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Abstract: Acinetobacter baumannii (A. baumannii) is a major cause of severe nosocomial infections
worldwide. The emergence of infections associated with A. baumannii poses a significant health risk
in Germany. A. baumannii is part of the ACB complex and is difficult to distinguish from other species
phenotypically, necessitating its reliable identification. The current study analyzed 89 A. baumannii
strains from human and non-human origins by matrix-assisted laser desorption/ionization (MALDI–
TOF) and PCR detection of intrinsic blaOXA-51-like carbapenemase, blaOXA-23-like, blaOXA-24-like,
blaOXA-58-like, and ISAba 1 genes. Whole-genome sequencing (WGS) was applied for species confirma-
tion and strain type determination. Combining the molecular detection of the intrinsic blaOXA-51-like

carbapenemase gene together with MALDI–TOF with a score value of >2.300 proved to be a suit-
able tool for A. baumannii identification. WGS data for all of the sequenced strains confirmed the
identity of all A. baumannii strains. The Pasteur scheme successfully assigned 79.7% of the strains
into distinct STs, while the Oxford scheme succeeded in allocating only 42.7% of isolates. Multilocus
sequence typing (MLST) analysis based on the Pasteur scheme identified 16 STs. ST/241 was the most
prevalent in samples from non-human origin, whereas ST/2 was predominant in human samples.
Furthermore, eight isolates of non-human origin were allocated to seven new STs (ST/1410, ST/1414,
ST/1416, ST/1417, ST/1418, ST/1419, and ST/1421). Ten isolates from non-human origin could
not be typed since new alleles were observed in the loci Pas_cpn60, Pas_rpoB, and Pas_gltA. MLST
analysis based on the Pasteur scheme was more appropriate than the Oxford scheme for the current
group of A. baumannii.
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1. Introduction

Acinetobacter baumannii (A. baumannii) is a Gram-negative, pleomorphic, and non-
motile opportunistic bacterial pathogen. Multi-drug resistant (MDR) A. baumannii strains
are the cause of both hospital- and community-acquired infections worldwide [1]. In
Germany, several outbreaks have occurred among hospitalized patients [2] and in vet-
erinary clinics [3–5], and a recent study identified A. baumannii in dried milk [6,7]. The
impact of A. baumannii in veterinary medicine and food chains is not well understood [8].
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The definitive identification of A. baumannii is challenging. A. baumannii is part of the
A. calcoaceticus–A. baumannii complex (ACB complex) whose members are difficult to distin-
guish phenotypically. This complex encompasses six species: A. calcoaceticus, A. baumannii,
A. pittii, A. nosocomialis, and the recently included species A. seifertii and A. dijkshoor-
niae [9,10]. Phenotypic tests such as VITEK 2 and API 20NE are of limited use and fail to
distinguish between different members of the A. baumannii complex [11]. Given the clinical
significance of A. baumannii, accurate species identification and correct differentiation
from other ACB complex members, particularly the closely related species A. pittii and
A. nosocomialis, is essential.

The approach known as average nucleotide identity (ANI) for identification, together
with multilocus phylogenetic analysis based on Next Generation Sequencing (NGS) technol-
ogy, currently seems to be the best alternative for a gold standard and the most promising
method [12]. In addition, the Kraken program, which works with WGS data, is considered
a highly accurate and ultrafast tool for taxonomic classification [13]. Multilocus sequence
typing (MLST) has been used for the molecular typing of bacterial isolates. The population
structure of A. baumannii strains has been studied using two known seven-gene MLST
schemes, the Oxford scheme [14] and the Pasteur scheme [15]. Both are based on fragments
of seven housekeeping genes. In spite of the fact that the two schemes share three genes,
they form two coexisting nomenclatures of sequence types and clonal complexes [16].
Previous work recommended the Oxford scheme due to the presence of the gpi gene, which
can provide a link between typing and phenotypic information [17]. However, having all
seven of the genes in the Oxford scheme in one half of the chromosomes [18] makes the
Pasteur scheme more appropriate for epidemiological studies of A. baumannii [16].

The present study analyzed 89 A. baumannii strains from human and non-human
origins using a combination of MALDI–TOF, different PCR protocols, detection of the
intrinsic blaOXA-51-like carbapenemase gene, whole-genome sequencing (WGS), and multilo-
cus sequence typing (MLST).

2. Materials and Methods
2.1. Bacterial Isolates

Eighty-nine unique, non-repetitive A. baumannii strains were obtained from the strain
collection of the Institute of Bacterial Infections and Zoonoses (IBIZ), Jena. Each isolate was
obtained from a unique sample. Fourteen were clinical isolates from human origin, and
two were strains of animal origin belonging to the German resistance monitoring system
of animal-pathogenic bacteria (GERM-Vet-2016). Seventy-one isolates were isolated at
the production level from the end product of powdered milk samples produced by three
different companies in Germany, and two A. baumannii control strains (DSM30007 and
DSM105126) from human origin were included. The strains were isolated between 2005
and 2018 [7].

2.2. Identification and Molecular Characterization of Strains

The microbial species identification was made using Matrix-Assisted Laser Desorp-
tion/Ionization Mass Spectrometry (MALDI–TOF MS). Briefly, each isolate was cultured
on Columbia blood agar at 37 ◦C, and a single fresh colony from each pure culture plate
was suspended in a 1.5 mL Eppendorf tube containing 300 µL of HPLC grade water. The
bacteria were inactivated by 900 µL of absolute ethanol. Protein extraction from each
sample and measurement was performed as described before [18]. The following MALDI
log score values for species identification were applied: score values between 0 and 1.690
were considered ‘no reliable identification’; values between 1.700 and 1.990 were consid-
ered ’probable genus identification’; values between 2.000 and 2.290 were considered a
’secure genus identification and probable species identification’; and values equal to or
greater than 2.300 were considered highly probable for species identification. Since the
intrinsic blaOXA-51-like carbapenemase genes are present in the vast majority of A. baumannii
strains, the blaOXA-51-like PCR using the protocol and primers established by Turton et al.,
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2006 [19], was applied to confirm the species identification of all positive MALDI strains.
Moreover, three subgroups of acquired OXA carbapenemases (blaOXA-23-like, blaOXA-24-like,
and blaOXA-58-like) were used in the protocol established by Woodford et al., 2006 [20], and
multiplex PCR was used for the blaOXA and ISAba 1 genes prevalent in Acinetobacter spp.
using the protocol of Kobs et al., 2016 [21]. The genotyping and characterization of all
bacterial isolates were performed by average nucleotide identity (ANI) [12] and the Kraken
program [13] utilizing the whole-genome-sequencing (WGS) data.

2.3. DNA Extraction and Whole-Genome Sequencing (WGS)

Genomic DNA was extracted from a single colony grown on Columbia blood agar
at 37 ◦C using the High Pure PCR Template Preparation Kit (Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer’s instructions. The sequencing library
was prepared, and the library was sequenced using a MiSeq sequencer (Illumina, San Diego,
CA, USA). Analysis of the raw data, quality control, and assembly were performed utilizing
the Linux-based pipeline WGSBAC (v2.0.0) (https://gitlab.com/FLI_Bioinfo/WGSBAC
(accessed on 1 January 2020)), as previously described [7]. WGSBAC utilizes Kraken
(v. (2.0.7_beta) [22] to classify reads at the genus and species levels and to calculate coverage,
the number of reads multiplied with their average read length and divided by the genome
size. WGSBAC performs genome assembly with Shovill (v. 1.0.4) that is based on the
SPAdesassembler [23] and determines the quality of assemblies with QUAST (v. 5.0.2) [24].

2.4. Multilocus Sequence Typing (MLST)

As a general overview for genotyping, WGSBAC performs classical Multilocus Se-
quence Typing (MLST, https://github.com/tseemann/mlst, v. 2.16.1, accessed on 1 January
2020) on assembled A. baumannii genomes utilizing the two widely used and available
MLST schemes. The first scheme (Acinetobacter baumannii#1) is referred to as the Oxford
scheme and was developed and evaluated by Bartual and coworkers [14]. This scheme
encompasses 2078 distinct sequence types (ST1-ST2078, Last updated 1 January 2020). It is
designed to identify the following seven internal house-keeping genes: citrate synthase
(gltA), DNA gyrase subunit B (gyrB), glucose dehydrogenase B (gdhB), homologous recom-
bination factor (recA), 60-kDa chaperonin (cpn60), glucose-6-phosphate isomerase (gpi), and
RNA polymerase sigma factor (rpoD). In comparison, the second scheme (Acinetobacter
baumannii#2) was published later by Diancourt and coworkers and is referred to as the Pas-
teur scheme [15]. This scheme encompasses 1409 distinct sequence types (ST1-ST1409, last
updated accessed on 1 January 2020) and uses fragments of seven internal housekeeping
genes. Three genes are shared with the Oxford scheme (cpn60, gltA, and recA), and the four
other unique genes are elongation factor EF-G (fusA), CTP synthase (pyrG), 50S ribosomal
protein L2 (rplB), and RNA polymerase subunit B (rpoB). To determine and fully describe
the novel alleles found with less than 100% identity, the same assembled genomes of all new
STs were typed using another MLST web-server (https://cge.cbs.dtu.dk/services/MLST/,
1 January 2020) belonging to the Center for Genomic Epidemiology. The allelic variants
of all gene fragments of both schemes were determined from the tested strains’ genomes,
and the contig files were scanned against traditional PubMLST typing schemes. The align-
ment detected the mismatches nucleotides and the nearest STs against the Pasteur MLST
scheme’s allele with the best alignment score.

3. Results
3.1. Identification of A. baumannii Strains

All examined strains in the current study were initially identified as A. baumannii
with a score value of >2.300 by MALDI–TOF analysis. PCR confirmed the presence of the
blaOXA-51 like carbapenemase gene in all isolates from human, animal, and milk powder
samples. None of blaOXA-23-like, blaOXA-24-like, blaOXA-58-like, and ISAba1 was confirmed by
PCR in strains obtained from milk samples. In contrast, ISAba1 and blaOXA-23-like were
found in almost all of the tested isolates of human origin. Whole-genome sequencing

https://gitlab.com/FLI_Bioinfo/WGSBAC
https://github.com/tseemann/mlst
https://cge.cbs.dtu.dk/services/MLST/
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additionally confirmed correct strain identification. Average nucleotide identity (ANI) was
calculated for all sequenced strains and confirmed the identity of A. baumannii with values
more than the cut-off values (95–96%) recommended by Richter and Rossello-Mora [25].
Using the Kraken program for genus identification, the first match for all isolates was
always “Acinetobacter” for an average of 97.87% of the reads, and for species level, the first
match for all isolates was always “Acinetobacter baumannii”.

3.2. MLST Analyses

MLST analyses based on the Pasteur scheme identified 16 sequence types (ST) for
71/89 strains (79.7%) (Table 1). Of the eighteen strains (20.3%), which initially could not
be assigned to a distinct sequence type, eight were allocated to seven new STs (Table 2).
Ten isolates originating from milk powder samples could not be typed due to new alleles.
These new alleles mostly occurred in the loci Pas_cpn60, Pas_rpoB, and Pas_gltA (Table 3).
In the 71 isolates derived from milk powder samples, ST/241 was the most prevalent
sequence type, followed by ST/153, ST/40, ST/1119, and ST/273. ST/33 and ST/364 were
determined once. Among the fourteen isolates of human origin, eight (9%) were assigned
to ST/2; two were assigned to ST/164; and one each was assigned to ST/1, 78, 215, and
604. The control strains DSM30007 and DSM105126 from human origin were assigned
to ST/52 and ST/437. One strain of animal origin was assigned to ST/46, and the other,
which resulted as an unknown ST, was later assigned to the new ST/1410.

Table 1. Strain types (ST) of 89 A. baumannii strains isolated in Germany according to the Pasteur
scheme.

Pasteur ST. No. of Isolates % Origin of Isolates

ST/241 19 21.4 Milk powder sample
ST/153 12 13.5 Milk powder sample
ST/40 12 13.5 Milk powder sample

ST/1119 6 6.7 Milk powder sample
ST/273 3 3.4 Milk powder sample
ST/364 1 1.1 Milk powder sample
ST/33 1 1.1 Milk powder sample
ST/2 8 9 Human

ST/164 2 2.3 Human
ST/604 1 1.1 Human
ST/215 1 1.1 Human
ST/78 1 1.1 Human
ST/1 1 1.1 Human

ST/52 1 1.1 DSM30007 (Human)
ST/437 1 1.1 DSM105126 (Human)
ST/46 1 1.1 Animal

ND 18 20.3 17 Milk powder sample/1 Animal
Total 89 100

ST, sequence type; D, not determined.

Using the Oxford scheme, thirty-eight strains (42.7%) were assigned to ten STs, while
fifty-one strains (57.3%) could not be assigned to a distinct sequence type and were thus
defined as unknown STs (Table 4). ST/613 was the most prevalent sequence type in the
isolates originating from milk powder samples, followed by ST/427. One isolate was
assigned to ST/1182. Among the fourteen isolates of human origin, two (2.3%) were
assigned to ST/1418 and one each was assigned to ST/195, 348, 806 and ST/944. Eight
strains could not be assigned to a sequence type and were defined as unknown STs. The
two control strains DSM30007 and DSM105126, of human origin, were assigned to ST/112
and ST/931. Two strains of ST/2 in the Pasteur scheme were assigned to two different STs
in the Oxford scheme, i.e., ST/2 resulted as ST/195 and ST/348, respectively. The seven
new STs determined using the Pasteur scheme (ST/1410, 1414, 1416-1419, and ST/1421)
could not be typed using the Oxford scheme except for one, which was assigned as ST/1182.
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The new alleles occurred mainly at the loci Oxf_cpn60, Oxf_gdhB, Oxf_gpi, and Oxf_rpoD
(Table 5).

Table 2. Description of the new STs found in the current study based on Pasteur scheme (Acinetobacter baumannii#2).

STs ID Origin Year cpn60 fusA gltA pyrG recA rplB rpoB

1410 18Y0036 Animal 2016 40 3 2 1 2 2 2

1414
18Y0093 Milk powder 2005 3 3 6 2 3 1 2

18Y0112 Milk powder 2005 3 3 6 2 3 1 2

1416 18Y0111 Milk powder 2005 3 3 2 2 2 4 14

1417 18Y0141 Milk powder 2006 3 3 2 2 9 2 2

1418 18Y0169 Milk powder 2007 3 2 2 2 3 1 2

1419 18Y0192 Milk powder 2009 156 3 56 1 13 1 1

1421 18Y0245 Milk powder 2012 69 4 2 2 7 1 4

Table 3. Allelic profiles of the untyped strains found in the current study based on the Pasteur scheme (Acinetobacter
baumannii#2).

ID Origin Year cpn60 fusA gltA pyrG recA rplB rpoB Novel Allele *

UT 18Y0092 Milk powder 2005 1 2 ~140 1 51 1 4 (Pas_gltA_2 G >A)

UT

18Y0103 Milk powder 2005 ~155 3 13 1 3 1 ~14 (Pas_cpn60_25 G >A)
(Pas_rpoB_14 C >T)18Y0107 Milk powder 2005 ~155 3 13 1 3 1 ~14

18Y0237 Milk powder 2011 ~155 3 13 1 3 1 ~14 (Pas_cpn60_46 A>G)
(Pas_rpoB_14 C>T)

18Y0228 Milk powder 2011 ~155 3 13 1 3 1 ~14 (Pas_cpn60_155C>T)
(Pas_rpoB_14 C>T)

UT 18Y0195 Milk powder 2009 3 2 2 ~2 5 1 5 (Pas_pyrG_2 T>C)

UT

18Y0125 Milk powder 2006 8 1 ~5 3 6 2 3
Similar to ST/152 with

a difference in one
nucleotide

(Pas_gltA_5 T >C)

18Y0143 Milk powder 2006 8 1 ~5 3 6 2 3

18Y0180 Milk powder 2008 8 1 ~5 3 6 2 3

18Y0190 Milk powder 2009 8 1 ~5 3 6 2 3

* Novel Allele, alleles found with less than 100% identity. (~n) means novel full-length allele similar to n. UT, untyped strains.

Table 4. Strain types (ST) of 89 A. baumannii strains isolated in Germany based on the Oxford scheme.

Oxford ST. No. of Isolates % Origin of Isolates

ST/613 19 21.4 Milk powder

ST/427 10 11.2 Milk powder

ST/1182 1 1.1 Milk powder

ST/1418 2 2.3 Human

ST/195 1 1.1 Human

ST/348 1 1.1 Human

ST/806 1 1.1 Human

ST/944 1 1.1 Human

ST/931 1 1.1 DSM30007 (Human)

ST/112 1 1.1 DSM105126 (Human)

ND 51 57.4 41 Milk powder; 8 Human; 2 Animal

Total 89 100
ST, sequence type; ND, not determined.
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Table 5. Allelic profiles of the untyped STs found in the current study based on the Oxford scheme (Acinetobacter bauman-
nii#1).

ST ID gltA gyrB gdhB recA cpn60 Gpi rpoD Novel Allele *

UT 18Y0036 1 121 2 2 36 98 30

UT
18Y0093 2 97 ~73 1 1 68 ~6 (Oxf_gdhB_73 T>G, T>C)

(Oxf_rpoD_6 T>G)
(Oxf_gpi_68 T>C)18Y0112 2 97 ~73 1 1 68 ~6

UT 18Y0111 1 113 ~189 2 1 253 4 (Oxf_gdhB_66 A>G)

UT 18Y0141 1 47 140 6 1 ~264 43 Oxf_gpi_264 T>C, C>G, A>G, G>T,
G>A, T>C, A>T, T>C, T>C)

1182 18Y0169 1 12 56 1 1 107 26

UT 18Y0192 35 31 49 11 ~1 54 ~5 (Oxf_cpn60_1 C>A)
(Oxf_rpoD_5 T>C)

UT 18Y0245 1 15 59 28 94 157 45 Oxf_cpn60 has uncertain hit, and ST
is unclear

UT 18Y0092 ~1 17 42 60 4 140 151 (Oxf_gltA_1 G>A)

UT

18Y0103 24 52 139 1 ~44 99 50

(Oxf_cpn60_26 G>A)18Y0107 24 52 139 1 ~44 99 50

18Y0237 24 52 139 1 ~44 99 50

18Y0228 24 52 139 1 ~44 99 50 (Oxf_cpn60_16 C>T)

UT 18Y0195 1 41 186 11 1 164 6

UT

18Y0125 98 12 40 26 32 103 4

18Y0143 98 12 40 26 32 103 4

18Y0180 98 12 40 26 32 103 4

18Y0190 98 12 40 26 32 103 4

* Novel Allele, alleles found with less than 100% identity and ST might indicate nearest ST. (~n) means novel full-length allele similar to n.
UT, untyped ST.

4. Discussion

Acinetobacter baumannii is a serious and emerging pathogen, causing nosocomial
infections in humans and animals in Germany [2,5,7,8]. Accurate identification and differ-
entiation of Acinetobacter at the species level is challenging. Identification of A. baumannii
is mainly based on the semi-automated Vitek-2 system and MALDI–TOF. The failure of
the Vitek-2 system to correctly identify A. baumannii is well known [11]. MALDI–TOF
log score values of >2.000 have been accepted in some laboratories for species identifica-
tion [26]. However, only score values between 2.3 and 3.0 indicate ‘highly probable species
identification’, and values between 2.0 and 2.29 indicate a ‘secure genus identification
and probable species identification’ [18]. The phenotypic techniques using standard bio-
chemical methods and automated systems currently available are insufficient [27], leading
to inaccurate identification. Different PCR protocols were used to identify subgroups of
acquired and intrinsic OXA carbapenemase genes in the current study. A combination of
molecular characterization using the blaOXA-51-like carbapenemase gene PCR, according to
Turton et al. [19], together with MALDI–TOF with score values of 2.300 or more provided a
highly probable and suitable tool for A. baumannii identification. The obtained results are
in agreement with those described by Szabados and coworkers, who demonstrated that
the species-specific score cut-off values >2.300 of clinical A. baumannii represent a secure
score value for species identification [28]. The present study confirmed the presence of
the blaOXA-51-like carbapenemase gene in all A. baumannii isolates and the usefulness of this
PCR assay [29]. The species misidentification may negatively influence clinical outcomes.
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A proper and accurate molecular identification of A. baumannii into species level is needed,
and typing methods with high discriminatory power are crucial for diagnosis [11,30].

Conventional MLST and PFGE are effective methods to describe bacterial populations
and are considered the gold standard of typing. However, they are time consuming and
expensive. In the current study, we replaced the conventional MLST methodology with
digital MLST based on WGS data. Traditional MLST was designed to identify the sequence
types, but it provided no in-depth information regarding the novel alleles found, percentage
of matching, or locus allele alignment details with the changes in nucleotides that can be
obtained from MLST based on WGS data. Multilocus sequence typing analysis confirmed
the considerable diversity of A. baumannii in the investigated strains. In the current study,
the Pasteur scheme successfully assigned 71 (79.7%) of the strains into distinct STs while
the Oxford scheme succeeded in allocating only 38 (42.7%) of isolates. The results in
the present study are in agreement with the recent observations of Gaiarsa et al., who
demonstrated that the Pasteur scheme is more appropriate for population biology, precise
strain classification, and epidemiological studies of A. baumannii [16]. They also proposed
it to be the scheme of choice in parallel with the core genome MLST (cgMLST) schemes
that consist of a fixed set of conserved genome-wide genes and are usually species-specific
when used for very closely related bacterial species.

The published knowledge on the general distribution of STs of A. baumannii in the
German population is scarce. Few STs of A. baumannii from human origin have been
published. The MLST analyses showed that more than half of human strains (eight out
of fourteen) in the current study belonged to ST/2 (Pasteur). ST2 belongs to international
clone II and is the most dominant type globally [31]. ST2 was the only ST identified
in an outbreak involving ten patients in Leverkusen [32]. Together with ST/113 and
ST/325 (Pasteur), it was reported in strains collected between 2012 and 2015 in patients at
Heidelberg University Hospital [33]. Moreover, the ST2/ST348 and ST78/ST944 strains
(Pasteur/Oxford), respectively, were determined from two patients hospitalized in Bavaria
and Hesse [34] and were determined in two strains in the current study. The existence of
ST/2 (Pasteur) is not limited to humans, and it was the dominant ST in strains isolated
from pet animals in Germany [3] and from sheep in Pakistan in 2012 [35]. One strain from
human origin was assigned to ST/1 (Pasteur). ST/1 was identified in a strain obtained
from a cat in Germany in 2000 [36]. ST/195 (Oxford) was identified in a strain of human
origin. ST/195 was reported together with ST/218 (Oxford) in an outbreak involving ten
patients in Leverkusen [32]. Additionally, ST22 and ST53 (Oxford scheme) were identified
in an outbreak encompassing seven patients in Rostock [37].

In samples originating from milk powder, ST/241, ST/153, and ST/40 (Pasteur) were
the predominant STs. ST/241 and ST/40 were identified recently in A. baumannii isolates
obtained from bovine in Hesse [26]. However, both STs have not yet been found in human
samples in Germany. ST427 and ST/613 (Oxford) were the predominant STs. Both STs were
identified in samples obtained from powdered milk produced in Germany [6]. However,
they are uncommon in human strains in Germany. On the other hand, ST/836 (Oxford)
and ST/388 (Pasteur) have been detected in two isolates recovered from sewage water
from a poultry slaughterhouse in Germany [38]. None of the identified STs was shared
between the human and non-human strains.

5. Conclusions

To summarize, we recommend utilizing the MALD-TOF with a score value >2.300 and
blaOXA-51-like PCR together with molecular identification based on WGS data for accurate
identification, and differentiation of A. baumannii. WGS assembly-based approaches have
complementary characteristics over conventional methods. The detection and characteriza-
tion of ST must move from PCR to high throughput identification via sequencing and in
silico detection using freeware programs and public databases. Eleven new STs (7 novel
and 4 untyped) were identified in German A. baumannii isolates. The Pasteur scheme is the
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more appropriate scheme than the Oxford scheme, at least in the current tested group of
A. baumannii.
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