only 

among clinically related A. baumannii lineages (Hamidian and Hall 2018; Hamidian 

and Nigro 2019). The comM gene, which encodes putative ATPase linked to natural 

transformation among transformable species including nonpathogenic A. baylyi 

(Gwinn et al. 1998; Nero et al. 2018), is also considered hotspot for the integration of 

resistance island in antibiotic resistant clinical A. baumannii (Fournier et al. 2006; 

Bonnin et al. 2012; Hamidian and Hall 2018). These islands are structured mainly by 

mobile genetic elements (MGEs), such as transposons or integrons, and various 

resistance genes conferring multi-drug resistances (Hamidian and Hall 2018; 

Hamidian and Nigro 2019). First identification of AbaR type resistance island (AbaR1) 

in Acinetobacter was reported in A. baumannii strain AYE [lineage 1 of GC1 (ST1, 

European clone I)] which consisted an 86-kb large genomic region in which more than 

40 antibiotic and heavy metal resistance genes were clustered, disrupting putative 

ATPase (comM gene) and creating unique target site duplications (TSDs, 5 bp length) 

during transposition (Fournier et al. 2006; Hamidian and Hall 2018). In carbapenem 
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resistant strain D36 belonging to lineage 2 of GC1 A. baumannii, resistant island 

AbaR4 (composite transposon Tn2006 that carries the blaOXA-23-like gene) was found 

in the same position in comM gene (Holt et al. 2016; Hamidian and Hall 2018). A. 

baumannii strains representing GC2 (ST2) are known to carry diverse AbGRI1-type 

GIs (genomic islands) with cluster of antibiotic and heavy metal resistance genes 

interrupting comM gene (Kim et al. 2017; Hamidian and Hall 2018). The acquisition of 

various GIs or resistance islands has been associated with evolution and 

contemporary rise of antibiotic resistant A. baumannii strains (Fournier et al. 2006; 

Post et al. 2010; Nigro et al. 2013; Holt et al. 2016; Hamidian and Hall 2018).  

Similarly, we announced the genome sequence of A. bohemicus strain QAC-

21b isolated in Mueller-Hinton (MH, Carl-Roth) agar containing 

benzyldimethyldodecylammonium chloride [BAC-C12, 50 mg L-1 as QAAC 

(quaternary alkyl ammonium compounds)] from a liquid manure of a conventional 

German pig farm. Whole genome shotgun sequencing and comparative genome 

analysis with A. bohemnicus type strain ANC 3994T and ANC 5076=KCTC 42081 

(formerly type strain of A. pakistanensis, Abbas et al. 2014; Nemec and Radolfova-

Krizova et al. 2016) and other members of Acinetobacter revealed the genetic basis 

to QAAC tolerance. Comparative genomics showed the presence of genes coding for 

QAACs efflux pumps such as RND type efflux pump (adeIJK), MATE family efflux 

pump (abeM), SMR family ef-flux pumps (abeS and sugE) in the chromosome 

(CHAPTER 4), the combined action of these intrinsic efflux pumps might be 

responsible for reduced susceptibility to the QAACs. Previous studies had shown the 

association of adeIJK with reduced susceptibility to benzalkonium chloride (QAAC) in 

clinical A. baumannii (Damier-Piolle et al. 2008; Rajamohan et al. 2010; Lin et al. 

2017). The abeM was 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). The sugE was associated with reduced 

susceptibility to benzalkonium chloride in Escherichia coli (Chung et al. 2002; He et al. 

2011). In A. baumannii, RND efflux pump AdeABC and its two-component system 

regulator AdeRS promoted the fitness in the presence of benzalkonium chloride 

(Knauf et al. 2018). Comparative genomic showed absence of this efflux system in 

strain QAC-21b and all other genomes of Acinetobacter species, except those 
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represented A. baumannii (CHAPTER 4), which proved the linkage of this system 

mostly among clinically associated Acinetobacter members (Marchand et al. 2004; Lin 

et al. 2017; Coyne et al. 2011; Yoon et al. 2013; Richmond et al. 2016). QAACs are 

common ingredients of pesticides, disinfectant and detergents in agriculture and 

animal husbandry (Mulder et al. 2018). As reported by German Society of Veterinary 

Medicine at least quarter of disinfectants used contained QAACs (DVG 2015). 

Bioavailable concentrations of QAACs can result cross-resistance (Singer et al. 2016) 

and co-selection of resistance to antibiotics and QAACs (Webber et al. 2015, Mulder 

et al. 2018). BacMet database showed the presence of copper resistance protein efflux 

genes (pcoA, pcoB, copA, copB, copC and copD), respectively in the genome 

(CHAPTER 4). These genes were previously reported among the copper tolerant 

strains of A. baumannii (Williams et al. 2016; Thummeepak et al. 2020). 

Multiple intact phages were found to be integrated into the genome of strain 

QAC-21b. The intact phage-like regions in QAC-21b were similar (Phaster score: 140-

150) to Mannheimia phage vB_MhM_3927AP2 (NC_028766.1), and Acinetobacter 

phage YMC11/11/R3177 (NC_041866.1). In Strain QAC-21b, two intact phage-like 

regions located in contigs NZ_CAJJDZ010000001 (phage region size: 37.5 kb) and 

NZ_CAJJDZ010000002 (phage region size: 32 kb) carried genes coding for integrase, 

transposase, terminase, tRNA, and phage portal, head, tail, plate, fibre and phage-like 

protein, including the attL and attR recognition sites, and multiple hypothetical 

proteins. Meanwhile, the phage region of A. bohemicus ANC 3994T lacked genes 

coding for integrase, transposase and terminase, and attL and attR recognition sites 

were absent (CHAPTER 4), which are required for termination, integration and lysis 

for propagation inside the host bacterium (Casjens 2003; Canchaya et al. 2003; Labrie 

et al. 2010). Strain KCTC 42081 also possessed four incomplete phage-like regions 

in the genome (CHAPTER 3). The presence of several phage related genes integrated 

into the genomes of ANC 3994T, strain QAC-21b and KCTC 42081 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 virulence characteristics to the host bacterium 
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(Brüssow, Canchaya and Hardt 2004). Multiple studies had reported presence of 

phages in genome of members of the genus Acinetobacter, for instance, A. baumannii 

was considered as polylysogenic as it harbored multiple integrated phages in the 

genome (Snitkin et al. 2011, Touchon et al. 2014; Badawy et al. 2020; Loh et al. 2020). 

Most notably, putative GIs of A. bohemicus ANC 3994T mostly contained genes 

coding hypothetical proteins, and harbored only single gene encoding transposase 

(IS605 OrfB family; locus tag: F994_02674). However, putative GIs of strain QAC-21b 

and KCTC 42081 carried genes encoding transposases, integrase, heavy metal efflux 

pumps (for e.g., czcA, czcD, czcO, cusR, cusS, arsH, copA, copB and pcoA), 

antimicrobial resistance (for e.g., mdtB and mdtC), virulence-associated protein and 

hypothetical proteins (CHAPTER 4). Microbial GIs are cluster of genes involved in the 

genome evolution and environmental adaptation. GIs 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).  

Virulence of Acinetobacter species  

Modern advances in approaches linked to genomic, phenotypic and infection 

model studies have assisted in determination of pathogenicity or virulence factors of 

A. baumannii (Antunes et al. 2014). According to Smith et al. (2007), A. baumannii is 

known to share considerable parts of its genome for pathogenicity by harboring about 

16 identified gene islands implicated in virulence. It is now accepted that A. baumannii 

possess a considerable pathogenicity which enable bacterium to move and survive in 

different environment, form biofilm, capture micronutrients, secrete proteins, interact 

with host cells and evade host immune systems (Weber et al. 2017; Harding et al. 

2018; Li et al. 2018b; Sarshar et al. 2021). Comparative genomics and analyses in 

virulence factor database (VFDB; Chen et al. 2005; http://www.mgc.ac.cn/cgi-

bin/VFs/v5/main.cgi) showed the presence of genes that code for most virulence 

factors like type II and VI secretion systems, outer membrane protein A (OmpA), 

putative polysaccharide export outer membrane protein (EpsA), iron starvation-related 

protein (Fe/S protein) and type I chaperone usher pili (Csu pili) in the chromosomes 
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of all six strains of A. baumannii isolated from German biogas plants (CHAPTER 3). 

Similarly, the genome of A. bohemicus strain QAC-21b showed multiple pathogenicity 

genes encoding OmpA, phospholipase D (PlcD) and two-component response 

regulator transcription factor (BmfRS) (CHAPTER 4). These virulence-associated 

molecular structures or proteins are required by Acinetobacter to thrive in both biotic 

and abiotic environments (Weber et al. 2017; Harding et al. 2018).  

Survival of Acinetobacter in oxygen limited environment and their attachment 

to the sludge particles 

Although, Acinetobacter is considered as obligate aerobes, its members have 

been known to survive in anaerobic or oxygen-limited environments such as anaerobic 

digesters (Supaphol et al. 2011; Baek et al.  2014; Jo et al. 2015) and activated 

anaerobic mesophilic sludge digester in wastewater treatment plants (Higgins et al. 

2018). In lab scale tests, A. baumannii did not grow under anaerobic conditions, but 

survived an incubation period of four weeks under the same conditions (Higgins et al. 

2018). The authors pointed out that anaerobic treatment also enables the survival and 

dissemination of this nosocomial obligate aerobic pathogen. Here, we confirmed these 

findings by isolation of phylogenetically diverse Acinetobacter spp., including ACB 

complex isolates in digestates of anaerobic BGPs and filtrate sample (post-anaerobic 

digestion of sludge) from rural/urban wastewater treatment plant (CHAPTER 2 and 

3).  

In agreement with findings of Higgins et al. (2018), all Acinetobacter isolates 

(including A. baumannii strains) from biogas plants (CHAPTER 3) were able to survive 

in anaerobic laboratory test conditions. As yet, it is still unclear how Acinetobacter can 

survive under anaerobic or oxygen limited conditions. Earlier studies have shown that 

Acinetobacter spp. were able to efficiently accumulate intracellular polyphosphates, 

and therefore contributing in a small extent to the phosphate elimination in sewage 

treatment plants (Fuhs and Chen 1975; Deinema et al. 1980, 1985; Wentzel et al. 

1986, 1991; Stephenson 1987; Bark et al. 1992). Van Groenestijn et al. (1987) 

suggested that the accumulated polyphosphates in Acinetobacter cells act as a 

phosphorus reserve, and potentially be used as energy source by enzymatic 

processing of the polyphosphates through combined action of polyphosphates: AMP 

phosphotransferase and an adenylate kinase. Comparative genome analyses 
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revealed the presence of genes that code for these enzymes in all six strain of A. 

baumannii cultured from livestock manure and digestates of anaerobically operated 

German biogas plants (CHAPTER 3). The slurry tank in the pig farm from where the 

A. bohemicus strain QAC-21b was isolated represent oxygen limited environment. 

Comparative genomics showed the presence of genes encoding AMP 

phosphotransferase and adenylate kinase (CHAPTER 4) in the genome of this strain. 

The described enzymatic process can be an explanation for the survival of these 

aerobic organisms in anaerobic biogas plant or anaerobic sludge treatment in 

wastewater treatment plants, because the polyphosphate reserve in Acinetobacter 

cells can be vital under anaerobic environment conditions when these strict aerobic 

organisms have no other options to generate energy (Kortstee et al. 1994).  

Considering the isolation of viable Acinetobacter isolates, including A. 

baumannii from the activated and digested sewage sludge, it has been suggested that 

Acinetobacter cells are attached into the flocs duing the sewage treatment process 

(Higgins et al. 2018). The attachment of Acinetobacter with the activated sludge 

particles was shown previously via in situ hybridisation techniques (Wagner et al. 

1994). The authors showed that 3 and 7% of stained cells attached to activated flocs 

of aerobic and anaerobic treatment tanks represented Acinetobacter. Phuong et al. 

(2012) also performed in situ hybridisation using the probe of Wagner et al. (1994) and 

showed that 6.7 and 4% of stained cell in settled sludge and primary setting tank 

represented the Acinetobacter. The authors suggested the inter-genera coaggregation 

of flocs froming bacteria (e.g., Pseudomonas species) with non-flocculating 

Acintobacter. This intergeneric close association in the flocs and sewage particles 

might triggers the horizontal gene transfer leading to selection of bacteria against 

different antimicrobials and pollutants (QAACs). As revealed recently (Wolters et al. 

2022), the anaerobically digested sewage sludge (biosolids) from German WWTPs 

harboured multiple pollutants such as antibiotics, heavy metals and desinfectants 

(QAACs), which can trigger HGT among closely associated bacteria (e.g., those 

present in sewage particels and flocs). This however must be proven through detailed 

experiments.  
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Conclusion 

Detailed comparison of phylogenetic diversity and antibiotic resistance profiles 

of Acinetobacter sp. isolates (including those related to ACB complex) isolated from 

livestock manure (BGP input sample), digestate (BGP output sample) collected from 

five German farms with small scale on farm biogas plants (BGP1, 2, 4, 5, and 6), and 

three WWTPs [WWTP1: rural without known hospital/veterinary sewage, and WWTP2 

and 3: both receiving urban, hospital and veterinary sewages], including upstream and 

downstream water of river receiving effluent was performed. Phylogenetic analyses 

(16S rRNA and rpoB gene based) showed 14 different phylotypes within the genus 

Acinetobacter, and the influent of WWTP2 represented highest diversity (8/14 

phylotypes). ACB isolates represented the majority (95/130); A. baumannii (52/132) 

and A. pittii (40/132) were dominant phylotypes. A. baumannii was cultured from 

manure and digestate of BGPs, and all stages of WWTP1 (except river upstream). 

They were recovered from influent, inflow/outflow of primary clarifier, and 

primary/secondary sludge of WWTP2. Considering WWTP3, they were isolated only 

from inflow/outflow of primary clarifier and anaerobic post-digestor filtrate. Pasteur 

scheme MLST identified 23 novel and 12 known STs. Most novel STs (18/23) were 

isolated from BGPs and WWTP1; showed susceptibility to MER/IMP, COL, CIP, CAZ 

and PIP antibiotics—indicating livestock manure, digestate and rural WWTP without 

hospital waste inflow consisted diverse population of susceptible A. baumannii. Only, 

isolates from WWTP2 and 3 showed clinical linkage (ST2: IC2, ST25: IC7, ST79: IC5); 

represented multi-resistant Gram-negative A. baumannii (3/4MRGN-Ab) 

[resistant/intermediate to MER/IMP, CIP, CAZ and PIP] and additionally showed COL 

resistance. Isolation of MRGN-Ab (clinical STs) only from urban WWTP2 and 3 proved 

clinical settings as their primary source, and clinical wastewater inflow influenced 

antibiotic susceptibility profile among Acinetobacter isolates in WWTPs. Presence of 

cultivable A. baumannii in digestate (BGPs), and secondary sludge and anaerobic 

post-digestor filtrate (urban WWTP2 and 3) indicated their survivability in anaerobic 

condition at thermophilic/mesophilic BGPs and secondary WWTPs. The comparative 

genomic analyses showed the presence of genes coding for the AMP 

phosphotransferase and an adenylate kinase in the genome of Acinetobacter spp. 

isolates. The enzymatic processing of accumulated polyphosphates inside 

Acinetobacter cells by the combined action of these two enzymes can use 



30 

phosphorous as a source for energy—which could explain the survivability of these 

aerobic bacteria in oxygen limited or anaerobic condition applied in BGPs and 

WWTPs. Since, treated sewage sludge and digestate are used as manure; the risks 

of spread of clinically relevant MRGN-Ab into the environment cannot be excluded. 

Considering the genome plasticity of A. baumannii, the likelihood of selection of MDR 

phenotype via horizontal gene transfer (conjugation, transformation and transduction) 

and OMVs cannot be excluded—meanwhile exposure to humans via agriculture 

produce, water sources and animals might lead to colonization by MDR Acinetobacter 

strains. In vitro and In vivo assay-based determination of virulence of Acinetobacter 

sp. isolates were not performed, however, comparative analyses showed the presence 

of multiple virulence associated genes encoding pathogenicity related molecular 

structures and proteins, such as type VI and II secretion systems, type I chaperone 

usher pili, Acinetobactin, outer membrane protein A, two-components response 

regulator transcription factor, iron starvation-related protein, and polysaccharide 

export outer membrane protein in the genomes of Acinetobacter sp. isolates isolated 

from livestock manure, BGPs digestates and pig manure.  
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Prospectives 

In prospective study, a detailed comparative study considering the behaviour 

of particle attachment and role in flocculation during sewage treatment for multiple 

Acinetobacter strains isolated from these environments will be performed to 

understand the selection of antimicrobial resistances in such niches and risk 

associated with their spread into the receiving environment, when treated sludge are 

applied as manure in the agriculture. In addition, plant colonization experiments with 

the ACB complex isolates cultured from this study will provide insights into putative 

interaction of these bacteria in rhizosphere and phyllosphere of the plant—which can 

also reveal the potential route of transmission and spread of potentially pathogenic 

Acinetobacter into the human populations. Also, considering the “One Health” as 

public issue, the prospective study considering genome-wide-analyses-based 

comparison of ACB complex isolates from livestock, manure, BGPs digestate, 

WWTPs (particularly the effluent and digested sludge), agricultural produce and the 

environment with clinical strains is suggested. This will help understanding the 

assumed evolution, and possibly identify the factors required for adaptation of this 

bacterium from extra-clinical settings towards clinics as various nosocomial lineages—

that will be crucial for developing possible intervention strategies to reduce the spread 

of antibiotic resistances in the extra-clinical environments. 
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Supplementray tables 

Table S1. Additional characteristics of the biogas plants and WWTPs 

Sampling 
sites 

Sampling date Sampling points and materials 

Operating 
temperature; 
specific 
information 

BGP1 
July/November 
2019, March/April 
2020 

Biogas plant input material (BGP1-I; raw 
cattle manure); Biogas plant output material 
(BGP1-O; manure digestate) 

Mesophilic 

BGP2 
November 2019, 
March/April 2020 

Biogas plant input material (BGP2-I; raw 
cattle manure); Biogas plant output material 
(BGP2-O; manure digestate) 

Thermophilic  

BGP4 October 2019 
Biogas plant input material (BGP4-I; raw 
pig manure); Biogas plant output material 
(BGP4-O; manure digestate) 

Mesophilic 

BGP5 October 2019 

Biogas plant input material (BGP5-I; mixed 
pig, cattle, chicken manures);  
Biogas plant output material (BGP5-O, 
manure digestate) 

Mesophilic 

BGP6 October 2019 

Biogas plant input material (BGP6-I, raw 
cattle manure);  
Biogas plant output material (BGP6-O, 
manure digestate) 

Mesophilic 

WWTP1 
November 2019, 
May 2020 

− untreated wastewater collected after the 
preliminary treatment (inflow; I) 

− activated sludge (AS) 

− dewatered sludge containing primary and 
secondary sludge (S) 

− effluent of the secondary clarifier (E) 

− river water upstream the and downstream 
of the discharge of effluent (RWup and 
RWdown)  

Rural WWTP; 
no clinical WW 

WWTP2 
August/September 
2018 

− untreated wastewater collected from 
different sewer (inflow, I) 

− inflow and outflow of the primary clarifier 
(PCi and PCo)  

− effluent of the secondary clarifier (E) 

− river water upstream and downstream the 
discharge of effluent (RWup and 
RWdown) 

− primary sludge (PS) 

− secondary sludge (SS) 

− sludge from the anaerobic digester 
containing primary and secondary sludge 
(ADS) 

Urban WWTP;  
WW from 
veterinarian 
and human 
hospital   

WWTP3 
August/September 
2018 

− untreated wastewater collected from 
different sewer (inflow, I) 

− inflow and outflow of the primary clarifier 
(PCi and PCo)  

− effluent of the secondary clarifier (E) 

Urban WWTP;  
WW from 
veterinarian 
and human 
hospital   
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− river water upstream and downstream the 
discharge of effluent (RWup and 
RWdown) 

− primary sludge (PS) 

− secondary sludge (SS) 

− sludge from the anaerobic digester 
containing primary and secondary sludge 
(ADS) 

− filtrate of the anaerobic post digestor 
(APD-F)  
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Table S2. The detail overview of cultivation conditions for WWTP and all BGPs 

subsamples following both direct-plating (DP) and pre-enrichment methods (PE). PE 

was performed in LB broth (Sigma-Aldrich, Germany) containing 1 mg L-1 meropenem 

[MER: C17H25N3O5S, Cayman Chemical, Germany]. CA: 

CHROMagarTMAcinetobacter (CHROMagar, Paris, France), CR102: MDR 

supplement (CHROMagar, Paris, France). I: input manure and O: digestates of biogas 

plants (BGPs). For WWTP1, I: influent (sewer); AS: activated sludge; S: dewatered 

sludge; E: effluent: RWup: upstream and RWdown: downstream of river receiving the 

effluent. For WWTP2 and WWTP3, I: influent sewer; PCi: inflow of primary clarifier; 

PCo: outflow of primary clarifier; PS: primary sludge; SS: secondary sludge; E: 

effluent; ADS: anaerobically digested sludge; APD-F: anerobic post digester filtrate; 

RWup: river water upstream and RWdown: river water downstream of the discharge 

of effluent. 

  Direct plating 
Selective pre-enrichment 

LB broth with 1 mg L-1 
meropenem, 37°C, 24 h 

Source 
Sample/ date of 
sampling 

Plating 
media 

Incubation 
Temp 

Streaking 
media after 
pre-
enrichment 

Incubation 
Temp 

BGP1 
BGP1-I/ Jul 2019 CA (without 

cefsulodin 
and CR102) 

37°C 
overnight 

CA (without 
cefsulodin 
and CR102) 

37°C 
overnight BGP1-O/ Jul 2019 

BGP1 

BGP1-I/ Nov 2019 

CA + 
cefsulodin 5 
mg L-1 (with 
and without 
CR102)  

37°C for 4h 
followed by 
overnight at 
44°C 

CA + 
cefsulodin 5 
mg L-1 (with 
and without 
CR102) 

37°C 
overnight 

BGP1-O/ Nov 2019 

BGP1-I/ Mar 2020 

BGP1-O/ Mar 2020 

BGP1-I/ Apr 2020 

BGP1-O/ Apr 2020 

BGP2 

BGP2-I/ Nov 2019 

BGP2-O/ Nov 2019 

BGP2-I/ Mar 2020 

BGP2-O/ Mar 2020 

BGP2-I/ Apr 2020 

BGP2-O/ Apr 2020 

BGP4 
BGP4-I/ Oct 2019 

BGP4-O/ Oct 2019 

BGP5 
BGP5-I/ Oct 2019 

BGP5-O/ Oct 2019 

BGP6 
BGP6-I/ Oct 2019 

BGP6-O/ Oct 2019 

WWTP1 

AS/ Nov 2019 

S/ Nov 2019 

E/ Nov 2019 

I/ May 2020 

AS/ May 2020 

E/ May 2020 

S/ May 2020 
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RWup(W1)/ May 2020 Not analysed Not analysed 

CA + 
cefsulodin 5 
mg L-1 (with 
and without 
CR102) 

37°C 
overnight 

RWdown(W4)/ May 
2020 

Not analysed Not analysed 

CA + 
cefsulodin 5 
mg L-1 (with 
and without 
CR102) 

 

WWTP2/3 

I/ Aug/ Sep 2018 

CA (without 
cefsulodin 
and CR102) 

37°C 
overnight 

CA (without 
cefsulodin 
and CR102) 

37°C 
overnight 

PCi/PCo/ Aug/Sep 
2018 

PCi/PCo/ Aug/Sep 
2018 

E/ Aug/Sep 2018 

RWup/ Aug/Sep 2018 

RWdown/ Aug/Sep 
2018 

PS/ Aug/Sep 2018 

SS/ Aug/Sep 2018 

ADS/ Aug/Sep 2018 

APD-F/ Aug/Sep 2018 
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Table S3. Detail of primers used for PCRs in this study. 

Targeted gene 
Primer 
system 

Primer sequence Reference 

16S RNA gene 
(Universal 
Bacteria) 

27F 5’-AGAGTTTGATCMTGGCTCAG-3’ 
(Lane, 1991) 

1492R 5’-GGYTACCTTGTTACGACTT-3’ 

16S rRNA 
gene 
(Acinetobacter 
spp.) 

Ac436f 5’-TTTAAGCGAGGAGGAGG-3’ (Vanbroekhoven 
et al., 2004; 
Zhang et al., 
2009) 

Ac676r 5’-ATTCTACCATCCTCTCCC-3’ 

blaOXA-51-like 
gene 

OXA-51-
likeF 

5’-TAATGCTTTGATCGGCCTTG-3’ 
(Woodford et al., 
2006) OXA-51-

likeR 
5’-TGGATTGCACTTCATCTTGG-3’ 

blaOXA-51-like 
gene 

OXA-69A 5’-CTAATAATTGATCTACTCAAG-3’ 
(Héritier et al., 
2005; Zander et 
al., 2012) 

OXA-69B 
5’-
CCAGTGGATGGATGGATAGATTATC-
3’ 

ISAba1 ISAba1F 5’-CACGAATGCAGAAGTTG-3’ 
(Segal et al., 
2005; Turton et 
al., 2006) 

rpoB 
(Acinetobacter 
spp.) 

rpoB Z1 
Ac696F 

5’-TAYCGYAAAGAYTTGAAAGAAG-3’ 

(La Scola et al., 
2006; Nemec et 
al., 2009) 

rpoB Z1 
Ac1093R 

5’-CMACACCYTTGTTMCCRTGA-3’ 

rpoB Z2 
Ac1055F 

5’-GTGATAARATGGCBGGTCGT-3’ 

rpoB Z2 
Ac1598R 

5’-CGBGCRTGCATYTTGTCRT-3’ 

blaKPC 

KPC-F 5’-TCGCTAAACTCGAACAGG-3’ 

(Monteiro et al., 
2012) 

KPC-R 
5’-
TTACTGCCCGTTGACGCCCAATCC-
3’ 

blaOXA-48 

OXA-48-
F 

5’-TGTTTTTGGTGGCATCGAT-3’ 

OXA-48-
R 

5’-GTAAMRATGCTTGGTTCGC-3’ 

blaVIM 
IMP-F 5’-GAGTGGCTTAATTCTCRATC-3’ 

IMP-R 5’-AACTAYCCAATAYRTAAC-3’ 
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Table S4. Overview of Acinetobacter sp. isolates isolated in this study from biogas plants (BGP1, 2 and 6) and wastewater treatment 

systems [WWTP1 (without hospital wastewater) and WWTP2 and 3 (with hospital wastewater)]. PE: Pre-enrichment method, DP: Direct 

plating method, CA: ChromAgarTMAcinetobacter (ChromAgar, France), CR102: supplement (ChromAgar, France). 

 BGP1 BGP2 BGP6 WWTP1 WWTP2 WWTP3 
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Table S5. Overview of non-Acinetobacter sp. isolates isolated in this study from biogas plants (BGP1, 2 and 6) and rural (WWTP1) amd 

urban (WWTP2, 3) wastewater treatment systems. PE, Pre-enrichment method; DP, direct plating method. For biogas plants (BGP); input 

cattle manure (-I); digestate (-O). For WWTP1, influent sewer (WWTP1-I); effluent (WWTP1-E), dewatered sludge (WWTP1-S), activated 

sludge (WWTP1-AS), river water upstream the discharge of effluent (WWTP1-RWup). For WWTP2 and WWTP 3, untreated wastewater 

of the sewer (inflow; -I); inflow of primary clarifier (-PCi); outflow primary clarifier (-PCo); primary sludge (-PS); secondary sludge (-SS); 

effluent (-E); river water upstream (-RWup) and downstream (-RWdown) the discharge of effluent. The isolates were phylogenetically 

identified at the level of genus (>98.0% 16S rRNA gene similarity to the next related type species) based on partial 16S rRNA gene 

sequence (>740 nt length) using Ezbiocloud (https://www.ezbiocloud.net/identify) database  
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Pseudomonas   2 3  2  2  4 1   1  1       1 2   1 13  1 7 3 1 4  2 6 3  2 7 1 4 1 1 2 8 2 1 89 

Citrobacter                           2              1  1 1     5 

Empedobacter        1   1  2   6            1 1  1    1              14 

Raoultella                            1                     1 

Chryseobacterium                   1 1 1    1     2               1    7 

Elizabethkingia                              1                   1 

Myroides 1  1 1 3 1 2 1 1   1 2 1  1  2  1          4     2   1    3  6     35 

Stenotrophomona
s 

             1                  1  2 1              5 

Aeromonas                                   1 2     1 1 1      6 

Comamonas                                    4     1  1    1  7 

Lactobacillus                                           1      1 

Diaphorobacter                                    2           2  4 

Rhizobium                                    2           2  4 

Pandoraea                                                1  1 
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Achromobacter                                    2             2 

Burkholderia          3               1                        4 

Bordetella          1                                       1 

Sphingobacterium          1                                       1 

Brucella                 1                                1 

Cupriavidus                        1                         1 

Total isolates                                     52             10                       74                   54 
19
0 
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Table S6. MLST types of A. baumannii isolates of this study based on Pasteur MLST scheme (https://pubmlst.org/organisms/acinetobacter-

baumannii/). CC: clonal complex, IC: International clonal lineage, SLV: single locus variant, and DLV: double locus variant; n.d. (not 

determined). Novel STs (Pasteur scheme) are given in bold. 

No Isolates ST (Pasteur) cpn60 fusA gltA pyrG recA rplB rpoB CC/IC/SLV/DLV blaOXA-51-like gene 

1 SEH-3-A-V-1-A 25 3 3 2 4 7 2 4 CC25 (IC7) OXA-64 

2 SEH-3-A-V-3 2 2 2 2 2 2 2 2 CC2 (IC2) OXA-66 

3 SEH-5-A-D-1 2 2 2 2 2 2 2 2 CC2 (IC2) OXA-66 

4 SEH-5-A-D-3 1460 1 3 17 5 168 1 14 SLV of ST57 (CC57) OXA-106 

5 SEH-5-A-V-1 2 2 2 2 2 2 2 2 CC2 (IC2) OXA-66 

6 SEH-6-A-D-3 1461 3 3 16 1 3 2 4 DLV of ST300 OXA-106 

7 SEH-11-A-D-8-A 1462 27 4 2 3 6 1 16 SLV of ST837 (CC837) OXA-64 

8 SEH-12-A-D-3 1463 8 1 5 3 7 1 3 DLV of ST152 OXA-64 

9 SEH-13-A-D-4 427 13 3 2 3 6 1 16 n.d. OXA-64 

10 SEH-13-A-D-9 1464 3 4 2 2 7 2 2 Singleton OXA-78 

11 SEH-14-A-D-11 193 3 1 7 1 7 2 4 n.d. OXA-120 

12 SEH-17-A-V-5-A 203 3 4 2 2 7 1 2 n.d. OXA-78 

13 SEH-19-A-V-21 79 26 2 2 2 29 4 5 CC79 (IC5) OXA-65 

14 SEH-19-A-V-36-A 25 3 3 2 4 7 2 4 CC25 (IC7) OXA-64 

15 SEH-23-A-V-18-A 2 2 2 2 2 2 2 2 CC2 (IC2) OXA-66 

16 WWTP-AS-0520-AS-V-1 1582 3 2 7 2 247 1 3 SLV of ST126 (CC126) OXA-64 

17 WWTP-AS-0520-AS-V-3 1583 3 3 16 1 30 1 4 SLV of ST1561 OXA-106 

18 WWTP-AS-0520-AS-V-5 1584 3 2 2 2 102 4 5 SLV of ST163 (CC163) OXA-66 

19 WWTP-AS-0520-AS-V-6 1595 3 3 2 4 247 2 4 SLV of ST25 (CC25) OXA-64 

20 WWTP-AS-0520-AS-V-9 1049 3 63 3 1 154 82 1 n.d. OXA-375 

21 WWTP-AS-0520-AS-V-11 1585 3 3 12 2 5 4 4 DLV of ST462 OXA-862 

22 WWTP-AS-0520-A-V-2 1586 1 3 142 2 248 4 4 SLV of ST1069 OXA-688 

23 WWTP-AS-0520-A-V-5 1587 5 12 11 2 228 9 14 SLV of ST46 (CC149) OXA-104 

24 WWTP-AS-0520-A-V-7 1595 3 3 2 4 247 2 4 SLV of ST25 (CC25) OXA-64 

25 WWTP-AS-0520-A-V-9 1049 3 63 3 1 154 82 1 n.d. OXA-375 

26 WWTP-AS-0520-A-V-12 1588 1 20 142 2 248 132 4 DLV of ST1586 OXA-688 

27 WWTP-E-0520-AS-V-3 1583 3 3 16 1 30 1 4 SLV of ST1561 OXA-106 

28 WWTP-E-0520-A-V-3 1589 3 5 5 1 247 1 4 SLV of ST132 (CC132) OXA-120 

29 WWTP-E-0520-A-V-6 1590 3 2 148 5 137 8 14 SLV of ST1066 OXA-391 

30 WWTP-E-0520-A-V-7 182 6 3 8 2 30 5 4 n.d. OXA-51 

31 WWTP-I-0520-AS-V-2 367 1 2 14 3 12 1 2 n.d. OXA-65 

32 WWTP-I-0520-AS-V-5 1591 3 3 16 1 13 1 5 SLV of ST1303 (CC1303) OXA-431 

33 WWTP-I-0520-AS-V-7 1583 3 3 16 1 30 1 4 SLV of ST1561 OXA-106 
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34 WWTP-I-0520-A-V-2 1591 3 3 16 1 13 1 5 SLV of ST1303 (CC1303) OXA-431 

35 WWTP-S-1119-A-D-2a 1592 8 4 5 3 30 1 2 Singleton OXA-64 

36 WWTP-S-1119-A-D-3 1593 1 4 2 1 249 2 2 SLV of ST139 (CC139) OXA-117 

37 WWTP-W4-0520-AS-V-1 1049 3 63 3 1 154 82 1  OXA-375 

38 WWTP-S-1119-A-D-4 1594 39 2 2 2 137 27 4 SLV of ST150 OXA-121 

39 WWTP-S-1119-A-D-6 1595 3 3 2 4 247 2 4 SLV of ST25 (CC25) OXA-64 

40 WWTP-I-0520-A-V-13a 1596 1 49 7 3 12 133 5 SLV of ST1443 OXA-69 

41 WWTP-E-0520-A-V-2a 221 3 1 2 1 18 1 48 n.d. OXA-65 

42 BGP 1-0420-O-A-V-2 1027 27 3 6 2 29 4 4 n.d. OXA-104 

43 BGP 2-0420-I-A-V-2 1600 12 1 2 2 29 1 5 SLV of ST309 (CC309) OXA-51 

44 BGP 2-0420-I-A-V-7 1599 157 3 2 2 5 4 14 SLV of ST462 (CC462) OXA-51 

45 BGP 2-0420-O-A-V-5 1600 12 1 2 2 29 1 5 SLV of ST309 (CC309) OXA-51 

46 BGP6-1019-O-A-D-1 1601 27 1 2 5 29 1 2 Singleton OXA-91 

47 BGP6-1019-O-A-D-2 917 3 2 2 30 30 74 3 n.d. OXA-385 

48 BGP6-1019-I-A-D-1 917 3 2 2 30 30 74 3 n.d. OXA-385 

49 BGP6-1019-I-A-D-2 1601 27 1 2 5 29 1 2 Singleton OXA-91 
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Table S7. Antimicrobial susceptibility patterns of Acinetobacter isolates from this study tested with the Micronaut-S MDR MRGN-Screening 

3 system (Merlin, Bornheim-Hersel) according to the CLSI guideline M100-ED30 (Clinical and Laboratory Standards Institute 2020). S, 

susceptible (green); I, intermediate (yellow); R, resistant (red) was perfromed accordin to EUCAST (Bacteria Version 11, 1 Jan. 2021) and 

CLSI clinical breakpoints. MIC values (mg/L concentration of antibiotics) are given for antibiotics lacking clinical breakpoints and adequate 

range of concentration in the Micronaut-S MDR MRGN-Screening 3 system. A. baumannii isolates are indicated by bold font. Non-

baumannii Acinteobacter sp. isolates are given by normal font. 

 No. Acinetobacter isolates LEV TGC CIP COL FOS CMP T/S TMO CTX AMK CAZ CZB CTA IMP CAA MER MEE MEB PIT PIP 

1 WWTP-AS-0520-AS-V-1 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 2/4 S 0,5 1 S S 

2 WWTP-AS-0520-AS-V-3 S <0.25 S S >64 >16 S 128 >2 S S 1 <1/4 S 2/4 S <0,25 1 S S 

3 WWTP-AS-0520-AS-V-5 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

4 WWTP-AS-0520-AS-V-6 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 2/4 S <0,25 2 S S 

5 WWTP-AS-0520-AS-V-9 S <0.25 S S >64 >16 S >128 >2 S S 16 <1/4 S 4/4 S 1 16 S S 

6 WWTP-AS-0520-AS-V-11 S <0.25 S S >64 >16 S >128 >2 S S 4 2/4 S 8/4 S 0,5 2 S S 

7 WWTP-AS-0520-A-V-2 S <0.25 S S >64 >16 S >128 >2 S S 2 <1/4 S 8/4 S 0,5 2 S S 

8 WWTP-AS-0520-A-V-5 S <0.25 S S >64 >16 S >128 >2 S S 2 <1/4 S 4/4 S <0,25 2 S S 

9 WWTP-AS-0520-A-V-7 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 2 S S 

10 WWTP-AS-0520-A-V-9 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 2/4 S <0,25 1 S S 

11 WWTP-AS-0520-A-V-12 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

12 WWTP-E-0520-AS-V-3 S <0.25 S S >64 >16 S 128 >2 S S 1 <1/4 S 2/4 S <0,25 0,5 S S 

13 WWTP-E-0520-A-V-3 S <0.25 S S >64 >16 S 128 2 S S 2 <1/4 S 2/4 S <0,25 1 S S 

14 WWTP-E-0520-A-V-6 S <0.25 S 4[R] >64 >16 S 128 >2 S S 4 <1/4 S 4/4 S 0,5 2 S S 

15 WWTP-E-0520-A-V-7 S <0.25 S S >64 >16 S >128 >2 S S 2 <1/4 S 4/4 S 1 8 S S 

16 WWTP-I-0520-AS-V-2 S <0.25 S S 64 <8 S 128 >2 S S 1 <1/4 S 2/4 S <0,25 0,5 S S 

17 WWTP-I-0520-AS-V-5 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 2/4 S 0,5 2 S S 

18 WWTP-I-0520-AS-V-7 S <0.25 S S >64 >16 S <32 2 S S 1 <1/4 S 2/4 S <0,25 1 S S 

19 WWTP-I-0520-A-V-2 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

20 WWTP-S-1119-A-D-2a S <0.25 S S >64 >16 S >128 >2 S S 4 2/4 S 2/4 S <0,25 2 S S 

21 WWTP-S-1119-A-D-3 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 2 S S 

22 WWTP-W4-0520-AS-V-1 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

23 WWTP-S-1119-A-D-4 S <0.25 S S >64 >16 S >128 >2 S 16[I] 4 <1/4 S 8/4 S 0,5 2 S 32/4[I] 

24 WWTP-S-1119-A-D-6 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 2/4 S 0,25 2 S S 

25 WWTP-I-0520-A-V-13a S <0.25 S S >64 >16 S >128 >2 S S 4 <1/4 S 8/4 S 1 2 S S 

26 WWTP-E-0520-A-V-2a S 0.5 S S >64 >16 S >128 >2 S S 2 <1/4 S 8/4 S 1 2 S S 

27 BGP 1-0420-O-A-V-2 S <0.25 S S >64 >16 S >128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

28 BGP 2-0420-I-A-V-2 S <0.25 S S >64 >16 S >128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

29 BGP 2-0420-I-A-V-7 S <0.25 S S >64 >16 S 128 >2 S S 1 <1/4 S 4/4 S 0,5 1 S S 

30 BGP 2-0420-O-A-V-5 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 2 S S 

31 BGP6-1019-O-A-D-1 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 8[R] 4/4 S 0,5 2 S S 

32 BGP6-1019-O-A-D-2 S 0.5 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

33 BGP6-1019-I-A-D-1 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S 0,5 2 S S 

34 BGP6-1019-I-A-D-2 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

35 BGP 2-0420-I-A-D-1 S <0.25 S S >64 >16 S 128 >2 S S 2 <1/4 S 8/4 S 0,5 4 S S 

36 SEH-3-A-V-1-A 2[R] <0,25 >2[R] S >64 >16 >4/76[R] >128 >2 >32[R] >128[R] >32 >8/4 >8[R] 2/4 16[R] 2 >32 64/4[I] 32/4[I] 

37 SEH-3-A-V-3 >2[R] <0,25 >2[R] 4[R] >64 >16 >4/76[R] >128 >2 S 128[R] 16 8/4 >8[R] 8/4 32[R] 1 32 64/4[I] 32/4[I] 

38 SEH-5-A-D-1 >2[R] <0,25 >2[R] 4[R] >64 >16 >4/76[R] >128 >2 S 64[R] 16 >8/4 >8[R] 4/4 32[R] 2 >32 64/4[I] 32/4[I] 

39 SEH-5-A-D-3 S <0,25 S S >64 >16 S 128 >2 S S 16 <1/4 S <1/4 S <0,25 1 S S 
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40 SEH-5-A-V-1 >2[R] <0,25 >2[R] S >64 >16 >4/76[R] >128 >2 S 64[R] 16 8/4 >8[R] 4/4 32[R] 2 >32 64/4[I] 32/4[I] 

41 SEH-6-A-D-3 S <0,25 S S >64 >16 S 128 2 S S 1 <1/4 S <1/4 S <0,25 1 S S 

42 SEH-11-A-D-3 S <0,25 S S >64 >16 S <32 <1 S S 0,5 <1/4 S <1/4 S <0,25 <0,25 S S 

43 SEH-11-A-D-8-A S <0,25 2[R] >8[R] >64 <8 >4/76[R] 128 >2 >32[R] 64[R] 16 >8/4 >8[R] >16/4 32[R] <0,25 >32 64/4[I] 32/4[I] 

44 SEH-12-A-D-3 >2[R] >4 >2[R] >8[R] >64 >16 >4/76[R] >128 >2 >32[R] 32[R] 32 >8/4 S >16/4 32[R] 4 32 64/4[I] 32/4[I] 

45 SEH-13-A-D-4 S <0,25 S S >64 >16 S <32 2 S S 0,5 <1/4 S <1/4 S <0,25 0,5 S S 

46 SEH-13-A-D-9 S <0,25 S S >64 >16 S <32 <1 S S 0,5 <1/4 S <1/4 S <0,25 0,5 S S 

47 SEH-14-A-D-11 S <0,25 S S 64 >16 S <32 <1 S S 0,5 <1/4 S <1/4 S <0,25 0,5 S S 

48 SEH-17-A-V-4 S <0,25 S S >64 >16 S >128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

49 SEH-17-A-V-5-A S <0,25 S S >64 >16 S >128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

50 SEH-19-A-V-21 S <0,25 S S >64 >16 S 128 >2 S S 4 <1/4 S 2/4 S <0,25 1 S S 

51 SEH-19-A-V-36-A 2[R] <0,25 >2[R] S >64 >16 >4/76[R] 128 >2 >32[R] S 2 <1/4 >8[R] <1/4 32[R] 2 32 64/4[I] 32/4[I] 

52 SEH-23-A-V-18-A >2[R] <0,25 >2[R] S >64 >16 >4/76[R] >128 >2 S S 32 >8/4 >8[R] 4/4 32[R] 2 32 64/4[I] 32/4[I] 

53 SEH-1-A-D-2 S <0,25 S S >64 >16 S >128 >2 S S 4 4/4 S 4/4 S <0,25 0,5 S S 

54 SEH-2-A-D-2 S 1 S S >64 >16 S <32 >2 S S 8 <1/4 S 2/4 S <0,25 0,5 S S 

55 SEH-3-A-V-2-A S <0,25 S S >64 >16 S >128 >2 S S 8 2/4 >8[R] 4/4 32[R] <0,25 32 S S 

56 SEH-3-A-D-5 S 1 S S >64 >16 S >128 >2 S S 4 <1/4 S 4/4 S <0,25 2 S S 

57 SEH-4-A-D-1 S 0,5 S S >64 >16 S >128 >2 S S 2 <1/4 S 2/4 S <0,25 0,5 S S 

58 SEH-4-A-D-6 S 0,5 S S >64 >16 S >128 >2 S S 2 <1/4 S 4/4 S <0,25 1 S S 

59 SEH-4-A-V-1 S <0,25 S S >64 >16 S >128 >2 S 16[I] 8 2/4 8[R] 8/4 S <0,25 16 64/4[I] 32/4[I] 

60 SEH-5-A-D-5 S 1 S S >64 >16 S >128 >2 S S 4 <1/4 S 4/4 S <0,25 4 S S 

61 SEH-5-A-D-6 S <0,25 S S >64 >16 S >128 >2 S S 2 <1/4 S 2/4 S <0,25 0,5 S S 

62 SEH-6-A-D-5 S 1 S S >64 >16 S 128 >2 S S 8 4/4 S 1/4 S <0,25 0,5 S S 

63 SEH-11-A-D-9 S 1 S S >64 <8 S >128 >2 S S 4 <1/4 S 4/4 S <0,25 4 S S 

64 SEH-11-A-D-2 S 0,5 S S >64 >16 S 128 >2 S S 2 <1/4 S <1/4 S <0,25 1 S S 

65 SEH-11-A-D-4 S 1 S S >64 >16 S >128 >2 S S 4 <1/4 S 4/4 S <0,25 1 S S 

66 SEH-12-A-D-1 2[R] 1 >2[R] S >64 >16 >4/76[R] >128 >2 S S 4 <1/4 S 4/4 S <0,25 8 S S 

67 SEH-12-A-D-5 2[R] 4 >2[R] >8[R] >64 >16 S 128 >2 >32[R] 128[R] 16 >8/4 >8[R] 16/4 32[R] <0,25 >32 32/4[I] 32/4[I] 

68 SEH-12-A-D-2 S 0,5 S S >64 16 >4/76[R] 128 >2 S S 4 <1/4 S 2/4 S <0,25 1 S S 

69 SEH-14-A-D-3 S 2 >2[R] S >64 >16 S 128 >2 S S 2 >2/4 S 4/4 S <0,25 1 S S 

70 SEH-17-A-V-8-A S <0,25 S S >64 >16 S >128 >2 S S 4 <1/4 S 8/4 S <0,25 4 S S 

71 SEH-19-A-V-29-A S <0,25 S S >64 >16 S >128 >2 S S 8 <1/4 S 4/4 S <0,25 2 S S 

72 SEH-19-A-V-10 S <0,25 S S >64 >16 S >128 >2 S 16[I] 16 4/4 8[R] 8/4 S <0,25 32 S S 

73 SEH-19-A-V-5 S <0,25 S S >64 >16 S >128 >2 S 16[I] 8 2/4 S 4/4 16[R] <0,25 32 32/4[I] 32/4[I] 

74 SEH-20-A-V-12-A S <0,25 S S >64 >16 S >128 >2 S S 8 <1/4 S 8/4 S <0,25 8 S S 

75 SEH-20-A-V-7-A S <0,25 S S >64 >16 S >128 >2 S S 8 2/4 >8[R] 4/4 64[R] <0,25 >32 32/4[I] 32/4[I] 

76 SEH-20-A-V-6-A S <0,25 S S >64 >16 S >128 >2 S 16[I] 8 2/4 >8[R] 4/4 32[R] <0,25 >32 S S 

77 SEH-20-A-V-1-B S <0,25 S S >64 >16 S >128 >2 S S 8 2/4 S 16/4 S <0,25 4 S S 

78 SEH-23-A-V-1-A S <0,25 S S >64 >16 S >128 >2 S S 4 2/4 S 4/4 S <0,25 8 S S 

79 SEH-23-A-V-1-B S <0,25 S S >64 >16 S >128 >2 S S 16 <1/4 S 4/4 S <0,25 8 S S 
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Supplementary figures 

 

Figure S1. Genotyping of ACB complex isolates based on genomic fingerprinting 

patterns obtained by BOX-PCR. Cluster analysis was performed in Bionumeric version 
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8 using UPGMA clustering based on a pairwise distance matrix generated with the 

Pearson correlation coefficient. BGPs: Biogas plants; WWTPs: Wastewater treatment 

plants. Phylotypes were defined based on 16S rRNA and rpoB gene sequence 

analyses. 
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Figure S2. Cluster analyses of non-ACB complex Acinetobacter sp. isolates based on 

genomic fingerprint patterns obtained by BOX PCR. Cluster analysis was performed 

in Bionumeric version 8 using UPGMA clustering based on a pairwise distance matrix 

generated with the Pearson correlation coefficient. 
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Figure S3. Serriation analysis based on the absence-presence (0/1) matrix illustrating 

the presence of non-Acinetobacter sp. isolates (non target bacteria) in different 

sampling points of biogas plants (BGP1, 2, 4, 5 and 6) and wastewater treatment 

systems (WWTP1: without hospital wastewater, WWTP2 and 3: receiving hospital 

wastewater). Biogas plants, I: input (raw manure), O: Output (digested manure). 

WWTP1, AS: activated sludge; S: dewatered sludge; I: influent (untreated 

wastewater); E: effluent (treated wastewater), and RWup: river water upstream. For 

WWTP2 and 3, I: influent (sewer, untreated wastewater); PCi: inflow of the primary 

clarifier; PCo: outflow of the primary clarifier; PS: primary sludge; SS: secondary 

sludge; RWup: river water upstream; RWdown: river water downstream, and E: 

effluent (treated wastewater). CA: CHROMagarTMAcinetobacter agar plates. Isolates 

were assigned to the level of genera by phylogenetic identification based on partial 

16S rRNA gene sequences. 

 

 

  



153 

 

Figure S4. Combined population structure analysis based on STs of this study defined 

by the Pasteur MLST database of A. baumannii. Analysis was performed by the 

goeBURST algorithm in phyloviz version 2.0. Novel STs and previously defined STs 

found in this study were represented by red and black arrows. Founder STs were 

colored in light green and remaining STs in light blue. Numbers along the line indicated 

the variation among the seven loci between two connected strains. Grey circle 
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indicated major clonal complexes (CC). SLVs: Single locus variants. DLVs: Double 

locus variants. 
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Figure S5. Dendrogram based on UPGMA hierarchical clustering method calculated 

in Bionumerics v.8 (Applied Maths, Belgium). All Acinetobacter sp. isolates were 

typically clustered based on their resistance categorical values [absent value=0, 

susceptible (S)= 1, intermediate (I)= 2, and resistant (R)= 3] using a categorical 

coefficient, which treats different values as different states. Antibiotic susceptibility 

profile of each isolate was converted into resistance categorical value in bionumerics 

v.8. The colors in the comparison window correspond to the color of each antibiotic 

category (S, I, R). Novel STs (Pasteur MLST) were highlighted in bold. PE: Pre-

enrichment. DP: Direct plating. CA: ChromAgarTMAcinetobacter media. CR102: 

ChromAgar MDR supplement. WWTPs: Wastewater treatment plants. BGPs: Biogas 

plants. PCi: Input primary clarifier. PCo: Output primary clarifier. PS: Primary sludge. 
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SS: Secondary sludge. APD-F: Anaerobic post digestor filtrate. Not determined: n.d. 

Parital 16S rRNA gene based similarity in parentheses are related to isolates identified 

based on identical fingerprinting patterns (BOX-PCR). 
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Figure S6. Copper tolerance of A. baumannii strains tested by pipetting 5 µL of serial 

dilution (100 – 10-3 dilution, turbidity adjusted to standard 0.5 McFarland) of overnight 

10-010-110-210-310-010-110-210-310-010-110-210-3
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cultured isolates on Mueller Hinton agar plates supplemented with 4, 8, 12, 16, 20, 24, 

32 and 36 mM CuSO4 5H2O adjusted to pH 7.2 (MERCK, Germany). The plates were 

incubated at under oxic conditions at 37°C and checked for growth after 24h of 

incubation. The lowest copper concentration that suppressed growth was considered 

as tMIC value. The growth was completely suppressed in concentration of 8 mM and 

above (data not shown).  
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Supplemtary tables 

Table S1. Characteristics of the studied German BGPs. All plants are continuous stirred tank reactors (CSTRs). Composition of input 

material and digestion system of the studied biogas plants (BGPs) adpated from Schauss et al. 2016. 

 
BGP-

1 
BGP-

2 
BGP-

3 
BGP-

4 
BGP-

5 
BGP-

6 
BGP-

7 
BGP-

8 
BGP-

9 
BGP-

10 
BGP-

11 
BGP-

12 
BGP-

13 
BGP-

14 
BGP-

15 

Plant type                

Wet Fermenter x x x x x x x x x x x x x x x 

Temperature                

mesophile x x x x x x x x x x x  x x x 
thermophile            x    

Process stages                

One-stage     x x  x x       
Two-stage x x x x   x   x x  x x x 
Multi-stages            2 lines    

Volume (m3)                

Reception tank 250 150 110 200 120 100 200 26  400 300 
2 x 
500 

150 150 100 

Fermenter 1800 1500 1500 1700 1700 2000 1200 1400 600 2000 
2x 

1400 
2 x 

4000 
1100 1200 500 

Post-Fermenter 3300 2500 2700 2200   1200 0  2000 1000 
2 x 

4000 
2700 2200 500 

Storage tank - 5000 1000 1000 3200 4000 3000 2488 2450 6400 
2x 

3150 
2 x 

5000 
  1500 

Agitation 
technology 

               

Mechanical, slow, 
central 

 x x        x   x  

Mechanical, fast, 
decentralized 

    x x  x x x  x x  x 
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Mechanical, 
paddle-agitator, 
longitudinal 

2  2 2   2   x   x   

hydraulic             x x  

Retention time 
[days] 

               

Reception tank 120 7  7   5 24 42 30  0.5    

Fermenter 80  50 50 80 60-70 35 110  50 50 36 75 
90- 
100 

~30 

Post-Fermenter 180 110 90 50   35   50 17 36 160 70 30 
Storage tank    120 90 180  180 240  108 46   70 

Total 380 110 140 227 170 240 75 270  100 175 118  170 130 
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Table S2. Realtime PCR based absolute quantification of Acinetobacter and Bacteria 

16S rRNA gene copies in input and output samples of the studied German biogas 

plants. Given values represent mean values and standard deviations of three 

biological replicates (independent total community DNA extracts). 
  

16S rRNA gene copies (g×FW)-1 

Mean(±SD) 
Normalisation 

Biogas 
plant  

Sampling 
time 

Acinetobacter Bacteria Acinetobacteria/ Bacteria 
16S rRNA gene copies 

BGP-1 (I) 03.07.2012 1.9(±0.9)×108 3.2(±0.9)×1010 6.43×10-3 

BGP-2 (I) 02.07.2012 2.1(±0.1)×108 3.4(±0.8)×1010 6.03×10-3 

BGP-3 (I) 06.03.2012 1.7(±0.0)×106 7.2(±9.9)×1010 7.05×10-5 

BGP-4 (I) 05.03.2012 2.0(±0.8)×108 5.0(±1.1)×1010 4.23×10-3 

BGP-5 (I) 04.07.2012 1.8(±1.0)×108 3.3±0.6)×1010 5.09×10-3 

BGP-6 (I) 04.09.2012 1.0(±0.5)×108 2.8(±0.9)×1010 3.88×10-3 

BGP-7 (I) 07.03.2012 3.1(±3.0)×107 4.3(±1.1)×1010 6.60×10-4 

BGP-8 (I) 07.05.2012 1.0(±0.3)×108 2.5(±0.4)×1010 4.29×10-3 

BGP-9 (I) 08.05.2012 1.2(±0.6)×108 3.1(±1.0)×1010 4.02×10-3 

BGP-10 (I) 09.05.2012 1.3(±0.6)×108 7.4(±2.7)×1010 2.24×10-3 

BGP-11 (I) 09.05.2012 7.8(±7.4)×107 2.3(±0.9)×1010 3.00×10-3 

BGP-12 (I) 05.09.2012 8.9(±7.1)×106 2.6(±1.5)×1010 4.19×10-4 

BGP-13 (I) 08.10.2012 4.9(±4.1)×107 1.6(±1.3)×1010 2.48×10-3 

BGP-14 (I) 09.10.2012 9.4(±6.8)×107 2.3(±1.2)×1010 4.04×10-3 

BGP-15 (I) 10.10.2012 9.7(±8.5)×107 2.8(±0.7)×1010 3.86×10-3 

BGP-1 (O) 03.07.2012 9.5(±2.7)×105 2.6(±1.6)×1010 3.09×10-5 

BGP-2 (O) 02.07.2012 1.3(±0.5)×106 5.4(±3.6)×1010 3.39×10-5 

BGP-3 (O) 06.03.2012 2.4(±0.7)×105 1.7(±0.5)×1010 1.42×10-5 

BGP-4 (O) 05.03.2012 6.3(±3.2)×105 2.6(±0.7)×1010 2.72×10-5 

BGP-5 (O) 04.07.2012 6.0(±3.0)×105 2.0(±0.4)×1010 2.99×10-5 

BGP-6 (O) 04.09.2012 1.7(±0.9)×106 2.6(±0.4)×1010 7.15×10-5 

BGP-7 (O) 07.03.2012 1.6(±1.5)×105 1.1(±0.1)×1010 1.42×10-5 

BGP-8 (O) 07.05.2012 1.6(±0.4)×106 3.2(±1.1)×1010 5.49×10-5 

BGP-9 (O) 08.05.2012 2.9(±1.3)×106 2.3(±1.0)×1010 1.41×10-4 

BGP-10 (O) 09.05.2012 1.1(±0.5)×106 7.7(±2.3)×1010 1.40×10-5 

BGP-11 (O) 09.05.2012 1.1(±0.5)×106 3.0(±0.6)×1010 3.53×10-5 

BGP-12 (O) 05.09.2012 1.0(±1.0)×106 3.2(±0.9)×1010 3.50×10-5 

BGP-13 (O) 08.10.2012 1.2(±0.7)×106 3.5(±0.5)×1010 3.25×10-5 

BGP-14 (O) 09.10.2012 8.6(±7.7)×105 1.3(±0.5)×1010 5.95×10-5 

BGP-15 (O) 10.10.2012 1.4(±0.1)×106 2.9(±0.6)×1010 4.81×10-5 

BGP, Biogas plant; I, Input; O, Output; FW, fresh weight in grams 
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Table S3. Minimum inhibitory concentrations (MICs) of 12 different antibiotics for 

Acinetobacter spp. isolates following test carried in Micronaut-S plates (Merlin, 

Bornheim-Hersel) using the CLSI guidelines M100-S23 (CLSI 2013) after 24h of 

incubation. For each antibiotic a concentration range of eight concentrations was 

tested [values in mg L-1]; for: amoxicillin (0.5-64), cefquinome (0.25-32) (+/- clavulanic 

acid), ceftiofur (0.25-32) (+/- clavulanic acid), enrofloxacin (0.0625-8), florfenicol (0.5-

64), oxacillin (0.25-32), sulfamethoxazole (4-256), tetracycline (0.25-32), 

trimethoprim/sulfamethoxazole (0.0625/1.125-8/125) and tylosin (0.125-16). 

 Isolates 

Phylogenet
ic 

assignment 
(16S rRNA 

gene 
similarity) 

AM
X 

OX
A 

CE
T 

CU
C 

CE
Q 

CQ
C 

EN
R 

T
E
T 

TL
S 

FL
L 

T/
S 

SM
O 

1 
KPC-SM-
21 

97%, 
A.baumannii 
ATCC 
19606T 

S 
>3
2 

8 8/4 8 4/4 0.5 S 
>1
6 

16 S <4 

2 
551B1-
12EESBL 

100%, 
A.calcoaceti
cus DSM 
30006T 

S 
>3
2 

16 8/4 2 2/4 
0.12

5 
S 

>1
6 

64 S <4 

3 
552B1-
12EESBL 

99.9%, 
A.baumannii 
ATCC 
19606T 

S 
>3
2 

16 
16/
4 

2 2/4 
<0.0
625 

S 
>1
6 

>6
4 

S <4 

4 
553B1-
12EESBL 

99.9%, 
A.calcoaceti
cus DSM 
30006T 

S 
>3
2 

16 
16/
4 

4 4/4 
0.12

5 
S 

>1
6 

64 S <4 

5 
571B5-
12EESBL 

99.8%, 
A.baumannii 
ATCC 
19606T 

S 
>3
2 

32 
32/
4 

4 8/4 
0.12

5 
S 

>1
6 

>6
4 

S <4 

6 
574B5-
12EESBL 

98.2%, 
A.guillouiae 
CIP 63.46T 

S 
>3
2 

4 1/4 1 
<0.
25/
4 

<0.0
625 

S 
>1
6 

2 S <4 

7 
734B5-
12EEMB 

99.6%, 
A.beijerincki
i CIP 
110307T 

S 16 2 
<0.
25/
4 

<0.
25 

<0.
25/
4 

<0.0
625 

S 
>1
6 

1 S 
>2
56 

8 
794B1-
12ER2A 

99.5%, 
A.indicus 
CIP 
110367T 

S 4 1 
<0.
25/
4 

<0.
25 

<0.
25/
4 

<0.0
625 

S 
>1
6 

2 S 8 

9 
901B6-
12EESBL 

99.7%, 
A.baumannii 

S 
>3
2 

16 
16/
4 

4 4/4 
0.12

5 
S 

>1
6 

>6
4 

S 
>2
56 
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ATCC 
19606T 

1
0 

902B6-
12EESBL 

99.5%, 
A.bereziniae 
LMG 1003T 

S 
>3
2 

2 2/4 0.5 1/4 
0.12

5 
S 

>1
6 

8 S <4 

1
1 

945B12-
12AESBL 

99.7%, 
A.baumannii 
ATCC 
19606T 

S 
>3
2 

16 
16/
4 

4 4/4 
0.12

5 
S 

>1
6 

>6
4 

S 32 

1
2 

815B5-
12E-R2A 

99.3%, 
A.towneri 
DSM 
14962T 

S 32 2 
0.5
/4 

<0.
25 

<0.
25/
4 

<0.0
625 

S 
>1
6 

1 S <4 

ß-Lactam antibiotics: AMX= amoxicillin, OXA= oxacillin, CET= ceftiofur, CUC= ceftifour+clavulanic acid, 
CEQ= cefquinom, CQC= cefquinom+clavulanic acid; fluoroquinolones: ENR= enrofloxacin; polyketide 
broad spectrum: TET= tetracyclines; macrolides: TLS= tylosin; thiamphenicol analogue: FLL= 
florfenicol; DHFR inhibitor: T/S= trimethoprim/SMO; Sulfonamide: SMO= sulfamethoxazole. Strains of 
A. baumannii are highlighted in bold. S, susceptible phenotype to specific antibiotic according to 
EUCAST and CLSI clinical breakpoints. MIC values are given for antibiotics lacking clinical breakpoints 
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Table S4. Minimum inhibitory concentrations (MICs) of all six strains of A. baumannii was tested in Micronaut-S MDR MRGN-

Screening 3 system (Merlin, Bornheim-Hersel) using using the CLSI guidelines M100-S23 (Clinical and Laboratory Stabdards Institute 

2013). S, susceptible phenotype to specific antibiotic according to EUCAST and CLSI clinical breakpoints. MIC values (mg L-1 

concentration of antibiotics) are given for antibiotics lacking clinical breakpoints. 

 Isolates/Strains LEV TGC CIP COL FOS CMP T/S TMO CTX AMK CAZ CZB CTA IMP CAA MER MEE MEB PIT PIP 

1 KPC-SM-17a S <0.25 S S >64 >16 S 128 S S S S <1/4 S <1/4 S <0,25 0,5 S S 

2 KPC-SM-125 S <0.25 S S >64 >16 S 128 S S S S <1/4 S 2/4 S <0,25 4 S S 
3 552B1-12EESBL S <0.25 S S >64 >16 S 128 S S S S <1/4 S <1/4 S <0,25 1 S S 
4 571B5-12EESBL S <0.25 S S >64 >16 S 128 S S S S <1/4 S 2/4 S <0,25 1 S S 
5 901B6-12EESBL S <0.25 S S >64 >16 S 128 S S S S <1/4 S <1/4 S <0,25 1 S S 
6 945B12-12AESBL S <0.25 S S >64 >16 S 128 S S S S <1/4 S <1/4 S <0,25 1 S S 

Antibiotics: TMO=temocillin, PIP=piperacillin, PIT=piperacillin/tazobactam, CTX=cefotaxime, CAZ=ceftazidime, CAA=ceftazidime/avibactam, 
CZB=ceftazidime/3-APB, CTA=ceftolozan/tazobactam, IMP=imipenem, MER=meropenem, MEE=meropenem/EDTA, MEB=meropenem/3-APB, 
AMK=amikacin, TGC=tigecycline, CMP=chloramphenicol, FOS=fosfomycin, T/S=trimethoprim/sulfamethoxazol, CIP=ciprofloxacin, LEV=levofloxacin and 
COL=colistin. APB: aminophenylboronic acid. 
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Table S5. Overview of chromosomally encoded multidrug efflux system and beta-lactamase genes of A. baumannii strains. 

Comparative genomic analysis was performed in EDGAR 2.3 (Blom et al. 2016) using the genomes of A. baumannii ATCC 19606T 

(as reference) and six A. baumannii strains from this study RND: resistance-nodulation-cell division familiy; MATE: multidrug and 

toxic compound extrusion family. 

 A. baumannii strain 

Gene Protein Family function 
Reference for 

evidence 

ATCC 
19606

T 

552B12-
12EESBL 

KPC-
SM-17a 

KPC-
SM-125 

945B12-
12AESBL 

901B6-
12EESBL 

571B5-
12EESBL 

     Locus tag number 

adeRS 
Two-component 
system AdeRS 

RND 
efflux 

regulation of 
expression of 

AdeABC efflux pump, 
virulence and biofilm 

Marchand et al. 
2004; Yoon, 

Courvalin and 
Grillot-Courvalin. 
2013; Richmond 

et al. 2016 

HMPR
EF001
0_005

91-
00592 

AB552B1
_02502-
02503 

 

ABKPC
SM17A_
03207-
03208  

ABKPC
SM125_
02328-
02329 

  

AB945B1
2_00355-

00354  

AB901B6
_02079-
02080  

AB571B5
_02451-
02450  

adeA 

AdeA, 
component of 
tripartite efflux 
pump AdeABC 

resistance to 
aminoglycosides, 

tetracyclines, 
fluoroquinolones, 

chloramphenicol, and 
trimethoprim; 

reduced susceptibility 
to tigecycline 

Yoon et al. 2013; 
Magnet, Courvalin 

and Lambert 
2001; Peleg, 
Adams and 

Paterson. 2007; 
Ruzin, Keeney 
and Bradford. 
2007; Ruzin, 

Immermann and 
Bradford 2010 

HMPR
EF001
0_005

93 

AB552B1
_02504  

ABKPC
SM17A_
03209  

ABKPC
SM125_
02330  

AB945B1
2_00356  

AB901B6
_02078  

AB571B5
_02452  

adeB 

AdeB, 
component of 
tripartite efflux 
pump AdeABC 

HMPR
EF001
0_005

94 

AB552B1
_02505  

ABKPC
SM17A_
03210  

ABKPC
SM125_
02331 

  

AB945B1
2_00357  

AB901B6
_02077  

AB571B5
_02453  

adeC 

AdeC, 
component of 
tripartite efflux 
pump AdeABC 

Absen
t 

Absent Absent 

ABKPC
SM125_
02332 

 

Absent Absent Absent 

abaF 

AbaF, major 
facilitator 

superfamily 
transporter 

(MFS) 

fosfomycin resistance 
efflux 

Sharma et al. 
2017 

HMPR
EF001
0_010

90 

AB552B1
_01813  

ABKPC
SM17A_
02952  

ABKPC
SM125_
02646  

AB945B1
2_02844  

AB901B6
_00760  

AB571B5
_01365  
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ampC 
Ampc-type 

cephalosporina
se 

class 
C beta 
lactam

ase 

beta lactam 
resistance 

Corvec et al. 2003 

HMPR
EF001
0_023

18 

AB552B1
_02062  

ABKPC
SM17A_
00981  

ABKPC
SM125_
01623  

AB945B1
2_00660  

AB901B6
_03235  

AB571B5
_03198  

craA 
chloramphenico

l resistance 
protein CraA 

Non-
RND 
efflux 

chloramphenicol 
resistance 

Roca et al. 2009 

HMPR
EF001
0_025

62 

AB552B1
_01518  

ABKPC
SM17A_
01321  

ABKPC
SM125_
03508  

AB945B1
2_01917  

AB901B6
_01337  

AB571B5
_00725  

abeM 
AbeM, mutidrug 

efllux 
MATE 
efflux 

norfloxacin, ofloxacin, 
ciprofloxacin, and 

gentamicin 
resistance 

Su et al. 2005; 
Vila, Martí and 

Sánchez-
Céspedes. 2007 

HMPR
EF001
0_018

47 

AB552B1
_01285  

ABKPC
SM17A_
01543  

ABKPC
SM125_
00210  

AB945B1
2_01545  

AB901B6
_01787  

AB571B5
_00201  

adeIJK AdeIJK 
RND 
efflux 

resistance to beta 
lactams (for e.g., 

ticarcillin, 
cephalosporins, and 

aztreonam), 
fluoroquinolones, 

tetracyclines, 
tigecycline and 

chloramphenicol 

Damier-Piolle et 
al. 2008 

HMPR
EF001
0_028

80-
02882 

AB552B1
_03110-
03112  

ABKPC
SM17A_
02658-
02660  

ABKPC
SM125_
00755-
00757 

  

AB945B1
2_02298-

02300  

AB901B6
_02914-
02916  

AB571B5
_01795-
01797 
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Table S6. Overview of chromosomally encoded virulence factors of A. baumannii strains. Comparative genomic analysis was 

performed in EDGAR 2.3 (Blom et al. 2016) using the genomes of A. baumannii ATCC 19606T and six A. baumannii strains from this 

study. Several virulence factors were identified in A. baumannii strains of this study, and major virulence factors required to thrive in 

both host and abiotic environment are listed in the table below. 

 A. baumannii 

Gene/Locus/
Operon 

Protein Predicted function Role in pathogenesis Reference for evidence ATCC 
19606T 

552B12-
12EESBL 

KPC-SM-
17a 

KPC-SM-
125 

945B12-
12AESBL 

901B6-
12EESBL 

571B5-
12EESBL 

Type II secretion system Locus tag 

gspN T2SS protein GspN Unknown function In vivo survival Johnson et al. 2016 
Elhosseiny et al. 2016 
Harding et al. 2016; Harding, 
Hennon and Feldman. 2018 

HMPREF00
10_01960 

AB552B1
_01163 

ABKPCSM1
7A_01147  

ABKPCSM1
25_00332 

AB945B12
_01423 

AB901B6
_01910 

AB571B5
_00080 

gspC T2SS protein GspC Inner-membrane 
platform protein 

HMPREF00
10_01959 

AB552B1
_01164 

ABKPCSM1
7A_01148 

ABKPCSM1
25_00331 

AB945B12
_01424 

AB901B6
_01909 

AB571B5
_00081 

gspD T2SS protein GspD Outer-membrane 
secretion 

HMPREF00
10_01958 

AB552B1
_01165 

ABKPCSM1
7A_01149 

ABKPCSM1
25_00330 

AB945B12
_01425 

AB901B6
_01908 

AB571B5
_00082 

gspL T2SS protein GspL Inner-membrane 
platform protein 

HMPREF00
10_00073 

AB552B1
_02167 

ABKPCSM1
7A_02152 

ABKPCSM1
25_01736 

AB945B12
_00544 

AB901B6
_03350 

AB571B5
_03088 

gspM T2SS protein GspM Inner-membrane 
platform protein 

HMPREF00
10_00074 

AB552B1
_02168 

ABKPCSM1
7A_02151 

ABKPCSM1
25_01737 

AB945B12
_00543 

AB901B6
_03351 

AB571B5
_03087 

gspE T2SS protein GspE Secretion ATPase HMPREF00
10_01637 

AB552B1
_02134 

ABKPCSM1
7A_02185 

ABKPCSM1
25_01703 

AB945B12
_00582 

AB901B6
_03312 

AB571B5
_03121 

gspG T2SS protein GspG Major pseudopilin HMPREF00
10_01869 

AB552B1
_01262  

ABKPCSM1
7A_01520 

ABKPCSM1
25_00233 

AB945B12
_01522 

AB901B6
_01810 

AB571B5
_00178 

gspF T2SS protein GspF Inner-membrane 
platform protein 

HMPREF00
10_01870 

AB552B1
_01261 

ABKPCSM1
7A_01519 

ABKPCSM1
25_00234 

AB945B12
_01521 

AB901B6
_01811 

AB571B5
_00177 

gspKJIH T2SS protein GspKJIH Minor pseudopilins HMPREF00
10_00793-
00796 

AB552B1
_02731 
-02734 

ABKPCSM1
7A_00529-
00532  

ABKPCSM1
25_02540-
02543  

AB945B12
_03518-
03521 

 

AB901B6
_00498-
00501  

AB571B5
_02659-
02662 

 
Csu system extrudes a type I chaperone-–usher pilus as virulence factor  Locus tag 

csuA/BABC
DE locus 

Csu pili extrudes a type I 
chaperone-usher 
pilus 

formation and 
maintenance of 
biofilms, adherence 

Tomaras et al. 2003; 2008 HMPREF00
10_00109-
00114 

AB571B5
_03029-
03034 

ABKPCSM1
7A_03786-
03791 

ABKPCSM1
25_01788-
01793 

AB945B12
_00026-
00031 

*Absent 
in 
Genome* 

AB571B5
_03029-
03034 

Type 6 secrertion system as virulence factor  Locus tag 

tssL T6SS protein TssL membrane 
complex proteins 

Weber et al. 2013 
Carruthers et al. 2013 

HMPREF00
10_01111 

AB552B1
_01835 

ABKPCSM1
7A_02975 

ABKPCSM1
25_02624 

AB945B12
_02866 

AB901B6
_00782 

AB571B5
_01387 
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tssK T6SS protein TssK baseplate 
components 

interspecies 
competition, host 
colonisation  

Wright et al. 2014 
Jones et al. 2015 
Repizo et al. 2015 

HMPREF00
10_01112 

AB552B1
_01836 

ABKPCSM1
7A_02976 

ABKPCSM1
25_02623 

AB945B12
_02867 

AB901B6
_00783 

AB571B5
_01388 

tssA T6SS protein TssA Priming protein HMPREF00
10_01113 

AB552B1
_01837 

ABKPCSM1
7A_02977 

ABKPCSM1
25_02622 

AB945B12
_02868 

AB901B6
_00784 

AB571B5
_01389 

tssH T6SS protein TssH ATPase ClpV HMPREF00
10_01114 

AB552B1
_01838 

ABKPCSM1
7A_02978 

ABKPCSM1
25_02621 

AB945B12
_02869 

AB901B6
_00785 

AB571B5
_01390 

PAAR 
domain 
coding gene 

proline-alanine-alanine 
arginine repeat 
superfamily 

Structural and 
effector function 

HMPREF00
10_01115 

AB552B1
_01840 

ABKPCSM1
7A_02979 

ABKPCSM1
25_02620 

AB945B12
_02870 

AB901B6
_00786 

AB571B5
_01391 

tagF T6SS protein TagF Posttranslational 
repressor of T6SS 

HMPREF00
10_01117 

AB552B1
_01842 

ABKPCSM1
7A_02981  

ABKPCSM1
25_02618 

AB945B12
_02872 

AB901B6
_00788 

AB571B5
_01393 

tssM T6SS protein TssM membrane 
complex proteins 

HMPREF00
10_01118 

AB552B1
_01843 

ABKPCSM1
7A_02982  

ABKPCSM1
25_02617 

AB945B12
_02873 

AB901B6
_00789 

AB571B5
_01394 

tssG T6SS protein TssG baseplate 
components 

HMPREF00
10_01120 

AB552B1
_01845 

ABKPCSM1
7A_02984  

ABKPCSM1
25_02615 

AB945B12
_02875 

AB901B6
_00791 

AB571B5
_01396 

tssF T6SS protein TssF baseplate 
components 

HMPREF00
10_01121 

AB552B1
_01846 

ABKPCSM1
7A_02985  

ABKPCSM1
25_02614 

AB945B12
_02876 

AB901B6
_00792 

AB571B5
_01397 

tssE T6SS protein TssE baseplate 
components 

HMPREF00
10_01122 

AB552B1
_01847 

ABKPCSM1
7A_02986  

ABKPCSM1
25_02613 

AB945B12
_02877 

AB901B6
_00793 

AB571B5
_01398 

hcp Hemolysin coregulated 
protein Hcp 

tubule protein HMPREF00
10_01123 

AB552B1
_01848 

ABKPCSM1
7A_02987  

ABKPCSM1
25_02612 

AB945B12
_02878 

AB901B6
_00794 

AB571B5
_01399 

tssB T6SS protein TssB Sheath 
components 

HMPREF00
10_01125 

AB552B1
_01850 

ABKPCSM1
7A_02989 

ABKPCSM1
25_02610 

AB945B12
_02880 

AB901B6
_00796 

AB571B5
_01401 

tssC T6SS protein TssC Sheath 
components 

HMPREF00
10_01124 

AB552B1
_01849 

ABKPCSM1
7A_02988 

ABKPCSM1
25_02611 

AB945B12
_02879 

AB901B6
_00795 

AB571B5
_01400 

vgrG Valine-glycine repeat 
protein G 

structural and 
effector function 

HMPREF00
10_03005 

AB552B1
_01441 

ABKPCSM1
7A_00951 

ABKPCSM1
25_01237 

AB945B12
_03122 

AB901B6
_00912 

AB571B5
_01065 

Capsule, biofilm and metal acquisition systems as virulence factor   Locus tag 

OmpA 
(Omp38) 

Outer membrane 
protein A 

Outer membrane 
protein 

Adherence, invasion, 
apoptosis, biofilm, 
persistence 

Choi et al. 2005, 2008a, 2008b; 
Gaddy, Tomaras and Actis 2009; 
Lee et al. 2010; Smani et al. 2014; 
Wang et al. 2014 

HMPREF00
10_02782 

AB552B1
_03226 

ABKPCSM1
7A_02419 

ABKPCSM1
25_00647 

AB945B12
_00825 

AB901B6
_02799 

AB571B5
_01903 

ptK protein tyrosine kinase Capsular 
polymerisation and 
assembly 

Biofilm, tissue 
infection, serum 
growth 

Russo et al. 2010 HMPREF00
10_03290 

AB552B1
_03541 

ABKPCSM1
7A_00094 

ABKPCSM1
25_03000 

AB945B12
_03257 

AB901B6
_03546 

AB571B5
_03567 

epsA putative 
polysaccharide export 
outer membrane 
protein 

Capsular 
polymerisation and 
assembly 

Human serum 
resistance, in vivo 
survival 

Russo et al. 2010 HMPREF00
10_03288 

AB552B1
_03539  

ABKPCSM1
7A_00096 

ABKPCSM1
25_02998 

AB945B12
_03259 

AB901B6
_03548 

AB571B5
_03569 

nfuA Fe/S protein NfuA iron-sulfur cluster 
biogenesis in iron 
deficiency 

survival in vivo, hosts 
cell attack, 
persistence 

Zimbler et al. 2012 HMPREF00
10_01516 

AB552B1
_00389 

ABKPCSM1
7A_03396 

ABKPCSM1
25_00929 

AB945B12
_01036 

AB901B6
_01068 

AB571B5
_01641 
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Table S7. ST-types of the six strains of A. baumannii based on Pasteur and Oxford MLST schemes. Cpn60: Chapheronin 60 KDa; 

FusA: Elongation factor G; GltA: Citrate synthase; PyrG: CTP synthase; RecA: homologous recombination factor A; RplB: 50S 

ribosomal protein L2; RpoB: RNA polymerase β-subunit; GyrB: DNA gyrase subunit B; GdhB: glucose dehydrogenase B; Gpi: 

glucose-6-phosphate isomerase and RpoD: RNA polymerase sigma 70 factor. Novel STs and alleles are listed in bold font. 

  Pasteur scheme (Diancourt et al. 2010) Oxford scheme (Bartual et al. 2005) 

Isolates Source ST-types Housekeeping gene allele number ST-types Housekeeping gene allele number 
   

cpn60 fusA gltA pyrG recA rplB rpoB  gltA gyrB gdhB recA cpn60 gpi rpoD 

KPC-SM-17a BGP-001 (I) ST-1442 8 1 2 1 9 1 4 Novel 1 52 4 11 32 205 6 

KPC-SM-125 BGP-015 (O) ST-1443 1 49 7 3 12 1 5 ST1210Ox 21 12 68 41 4 103 4 

552B1-12EESBL BGP-001 (I) ST-1444 3 2 148 1 137 1 5 Novel 106 93 181 60 1 Novel 130 

571B5-12EESBL BGP-005 (I) ST46P 5 12 11 2 14 9 14 ST1557Ox 31 33 67 40 16 142 7 

901B6-12EESBL BGP-006 (I) ST-1445 3 3 17 1 137 1 4 Novel 60 Novell Novel 12 1 38 Novel 

945B12-12AESBL BGP-012 (O) ST-1446 1 2 11 54 9 1 2 Novel 31 98 Novel 11 4 66 76 
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Supplementary figures 

 

Figure S1. Phylogenetic placement of different isolates within genus Acinetobacter, 

based on full-length 16S rRNA gene sequence. The evolutionary history was inferred 
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using the Maximum-Likelihood method (Felsenstein, 1981) based on the Kimura 2-

parameter model (Kimura, 1980) using discrete Gamma distribution (+G) model with 

5 categories to model evolutionary rates among the sites and assuming certain fraction 

of sites were evolutionary invariables (+I) respectively. Bootstrap values >70 % (100 

resamplings) were indicated. Moraxella lacunata CCUG 4441T (AF005160) was used 

as an outgroup. Bar, 0.01 nt substitutions per sequence position. Acinetobacter sp. 

isolates from biogas plants were represented in bold font. GenBank accession 

numbers were given in parentheses. 
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Figure S2. Maximum likelihood tree based on cocatenated nucleotide sequences of 

protein coding genes (MLSA analysis) of the Pasteur MLST scheme (Diancourt et al. 

2010).  The General Time Reversible Model (Nei and Kumar. 2000). A. baumannii 

A baumannii strain 151/1C (NIWJ00000000)
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strains of biogas plants, avian sample (Wilharm et al. 2017) and clinical source, were 

included in the analysis. MLSA is based upon concatenated genes listed in MNode 

represents ≥70% (100 replications) bootstrap values. Type strain of Moraxella 

lacunata is used as outgroup. Asterisks and red dots indicate avian and clinical strains. 

Bar represents 0.01 sequence divergence. Strains from this study are represented in 

bold font. 
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Figure S3. Cluster analyses based on pairwise ANI values determined for all A. 

baumannii strains of this study and respective type strains of A. baumannii. Values are 

given in percentages. Genome of A. calcoaceticus DSM 30006T was used to root the 

cluster. The genome accession numbers of all A. baumannii strains are uploaded in 

NCBI under bioproject PRJEB35515. 
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Figure S4. Distribution of blaOXA-51-like gene in genome of A. baumannii strains. The 

complete genome of A. baumannii ATCC 19606T is used as reference. Lack of 

insertion of ISAba1 (insertion sequence) in upstream of OXA-51 genes. Locus tag of 

specific gene is given in parenthesis. 
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Figure S5. Distribution of copper related efflux loci in the genome of all six strains of 

A. baumanniii isolated from German biogas plants. The total DNA of A. baumannii 

ATCC 19606T was used as reference genome. Copper efflux genes were highlighted 

in bold. Locus tag numbers were given in parentheses. 
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Figure S6 Distribution of type I chaperone-usher pilus (Csu pili) system locus in the 

genome of A. baumanniii strains isolated from German biogas plants. The genome of 
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901B6-12EESBL lacked the Csu pili. The genome of A. baumannii ATCC 19606T was 

used as reference genome. Locus tag numbers were given in parentheses. Csu pili 

system (csuA/BABCDE locus) was shown inside of rectangular box. 
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Figure S7. Distribution of genetic loci of AMP phosphotransferase and adenylate 

kinase in the genome of A. baumanniii strains isolated from German biogas plants. 

The genome of A. baumannii ATCC 19606T is used as reference genome. Locus tag 

of specific gene is given in parenthesis. Locus tag numbers of AMP 

phosphotransferase for KPC-SM-125, KPC-SM-17a, 552B1-12EESBL, 571B5-

12EESBL, 901B6-12EESBL, and 945B12-12AESBL are as follows: 

ABKPCSM125_00249, ABKPCSM17A_01503, AB552B1_01246, AB571B5_00162, 

AB901B6_01826, and AB945B12_01506. Locus tag numbers of adenylate kinase are 

ABKPCSM125_00974, ABKPCSM17A_03352, AB552B1_00346, AB571B5_01598, 

AB901B6_01025 and AB945B12_00993, respectively. 
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Figure S8. Distribution of genes encoding two-component regulatory system (AdeRS) 

and AdeABC efflux pumps in the genomes of ATCC 19606T (ACQB00000000) and A. 

baumannii strains. AdeC gene was only present in stain KPC-SM-125. Lack of 

insertion of ISAba1 in adeS gene of all strains. Horizontal arrows indicate the direction 

and orientation of the gene. Locus tag numbers were given in brackets.  
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Figure S9. Spot assay test for temperature dependent growth for A. baumannii ATCC 

19606T and 17 Acinetobacter sp. isolates: Strains related to A. baumannii are 

represented in bold font. 
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Figure S10. Copper tolerance was tested by pipetting 5 µL of serial dilution (100 – 10-

3 dilution, turbidity adjusted to standard 0.5 McFarland) of overnight cultured isolates 

in Muller Hinton agar plates (ROTH) supplemented with (4, 8, 12, 16, 20, 24, 32 and 

36 mM, adjusted to pH 7.2) CuSO4 5H2O (MERCK). The plates were incubated at 

37°C aerobically, and checked for growth after 24h of incubation. The lowest copper 

concentration that suppressed growth was considered as the MIC value. The growth 

was completely suppressed in concentration of 8 mM and above (data not shown). 

Strains related to A. baumannii are represented in bold font. 
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Supplementary tables 

Table S1. Minimum inhibitory concentration (MIC) values of strain QAC-21b against 

QAACs and antibiotics given in µg mL-1. MIC value assigned to S, Susceptible, I, 

Intermediate, or R, Resistant according to CLSI or EUCAST database. -, no data 

available. 

Tested compounds 
A. bohemicus QAC-

21b 
MIC [µg ml-1] 

A. bohemicus QAC-21b 
S, I, R assignment according to 

CLSI  

QAACs    

BAC-C12 50  - 

DADMAC-C10 2.5  - 

Antibiotics    

Amikacin <0.5 S 

Cefotaxime 2 S 

Ceftazidime 2 S 

Ceftazidime/3-APB 2  - 

Ceftazidime/Avibactam <1/4  - 

Ceftolozane/Tazobactam <1/4  - 

Chloramphenicol <8  - 

Ciprofloxacin <0.25 S 

Colistin <1 S 

Fosfomycin >64  - 

Imipenem <1 S 

Levofloxacin <0.5 S 

Meropenem <0.125 S 

Meropenem/3-APB 0.5  - 

Meropenem/EDTA <0.25  - 

Piperacillin <8 S 

Piperacillin/Tazobactam <4/4 S 

Temocillin <32  - 

Tigecycline <0.25  - 

Trimethoprim/Sulfamethoxazole <1/9 S 

Amoxicillin <0.5 - 

Oxacillin 16 - 

Ceftiofur 8 - 

Ceftiofur/clavulanic acid <0.25/4 - 

Cefquinom 0.5 - 

Cefquinom/clavulanic acid <0.25/4 - 

Enrofloxacin <0.0625 - 

Tetracycline 8 I 

Tylosin >16 - 

Florfenicol 8 - 

Sulfamethoxazole <4 - 

 

 

 

 

 



192 

Table S2. Comparative genomics of QAC-21b with next related type strains of Acinetobacter species and A. baumannii strains 

including the type strain and environmental and clinical strains  

Strains 
A. 

bohemicus 
QAC-21b 

A. 
bohemicus 
ANC 3994T 

A. 
bohemicus 

KCTC 42081 

A. 
johnsonii 
CIP 64.6T 

A. kookii 
KCTC 
32033T 

A. 
baumannii 

ATCC 
17978 

A. 
baumannii 

AYE 

A. 
baumannii 
KPC-SM-

125 

A. 
baumannii 

ATCC 
19606T 

Isolation source  

Pig manure Deciduous 
forest soil 
(Czech 

Republic) 

Textile 
dyeing 

wastewater 
treatment 

pond 
Pakistan:Isla

mabad, 
Industrial 

area, 
Kohnoor mill 
bioremediatio

n pond 

Human 
duodenum 

Soil Human 
cerebrospin

al fluid 

Patient with 
urinary tract 

infection 

Biogas plant 
digestate 

Urine 

Reference  
This study Krizova et al. 

(2014) 
Abbas et al. 

(2014) 
Bovet and 
Grimont 
(1986) 

Choi et al. 
(2013) 

Bovet and 
Grimont, 

1986 

Poirel et al. 
(2003) 

Pulami et al. 
(2020) 

Bovet and 
Grimont 
(1986) 

NCBI Genome 
accession number 

NZ_CAJJD
Z00000000

0 

NZ_APOH0
0000000 

NZ_FOZU00
000000 

NZ_APON
00000000 

NZ_FMYO0
0000000 

CP000521.
1 

NC_010410
.1 

NZ_CACSG
U00000000

0 

NZ_ACQB0
0000000 

Genetic resistance 
determinants 
(Accession 
number) 

     
  

 
 

          

          

Efflux pumps genes 
(Accession 
number) 

     
  

 
 

SMR family efflux 
QacE∆1 
(QAACs efflux pump) 

Absent Absent Absent Absent Absent Absent qacE∆1 
(CT025832) 

Absent Absent 
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Multidrug and toxic 
compound extrusion 
(MATE) family efflux 
AbeM (QAACs, dyes 
and antibiotic efflux 
pumps) 

abeM 
(mdtK) 

(QAC21B_0
2006) 

abeM 
(F994_0029

6) 

abeM 
(SAMN05444
586_100611

7) 

abeM 
(F986_03

240) 

abeM 
(SAMN0542
1732_1081

0) 

abeM 
(A1S_0395) 

abeM 
(ABAYE338

1) 

abeM 
(ABKPCSM
125_00210) 

abeM 
(HMPREF0
010_01847) 

Small multidrug 
resistance (SMR) 
family efflux AbeS 
(QAACs, dyes and 
antibiotic efflux 
pumps) 

abeS 
(emrE) 

(QAC21B_0
1577) 

abeS 
(F994_0228

6) 

abeS 
(SAMN05444
586_100969) 

abeS 
(F986_00

511) 

abeS 
(SAMN0542
1732_1018

97) 

abeS 
(A1S_2298) 

abeS 
(ABAYE118

1) 

abeS 
(ABKPCSM
125_01695) 

abeS 
(HMPREF0
010_00032) 

SMR family efflux 
SugE (QAACs and 
dyes efflux pumps) 

sugE 
(QAC21B_0

3254) 

sugE 
(F994_0069

7) 

sugE 
(SAMN05444
586_101190) 

sugE 
(F986_01

553) 

sugE 
(SAMN0542
1732_1018

97) 

sugE 
(A1S_0710) 

sugE 
(ABAYE310

7) 

sugE 
(ABKPCSM
125_03091) 

sugE 
(HMPREF0
010_01213) 

Resistance 
nodulation division 
(RND) type efflux 
AdeIJK (QAACs, 
dyes and antibiotic 
efflux pump) 

adeIJK 
(oprM) 

[(QAC21B_
01138 

to,_01140) 

adeIJK 
(F994_0090
3 to _00905) 

adeIJK 
(SAMN05444
586_100846 
to _100848) 

adeIJK 
(F986_01

786 to 
_01788) 

adeIJK 
(SAMN0542
1732_1055

6 to 
_10558) 

adeIJK 
(A1S_2735 
to _2737) 

adeIJK 
(ABAYE074

6 to 
ABAYE074

8) 

adeIJK 
(ABKPCSM
125_00755 
to _00757) 

adeIJK 
(HMPREF0
010_02880 
to _02882) 

RND type efflux 
AdeABC and AdeRS 
(antibiotic efflux 
pump) 

Absent Absent Absent Absent Absent adeAB(A1S
_1750 to 
1754), 

AdeRS () 

adeABC 
(ABAYE182

1 to 
ABAYE182
3), adeRS 

(ABAYE181
9 to 

ABAYE182
0) 

adeABC 
(ABKPCSM
125_02330 
to _02332), 

adeRS 
(ABKPCSM
125_02328 
to _02329) 

adeAB 
(HMPREF0
010_00593 
to _00594), 

adeRS 
(HMPREF0
010_00591 
to _00592), 

          

Tellurium resistance 
protein TerZ 
[Tellurium (Te)] 

terZ 
(QAC21B_0

2260) 

terZ 
(F994_0297

8) 

terZ 
(SAMN05444
586_10109) 

Absent Absent Absent Absent Absent Absent 

Tellurium resistance 
protein TerE 
[Tellurium (Te)] 

terE 
(QAC21B_0

2263) 

terE 
(F994_0298

1) 

terE 
(SAMN05444
586_101012) 

Absent Absent Absent Absent Absent Absent 
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Tellurium resistance 
protein TerD 
[Tellurium (Te)] 

terD 
(QAC21B_0

2265) 

terD 
(F994_0298

3) 

terD 
(SAMN05444
586_101014) 

Absent Absent Absent Absent Absent Absent 

Tellurium resistance 
protein TerA 
[Tellurium (Te)] 

terA 
(QAC21B_0

2266) 

terA 
(F994_0298

4) 

terA 
(SAMN05444
586_101015) 

Absent Absent Absent Absent Absent Absent 

ATP-dependent DNA 
helicase RuvB 
[Tellurium 
(Te)/Selenium (Se)] 

ruvB 
(QAC21B_0

0133) 

ruvB 
(F994_0189

4) 

ruvB 
(SAMN05444
586_101477) 

ruvB 
(F986_00

963) 

ruvB 
(SAMN0542
1732_1015

74) 

ruvB 
(A1S_2588) 

ruvB 
(ABAYE090

9) 

ruvB 
(ABKPCSM
125_01441) 

ruvB 
(HMPREF0
010_02149) 

CorA metal ion 
transporter (MIT) 
family [Magnesium 
(Mg), Cobalt (Co), 
Nickel (Ni) and 
Manganese (Mn)] 

corA 
(QAC21B_0

2480) 

corA 
(F994_0027

7) 

corA 
(SAMN05444
586_10137) 

corA 
(F986_03

218) 

corA 
(SAMN0542
1732_1131

0) 

corA 
(A1S_3098) 

corA 
(ABAYE039

0) 

corA 
(ABKPCSM
125_03558) 

corA 
(HMPREF0
010_02609) 

Arsenate reductase 
ArsC [Arsenic (As)] 

arsC 
(QAC21B_0

2465) 

arsC 
(F994_0097

3) 

arsC 
(SAMN05444
586_102917) 

arsC 
(F986_01

391) 

arsC 
(SAMN0542
1732_1048

0) 

arsC 
(A1S_1452) 

arsC 
(ABAYE220

0) 

arsC 
(ABKPCSM
125_02791) 

(HMPREF0
010_00924) 

Arsenite resistance 
protein ArsB [Arsenic 
(As)] 

arsB 
(QAC21B_0

2468) 

arsB 
(F994_0097

6) 

arsB 
(SAMN05444
586_102914) 

arsB 
(F986_01

388) 

arsB 
(SAMN0542
1732_1047

5) 

arsB 
(A1S_1454) 

arsB 
(ABAYE219

8) 

arsB 
(ABKPCSM
125_02793) 

(HMPREF0
010_00922) 

Cobalt (Co), Zinc 
(Zn), Cadmium (Cd) 
efflux pumps 

czcA 
(QAC21B_0

3355) 

czcA 
(F994_0113

6) 

czcA 
(SAMN05444
586_104711) 

czcA 
(F986_00

575) 

Absent czcA 
(A1S_3217) 

czcA 
(ABAYE027

1) 

czcA 
(ABKPCSM
125_03438) 

czcA 
(HMPREF0
010_02496) 

Cobalt (Co) and Zinc 
(Zn) efflux pumps 

czcD 
(QAC21B_0

3356) 

czcD 
(F994_0037

4) 

czcD 
(SAMN05444
586_104712) 

czcD 
(F986_00

579) 

czcD 
(SAMN0542
1732_1089

4) 

czcD 
(A1S_3214) 

czcD 
(ABAYE027

2) 

czcD 
(ABKPCSM
125_03439) 

czcD 
(HMPREF0
010_02497) 

Copper resistance 
protein (PcoAB, 
CopA, CopB, CopC, 
CopD) [Copper (Cu)] 

pcoAB 
(QAC21B_0

3255 to 
_03256), 

copC 
(QAC21B_0
3822), copD 

pcoAB 
(F994_0069

5 to 
_00696), 

copC 
(Absent), 

copD 

pcoAB 
(SAMN05444
586_101191 
to _101192), 

copC 
(SAMN05444
586_10522), 

pcoAB 
(Absent), 

copA 
(F986_01

556), 
copB 

(F986_01

pcoAB 
(SAMN0542
1732_1018

98 to 
_101899), 

copD 
(Absent), 

pcoAB 
(A1S_0707 
to _0708), 

copC 
(A1S_2940)

, copD 
(A1S_2941)

pcoAB 
(ABAYE311

0 to 
ABAYE311

1), copC 
(ABAYE320

6), copD 

pcoAB 
(ABKPCSM
125_03093 
to _03094), 

copD 
(Absent), 

copC 

pcoAB 
(HMPREF0
010_01210 
to _01211), 

copA 
(Absent), 

copB 
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(QAC21B_0
3821), copA 
(QAC21B_0
3343), copB 
(QAC21B_0

3344) 

(Absent), 
copA 

(Absent), 
copB 

(Absent) 

copD 
(SAMN05444
586_10521), 

copA 
[(SAMN0544
4586_10521

1), copB 
(SAMN05444
586_105212) 

975), 
copD 

(F986_01
962), 
copC 

(F986_01
963) 

copC 
(Absent), 

copA 
(Absent), 

copB 
(Absent) 

, copB 
(A1S_2935)

, copA 
(A1S_2936) 

(ABAYE320
7), copB 

(ABAYE320
0), copA 

(ABAYE320
1) 

(Absent), 
copA 

(Absent), 
copB 

(Absent) 

(Absent), 
copC 

(Absent), 
copD 

(Absent) 

Further resistance 
determinants 

         

Class D type intrinsic 
β-lactamse (intrinsic) 

blaOXA-133  

(QAC21B_0
2624) 

blaOXA-296 
(F994_0049

2) 

Frameshifted
; internal stop 

codon 
(SAMN05444
586_104315 

and 16)* 

blaOXA-281 
(F986_02

727) 

Absent blaOXA-95 
(A1S_1517) 

blaOXA-69 
(ABAYE212

2) 

blaOXA-909 
(ABKPCSM
125_02591) 

blaOXA-98 
(HMPREF0
010_00844) 

          

Insertion sequence 
(IS) element 

     
  

 
 

Putative IS element 
1 

     
  

 
 

Locus tag number 
(QAC21B_0

3920) 
Absent Absent (F986_01

630) 
Absent Absent Absent Absent Absent 

DNA similarity 

94% to 
ISAba14 (IS 
family: IS3, 
origin: A. 

baumannii) 

    
  

 
 

Amino acids 
similarity 

97% to 
ISAba14 

    
  

 
 

Coverage 
54% ORF of 

ISAba14 

    
  

 
 

Putative IS element 
2 

     
  

 
 

Locus tag number 
(QAC21B_0

3923) 
Absent (SAMN05444

586_11041) 
(F986_00

702) 
Absent (A1S_0628) Absent Absent Absent 
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DNA similarity 

99% to 
ISAba12 (IS 
family: IS5, 
origin: A. 

baumannii) 

    
  

 
 

Amino acids 
similarity 

98% to 
ISAba12 

    
  

 
 

Coverage 
100% ORF 
of ISAba12 

    
  

 
 

Putative IS element 
3 

     
  

 
 

Locus tag number 
(QAC21B_0

3925) 
(F994_0266

3) 
Absent (F986_00

558) 
Absent Absent Absent Absent Absent 

DNA similarity 

99% to 
ISAlw3 (IS 
family: IS1, 
origin: A. 
lwoffii) 

    
  

 
 

Amino acids 
similarity 

98% to 
ISAlw3 

    
  

 
 

Coverage 
100% ORF 
of ISAlw3 

    
  

 
 

Type 6 secretion 
system (T6SS) 
linked genes and 
other virulence 
factors  

     
  

 
 

Hemolysin 
coregulated protein 
(Hcp) 

hcp 
(QAC21B_0

3466) 

hcp 
(F994_0247

4) 

hcp 
(SAMN05444
586_100437) 

hcp 
(F986_00

533) 

hcp 
(SAMN0542
1732_1012

4) 

hcp 
(A1S_1296) 

hcp 
(ABAYE241

3) 

hcp 
(ABKPCSM
125_02612) 

hcp 
(HMPREF0
010_01123) 

Valine-glycine repeat 
protein G (VgrG) 

vgrG 
(QAC21B_0

2199) 

vgrG 
(F994_0295

4) 

vgrG, 
Frameshifted
; internal stop 

codon 
(SAMN05444
586_102840) 

vgrG ( 
F986_021

52) 

vgrG 
(SAMN0542
1732_1073

3) 

vgrG 
(A1S_3364) 

vgrG 
(ABAYE011

8) 

vgrG 
(ABKPCSM
125_01237) 

vgrG 
(HMPREF0
010_03005) 
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Membrane spanning 
complex protein 
TssM 

tssM 
(QAC21B_0

3461) 

tssM 
(F994_0247

9) 

tssM 
(SAMN05444
586_100442) 

tssM 
(F986_00

538) 

tssM 
(SAMN0542
1732_1011

9) 

tssM 
(A1S_1302) 

tssM 
(ABAYE240

8) 

tssM 
(ABKPCSM
125_02617) 

tssM 
(HMPREF0
010_01118) 

Baseplate 
components T6SS 
protein TssE 

tssE 
(QAC21B_0

3465) 

tssE 
(F994_0247

5) 

tssE 
(SAMN05444
586_100438) 

tssE 
(F986_00

534) 

tssE 
(SAMN0542
1732_1012

3) 

tssE 
(A1S_1297) 

tssE 
(ABAYE241

2) 

tssE 
(ABKPCSM
125_02613) 

tssE 
(HMPREF0
010_01122) 

Baseplate 
components T6SS 
protein TssF 

tssF 
(QAC21B_0

3464) 

tssF 
(F994_0247

6) 

tssF 
(SAMN05444
586_100439) 

tssF 
(F986_00

535) 

tssF 
(SAMN0542
1732_1012

2) 

tssF 
(A1S_1299) 

tssF 
(ABAYE241

1) 

tssF 
(ABKPCSM
125_02614) 

tssF 
(HMPREF0
010_01121) 

Baseplate 
components T6SS 
protein TssG 

tssG 
(QAC21B_0

3463) 

tssG 
(F994_0247

7) 

tssG 
(SAMN05444
586_100440) 

tssG 
(F986_00

536) 

tssG 
(SAMN0542
1732_1012

1) 

tssG 
(A1S_1300) 

tssG 
(ABAYE241

0) 

tssG 
(ABKPCSM
125_02615) 

tssG 
(HMPREF0
010_01120) 

Sheath components 
T6SS protein TssB 

tssB 
(QAC21B_0

3468) 

tssB 
(F994_0247

2) 

tssB 
(SAMN05444
586_100435) 

tssB 
(F986_00

531) 

tssB 
(SAMN0542
1732_1012

6) 

tssB 
(A1S_1294) 

tssB 
(ABAYE241

5) 

tssB 
(ABKPCSM
125_02610) 

tssB 
(HMPREF0
010_01125) 

Sheath components 
T6SS protein TssC 

tssC 
(QAC21B_0

3467) 

tssC 
(F994_0247

3) 

tssC 
(SAMN05444
586_100436) 

tssC 
(F986_00

532) 

tssC 
(SAMN0542
1732_1012

5) 

tssC 
(A1S_1295) 

tssC 
(ABAYE241

4) 

tssC 
(ABKPCSM
125_02611) 

tssC 
(HMPREF0
010_01124) 

Membrane 
associated protein 
for reduced 
permeability (intrinsic 
OmpA) 

ompA 
[(QAC21B_

03084) 

ompA 
(F994_0154

9) 

ompA 
(SAMN05444
586_101243) 

ompA 
(F986_01

636) 

ompA 
(SAMN0542
1732_1105

3) 

ompA 
(A1S_2840) 

ompA 
(ABAYE064

0) 

ompA 
(ABKPCSM
125_00647) 

ompA 
(HMPREF0
010_02782) 

Phospholipase D 
(PlcD) 

plcD 
(QAC21B_0

3108) 

plcD 
(F994_0152

8) 

plcD 
(SAMN05444
586_101221) 

plcD 
(F986_01

612) 

plcD 
(SAMN0542
1732_1107

4) 

plcD 
(A1S_2989) 

plcD 
(ABAYE049

8) 

plcD 
(ABKPCSM
125_03038) 

plcD 
(HMPREF0
010_03706) 

Two component 
response regulator 
transcription factor 
(BmfRS) 

bmfRS 
(QAC21B_0

2363 to 
_02364) 

bmfRS 
(F994_0074
5 to _00746) 

bmfRS 
(SAMN05444
586_101142 
to _101143) 

bmfRS 
(F986_01

756 to 
_01757) 

bmfRS 
(SAMN0542
1732_1018

39 to 
_101840) 

bmfRS 
(A1S_0748 
to _0749) 

bmfRS 
(ABAYE306

3 to 
ABAYE306

4) 

bmfRS 
(ABKPCSM
125_00534 
to _00535) 

bmfRS ( 
HMPREF00
10_01249 
to _01250) 
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Table S3. Potential phage genes of A. bohemicus QAC-21b. Contig sequences were examined for phage related genes using 

PHASTER (https://phaster.ca/; Zhou et al. 2011; Arndt et al. 2016). 

No. Contig Accession Regio
n 
length 

Completene
ss 

Score Position Most common phage Phage 
accession 

GC (%) 
content 

1 NZ_CAJJDZ010000001 37.5 
kb 

Intact 150 59520-97070 PHAGE_Mannhe_vB_MhM_3927
AP2 

NC_028766 41.89% 

2 NZ_CAJJDZ010000001 21.2 
kb 

Intact 140 233340-
254552 

PHAGE_Burkho_KS14 NC_015273 40.32% 

3 NZ_CAJJDZ010000001 5.6 kb Incomplete 30 622985-
628631 

PHAGE_Pseudo_H66 NC_042342 36.28% 

4 NZ_CAJJDZ010000002 21.2 
kb 

Intact 140 104633-
125845 

PHAGE_Burkho_KS14 NC_015273 40.32% 

5 NZ_CAJJDZ010000002 32 kb Intact 140 806480-
838588 

PHAGE_Acinet_YMC11/11/R317
7 

NC_041866 39.63% 

6 NZ_CAJJDZ010000003 31.6 
kb 

Incomplete 60 140679-
172329 

PHAGE_Acinet_vB_AbaS_TRS1 NC_031098 38.19% 

7 NZ_CAJJDZ010000004 7.1 kb Incomplete 50 13960-21133 PHAGE_Salini_M8CC_19 NC_042349 39.95% 

8 NZ_CAJJDZ010000007 32.2 
kb 

Intact 110 38060-70261 PHAGE_Acinet_YMC11/11/R317
7 

NC_041866 40.60% 

9 NZ_CAJJDZ010000010 18.1 
kb 

Questionabl
e 

80 22213-40401 PHAGE_Acinet_Bphi_B1251 NC_019541 40.98% 

10 NZ_CAJJDZ010000010 40.2 
kb 

Questionabl
e 

80 74140-114354 PHAGE_Stenot_S1 NC_011589 37.47% 

11 NZ_CAJJDZ010000010 18 kb Questionabl
e 

70 116691-
134719 

PHAGE_Stx2_II NC_004914 38.05% 

12 NZ_CAJJDZ010000010 20.2 
kb 

Incomplete 60 139167-
159455 

PHAGE_Stx2_c_1717 NC_011357 39.03% 

13 NZ_CAJJDZ010000014 11.3 
kb 

Incomplete 60 3251-14616 PHAGE_Escher_RCS47 NC_042128 39.16% 
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Table S4. Potential phage genes of A. bohemicus ANC 3994T. Contig sequences were examined for phage related genes using 

PHASTER. 

No. Contig Accession Region 
length 

Completene
ss 

Scor
e 

Position Most common phage Phage 
accession 

GC (%) 
content 

1 NZ_APOH01000003 6.9 kb Incomplete 10 22190-29111 PHAGE_Escher_phAPEC8 NC_020079 35.09% 

2 NZ_APOH01000003 9.5 kb Incomplete 30 89712-99284 PHAGE_Gordon_Schwabeltier NC_031255 43.16% 

3 NZ_APOH01000010 8.2 kb Incomplete 10 73071-81279 PHAGE_Tenaci_pT24 NC_049383 41.92% 

4 NZ_APOH01000015 21.2 kb Intact 130 205705-
226951 

PHAGE_Burkho_KS14 NC_015273 39.75% 

5 NZ_APOH01000017 22.7 kb Questionabl
e 

70 32423-55137 PHAGE_Escher_RCS47 NC_042128 36.61% 

6 NZ_APOH01000021 30.6 kb Questionabl
e 

80 19277-49889 PHAGE_Pseudo_F116 NC_006552 39.93% 

7 NZ_APOH01000023 11.7 kb Incomplete 50 20537-32297 PHAGE_Acinet_vB_AbaM_ME3 NC_041884 38.09% 

8 NZ_APOH01000025 9.4 kb Incomplete 10 8572-18026 PHAGE_Bacill_SP_15 NC_031245 39.79% 
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Table S5. Potential phage genes of A. bohemicus KCTC 42081. Contig sequences were examined for phage related genes using 

PHASTER. 

No. Contig Accession Region 
length 

Completene
ss 

Scor
e 

Position Most common phage Phage 
accession 

GC (%) 
content 

1 NZ_FOZU01000016 24.9 Kb Incomplete 40 7425-32334 PHAGE_Shigel_Sf6 NC_005344 37.53% 

2 NZ_FOZU01000020 5.3Kb Incomplete 10 8977-14341 PHAGE_Acinet_Bphi_B1251 NC_019541 36.05% 

3 NZ_FOZU01000029 21.7Kb Incomplete 30 9074-30841 PHAGE_Escher_RCS47 NC_042128 40.57% 

4 NZ_FOZU01000055 8.6Kb Incomplete 40 1762-10404 PHAGE_Acinet_vB_AbaS_TRS1 NC_031098 40.53%  
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Table S6. List of genes associated to metabolism, transposon, IS elements, virulence, metal efflux pumps and antibiotic resistance 

present within putative genomic islands (GIs) of strain QAC-21b, [exception: genes encoding hypothetical proteins and other 

functional genes present in the putative GIs were not listed]. The GIs were predicted using IslandViewer4 (Bertelli et al. 2017). 

    Putative GIs region in the genome predicted by 
IslandViewer4 

Strain Gene Product Locus tag Start End 

Acinetobacter 
bohemicus 
strain QAC-
21b 

czcA Cobalt-zinc-cadmium resistance protein CzcA QAC21B_03355 59,599 150,270 

czcD Metal cation efflux system protein CzcD QAC21B_03356 

czcO Putative oxidoreductase CzcO QAC21B_03347 

feoB Ferrous iron transport protein B homolog QAC21B_03348 

pcoA Copper resistance protein A QAC21B_03343 

insF Transposase InsF for insertion sequence IS3 QAC21B_03328 

vapB Virulence-associated protein B QAC21B_03319 

tnp1 Transposase for insertion sequence-like element 
IS431mec 

QAC21B_03318 

tnpR Transposon Tn501 resolvase QAC21B_03300 

tnpA Transposase QAC21B_02671 429,804 548,856 

 Tellurite resistance protein QAC21B_02636 

 Putative transposase for transposon Tn903 QAC21B_02464 717,902 724,817 

mdtB Multidrug resistance protein MdtB QAC21B_03217 2,449,583 2,459,341 

mdtC Multidrug resistance protein MdtC QAC21B_03216 

insF Transposase InsF for insertion sequence IS3 QAC21B_03130 2,555,928 2,561,196 

tnpA1 TnpA-A QAC21B_03758 2,722,017 2,756,199 

tnp2 Transposase for insertion sequence-like element 
IS431mec 

QAC21B_03765 

int5 Integrase QAC21B_03774 

vapB Virulence-associated protein B QAC21B_03784 

tnpR Transposon Tn501 resolvase QAC21B_03812 2,788,199 2,797,179 

insK Putative transposase InsK for insertion sequence 
element IS150 

QAC21B_03815 

tnpA TnpA-A QAC21B_00636 3,672,146 3,683,410 

tnp1 Transposase for insertion sequence-like element 
IS431mec 

QAC21B_03607 3,952,839 3,992,385 

tnpR Transposon Tn501 resolvase QAC21B_03606 
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macB Macrolide export ATP-binding/permease protein 
MacB 

QAC21B_03623 

IS401 Insertion element IS401 uncharacterized 12,4 
kDa protein 

QAC21B_03627 

tnp100
8 

Transposase QAC21B_03901 

tnp1 Transposase for insertion sequence-like element 
IS431mec 

QAC21B_03905 

Acinetobacter 
bohemicus 
ANC 3994T 

 IS605 OrfB family transposase F994_02674 2,075,536 2,122,615 

Acinetobacter 
pakistanensis 
ANC 5076 = 
KCTC 42081T 

 MBL superfamily protein SAMN05444586_10031
73 

299,813 315,463 

 Acetyl esterase/lipase SAMN05444586_10061
4 

1,004,645 
 
 

1,044,425 
 
  Transposase IS6 family SAMN05444586_10471

4 

czcD Cobalt-zinc-cadmium efflux system protein SAMN05444586_10471
2 

czcA Cobalt-zinc-cadmium resistance protein CzcA SAMN05444586_10471
1 

feoA Ferrous iron transport protein A SAMN05444586_10475 

feoB Ferrous iron transport protein B SAMN05444586_10474 

czcO Predicted flavoprotein CzcO associated with the 
cation diffusion facilitator CzcD 

SAMN05444586_10472 

arsH Arsenical resistance protein ArsH SAMN05444586_10471 

 Predicted arabinose efflux permease, MFS 
family 

SAMN05444586_10435 

 Putative transposase SAMN05444586_10186
5 

1,263,313 
 

1,271,902 
 

tniB TniB protein SAMN05444586_10186
6 

tniQ TniQ protein SAMN05444586_10186
8 

 Putative transposase SAMN05444586_10108 1,382,063 
 

1,401,923 
  Transposase IS6 family SAMN05444586_10293

6 

 OmpA family protein SAMN05444586_10289 1,441,629 1,450,983 
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 Glutamin-(asparagin-)ase SAMN05444586_10162
1 

1,598,673 1,633,702 

 Integrase SAMN05444586_10206
9 

2,993,905 3,010,214 

cusS Two-component system, OmpR family, heavy 
metal sensor histidine kinase CusS 

SAMN05444586_10528 3,428,660 
 

3,507,668 
 

cusR Two-component system, OmpR family, copper 
resistance phosphate regulon response 
regulator CusR 

SAMN05444586_10529 

copA Copper resistance protein A SAMN05444586_10521
1 

copB Copper resistance protein B SAMN05444586_10521
2 

 Transposase IS6 family SAMN05444586_10982 

 Transposase SAMN05444586_10961 

 Transposase SAMN05444586_10515 

 Transposase SAMN05444586_10301
1 

3,516,260 3,559,379 

 Transposase SAMN05444586_10411
0 

3,577,878 3,745,643 

 Transposase SAMN05444586_10412
0 

 Transposase SAMN05444586_10912 

 Transposase IS6 family SAMN05444586_10815 

 Transposase IS6 family SAMN05444586_10891 

 Integrase SAMN05444586_10655 

 Transposase SAMN05444586_10656 

 Transposase SAMN05444586_10607 

 Transposase SAMN05444586_10734 3,809,907 
 
 
 

3,826,362 
 
 
 

 Transposase SAMN05444586_10821 

 Transposase IS66 family SAMN05444586_10823 

 Transposase IS630 family SAMN05444586_11021 

mdtC Multidrug efflux pump MdtC SAMN05444586_10048
8 

2,485,149 2,496,314 

mdtB multidrug efflux pump MdtB SAMN05444586_10048
9 

 Transposase IS6 family SAMN05444586_10541 2,586,374 2,592,167 
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Supplementary figures 

 

Figure S1. Phylogenetic placement of QAC-21b into a distinct cluster with strains of 

the species A. bohemicus. The phylogenetic tree was based on nearly full length 

nucleotide sequence of 16S rRNA gene. The evolutionary history was inferred by 

Moraxella lacunata CCUG 4441T (AF005160)
A. rathckeae EC24T (MN701873)

A. boissieri SAP 284.1T (JQ771141)
A. baretiae B10AT (MN709041)

A. apis HYN18T (JX402203)
A. pollinis SCC477T (NZ_VTDQ00000000)
A. nectaris SAP 763.2T (JQ771132)

A. larvae BRTC-1T (KU560468)
A. variabilis NIPH 2171T (KP278590)

A. indicus A648T (HM047743)
A. radioresistens DSM 6976T (X81666)
A. populi PBJ7T (KM518626)
A. stercoris KPC-SM-21T (MT138756)

A. gerneri 9A01T (AF509829)
A. baumannii ATCC 19606T (NZ_ACQB00000000)

A. guangdongensis 1NM-4T (JQ608323)
A. towneri DSM 14962T (APPY00000000)

A. soli B1T (EU290155)
A. baylyi CIP 107474T (AF509820)

A. halotolerans R160T (KT032155)
A. genomic sp. 6 CIP-A165 (APOK00000000)
A. genomic sp. 6 NIPH 298T (APRM00000000)

A. puyangensis BQ4-1T (JN664255)
A. venetianus ATCC 31012T (AJ295007)

A. rudis G30T (EF204258)
A. dijkshoorniae JVAP01T (KX027435)
A. lactucae NRRL B-41902T (KU921101)
A. geminorum J00019T (MT380471)
A. pittii LMG 1035T (HQ180184)
A. genomic sp. Between 1 and 3 NIPH 817 (APPF00000000)
A. calcoaceticus DSM 30006T (AIEC00000000)

A. seifertii LUH 1472T (FJ860878)
A. nosocomialis RUH 2376T (HQ180192)

A. brisouii 5YN5-8T (DQ832256)
A. ursingii LUH 3792T (AJ275038)

A. guerrae AC 1271T (KX870878)
A. qingfengensis 2BJ1T (JX982123)

A. vivianii NIPH 2168T (KT997477)
A. courvalinii ANC 3623T (KT997472)

A. modestus NIPH 236T (KT997474)
A. grimontii 17A04T (AF509828)

A. junii DSM 6964T (X81664)
A. parvus LUH 4616T (AJ293691)

A. dispersus ANC 4105T (KT997473)
A. tjernbergiae 7N16T (AF509825)

A. tandoii 4N13T (AF509830)
A. wuhouensis WCHA60T (KY853661)

A. defluvii WCHA30T (KY435933)
A. guillouiae CIP 63.46T (APOS00000000)

A. bereziniae LMG 1003T (AIEI00000000)
A. piscicola LW15T (MF062566)

A. sichuanensis WCHAc060041T (MH179327)
A. chinensis WCHAc010005T (CP032134)
A. cumulans WCHAc060092T (CP035934)
A.chengduensis WCHAc060005T (MK796535)

A. gandensis UG 60467T (KM206131)
A. schindleri LUH 5832T (AJ278311)

A. bouvetii 4B02T (AF509827)
A. genomic sp. 15BJ CIP 110321 (AQFL00000000)

A. haemolyticus DSM 6962T (X81662)
A. beijerinckii LUH 4759T (AJ626712)
A. genomic sp. 16 CIP 70.18 (APRN00000000)
A. genomic sp. 16 CIP 56.2 (APPH00000000)

A. proteolyticus NIPH 809T (KT997475)
A. colistiniresistens NIPH 2036T (ATGK00000000)
A. johnsonii ATCC 17909T (Z93440)

A. gyllenbergii RUH 422T (AJ293694)
A. pragensis ANC 4149T (KX014586)

A. kookii 11-0202T (JX137279)
A. kanungonis PS-1T (MW114828)

A. terrae ANC 4282T (NZ_JABERI000000000)
A. terrestris ANC 4471T (NZ_SJNZ00000000)

A. harbinensis HITLi7T (KC843488)
A. wanghuae dk386T (MK226441)

A. shaoyimingii 323-1T (MT138534)
A. lwoffii NCTC 5866T (AIEL00000000)

A. pseudolwoffii CCM 8638T (MT760228)
A. albensis ANC 3931T (KR611794)

A. equi 114T (KC494698)
A. lanii 185T (MK990276)
A. portensis AC 877T (KX870877)

A. celticus ANC 4603T (KX548338)
A. bohemicus ANC 3994T (KF679797)
A. bohemicus ANC 4253 (KF679798)

A. bohemicus ANC 4278 (KF679799)
A. bohemicus QAC-21b (NZ_CAJJDZ000000000)
A. bohemicus KCTC 42081 (AB916465)
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using the Maximum Likelihood method (Felsenstein 1981) based on the Kimura 2-

parameter model (Kimura 1980) using a discrete gamma distribution to model 

evolutionary rate differences among sites [5 categories (+G)] and assuming some 

sites to be evolutionarily invariable ([+I]. The bootstrap values (≥ 70%) based on 100 

re-samplings are shown above the branches. The analysis involved 87 nucleotide 

sequences. All positions containing gaps and missing data were eliminated. Scale, 

number of substitutions per site. Evolutionary analyses were conducted in MEGA7 

(Kumar et al. 2016). Analysis was according to Pulami et al. (2021). Bar, 0.01 

nucleotide substitutions per nucleotide position. 
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Figure S2. Phylogenetic placement of A. bohemicus QAC-21b into the species cluster 

of A. bohemicus within the genus Acinetobacter. Phylogenies calculated by Maximum 
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Likelihood method (Felsenstein 1981) based on the General Time Reversible model 

(GTR; Nei and Kumar 2000) with a discrete Gamma distribution was used to model 

evolutionary rate differences among sites [5 categories (+G)] assuming some sites to 

be evolutionarily invariable (+I). Phylogenetic trees of (A) rpoB and (B) gyrB were 

based on total of 856 and 621 nucleotide positions in the final datasets. All positions 

containing gaps and missing data were eliminated. Bootstrap values (≥70%) after 100 

resamplings are indicated at branch nodes; bar, number of substitutions per site. 

Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016). Circle 

represented nodes also present in phylogenetic tree calculated with the Neighbor-

joining method (Saitou and Nei 1987) 
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Figure S3. Phylogenetic tree based on partial amino acid sequence of rpoB showing 

the placement of QAC-21b into the species cluster of A. bohemicus. Phylogenetic 

analysis was inferred by using the Maximum Likelihood method based on the JTT 

matrix-based model (Jones et al. 1992) applying a discrete Gamma distribution to 

model evolutionary rate differences among sites (+G) assuming some sites to be 

Moraxella lacunata CCUG 4441T (MXAN00000000)
A. stercoris KPC-SM-21T (OOGT00000000)

A. gerneri DSM 14967T (APPN00000000)
A larvae BRTC-1T (KU837228)

A. rudis G30T (ATGI00000000)

A. towneri DSM 14962T (APPY00000000)
A kanungonis PS-1T (JAACKC000000000)

A. tandoii DSM 14970T (AQFM00000000)

A. haemolyticus CIP 64.3T (APQQ00000000)
A. genomic sp.6 CIP-A165 ( APOK00000000)
A. genomic sp.6 NIPH 298 (APRM00000000)

A. halotolerans R160T (KU958712)
A. junii CIP 64.5T (APPX00000000)
A. grimontii CIP 107470T (DQ207483)

A. yguerrae AC 1271T (LXGN00000000)
A. ursingii NIPH 137T (EU477105)
A. soli KCTC 22184T (LC102693)

A. rathckeae EC24T (VTDO00000000)
A baretiae B10AT (VTDM00000000)
A. boissieri SAP 284.1T (JQ771155)

A. pollinis SCC477T (VTDQ00000000)
A. nectaris SAP 763.2T (JQ771146)
A. apis HYN18T (JX863071)

A. radioresistens DSM 6976T (APQF00000000)
A. qingfengensis 2BJ1T (KC631629)

A. puyangensis BQ4-1T (JX499272)
A. populi PBJ7T (KM518646)

A. wanghuae dk386T (CP045650)
A. albensis ANC 4874T (FMBK00000000)

A. schindleri NIPH 1034T (EU477128)

A. portensis AC 877T (LWRV00000000)
A. genomic sp. 15BJ CIP 110321 (AQFL00000000)
A. genomic sp. 16 CIP 70.18 (APRN00000000)

A. genomic sp. 16 CIP 56.2 (APPH00000000)
A. proteolyticus NIPH 809T (KJ124841)
A. gyllenbergii NIPH 2150T (EU477148)

A. venetianus RAG-1T (APPO00000000)
A. tjernbergiae DSM 14971T (AYEV00000000)

A. parvus NIPH 384T (EU477107)

A. colistiniresistens NIPH 2036T (ATGK00000000)
A. vivianii NIPH 2168T (KJ124844)
A. modestus NIPH 236T (KJ124832)

A. courvalinii ANC 3623T (KT997518)
A. dispersus ANC 4105T (KT997527)

A. beijerinckii NIPH 838T (EU477124)

A. seifertii NIPH 973T (APOO00000000)
A. nosocomialis NIPH 2119T (APOP00000000)

A. baumannii ATCC 19606T (NZ_APRG00000000)

A. genomic sp. Between 1 and 3 NIPH 817 (APPF00000000)
A. calcoaceticus DSM 30006T (APQI00000000)
A. pittii CIP 70.29T (APQP00000000)

A. geminorum J00019T (JABELE000000000)
A. lactucae NRRL-B 41902T (LRPE00000000)
A. dijkshoorniae JVAP01T (LJPG01000000)

A. pragensis ANC 4149T (KX014578)
A cumulans WCHAc060092T (CP035934)
A chengduensis WCHAc060005T (MK805086.1)

A. gandensis ANC 4275T (LZDS00000000)
A. sichuanensis WCHAc060041T (PYIX00000000)

A. defluvii WCHA30T (KY435935)

A. guangdongensis 1NM-4T (KJ701021)
A. variabilis NIPH 2171T (KB850111)
A. indicus DSM 25388T (LC102682)

A. brisouii DSM 18516T (LC102676)
A. pseudolwoffii ANC 5044T (PHRG00000000)
A. lwoffii NCTC 5866T (APQS00000000)

A. johnsonii DSM 6963T (BBTB00000000)
A. celticus ANC 4603T (MBDL00000000)

A. shaoyimingii 323-1T (CP049801)

A. lanii 185T (CP049916)
A. kookii 11-0202T (JX844152)
A. equi 114T (CP012808)

A. bouvetii DSM 14964T (APQD00000000)
A. wuhouensis WCHA60T (KY853663)

A. piscicola LW15T (NIFO00000000)

A. bereziniae LMG 1003T (APQG00000000)
A. guillouiae CIP 63.46T (APOS00000000)
A. baylyi DSM 14961T (APPT00000000)

A. terrae ANC 4282T (JABERI000000000)
A. terrestris ANC 4471T (SJNZ00000000)

A. harbinensis HITLi-7T (JXBK00000000)
A. chinensis WCHAc010005T (MH587116.1)

A. bohemicus ANC 4250 (KJ124815.1)
A. bohemicus ANC 3994T (NZ_APOH00000000)
A bohemicus KCTC 42081 (AB938199.1)

A. bohemicus ANC 4187 (KJ124810.1)
A. bohemicus ANC 4245 (KJ124812.1)
A. bohemicus ANC 4246 (KJ124813.1)

A. bohemicus ANC 4248 (KJ124814.1)
A. bohemicus ANC 4253 (KJ124817.1)
A. bohemicus ANC 4254 (KJ124818.1)

A. bohemicus ANC 4278 (KJ124819.1)
A. bohemicus ANC 4286 (KJ124821.1)
A. bohemicus ANC 4288 (KJ124822.1)

A. bohemicus ANC 4312 (KJ124825.1)
A. bohemicus ANC 4313 (KJ124826.1)
A. bohemicus ANC 4315 (KJ124827.1)

A. bohemicus ANC 4283 (KJ124820.1)
A. bohemicus ANC 4153 (KJ124806.1)
A. bohemicus ANC 4182 (KJ124808.1)

A. bohemicus ANC 4311 (KJ124824.1)
A. bohemicus ANC 4183 (KJ124809.1)
A. bohemicus ANC 4252 (KJ124816.1)

A. bohemicus ANC 4321 (KJ124828.1)
A. bohemicus ANC 4290 (KJ124823.1)
A. bohemicus ANC 4160 (KJ124807.1)

A. bohemicus ANC 4476 (KJ124829.1)
A. bohemicus ANC 4189 (KJ124811.1)
A. bohemicus QAC-21b (NZ_CAJJDZ000000000)
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evolutionarily invariable (+I). Bootstrap values (≥70%) based on 100 re-samplings are 

shown above the branches. The analysis involved total of 284 positions in the final 

dataset. Tree was calculated in MEGA7. Bar, rate of substitution per amino acid 

position. 
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Figure S4. Phylogenetic tree based on partial amino acid sequence of gyrB showing 

the placement of QAC-21b into the species cluster of A. bohemicus. Phylogenetic 

Moraxella lacunata CCUG 4441T (MXAN00000000)
A. variabilis NIPH 2171T (APRS00000000)

A. schindleri NIPH 1034T (KF493701)

A. lwoffii NCTC 5866T (APQS00000000)
A. tandoii DSM 14970T (AQFM00000000)

A. kanungonis PS-1T (JAACKC000000000)

A. gerneri DSM 14967T (APPN00000000)
A. stercoris KPC-SM-21T (OOGT00000000)

A. guangdongensis 1NM-4T (KJ716796)
A. indicus DSM 25388T (LC102626)

A. wuhouensis WCHA60T (CP031716)
A. piscicola LW15T (MF188169)

A. guillouiae CIP 63.46T (APOS00000000)

A. bereziniae LMG 1003T (APQG00000000)
A. chinensis WCHAc010005T (CP032134)

A. rudis G30T (ATGI00000000)
A. larvae BRTC-1T (KU981067)

A. pollinis SCC477T (VTDQ00000000)
A. nectaris SAP 763.2T (KF493694)

A. apis strain ANC 5114 (FZLN00000000)

A. rathckeae EC24T (VTDO00000000)
A. boissieri SAP 284.1T (KF493699)

A. baretiae B10AT (NVTDM00000000)
A. towneri DSM 14962T (APPY00000000)

A. equi 114T (CP012808)
A. pragensis ANC 4149T (KX014569)

A. bouvetii DSM 14964T (APQD00000000)

A. lanii 185T (CP049916)
A. kookii 11-0202T (JX844154)

A. johnsonii DSM 6963T (BBTB00000000)
A. shaoyimingii 323-1T (CP049801)

A. sichuanensis WCHAc060041T (PYIX00000000)
A. defluvii WCHA30T (MAUF00000000)

A. celticus ANC 4603T (MBDL00000000)
A. lactucae NRRL-B 41902T (LRPE00000000)

A. dijkshoorniae JVAP01T (LJPG01000000)
A. calcoaceticus DSM 30006T (APQI00000000)

A. geminorum J00019T (JABELE000000000)

A. pittii CIP 70.29T (APQP00000000)
A. seifertii NIPH 973T (APOO00000000)

A. genomic sp. Between 1 and 3 NIPH 817 (APPF00000000)
A. baumannii ATCC 19606T (NZ_APRG00000000)

A. nosocomialis NIPH 2119T (APOP00000000)
A. genomic sp.6 CIP-A165 (APOK00000000)
A. genomic sp.6 NIPH 298 (APRM00000000)

A. halotolerans R160T (KU958711)
A. disperses ANC 4105T (KT997487)
A. genomic sp.16 CIP 56.2 (APPH00000000)
A. genomic sp. CIP 70.18 (APRN00000000)

A. genomic sp 15BJ CIP 110321 (AQFL00000000)
A. baylyi DSM 14961T (APPT00000000)

A. soli KCTC 22184T (EU622818)

A. tjernbergiae DSM 14971T (AYEV00000000)
A. guerrae AC 1271T (LXGN00000000)

A. ursingii NIPH 137T (KF493695)
A. haemolyticus CIP 64.3T (APQQ00000000)

A. junii CIP 64.5T (APPX00000000)
A. grimontii CIP 107470T (ASYZ00000000)

A. beijerinckii NIPH 838T (KF493697)

A. modestus NIPH 236T (KT997501)
A. gyllenbergii NIPH 2150T (KF493698)
A. proteolyticus NIPH 809T (KT997505)
A. colistiniresistens NIPH 2036T (ATGK00000000)

A. venetianus RAG-1T (APPO00000000)
A. courvalinii ANC 3623T (KT997478)
A. vivianii NIPH 2168T (KT997515)

A. parvus NIPH 384T (KF493696)
A. brisouii DSM 18516T (BBTI00000000)

A. radioresistens DSM 6976T (APQF00000000)
A. qingfengensis 2BJ1T (KC686827)

A. populi PBJ7T (KM518647)
A. puyangensis BQ4-1T (JQ411219)

A. chengduensis WCHAc060005T (RCHC00000000)

A. cumulans WCHAc060092T (CP035934)
A. gandensis ANC 4275T (LZDS00000000)

A. pseudolwoffii ANC 5044T (PHRG00000000)
A. portensis AC 877T (LWRV00000000)

A. wanghuae dk386T (CP045650)
A. terrae ANC 4282T (JABERI000000000)

A. terrestris ANC 4471T (SJNZ00000000)
A. harbinensis HITLi-7T (JXBK00000000)

A. bohemicus strain ANC 4253 (KJ147454.1)
A. bohemicus strain ANC 4288 (KJ147459.1)

A. albensis ANC 4874T (FMBK00000000)

A. bohemicus KCTC 42081 (NZ_FOZU00000000)
A. bohemicus QAC-21b (NZ_CAJJDZ000000000)

A. bohemicus ANC 3994T (NZ_APOH00000000)
A. bohemicus ANC 4248 (KJ147451.1)

A. bohemicus ANC 4250 (KJ147452.1)
A. bohemicus ANC 4245 (KJ147449.1)
A. bohemicus ANC 4286 (KJ147458.1)

A. bohemicus ANC 4252 (KJ147453.1)
A. bohemicus ANC 4187 (KJ147447.1)
A. bohemicus ANC 4278 (KJ147456.1)
A. bohemicus ANC 4312 (KJ147462.1)

A. bohemicus ANC 4246 (KJ147450.1)
A. bohemicus ANC 4283 (KJ147457.1)
A. bohemicus ANC 4254 (KJ147455.1)

A. bohemicus ANC 4160 (KJ147444.1)
A. bohemicus ANC 4476 (KJ147466.1)
A. bohemicus ANC 4290 (KJ147460.1)
A. bohemicus ANC 4315 (KJ147464.1)

A. bohemicus ANC 4321 (KJ147465.1)
A. bohemicus ANC 4311 (KJ147461.1)
A. bohemicus ANC 4153 (KJ147443.1)

A. bohemicus ANC 4182 (KJ147445.1)
A. bohemicus ANC 4313 (KJ147463.1)
A. bohemicus ANC 4183 (KJ147446.1)
A. bohemicus ANC 4189 (KJ147448.1)

76

99

76

99

99

99

87

99

81

93

89

72

97

89

71

99

75

71

92

87

74

74

85

86

0.01



211 

analysis was inferred by using the Maximum Likelihood method based on the JTT 

matrix-based model, applying a discrete Gamma distribution to model evolutionary 

rate differences among sites (+G), assuming some sites to be evolutionarily invariable 

(+I). Bootstrap values (≥70%) based on 100 re-samplings are shown above the 

branches. The analysis involved a total of 205 positions in the final dataset. Tree was 

calculated in MEGA7. Bar, rate of substitution per amino acid position. 
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Figure S5. (A) Heat map of average nucleotide identity (ANI) values of strain QAC-

21b compared to A. bohemicus strains ANC 3994T and KCTC 42081 and other related 

Acinetobacter strains. (B) Venn diagram depicting unique and shared genes between 

QAC-21b and A. bohemicus ANC 3994T and KCTC 42081.  
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Figure S6. Temperature dependent growth of QAC-21b analyzed by the spot assay 

method according to Pulami et al. (2021). 1, A. baumannii ATCC 19606T, 2, strain 

QAC-21b; 3, spotted 0.9% sodium chloride (NaCl) solution. Analysis was performed 

after 24h of incubation  
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Figure S7. Copper tolerance of QAC-21b analyzed by the spot assay method 

according to Pulami et al. (2021). Copper tolerance was tested by pipetting 5 µL of 

serial dilution (100–10-3 dilution, turbidity adjusted to standard 0.5 McFarland) of 

overnight cultured isolates in Muller Hinton agar plates (ROTH) supplemented with 4, 

8, 12, 16, 20, 24, 32 and 36 mM CuSO4 5H2O (adjusted to pH 7.2) (MERCK). All plates 

were incubated at 25°C in the dark and checked for growth after 24h of incubation. 

The lowest copper concentration that completely inhibited growth was considered as 

the MIC value. The growth was completely suppressed in concentration of 8 mM 

CuSO4 5H2O and above (data not shown). 
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Figure S8. Comparison of operon of class 1 integron (intl1) with QAACs efflux pump 

QacEdelta1 (qacE∆1 gene) present in the chromosome of Acinetobacter strains. 

Figure and comparison were visualized using Easyfig v2.2.5 (Sullivan et al. 2011) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

intI1tnpM dfrI qacEΔ1 sul1

(A) A. baumannii AYE (CT025832/ NC_010410)

(B) A. baumannii ATCC 19606T (NZ_ACQB00000000) Absent in the genome

(C) A. baumannii ATCC 17978 (CP000521) Absent in the genome

(D) A. baumannii KPC-SM-125 (NZ_CACSGU000000000) Absent in the genome

(E) A. kookii ANC KCTC 32033T (NZ_FMYO00000000) Absent in the genome

(F) A. johnsonii CIP 64.6T (NZ_APON00000000) Absent in the genome

(G) A. bohemicus KCTC 42081 (NZ_FOZU00000000) Absent in the genome

(H) A. bohemicus ANC 3994T (NZ_APOH00000000) Absent in the genome

1 kbp

(I) A. bohemicus QAC-21b (NZ_CAJJDZ000000000) Absent in the genome
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Figure S9. Details of intact phage-like regions in A. bohemicus QAC-21b showing the 

characteristics of phage-related genes 
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Figure S10. Details of intact phage-like regions in A. bohemicus ANC 3994T showing 

the characteristics of phage-related genes. 
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Supplementary tables 

Table S1. Genome accession and assembly number of organisms (including type species and 

strain) used in this study. 

Organism 
GenBank 
Accession  

GenBank 
assembly 
accession 

Acinetobacter lwoffii NCTC 5866T = CIP 64.10T _= 
NIPH 512T APQS00000000 GCA_000369105.1 

Acinetobacter baumannii ATCC 19606T = CIP 70.34T 
= JCM 6841T APRG00000000 GCA_000369385.1 

Acinetobacter baylyi DSM 14961T = CIP 107474T APPT00000000 GCA_000368685.1 

Acinetobacter bereziniae LMG 1003T = CIP 70.12T APQG00000000 GCA_000368925.1 

Acinetobacter bohemicus ANC 3994T APOH00000000 GCA_000367925.1 

Acinetobacter bouvetii DSM 14964T = CIP 107468T APQD00000000 GCA_000368865.1 

Acinetobacter brisouii CIP 110357 AYEU00000000 GCA_000488275.1  

Acinetobacter calcoaceticus DSM 30006T APQI00000000 GCA_000368965.1 

Acinetobacter equi 114T CP012808 GCA_001307195.1 

Acinetobacter gandensis ANC 4275T LZDS00000000 GCA_001678755.1 

Acinetobacter dijkshoorniae JVAP01T NZ_LJPG00000000 GCF_001595745.1 

Acinetobacter gerneri DSM 14967T = CIP 107464T APPN00000000 GCA_000368565.1 

Acinetobacter guillouiae CIP 63.46T APOS00000000 GCA_000368145.1 

Acinetobacter haemolyticus CIP 64.3T APQQ00000000 GCA_000369065.1 

Acinetobacter harbinensis HITLi 7T JXBK00000000 GCA_000816495.1 

Acinetobacter indicus CIP 110367T = DSM 25388T BBSF00000000 GCA_000830155.1 

Acinetobacter johnsonii CIP 64.6T APON00000000 GCA_000368045.1 

Acinetobacter junii CIP 107470T APPS00000000 GCA_000368665.1 

Acinetobacter junii CIP 64.5T APPX00000000 GCA_000368765.1 

Acinetobacter lactucae NRRL B 41902T LRPE00000000 GCA_001605885.1 

Acinetobacter nectaris CIP 110549 AYER00000000 GCA_000488215.1 

Acinetobacter nosocomialis NIPH 2119T APOP00000000 GCA_000368085.1 

Acinetobacter parvus DSM 16617T APOM00000000 GCA_000368025.1 

Acinetobacter pittii ATCC 19004T = CIP 70.29T APQP00000000 GCA_000369045.1 

Acinetobacter radioresistens DSM 6976T = CIP 
103788T APQF00000000 GCA_000368905.1 

Acinetobacter rudis DSM 24031T BBRX01000000 GCA_000829675.1 

Acinetobacter schindleri CIP 107287 APPQ00000000 GCA_000368625.1 

Acinetobacter seifertii NIPH 973T APOO00000000 GCA_000368065.1 

Acinetobacter soli KCTC 22184T BBNM00000000 GCA_000760595.1 

Acinetobacter tandoii DSM 14970T = CIP 107469T AQFM00000000 GCA_000400735.1  

Acinetobacter tjernbergiae DSM 14971T = CIP 
107465T AYEV00000000 GCA_000488175.1 

Acinetobacter towneri DSM 14962T = CIP 107472T APPY00000000 GCA_000368785.1 

Acinetobacter ursingii DSM 16037T = CIP 107286T APQA00000000 GCA_000368825.1 

Acinetobacter venetianus RAG 1T = CIP 110063T APPO00000000 GCA_000368585.1 

Acinetobacter albensis ANC 4874T FMBK01000000  GCA_900095025.1 

Acinetobacter defluvii WCHA30T MAUF00000000 GCA_001704615.2 

Acinetobacter piscicola LW15T NIFO00000000 GCA_002233755.1 

Acinetobacter populi PBJ7T NEXX00000000 GCA_002174125.1 

Acinetobacter larvae BRTC-1T CP016895 GCA_001704115.1 

Acinetobacter apis ANC 5114 FZLN00000000 GCA_900197575.1 

“Acinetobacter oleivorans DR1 = KCTC 23045” BCUK00000000 GCA_001591245.1 

Moraxella lacunata NBRC 102154T = CCUG 444T BCUK00000000 GCA_001591245.1 
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Table S2. Potential virulence factor related genes of strain KPC-SM-21T. The genome 

of A. baumannii ATCC19606T was used as reference. Analyses were performed in 

EDGAR 2.3 (Blom et al. 2016) and VFDB (virulence factor database; 

http://www.mgc.ac.cn/VFs/) which was used to indentify virulence related genes. 

 Strain 

Gene/Locus/Ope
ron Protein 

Predicted 
function 

Role in 
pathogene

sis 

Referenc
e for 
evidence ATCC 19606T 

KPC-SM-
21T 

Type 2 Secretion system Locus tag 

gspN GspN 
Unknown 
function 

In vivo 
survival 

Johnson 
et al. 
2016; 
Elhossei
ny et al. 
2016; 
Harding 
et al. 
2016; 
Harding, 
Hennon 
and 
Feldman 
2018 

HMPREF0010_01
960 

KPC_298
6 

gspC GspC 

Inner-
membrane 
platform 
protein 

HMPREF0010_01
959 

KPC_298
7 

gspD GspD 
Outer-
membrane 
secretion 

HMPREF0010_01
958 

KPC_298
8 

gspL GspL 

Inner-
membrane 
platform 
protein 

HMPREF0010_00
073 

KPC_071
9 

gspM GspM 

Inner-
membrane 
platform 
protein 

HMPREF0010_00
074 

KPC_072
0 

gspE GspE 
Secretion 
ATPase 

HMPREF0010_01
637 

KPC_181
3 

gspF GspF 

Inner-
membrane 
platform 
protein 

HMPREF0010_01
870 

KPC_217
8 

gspKJIH GspKJIH 
Minor 
pseudopilins 

HMPREF0010_00
793-00796 

KPC_262
5-2628 

Type 6 secretion system Locus tag 

tssL TssL 
membrane 
complex 
proteins 

interspecie
s 
competitio
n, host 
colonizatio
n  
 

Weber et 
al. 2013; 
Carruthe
rs et al. 
2013; 
Wright et 
al. 2014; 
Jones et 
al. 2015; 
Repizo 
et al. 
2015 

HMPREF0010_01
111 

KPC_315
0 

tssK TssK 
baseplate 
components 

HMPREF0010_01
112 

KPC_314
9 

tssA TssA 
Priming 
protein 

HMPREF0010_01
113 

KPC_314
8 

tssH TssH ATPase ClpV 
HMPREF0010_01
114 

KPC_314
7 

tagN TagN 
Structural 
component 

HMPREF0010_01
116 

KPC_089
0 

tagF TagF 
Posttranslatio
nal repressor 
of T6SS 

HMPREF0010_01
117 

KPC_088
9 

tssM TssM 
membrane 
complex 
proteins 

HMPREF0010_01
118 

KPC_088
8 

tssG TssG 
baseplate 
components 

HMPREF0010_01
120 

KPC_088
6 

tssF TssF 
baseplate 
components 

HMPREF0010_01
121 

KPC_088
5 

tssE TssE 
baseplate 
components 

HMPREF0010_01
122 

KPC_088
4 

hcp Hcp tubule protein 
HMPREF0010_01
123 

KPC_088
3 

tssB TssB 
Sheath 
components 

HMPREF0010_01
125 

KPC_088
1 
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tssC TssC 
Sheath 
components 

HMPREF0010_01
124 

KPC_088
2 

Others Locus tag 

OmpA (Omp38) 
Outer-
membrane 
protein A 

Outer 
membrance 
protein 

Adherence
, invasion, 
apoptosis, 
biofilm, 
persistenc
e 

Choi et 
al. 2005; 
2008a, 
2008b; 
Gaddy, 
Tomaras 
and 
Actis 
2009; 
Lee et 
al. 2010; 
Smani et 
al. 2014; 
Wang et 
al. 2014 

HMPREF0010_02
782 

KPC_141
5 

ptK 
protein 
tyrosine 
kinase 

Capsular 
polymerisatio
n and 
assembly 

Biofilm, 
tissue 
infection, 
serum 
growth 

Russo et 
al. 2010 

HMPREF0010_03
290 

KPC_258
0 

epsA 

putative 
polysacchari
de export 
outermembra
ne protein 

Capsular 
polymerisatio
n and 
assembly 

Human 
serum 
resistance, 
in vivo 
survival 

Russo et 
al. 2010 

HMPREF0010_03
288 

KPC_258
2 

nfuA 
Fe/S protein 
NfuA 

iron-sulfur 
cluster 
biogenesis in 
iron 
deficiency 

survival in 
vivo, hosts 
cell attack, 
persistenc
e 

Zimbler 
et al. 
2012 

HMPREF0010_01
516 

KPC_356
2 

plC1 
Phospholipa
se C 

catalysing the cleavage of 
phospholipids present in 
host cell membrance aiding 
cell lysis 
enzymatic catalysis 

Camare
na et al 
2010 

HMPREF0010_03
297 

KPC_341
2 

plD 

Phospholipa
se 
D/cardiolipin 
synthase 

Jacobs 
et al 
2010 

HMPREF0010_00
607 

KPC_284
0 

cpaA 
metalloprote
ase CpaA 

Inhibition of blood 
coagulation 

Tilley et 
al. 2014; 
Kinsella 
et al. 
2017 

absent 
KPC_046
0 
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Table S3. Potential phage genes of strain KPC-SM-21T. Contig sequences were 

examined for phage related genes using PHASTER (https://phaster.ca/; Zhou et al. 

2011; Arndt et al. 2016). 

No
. 

Contig Accession Completene
ss 

Scor
e 

Positio
n 

Most common phage Phage 
accession 

1. NZ_OOGT0100017
1.1 

Incomplete 10 124-
5588 

PHAGE_Acinet_YMC11/11/R3
177 

NC_04186
6 

2. NZ_OOGT0100014
4.1 

Incomplete 20 58-
9763 

PHAGE_Acinet_AbP2 NC_04199
8 

3. NZ_OOGT0100025
4.1 

Incomplete 10 797-
4507 

PHAGE_Burkho_Bcep176 NC_00749
7 

4. NZ_OOGT0100001
3.1 

Incomplete 10 2434-
8498 

PHAGE_Acinet_Bphi_B1251 NC_01954
1 

5. NZ_OOGT0100001
8.1 

Incomplete 30 5003-
11252 

PHAGE_Acidov_ACP17 NC_04199
7 

6. NZ_OOGT0100000
8.1 

Intact 120 4305-
38981 

PHAGE_Acinet_YMC11/11/R3
177 

NC_04186
6 
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Supplementry figures 

 

Figure S1. Maximum-likelihood (Felsenstein 1981) tree based on aminoacid 

sequences of concatenated variable zones of rpoB gene, showing the placement of 

KPC-SM-21T within the genus Acinetobacter. Bootstrap values (>70%) based on 100 

replicates are shown at the branch nodes. Moraxella lacunata NBRC 102154T was 

used as outgroup. Bar, 0.01 substitutions per site.  
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Figure S2. Maximum-likelihood tree based on short nucleotide sequence of gyrB gene 

(906nt), showing the placement of KPC-SM-21T within the genus Acinetobacter. 

Bootstrap values (>70%; 100 replications) are shown. Filled circles indicate nodes that 

were also present in tree generated by neighbour-joining method. Moraxella lacunata 

NBRC 102154T was used as outgroup. Bar, 0.01 substitutions per site.  
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Figure S3. Maximum-likelihood tree based on aminoacid sequence of gyrB gene, 

showing the placement of KPC-SM-21T within the genus Acinetobacter. Bootstrap 

values (>70%) based on 100 replicates are shown at the branch nodes. Moraxella 

lacunata NBRC 102154T was used as outgroup. Bar, 0.01 substitutions per site.  
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Figure S4. Phylogenetic placement of strain KPC-SM-21T within the genus 

Acinetobacter based on a six gene MLSA. The phylogenetic tree was calculated with 

the ML method and is based on concatenated partial pyrG-cpn60-gltA-recA-rplB-rpoB 

nucleotide (A) and respective amino acid (B). Bootstrap values of ≥70% (100 

replications) are shown. Phylogenetic analyses were based on a total of 2,331 

nucleotide and 777 amino acid codon positions. Filled circles indicate nodes that were 

also present in trees generated by NJ and maximum parsimony methods. Moraxella 

lacunata ATCC 17967T was used as outgroup. Bars, 0.01% sequence divergence. 

Locus tag number of pyrG, cpn60, gltA, recA, rplB and rpoB genes of strain KPC-SM-

21T are KPC_1268, KPC_2174, KPC_3048, KPC_3432, KPC_0262, and KPC_0582. 
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Figure S5. Clustered heat map of ANI values between the strain KPC-SM-21T, 

Acinetobacter sp. Marseille-Q1620, A. gerneri DSM 14967T and A. baumannii ATCC 

19606T. The analyses were done in EDGAR 2.3 (Blom et al. 2016). 
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Figure S6. Biotyper (Bruker Daltonics) generated dendrogram based on whole cell 

mass spectrometry (MALDI-TOF-MS) of KPC-SM-21T (shown in bold font) and other 

type species of the genus Acinetobacter.  
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Figure S7. Microsopical picture of cellls of strain KPC-SM-21T. Size: length (1.45μm) 

× width (1.2μm), Gram -negative, typically short, rod shaped (coccobacilli: 

intermediated between spherical and rod shape), non motile.  
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Figure S8. Spot assay test showing growth of strain KPC-SM-21T (left) and A. 

baumannii ATCC 19606T (right) on different growth media. Serial dilutions (100 to 10-

5) of cell suspensions (McFarland 0.5, suspended in autoclaved 0.9% NaCl solution) 

were spotted on each plate (5 µL per spot) and incubated at 28°C for 7 days. Growth 

of KPC-SM-21T occurred in all media except marine agar (weak growth) and 

MacConkey (no growth). Images were taken after 7 days of incubation.  
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Figure S9. Spot assay of temperature dependent growth of strain KPC-SM-21T and 

A. baumannii ATCC 19606T following 24h of incubation. 
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Figure S10. Remnants of bacteriophage regions (Phage region 1) identified from 

querying the whole genome sequence of Acinetobacter sp. KPC-SM-21T (Contig 

number: NZ_OOGT01000008.1) using PHASTER. The boxes are color coded with the 

legend provided below the figure to show their potential functions.  



235 

 

Figure S11. Distribution of genes encoding AMP phosphotransferase (PPK2) and 

adenylate kinase (adk) in the genome of A. baumannii ATCC 19606T 

(ACQB00000000) and KPC-SM-21T, respectively. The locus tag of AMP 

phosphotransferase and adenylate kinase are KPC_0195 and KPC_2791 for KPC-

SM-21T. Horizontal arrows indicate the direction and orientation of the gene. 
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