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Abstract: Acinetobacter baumannii is an opportunistic pathogen being one of the most important
causative agents of a wide range of nosocomial infections associated with multidrug resistance
and high mortality rate. This study presents a multiparametric and correlation analyses of clinical
multidrug-resistant A. baumannii isolates using short- and long-read whole-genome sequencing,
which allowed us to reveal specific characteristics of the isolates with different CRISPR/Cas sys-
tems. We also compared antibiotic resistance and virulence gene acquisition for the groups of the
isolates having functional CRISPR/Cas systems, just CRISPR arrays without cas genes, and without
detectable CRISPR spacers. The data include three schemes of molecular typing, phenotypic and
genotypic antibiotic resistance determination, as well as phylogenetic analysis of full-length cas gene
sequences, predicted prophage sequences and CRISPR array type determination. For the first time
the differences between the isolates carrying Type I-F1 and Type I-F2 CRISPR/Cas systems were
investigated. A. baumannii isolates with Type I-F1 system were shown to have smaller number of
reliably detected CRISPR arrays, and thus they could more easily adapt to environmental conditions
through acquisition of antibiotic resistance genes, while Type I-F2 A. baumannii might have stronger
“immunity” and use CRISPR/Cas system to block the dissemination of these genes. In addition,
virulence factors abaI, abaR, bap and bauA were overrepresented in A. baumannii isolates lacking
CRISPR/Cas system. This indicates the role of CRISPR/Cas in fighting against phage infections and
preventing horizontal gene transfer. We believe that the data presented will contribute to further
investigations in the field of antimicrobial resistance and CRISPR/Cas studies.

Keywords: Acinetobacter baumannii; whole genome sequencing; antibiotic resistance; MDR; CRISPR/
Cas systems

1. Introduction

Acinetobacter baumannii is an important opportunistic pathogen responsible for a wide
range of hospital-acquired infections (HAI), and is associated with respiratory infections,
bacteremia, meningitis, and wound infections [1]. The percentage of carbapenem- and
multidrug-resistant strains causing nosocomial outbreaks in various regions of the world
is growing exponentially [2]. Recently, the World Health Organization has included
carbapenem-resistant A. baumannii in the Global List of critical priority level for scientific
research and the development of new antibiotics [3].

The main features of A. baumannii are the intrinsic multidrug resistance; the ability to
form biofilms (both on the tissues of a living organism and on polymeric materials used in
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medicine); the presence of a signaling system “quorum-sensing”, which makes it possible
to enhance the protection of bacteria against antibiotics, disinfectants, and the human
immune system [4]. A. baumannii is characterized by high epidemic potential and quickly
forms hospital clones. For the epidemiological surveillance of this important species, two
multilocus sequence typing schemes (MLST), usually referenced as Oxford and Pasteur
and showing different levels of resolution, have been established [5,6].

Clustered regularly interspaced short palindromic repeat (CRISPR) arrays and CRISPR-
associated genes (cas) constitute bacterial adaptive immune systems and function as a
variable genetic element [7]. CRISPRs are bacterial loci whose dynamic nature has allowed
them to become ideal targets for molecular subtyping. Each CRISPR/Cas locus includes a
strain-specific array of spacers that has expanded and diversified over time. Due to their
dynamic nature, comparative analysis of the spacer arrays has successfully been used for
subtyping isolates from several Gram-positive and Gram-negative bacteria, including My-
cobacterium tuberculosis, Yersinia pestis and the plant pathogen Erwinia amylovora [8]. Arrays
of spacers were found to be highly polymorphic in Salmonella, and a strong correlation was
detected between polymorphisms in the arrays and the serotypes [8,9]. Multiple reports
have suggested that CRISPR/Cas systems may play a major role in controlling horizontal
gene transfer and, consequently, the dynamics of antibiotic resistance gene acquisition in
Pseudomonas aeruginosa [10,11].

Two CRISPR/Cas systems have recently been found in the genomes of several A.
baumannii strains [12,13]. Studies have reported that trailer end spacers of CRISPR are
generally conserved among different isolates and can be used to anchor clusters and detect
common ancestors of the arrays and, probably, of the isolates themselves [14]. More
and more data are accumulating indicating that the role of CRISPR/Cas is not limited to
adaptive immunity. It has been shown that these systems regulate the expression of many
bacterial genes affecting the virulence of pathogenic bacteria and group behavior, and also
participate in DNA repair and accelerate the evolution of genomes [15].

A. baumannii is one of the most common causative agents of HAI infections in Rus-
sia [16]. In the present study, we provide the comprehensive data based on second- and
third-generation (long-read) sequencing for 12 clinical isolates of A. baumannii obtained
from Moscow multidisciplinary medical center. We used Pasteur MLST typing scheme
complemented by capsular (KL) and oligosaccharide (OCL) loci. We also explored genes as-
sociated with antimicrobial resistance and conducted sequenced-based analysis of CRISPR
arrays and CRISPR/Cas systems. The abundance of the latter was shown to be associated
with antibiotic susceptibility in Streptococcus pyogenes, Escherichia coli and Klebsiella pneu-
moniae [17–19]. Comparative analysis allowed determining the phylogenetic relationship
between the cas1 and other CRISPR/Cas loci from the isolates studied and a collection of
publicly available global A. baumannii strains. Additionally, we assessed specific features
of A. baumannii isolates having different types of CRISPR/Cas systems and compared the
groups of the isolates with and without functional CRISPR/Cas systems.

2. Results
2.1. Isolate Typing

MLST is commonly used as a method of choice for epidemiological surveillance
of pathogenic bacteria, if such a scheme exists for the species under study. Additional
typing of A. baumannii may be performed by using capsule synthesis loci (K-loci) [20]
or lipooligosaccharide outer core loci (OCL) [21]. The results of the isolate typing are
presented in Table 1. The isolates belonged to eight different sequence types according to
Pasteur MLST scheme. It was chosen for typing since, according to the Oxford scheme,
five isolate possessed undetectable sequence types (STs) with duplicated gdhB locus. ST2
was found in four isolates, but they have different KL types that was in line with our goal
to cover the representative population of all hospital isolates. It was also interesting that
two isolates, CriePir306 and CriePir308, were obtained from the same patient (A9), but
had different STs, thus indicating simultaneous infection by multiple strains. The isolate



Pathogens 2021, 10, 205 3 of 16

CriePir307 possessed novel ST, which allelic profile was cpn60 (8), fusA (1), gltA (16),
pyrG (3), recA (6), rplB (2), rpoB (3). We have submitted this isolate to the Institut Pasteur
MLST system (http://bigsdb.pasteur.fr, accessed on 20 December 2020), and new profile
ST1487 was assigned to this allele combination.

Table 1. The origin and typing of clinical A. baumannii isolates studied.

Sample ID Patient Code Isolation Date Clinical Department Locus MLST OCL-Type KL-Type

CriePir33 A1 03.05.2017 Traumatology Wound ST78 OCL1 KL3
CriePir87 A2 04.07.2017 Surgery Soft tissue abscess ST2 OCL1 KL33
CriePir158 A3 13.11.2017 Therapy Sputum ST45 OCL1 KL49
CriePir168 A4 03.12.2017 ICU anesthesiology Urine ST1 OCL1 KL17
CriePir221 A5 21.05.2018 ICU anesthesiology CVC ST78 OCL1 KL2
CriePir298 A6 10.09.2019 Rehabilitation of CNS Urine ST25 OCL6 KL116
CriePir299 A7 10.04.2019 Neurosurgery Wound ST2 OCL1 KL2
CriePir302 A8 21.06.2019 Surgery Abdominal abscess ST2 OCL1 KL9
CriePir306 A9 05.08.2019 ICU anesthesiology BAL ST15 OCL7 KL9
CriePir307 A10 29.06.2019 ICU anesthesiology BAL ST1487 * OCL2 KL45
CriePir308 A9 22.08.2019 ICU anesthesiology CVC ST2 OCL7 KL9
CriePir309 A11 31.08.2019 Rehabilitation of CNS Urine ST911 OCL6 KL14

* Novel sequence type found by us is shown in bold; ICU—intensive care unit; CVC—central venous catheter; BAL—bronchoalveolar
lavage; the isolates sequenced on MinION are filled with a gray color.

In addition, the isolates were assigned to nine different KL-types and four OCL-
types. The most prevalent KL-types were KL9 and KL2, which were totally revealed in
about 36% of the isolates from NCBI WGS database [21]. Interestingly, CriePir298 had a
recently described KL116 type [22], which is rather rare [21]. The most frequent OCL was
OCL1, which was also the most common type in NCBI WGS database [21]. In general,
currently 92 KL and 12 OCL types are available, so that our dataset shows high variability in
lipooligosaccharide loci types and relatively low variability in capsule synthesis loci types.

It is worth noting that KL-type provides additional classification narrowing in com-
parison to sequence type alone. For example, CriePir33 forms standalone clade since it
possesses the KL-type (KL3) different from its neighbors’ type (KL2), although they share
the same ST (ST78). The same is observed for CriePir87—it has KL33, while its neighbors
with identical ST (ST2) are characterized by KL2. Thus, such a hybrid typing scheme that
we have recently applied for K. pneumoniae [23], proved to be applicable for precise distin-
guishing of the isolates in clinical settings, which is an important task in epidemiological
surveillance and infection prevention.

Additional typing performed using cgMLST loci complied well with MLST and KL
analysis. cgMLST profiles for the isolates studied are presented in Table S1, and cgMLST-
based tree is shown in the Figure S11.

2.2. Antibiotic Susceptibility Testing and Antimicrobial Resistance Gene Identification

The results of phenotypic analysis are presented in Figure 1. Four isolates (CriePir33,
CriePir87, CriePir221, and CriePir298) were resistant to all antibiotics tested. The isolate
CriePir299 was susceptible to trimethoprim/sulfamethoxazole only. CriePir168 was sus-
ceptible to three antibiotics—amikacin, tobramycin, and trimethoprim/sulfamethoxazole,
while other two isolates (CriePir302 and CriePir306) were susceptible to meropenem,
imipenem and trimethoprim/sulfamethoxazole in addition to tobramycin. The isolates
CriePir307 and CriePir309 were susceptible to all antibiotics tested.

We examined the distribution of acquired antibiotic resistance genes among the clin-
ical isolates studied. The results of resistance determinant annotation are presented in
Figure 1. The spectrum of identified resistance determinants included gene clusters provid-
ing resistance to aminoglycosides, beta-lactams, chloramphenicol and sulfonamides. Some
isolates were characterized by the presence of genes determining resistance to rifampicin,
erythromycin and tetracycline.

http://bigsdb.pasteur.fr
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Different alleles of intrinsic cephalosporinase-encoding gene blaADC were revealed in
all isolates studied. The isolates possessed a wide variety of oxacillinase genes (blaOXA, eight
genes), most of which encoded carbapenem-hydrolyzing class D β-lactamases (CHDLs)
for those A. baumannii had been previously found to be an original host [24]. CriePir221
also encoded extended spectrum β-lactamase (ESBL) (blaCTX-M-124 gene), while CriePir302
encoded PER-1, and CriePir87 and CriePir298 encoded PER-7 ESBLs, respectively, which
were known to possess an increased activity toward broad-spectrum cephalosporins in A.
baumannii [25]. The isolate CriePir87 was the one having the maximal number of acquired
antibiotic resistance genes (13 genes of 23 identified).

Comparative analysis shows that blaOXA-72 and blaOXA-23 represent carbapenemase
genes that are likely to confer meropenem and imipenem resistance for 8 out of 12 isolates
studied. For the isolates sequenced on MinION, the location of blaOXA-72 was found to be
on plasmid (CriePir168), while the blaOXA-23 location was on chromosome (CriePir298).
These findings comply with the results described previously [26,27].

2.3. CRISPR Arrays and CRISPR/Cas Systems

Ten isolates from our study included confirmed CRISPR repeats sequences determined
by CRISPRCasFinder [28]. Three isolates (CriePir168, CriePir298 and CriePir307) carried
CRISPR loci with encoded Cas proteins which represent an important component for
the functioning of a putative CRISPR/Cas system. It is worth noting that one isolate
(CriePir307) having such putative system was susceptible to all antibiotics tested, while
the other two isolates were MDR. These three isolates also possessed different integrated
plasmid sequences. All other isolates except two (CriePir158 and CriePir299, which did not
have any CRISPR spacers) possessed CRISPR arrays but lacked any detectable cas genes.
Among them, the isolate CriePir309 draws attention due to the presence of many CRISPR
spacers with plasmid localization and the lack of Cas proteins. The highest homology
of its spacers was revealed to the following Acinetobacter phage sequences: phiAC-1,
vB_AbaM_IME284, AB1, YMC1112R2315 and WCHABP1. The number and characteristics
of CRISPR spacers revealed in the isolates studied are presented in Table S2.

Putative CRISPR/Cas systems found in CriePir168, CriePir298 and CriePir307 be-
longed to Type I-F. Distinct assortment of spacers harbored by each of the three isolate is
presented in Figure 2.



Pathogens 2021, 10, 205 5 of 16

Pathogens 2021, 10, x FOR PEER REVIEW 5 of 16 
 

 

plasmid sequences. All other isolates except two (CriePir158 and CriePir299, which did 
not have any CRISPR spacers) possessed CRISPR arrays but lacked any detectable cas 
genes. Among them, the isolate CriePir309 draws attention due to the presence of many 
CRISPR spacers with plasmid localization and the lack of Cas proteins. The highest ho-
mology of its spacers was revealed to the following Acinetobacter phage sequences: 
phiAC-1, vB_AbaM_IME284, AB1, YMC1112R2315 and WCHABP1. The number and 
characteristics of CRISPR spacers revealed in the isolates studied are presented in Table 
S2. 

Putative CRISPR/Cas systems found in CriePir168, CriePir298 and CriePir307 be-
longed to Type I-F. Distinct assortment of spacers harbored by each of the three isolate is 
presented in Figure 2. 

 
Figure 2. Spacer (squares) and repeat (diamonds) composition for clinical A. baumannii isolates 
having putative Type I-F CRISPR/Cas systems. 

The numbers of spacers in the CRISPR locus of the isolates CriePir168, CriePir298 
and CriePir307 are respectively 73, 47 and 85. Spacer numbers vary without any relation-
ship to plasmid size or the presence/absence of antibiotic resistance genes. Spacer compo-
sition varied between isolates. The genome of CriePir168 isolate contains spacers homol-
ogous to prophage sequences; the highest homology was found with Acinetobacter phage 
vB_AbaS_TRS. Prophage sequences comprising CriePir298 CRISPR array included Aci-
netobacter phages AM106, Ab105-3phi and Pseudomonas phage AUS531phi. The CRISPR 
spacers of CriePir307 isolate matched with Acinetobacter phages Ab105-2phi, 
vB_AbaS_TRS1 and YMC1111R3177. The CRISPR arrays analyzed also included plasmid 
sequences, namely, CriePir168 possessed CRISPR spacers matching Acinetobacter plas-
mids pDA33382-2-2, pAba7804b and pAB3, the isolate CriePir298 carried spacers homol-
ogous to plasmid p2014S01-097-2 and unnamed A. baumannii plasmid of the strain B11911, 
while CriePir307 was characterized by CRISPR spacers matching unnamed A. baumannii 
plasmid of the strain CIAT758, pAba9201a, p2014S01-097-2 and pTG31302. 

Direct repeats of CriePir168 and CriePir298 belong to structure motif 6 and represent 
sequence family 8, while direct repeats of CriePir307 belong to structure motif 4 and rep-
resent unclassified sequence family (Figure S1). 

The CRISPR/Cas loci of the isolates CriePir168 and CriePir298 were similar and con-
sisted of six genes encoding Cas6 endoribonuclease, three Csy proteins (Csy3, Csy2 and 
Csy1), Cas3/Cas2 helicase/RNase and Cas1 endonuclease in the vicinity of CRISPR arrays. 
The CriePir307 isolate carried Cas1, Cas3/Cas2, Cas6, and two Csy proteins (Csy2 and 
Csy3) downstream of the CRISPR-array. An internal deletion was detected in the locus of 

Figure 2. Spacer (squares) and repeat (diamonds) composition for clinical A. baumannii isolates
having putative Type I-F CRISPR/Cas systems.

The numbers of spacers in the CRISPR locus of the isolates CriePir168, CriePir298
and CriePir307 are respectively 73, 47 and 85. Spacer numbers vary without any rela-
tionship to plasmid size or the presence/absence of antibiotic resistance genes. Spacer
composition varied between isolates. The genome of CriePir168 isolate contains spacers
homologous to prophage sequences; the highest homology was found with Acinetobacter
phage vB_AbaS_TRS. Prophage sequences comprising CriePir298 CRISPR array included
Acinetobacter phages AM106, Ab105-3phi and Pseudomonas phage AUS531phi. The
CRISPR spacers of CriePir307 isolate matched with Acinetobacter phages Ab105-2phi,
vB_AbaS_TRS1 and YMC1111R3177. The CRISPR arrays analyzed also included plasmid
sequences, namely, CriePir168 possessed CRISPR spacers matching Acinetobacter plasmids
pDA33382-2-2, pAba7804b and pAB3, the isolate CriePir298 carried spacers homologous to
plasmid p2014S01-097-2 and unnamed A. baumannii plasmid of the strain B11911, while
CriePir307 was characterized by CRISPR spacers matching unnamed A. baumannii plasmid
of the strain CIAT758, pAba9201a, p2014S01-097-2 and pTG31302.

Direct repeats of CriePir168 and CriePir298 belong to structure motif 6 and represent
sequence family 8, while direct repeats of CriePir307 belong to structure motif 4 and
represent unclassified sequence family (Figure S1).

The CRISPR/Cas loci of the isolates CriePir168 and CriePir298 were similar and
consisted of six genes encoding Cas6 endoribonuclease, three Csy proteins (Csy3, Csy2
and Csy1), Cas3/Cas2 helicase/RNase and Cas1 endonuclease in the vicinity of CRISPR
arrays. The CriePir307 isolate carried Cas1, Cas3/Cas2, Cas6, and two Csy proteins (Csy2
and Csy3) downstream of the CRISPR-array. An internal deletion was detected in the
locus of this isolate, resulting in the absence of Csy1. None of the genes of described
CRISPR/Cas loci contained premature stop codons, and the genes of anti-CRISPR proteins
were not found.

Reference isolates, as well as our isolates, were characterized by genotypic antibiotic
resistance profiles, plasmid number, the presence of prophage sequences, and CRISPR array
type. Maximum likelihood phylogenetic tree of full-length cas1 gene sequences showed that
A. baumannii isolates CriePir168 and CriePir298 belonged to Type I-F1 CRISPR/Cas system
(30 out of 45 sequences), while CriePir307 belonged to Type I-F2 (15 out of 45 sequences)
(Figure 3) [29,30]. Topology of the isolates studied on the phylogenetic trees constructed for
full-length cas gene sequences was identical, e.g., the same sequences represented clades
containing Type I-F1 and Type I-F2 isolates (Figures S2–S6). For simplicity, the names of
our isolates are shortened just to ‘P’ instead of ‘CriePir’ on these figures.
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Figure 3. Maximum-likelihood phylogenetic tree of full-length cas1 gene sequences of A. baumannii detected in clinical
departments of multidisciplinary medical center in Moscow, Russia during the period of 2017–2019. Bootstrap test
(1000 replicates) was used, and bootstrap values are shown at the branch nodes. The sequences identified in this study
are marked with black circle, square and triangle, respectively. Reference sequences belonging to the clades containing
the sequences identified in this study are marked with transparent circles, squares and triangles, respectively. Sequences
identified in this study are indicated by the isolate names, reference sequences—by GenBank accession number. Asterisks
(*, **) indicate two different cassettes of cas genes found in one of the reference isolates.
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To assess the characteristics of A. baumannii CRISPR/Cas system, a list of 242 reference
isolates (Table S3) was composed according to CRISPRCasdb. All isolates were divided
into four groups according to the CRISPR/Cas system present—“No CRISPR/No Cas”,
“CRISPR/No Cas”, “CRISPR/Cas Type I-F1” and “CRISPR/Cas Type I-F2” (Table S3).
To reveal the correlation between A. baumannii MDR and CRISPR/Cas system reference
isolates, as well as our isolates, were characterized by genotypic antibiotic resistance
profiles, plasmid number and the presence of genes encoding virulence factors.

The number of antibiotic resistance genes differs between the analyzed groups of
the isolates (Figure 4). The highest number of antibiotic resistance genes (Mean ± SD,
6.326 ± 2.466) was found in “No CRISPR/No Cas” A. baumannii isolates, the lowest—in
“CRISPR/Cas Type I-F2” isolates (Mean ± SD, 1.667 ± 0.976). The number of antibi-
otic resistance genes in “CRISPR/No Cas” and “CRISPR/Cas Type I-F1” did not differ
significantly (Figure 4).
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Interestingly, the lowest number of plasmids was found in “No CRISPR/No Cas”
A. baumannii isolates (Mean ± SD, 1.349 ± 1.378). It differs significantly only from
“CRISPR/Cas Type I-F1” group having the highest number of plasmids among the analyzed
groups (Mean ± SD, 2.393 ± 2.132) (Figure S7).

All A. baumannii isolates had similar sets of genes encoding virulence factors. Common
set consists of 40 genes: abaI, abaR, adeF, adeG, adeH, bap, barA, barB, basA, basB,
basC, basD, basF, basG, basI, basJ, bauA, bauB, bauC, bauD, bauE, bauF, bfmR, bfmS,
csuA, csuA/B, csuB, csuC, csuD, csuE, entE, ompA, pgaA, pgaB, pgaC, pgaD, plc, and
plcD. Significant differences were found in frequencies of occurrence of virulence factors
abaI, abaR, bap, basH, bauA, and bfmR (Table S4). AbaI (N-acyl-L-homoserine lactone
synthetase) occurs more frequently in “No CRISPR/No Cas” A. baumannii isolates and
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the analyzed groups can be arranged in descending order as “No CRISPR/No Cas” >
“CRISPR/No Cas”, “CRISPR/Cas Type I-F1” > “CRISPR/Cas Type I-F2”. AbaR (DNA-
binding HTH domain-containing protein) was found less frequently in “CRISPR/Cas Type
I-F2” A. baumannii isolates. It should be noted that “CRISPR/Cas Type I-F1” A. baumannii
isolates analyzed in our study completely lack bap gene that encodes biofilm-associated
protein. BasH (non-ribosomal peptide biosynthesis thioesterase BasH) was revealed slightly
less often in “CRISPR/No Cas” isolates. Moreover, bauA encoding TonB-dependent
siderophore receptor BauA was underrepresented in “CRISPR/Cas Type I-F1” group
of A. baumannii isolates (in one out of 28 isolates). BfmR (biofilm-controlling response
regulator) is the only gene slightly underrepresented in “No CRISPR/No Cas” group
(Table S4).

To assess the characteristics of A. baumannii putative CRISPR/Cas system containing
both CRISPR arrays and cas genes, reference isolates, as well as our isolates, were further
characterized. Additionally, the presence of prophage sequences, and CRISPR array types
were assessed.

It was found that the isolates possessing Type I-F1 CRISPR/Cas system had signifi-
cantly more antibiotic resistance genes (Figure 4) and ambiguous prophage sequences in
their genomes (Figure 5a). Moreover, Type I-F1 CRISPR/Cas system bearing isolates had
significantly less CRISPR4 arrays (the most reliably predicted CRISPRs) (Figure 5b) [31].
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(a) and CRISPR4 arrays (b).

It should be noted that no significant differences in plasmid number, active prophage
sequence number and low evidence CRISPR array number were detected in the isolates
bearing either Type I-F1 or Type I-F2 CRISPR/Cas system (Figures S8–S10). Furthermore,
Type I-F1 CRISPR/Cas system of A. baumannii had significantly higher number of low
evidence CRISPR arrays than CRISPR4 arrays (Figure 6a), and no significant difference was
found in active versus ambiguous prophage sequence numbers among them (Figure 6b).
At the same time, Type I-F2 CRISPR/Cas system of A. baumannii had significantly more low
evidence CRISPR arrays and active prophage sequences (Figures 6c and 6d, respectively).

Additionally, we conducted correlation analysis. Normalization of the data sets
“Antibiotic resistance genes”, “Plasmids”, “Active prophages”, “Ambiguous prophages”,
“CRISPR” and “CRISPR4” for both Type I-F1 and Type I-F2 was performed and nonpara-
metric Spearman correlation was calculated, and correlation matrices for each pair of data
sets were constructed. It was shown that Type I-F1 CRISPR/Cas systems had moderate
positive correlation (rs = 0.54, p = 0.003) between the number of active prophage sequences
and number of antibiotic resistance genes and low negative correlation (rs = −0.44, p = 0.02)
between the number of ambiguous prophage sequences and the number of low evidence
CRISPR arrays (Figure 7).
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Figure 7. Correlation matrices for Type I-F1 and Type I-F2 CRISPR/Cas system data sets.

Type I-F2 CRISPR/Cas systems had different correlation patterns than those of Type
I-F1. Type I-F2 CRISPR/Cas system data sets were characterized by moderate positive
correlation (rs = 0.58, p = 0.025) between the number of ambiguous prophage sequences and
the number of antibiotic resistance genes, and by moderate negative correlation between
(i) the number of low evidence CRISPR arrays and the number of antibiotic resistance
genes (rs = −0.70, p = 0.005) and (ii) the number of low evidence CRISPR arrays and the
number of active prophage sequences (rs = −0.64, p = 0.011) (Figure 6).
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3. Discussion

In this study we analyzed 12 clinical isolates of A. baumannii which belonged to eight
different MLST-based sequence types including the novel ST1487 represented by the isolate
CriePir307.We also proposed a hybrid typing scheme (MLST/KL typing) that we recently
applied to K. pneumoniae [23] for better distinguishing of the isolates A. baumannii in clinical
settings. Although many typing schemes were already provided for pathogenic bacteria,
including the ones based on the nucleotide frequency matrices for genomic sequences [32],
CRISPR sequences [33], and regular sequences classification [34], the hybrid typing scheme
including MLST, KL, and, possibly, OCL loci seems to be the most promising for the
species where all of them are available. Additional typing by cgMLST alleles confirmed
the classification provided by hybrid typing scheme (Figure S11).

Ten of 12 isolates expressed an MDR phenotype; four of them were resistant to the
whole panel of eight antibiotics belonging to various classes. Long-read sequencing on
MinION (Oxford Nanopore Technologies, Oxford, UK) allowed to greatly improve the
assembly of four A. baumannii genomes (down to one contig for each genome), including
the distinguishing of the plasmid sequences. This allowed us to obtain the precise locations
of carbapenemase genes for these isolates—blaOXA-72 was found on plasmid for CriePir168,
while the blaOXA-23 location was revealed on the chromosome for CriePir298, which com-
plies with previous findings [26,27]. In general, the isolates exhibited good compliance
between phenotypic and genomic resistance profiles, and no discrepancies were observed
for the antibiotics tested. However, the panel was not diverse enough to make global
conclusions regarding phenotype-genotype correlations. The data obtained will facilitate
future studies of antimicrobial resistance mechanisms in Acinetobacter species.

Additionally, we analyzed CRISPR arrays those were observed in 10 isolates, and
putative CRISPR/Cas systems possessed by 3 isolates of our samples and 242 reference
isolates according to the CRISPRCasdb. CRISPRs are described in a wide range of prokary-
otes [31]. Only 36% of bacteria carry both CRISPR arrays and cas genes. According to
CRISPRCasdb, about 20% of representatives of Acinetobacter genus and 18% isolates of
A. baumannii species carry both CRISPR arrays and cas genes.

CRISPR/Cas system of Type I is the most widespread in nature [29] and is charac-
terized by the presence of multi-subunit effector complex. Specific compositions of this
complex include 9 subtypes, namely, A, B, C, G, D, E, F1 (previously F), F2 (previously
F variant), and F3 [29,30]. The most well-known CRISPR/Cas Type I systems are Type
I-E systems, while Type I-F1 CRISPR/Cas system is their closest relative [35]. The Type
I-F1 CRISPR/Cas system is characterized by a unique fusion of Cas2 to Cas3 (Cas2/3),
which together with Cas1 mediate spacer integration into CRISPR locus [36]. Cas2/3 also
degrades foreign DNA, which is targeted by the Type I-F1 cascade (i.e., CRISPR-associated
complex for antiviral defense) or Csy (i.e., crRNA-guided surveillance) complex. Csy
complex typically consists of four different Cas proteins: Csy1 also known as Cas8f, Csy2
(Cas5f), Cas7f (Csy3), and Csy4 (Cas6f) [37]. It should be noted that Csy1 is missing in
Type I-F2 CRISPR/Cas system, but the existing Csy2 containing an additional domain may
compensate for the roles of Csy1 [38,39].

A. baumannii is known to have Type I-F CRISPR/Cas systems [13], but some species
carry type IV variant with genes csf3, csf4 (also known as dinG) and cas6e, together with
CRISPR arrays at both ends [40]. Our study involved A. baumannii isolates detected
in clinical departments of multidisciplinary medical center in Moscow, Russia, during
the period of 2017-2019, as well as reference isolates having active CRISPR/Cas system
according to CRISPRCasdb. Approximately one third of Acinetobacter baumannii species
carry both CRISPR arrays and cas genes belonging to Type I-F2. In attempt to reveal specific
features of A. baumannii CRISPR/Cas systems, we performed multiparametric analysis of
A. baumannii genomes including phylogenetic analysis of full-length cas gene sequences,
prophage sequence prediction, genomic antimicrobial resistance profile prediction and
detection of CRISPR array types.
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We found the identical topology of the isolates studied on the phylogenetic trees
constructed for full-length cas gene sequences, namely, the same sequences represented the
clades containing Type I-F1 and Type I-F2 isolates, which implied a vertical spread of the
CRISPR/Cas locus in A. baumannii. This fact was also suggested earlier by Karah et al. [13].

In the present study, we have demonstrated clear association of MDR genotype/
phenotype of A. baumannii with the type of its CRISPR/Cas system. Isolates lacking both
CRISPR arrays and active cas genes were shown to have much more antibiotic resistance
genes than those having only CRISPR arrays or both CRISPR arrays and cas genes. This
complies with the fact that CRISPR/Cas system represents a so-called prokaryotic “immune
system” that can fight not only against phage infections, but also against dissemination of
antibiotic resistance genes in A. baumannii.

Additionally, correlation of A. baumannii virulence factors and CRISPR/Cas systems
was found. Virulence factors can be horizontally transferred easily among isolates by
phage transduction. Several factors, namely abaI, abaR, bap and bauA, are overrepresented
in A. baumannii isolates lacking CRISPR/Cas system. This indicates the role of CRISPR/Cas
in fighting against phage infections and preventing horizontal gene transfer.

For the first time the differences between the isolates carrying Type I-F1 and Type I-F2
CRISPR/Cas systems were investigated. One of the most significant differences between
Type I-F1 and Type I-F2 isolates of A. baumannii revealed in the present study is the lower
number of CRISPR4 arrays in Type I-F1 A. baumannii isolates. Lower number of highly
confident CRISPR arrays located together with cas genes suggests that “immune system”
of Type I-F2 A. baumannii isolates is stronger. As a result, we noticed another significant
difference between Type I-F1 and Type I-F2 isolates of A. baumannii, namely, higher number
of antibiotic resistance genes in Type I-F1 A. baumannii isolates. This finding may imply
that Type I-F1 A. baumannii isolates more easily adapt to environmental conditions through
acquisition of antibiotic resistance genes, while Type I-F2 A. baumannii, presumably, may
use CRISPR/Cas system to block dissemination of antibiotic resistance genes. It is worth
noting that wild type antimicrobial-susceptible E. coli strains carry Type I-F1 CRISPR/Cas
system, and it is supposed to interfere with the acquisition of antimicrobial resistance
plasmids, maintaining susceptibility in these E. coli isolates [18]. The hypothesis that
CRISPR/Cas bacterial adaptive immune systems prevent clinical isolates from acquiring
antibiotic resistance elements has been widely discussed; however, it has been described
in details for the Enterococci only [40]. In the research mentioned it was suggested that
type II CRISPR/Cas systems reduced the acquisition of antibiotic resistance and were
negatively associated with MDR isolates. In silico analysis of the pan-genome of 2500
A. baumannii strains by Mangas et al. [41] showed that they could be divided into two
groups having different number of common genes within each group, which could be
maintained by CRISPR/Cas systems. The group with these defense systems seems to
have specific biofilm genes, and would prevent the acquisition of plasmids and, probably,
foreign genes, including resistance elements [41].

Moreover, we have shown that Type I-F1 A. baumannii isolates are characterized by
the presence of higher number of ambiguous prophage sequences. This fact may also be
linked with weakness of their “immune” CRISPR/Cas system, i.e., Type I-F1 A. baumannii
isolates include less CRISPR4 arrays, and so they are less capable to fight against phage
infections via CRISPR/Cas. Presumably, Type I-F1 A. baumannii isolates possess distinctive
molecular mechanisms to arrest phage infections and to convert an active prophage into
ambiguous one through point mutations, genome rearrangements, modular exchanges,
invasion by mobile DNA elements, massive DNA deletion, etc.

Despite the fact that we had a small collection of clinical isolates of A. baumannii, three
of 12 isolates were characterized by different types of CRISPR/Cas systems. Their further
analysis, together with 242 reference strains, allowed us to find statistically significant
differences. For the first time we showed that A. baumannii isolates with Type I-F1 and Type
I-F2 CRISPR/Cas system are characterized by different numbers of predicted CRISPR4
arrays, antibiotic resistance genes and ambiguous prophage sequences.
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In conclusion, the data obtained could facilitate further investigations in the field of
studying the genome dynamics of A. baumannii through fast evolving CRISPR/Cas systems,
in particular, their role in controlling antibiotic resistance gene transfer and acquisition.

4. Materials and Methods
4.1. Determination of Antibiotic Susceptibility

All isolates were identified down to a species level by time-of-flight mass spectrometry
(MALDI-TOF MS) using the VITEC MS system (bioMerieux, Marcy-l’Étoile, France). The
susceptibility was determined by the disc diffusion method using the Mueller-Hinton
medium (bioMerieux, Marcy-l’Étoile, France) and disks with antibiotics (BioRad, Marnes-
la-Coquette, France), and by the boundary concentration method on VITEK2Compact30
analyzer (bioMerieux, Marcy-l’Étoile, France). The isolates were tested for suscepti-
bility/resistance to the following drugs: amikacin, gentamicin, tobramycin, imipenem,
meropenem, levofloxacin, ciprofloxacin and trimethoprim/sulfomethoxazole. The panel
of antimicrobial compounds included for testing in this study reflected those agents used
for human therapy in Russian Federation. To interpret the results obtained, we used the
EUCAST clinical breakpoints, version 11.0 (https://www.eucast.org/clinical_breakpoints/,
accessed on 20 December 2020) where available.

4.2. DNA Isolation, Sequencing and Genome Assembly

Twelve samples were obtained from 11 patients (6 males and 5 females) in various
sources and clinical departments (Table 1) of multidisciplinary medical center in Moscow,
Russia during the period of 2017–2019. Patient age ranged from 27 to 62 with a median
equal to 52 years. Ten isolates exhibited MDR phenotypes, and two (CriePir307 and
CriePir309) were susceptible to all antibiotics tested.

Genomic DNA was isolated with DNeasy Blood and Tissue kit (Qiagen, Hilden,
Germany) and used for paired-end library preparation with Nextera™ DNA Sample Prep
Kit (Illumina®, San Diego, CA, USA) and whole-genome sequencing (WGS) of all 12 isolates
on Illumina® Hiseq platform (Illumina®, San Diego, CA, USA).

WGS was also performed using the Oxford Nanopore MinION sequencing system
(Oxford Nanopore Technologies, Oxford, UK) for 4 out of 12 isolates, which carried CRISPR
arrays and/or CRISPR/Cas loci. DNA was used to prepare the MinION library with the
Rapid Barcoding Sequencing kit SQK-RBK004 (Oxford Nanopore Technologies, Oxford,
UK). The amount of initial DNA used for barcoding kit was 400 ng for each sample. All
mixing steps for DNA samples were performed by gently flicking the microfuge tube
instead of pipetting. All libraries were prepared according to the manufacturer’s protocols.
The final library was sequenced on R9 SpotON flow cell. The standard 24 h sequencing
protocol was initiated using the MinKNOW software (Oxford Nanopore Technologies,
Oxford, UK).

Base calling of the raw MinION data was performed with Guppy Basecalling Software
version 3.4.4 (Oxford Nanopore Technologies, Oxford, UK), and demultiplexing was made
using Guppy barcoding software version 3.4.4 (Oxford Nanopore Technologies, Oxford,
UK). Assemblies were obtained using SPAdes version 3.11 [42] (Illumina sequencing) and
Unicycler version 0.4.8-beta [43] (hybrid assemblies).

Genome assemblies, including 8 short-read assemblies and 4 hybrid long- and short-
read assemblies, were uploaded to NCBI Genbank under the project number PRJNA687166.

4.3. Data Processing

Assembled genomes were processed using custom software pipeline including a
set of scripts for seamless integration of various available software tools [44]. The main
goals of investigations were to determine the antibiotic resistance in silico, to perform
isolate typing using various molecular classification schemes, and to reveal the presence of
CRISPR/Cas systems in the genomes of the isolated studied. The parameters useful for
epidemiological surveillance and the presence of virulence factors were also studied. We

https://www.eucast.org/clinical_breakpoints/
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used Resfinder 4.0 database for antimicrobial gene identification (https://cge.cbs.dtu.dk/
services/ResFinder/, accessed on 20 December 2020).

Analysis of cgMLST loci was performed using MentaList software (https://github.
com/WGS-TB/MentaLiST, accessed on 20 December 2020, version 0.2.4), and the tree was
build using PHYLOViz online (http://online.phyloviz.net, accessed on 20 December 2020).

CRISPRCasFinder [28] was used to identify the presence of CRISPR/Cas systems and
spacers in the genomes studied.

Phylogenetic analyses were conducted using Maximum Likelihood (ML) method in
MEGA7.0.26 [45]. The statistical significance of the branches was assessed by bootstrap
resampling analysis (1000 replicates).

Prophage sequences prediction and evaluation of the probability of a prophage being
active was made using Prophage Hunter (https://pro-hunter.genomics.cn/index.php/
Home/Index/index.html, accessed on 20 December 2020) [46].

Direct repeats found in CRISPR arrays were analyzed using CRISPRmapweb tool http:
//rna.informatik.uni-freiburg.de/CRISPRmap/Input.jsp version v1.3.0-2013, accessed on
20 December 2020, since the human samples were routinely collected, and patients’ data
remained anonymous [47–49].

CRISPR array type was assessed using CRISPRCasdb, where CRISPR4 represents
Level 4 CRISPRs (the most reliable ones), while CRISPR levels 1, 2 and 3 may be considered
as false CRISPRs [31].

Data analysis and graphing were performed using Prism 9 (GraphPad Software, San
Diego, CA, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-0
817/10/2/205/s1, Table S1. cgMLST profiles for the isolates studied (pubMLST.org); Table S2. The
numbers and features of CRISPR spacers found in A. baumannii isolates from multidisciplinary medi-
cal center in Moscow, Russia during the period of 2017–2019; Table S3. A. baumannii reference isolates;
Table S4. Differences in virulence factor frequencies among the Acinetobacter baumannii isolates with
different CRISPR/Cas systems; Figure S1. Classification of direct repeats of some A. baumannii
isolates detected in clinical departments of multidisciplinary medical center in Moscow, Russia
during the period of 2017–2019 with CRISPRmap web tool; Figure S2. Maximum-likelihood phylo-
genetic tree of full-length cas3-cas2 gene sequences of A. baumannii detected in clinical departments
of multidisciplinary medical center in Moscow, Russia during the period of 2017–2019; Figure S3.
Maximum-likelihood phylogenetic tree of full-length cas6 gene sequences of A. baumannii detected
in clinical departments of multidisciplinary medical center in Moscow, Russia during the period of
2017–2019; Figure S4. Maximum-likelihood phylogenetic tree of full-length csy1 gene sequences of
A. baumannii detected in clinical departments of multidisciplinary medical center in Moscow, Russia
during the period of 2017–2019; Figure S5. Maximum-likelihood phylogenetic tree of full-length csy2
gene sequences of A. baumannii detected in clinical departments of multidisciplinary medical center in
Moscow, Russia during the period of 2017–2019; Figure S6. Maximum-likelihood phylogenetic tree of
full-length csy3 gene sequences of A. baumannii detected in clinical departments of multidisciplinary
medical center in Moscow, Russia during the period of 2017–2019; Figure S7. Plasmid number among
the A. baumannii isolates; Figure S8. Plasmid number among the A. baumannii isolates with Type I-FI
and TypeI-FII CRISPR/Cas systems; Figure S9. Active prophage sequences among the A. baumannii
isolates; Figure S10. Low evidence CRISPR arrays among the A. baumannii isolates; Figure S11.
cgMLST tree for the isolates studied. The numbers of allele differences are indicated.
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