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Abstract: Background: This study provides a comprehensive analysis of Acinetobacter baumannii in
aquatic environments and fish microbiota by integrating culture-dependent methods, 165
metagenomics, and antibiotic resistance profiling. Methods: A total of 83 A. baumannii isolates were
recovered using culture-dependent methods from intra-hospital infections (IHI), wastewater (WW)
and surface water (SW) samples from two southern Romanian cities in august 2022. The antibiotic
susceptibility was screened using disc diffusion, microdilution, PCR and Whole Genome
Sequencing assays. Results: The highest microbial load in the analyzed samples was found in Glina,
Bucharest for both WW and SW samples across all investigated phenotypes. For Bucharest isolates,
the resistance levels corresponded to fluoroquinolones > aminoglycosides > [3-lactam antibiotics. In
contrast, A. baumannii from upstream SW samples in Targoviste showed the highest resistance to
aminoglycosides. The blaoxa23 gene was frequently detected in IHI, WW, and SW isolates in
Bucharest but was absent in Targoviste. Molecular phylogeny revealed presence of ST10 in
Targoviste isolates and ST2 in Bucharest isolates, while other minor STs were not specifically
correlated with a sampling point. Using 165 rRNA sequencing, significant differences in microbial
populations between the two locations was identified. The low abundance of Alphaproteobacteria and
Actinobacteria in both locations suggests environmental pressures or contamination events.
Conclusions: These findings indicate significant fecal contamination and potential public health
risks, emphasizing the need for improved water quality monitoring and management.

Keywords: resistant Acinefobacter baumannii isolates; wastewater and surface water microbial load;
surface water microbiome; pangenome analysis; Southern Romanian cities

1. Introduction

Increasing concerns about antibiotic resistance (AR) have led numerous groups of researchers
to inquire about the effects of antibiotic resistant bacteria (ARB) and antibiotic resistance genes
(ARGSs) on human and animal health, agriculture, food production and waste management from the
perspective of the One Health concept [1]. The One Health approach aims to achieve excellent health
for people, animals, and the environment by addressing the spread of emerging infectious diseases
at the animal-human-environment interface. Effective solutions require understanding and
managing the complex interactions among these interconnected domains. The “One World — One
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Health” approach is based on four key components: ecological, geographic, human activities, and
food-agricultural. Food processors, growers, and merchants are responsible for ensuring product
quality. This quality encompasses not only the absence of pathogens but also the consideration of
risks to humans at the top of the food chain. Preventive measures should begin at the start of the
chain, with feed given to animals being free from contaminants such as mycotoxins and antibiotics
[2]. AR is one of the major global healthcare crises of the 21st century. The imprudent use of antibiotics
in both humans and animals has led to the emergence of antibiotic resistant bacteria (ARB).
Wastewater treatment plants (WWTPs) and hospital environments, due to their high microbial load,
have become reservoirs for ARGs and hotspots for the dissemination of AR into the environment.
Conventional mechanical and biological wastewater treatment processes cannot completely
eliminate all pollutants, leading to the release of pollutants into surface water bodies along with
treated wastewater. Additionally, the disposal of waste and treated water from urban areas further
increases the presence of resistance genes in surface water [3]. Transmission routes into the
environment include: the use of raw or digested manure or sewage sludge as fertilizers on
agricultural sectors, the use of treated wastewater for irrigation fields and discharging effluent from
the WWTPs into the natural ecosystems [4]. During wastewater treatment, surplus sludge is
produced, which highlights a high diversity of microorganisms, including pathogenic ones.
Nosocomial infections are rapidly transmissible from one patient to another or even through medical
employers. A. baumannii is an opportunistic nosocomial pathogen responsible for a wide range of
infections, of which pneumonia and septicemia are the most common and included in the World
Health Organization’s (WHO) priority list for research on drug-resistant bacteria and AR [5,6].
Multidrug resistance (MDR) is caused by several resistance markers in A. baumannii isolates, such as
B-lactamase encoding genes (blaoxa-23, blaoxa-24, blavim, blavr, blatewm, blaves, blacrx-v, blaces and blarer). A.
baumannii can develop resistance due to the chemical similarity between {-lactamase inhibitors and
[-lactams [7].

However, the primary mechanism behind (-lactam resistance in A. baumannii involves the
production of class D 3 lactamases. f-lactamases are bacterial hydrolases that bind and acylate 3-
lactam antibiotics. 3-lactamases divide into four classes: the active-site serine $-lactamases (classes
A, C and D) and the zinc-dependent or (metallo-f-lactamases, or MBLs) [8]. Class D [3-lactamases
(OXA enzymes) are narrow-spectrum lactamases that provide resistance to cefotaxime and
ceftazidime. For A. baumannii the most common are class D oxacillinases (OXA type) (3-lactamases
(OXA-23, OXA-24, OXA-51, OXA-58, OXA-235, OXA-40) [9]. Class A {-lactamases identified in
Acinetobacter spp. include (-lactamases such as TEM, SHV, CARB, CTX-M, PER, VEB, GES si KPC
[10]. Among the MBLs detected in A. baumannii are IMP, VIM, SIM-1, SPM-1 and NDM [8]. Class C
B-lactamases are cephalosporinases that hydrolyze most penicillins and narrow-spectrum
cephalosporins [11]. Genotypic resistance may be the result of chromosomal mutations or may be
due to the acquisition of genetic determinants. A. baumannii can acquire resistance to various
antibiotic classes through chromosomal mutations and the horizontal transfer of ARGs. Mobile
genetic elements are represented by transposons (Tn), insertion sequences (SI) integrons and
resistance islands [12]. Four transposons carrying blaoxa-2s gene have been reported: Tn2006, Tn2007,
Tn2008, and Tn2009. Tn2006 and Tn2008, associated with ISAbal contribute to the dissemination of
blaoxa-2s. [13]. A variety of resistance islands were identified in A. baumannii, including AbaR1, AbaR3,
AbaR5, AbaR6, AbaR7, AbaR8, AbaR9, and AbaR10. Specifically, the AbaR1 resistance island
contains genes such as tef(A) a tetracycline efflux pump which confer tetracycline resistance, and
respectively strA, strB, aphAl, and aac69, responsible for aminoglycosides resistance [14,15].

In recent years, international authorities have made significant efforts to enhance the monitoring
of ARBs and ARGs across various environments. A key strategy in these efforts involves mapping
the distribution of MDR nosocomial pathogens in different clinical settings and WWTPs [16].
Effluents from WWTPs are released to the surface water level. Therefore, a major risk factor that can
affect human health is the contamination with antibiotic-resistant pathogens of plant crops irrigated
with water from contaminated rivers [17].
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For 2022, Romania reported very high levels of resistance in A. baumannii to fluoroquinolones,
aminoglycosides, and carbapenems (ranked fourth and third, respectively, after countries such as
Croatia, Greece, Cyprus, and Italy), according to the ECDC [18].

In this context, this study aims to provide a comprehensive analysis of Acinetobacter baumannii
in aquatic environments and fish microbiota by integrating culture-dependent methods, 165
metagenomics, and antibiotic resistance profiling of recently isolated isolates from different sources
in southern Romania.

2. Materials and Methods
2.1. Water Sampling Campaign

On 01.08.2022 and respectively 09.08.2022, 2 liters of wastewater and surface water samples were
collected from two wastewater treatment plants (WWTPs) in southern Romania: Glina (n=4 samples),
which collect wastewater from Bucharest (the capital city with 1.72 million inhabitants), and
Targoviste (n=4 samples, having 79,610 inhabitants). Samples were taken from the influent, IN;
activated sludge, AS from the aeration tank; effluent, EF of both locations; and respectively upstream,
UP (200 m) and downstream, DO (200 m) regions of the sampled WWTPs (Dambovita and Ialomita
rivers, respectively) and transported at 4°C till the microbiology laboratory of the Faculty of Biology,
University of Bucharest, Romania.

2.2. Strains Isolation, Quantification, Identification and Antimicrobial Susceptibility Profiles

The diluted samples up to a factor of 10"-5 were filtered through membrane filtration technique,
and the filters were inoculated on chromogenic media (CHROMagar Acinetobacter, Paris, France)
and on chromogenic media supplemented with carbapenem, cephalosporin and polymyxin
antibiotics (CHROMagar CARBA; CHROMagar ESBL and CHROMagar Colistin, Paris, France),
incubated at 37 °C for 24 h under aerobic conditions followed by determination of the colony-forming
units number (CFU/100 mL) belonging to A. baumannii and to the Gram-negative non-fermenting
bacilli (NF-GNB), considering filters with a number of white colonies <200 per culture medium and
using the following relationship:

YN, ..N, Ntot
T3V, .V, Vit

D- density or microbial load; N-total number of the colonies; V-volume x dilution

Next step was represented by the confirmation of carbapenemase (CP) and extended-spectrum
(-lactamase (ESBL) producing isolates, and respectively colistin resistant ones by culturing up to 6

100

colonies for each phenotype on the same culture media and taxonomic identification of wastewater
and surface water isolates, carried out using MALDI-TOF MS (Bruker, Germany). The isolates were
preserved on broth (Mueller Hinton, Liofilchem, Italy) culture medium supplemented with 20%
glycerol at -80°C.

During the same timeframe, a total of 17 A. baumannii isolates from intra-hospital infections (IHI)
were isolated and identified using automated systems (VitekIl Compact).

A total number of 83 A. baumannii isolates recovered from aquatic and clinical samples were
tested for antibiotic susceptibility using the standard disc diffusion method, following the protocols
outlined in the current editions of the Clinical and Laboratory Standards Institute (CLSI) guidelines
pertinent to the isolation year [19]. The antibiotic susceptibility profiles of these isolates were tested
to the following antibiotics: amikacin (30 pg); ampicillin-sulbactam (20 ug); aztreonam (30 ug);
cefepime (30 pg); ceftazidime (30 pg); ciprofloxacin (5 ug); doripenem (10 pg); imipenem (10 pg);
meropenem (10 ug); gentamicin (10 pg); and minocycline (30 pg). The antibiotic susceptibility results
were interpreted according to the antibiotic classes, respectively for -lactams, fluoroquinolones,
aminoglycosides and tetracyclines.

For colistin susceptibility the microdilution method in Cation-Adjusted Mueller-Hinton Broth
medium (CAMHB, OXOID, England) using standard 96-well microtiter plates by performing serial
two-fold microdilutions of colistin sulfate (19.000 IU/mg, Sigma-Aldrich, Merck) in 75 uL of CAMHB
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medium (ranged between 128 - 0.25 ug/mL) according to the CLSI, 2022. The media was inoculated
in the next step with a 75 uL of 0.5 McFarland suspension from 24-hour cultures grown at 37 °C on
Plate Count Agar media. The positive (untreated cultures) and negative controls (sterility control)
were included and the minimum inhibitory concentration (MIC) values were determined after
incubating for 24 hours at 37 °C as being the last concentration for which no growth was recorded.

2.3. Characterization of Genotypic Resistance Profiles

The presence of carbapenem and cephalosporin encoding genes (blaviv, blave, blanowm, blaoxa-2,
blaoxa-2s, blaoxa-ss, blaoxa-23s, blaoxa-si, blaxec, blaces, blasuv, blatem, blactxwm, blaver, and blaves) was
investigated by simplex and multiplex PCR using DNA template extracted through an alkaline
extraction method, specific primers and amplification programs and checked by gel electrophoresis
(7], [20]-

2.4. Whole Genome Sequencing (WGS) and Bioinformatic Analyses of Clinical and Aquatic A. baumannii
Isolates

From a total of 83 A. baumannii isolates recovered from two WWTPs and from Fundeni Bucharest
Hospital in Romania, we performed WGS sequencing for a total of 20 isolates. The selection criteria
were based on AR profiles (were selected isolates from all identified phenotypes) and isolation
sources (from all sources: IN, EF, AS, UP and DO samples). Total DNA was extracted using DNeasy
UltraClean Microbial Kit (Qiagen, Germany), followed by library preparations with Nextera DNA
Flex Library Prep Kit (Illumina). The sequencing was performed on Illumina MiSeq and NextSeq
platforms (V3, 600 cycles).

Hence, the raw reads were assembled de novo using Shovill v1.1.0 pipeline [21]. Furthermore,
the resulting sequences were analyzed using ABRicate v1.0.0 [22] tool and the NCBI and VFDB [23]
databases to determinate profiles of ARGs and virulence factors (VFs). The Multilocus Sequence Type
(MLST) [24] method was utilized to determinate the sequence type (ST) of the isolates, in conformity
with the Pasteur scheme. Moreover, Prokka v1.14.6 [25] tool was used to annotate the sequences of
the selected isolates. The output generated by Prokka was then utilized as input for Roary v3.13.0
[26]. Newick tree, generated from Roary along with core and accessory genes, was illustrated using
Phandango [27] online tool. Roary output was converted with the following script [29] for
multidimensional scaling (MDS) and pangenome tree representation by FriPan [28]. Subsequently,
the Heaps’ law was determined for data set, using Seth Commichaux’s Python script [30].

2.5. Metagenomic Analysis of Surface Water Samples and Fish Microbiota, to Highlight the Connection
between the Environment and Fish Microbiota

To examine the microbiome from fish gut samples, DNA extraction was performed using the
Pure Link Microbiome DNA Purification Kit (Invitrogen, Thermo Scientific, USA), following the
manufacturer’s instructions. DNA extraction from water samples was carried out using the DNA
Power Water Kit (Qiagen, Germany), according to the manufacturer’s instructions. The 165 rRNA
sequences were then amplified using specific primer pairs for the V3-V4 hypervariable region of the
16S rRNA gene. The PCR products resulting from the amplification of the hypervariable regions of
the 165 rRNA gene were purified using AmPure XP magnetic beads (Beckman Coulter, Inc.). Library
preparation was conducted using the Ion Plus Fragment Library Kit (Life Technologies, USA),
following the manufacturer’s instructions. The obtained amplicon libraries were sequenced on an Ion
Torrent 316 chip using the Ion Torrent PGM system and the Ion Sequencing 400 Kit (Life
Technologies, USA), adhering to the manufacturer’s instructions. The sequencing data obtained were
processed using the Quantitative Insights Into Microbial Ecology (QIIME) pipeline, a tool used for
microbiome sequencing data analysis, allowing the determination of microbiota composition and
diversity. For calculating diversity measures, operational taxonomic units (OTUs) of the 165 rRNA
gene were defined at a sequence similarity of at least 97%. The final analysis of the obtained sequences
was performed using Ion Reporter software.
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3. Results
3.1. Phenotypic and Genotypic AR Profiles of A. baumannii Isolates

3.1.1. Isolation and Quantification of A. baumannii from Romanian Wastewater and Surface Water
Samples

The inoculation of diluted wastewater and surface water samples collected between 01-
09.08.2022 from different sampling points of the investigated WWTDPs (influent, active sludge,
effluent) and surface water samples collected from the upstream and downstream region of the
sampled WWTPs on chromogenic culture media (CHROMagar Acinetobacter for determining the
total microbial load corresponding to A. baumannii) and chromogenic media supplemented with
antibiotics (CHROMagar CARBA; CHROMagar ESBL and CHROMagar Colistin) allowed the
determination of microbial load in the collected samples (Figure 1 and 2; Supplementary Tables 3 and
4).

Analysis of the comparative levels of the microbial load in the analyzed samples from the
receiving river revealed in decreasing order by the phenotype:

o CARBA phenotype: DO Glina, Bucharest > UP Targoviste > UP Glina, Bucharest > DO Targoviste;
. Colistin phenotype: DO Glina, Bucharest > DO Targoviste > UP Glina, Bucharest > UP Targoviste;

e  ESBL and total Acinetobacter phenotype: DO Glina, Bucharest > DO Targoviste > UP; (Figure 1 and
Supplementary Table 3).

Comparative distribution of CFU/100 mL number from surface water samples
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Figure 1. The microbial load of Acinetobacter for the upstream and downstream sampling points of
investigated WWTPs in the two locations in southern Romania.

Analysis of the comparative levels of the microbial load in the analyzed samples from the
WWTPs revealed in decreasing order by the phenotype:
o CARBA and ESBL phenotype: EF Glina, Bucharest >IN Glina, Bucharest > IN Targoviste >AS Glina,
Bucharest > EF Targoviste;
o fotal Acinetobacter phenotype: IN Glina, Bucharest >IN Targoviste > AS Glina, Bucharest > EF Glina,
Bucharest > EF Targoviste; (Figure 2 and Supplementary Table 4).
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Figure 2. The microbial load with Acinetobacter for the wastewater sample collection inside the
investigated WWTPs in the two locations in southern Romania.

3.1.2. Antimicrobial Susceptibilities Profiles of A. baumannii Isolates from Different Isolation
Sources and by Geographical Location

In decreasing order, the resistance level of A. baumannii isolates recovered from intra-hospital
infections (n=17) correspond to fluoroquinolones (100%), B-lactam (98% of the isolates), followed by
aminoglycosides and tetracycline antibiotics (94 % of the isolates). The comparative study of the AR
profiles according to the isolation sources and location demonstrated the following: for a total of 33
A. baumannii isolates recovered from Glina, Bucharest's WWTP and the receiving river the highest
resistance level corresponds to aminoglycosides in the case of the AS samples (57%); followed by the
isolates isolated from EF (36%), and respectively IN and DO region (43%). For (3-lactam antibiotics
the resistance levels were in decreasing order as follows: AS, DO (31% of the isolates) >IN (25%) > EF
(21%). In the case of fluoroquinolone antibiotics the resistance levels were attributed to the isolates in
decreasing order as follows: AS samples (29%) >IN, DO samples (14%) > EF (9% of the isolates). The
most susceptible A. baumannii correspond to tetracycline antibiotics (Figure 3 and Supplementary
Table 5).
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Antimicrobial resistance profiles of A. baumanii isolated from Bucharest WWTP and Fundeni Hospital in 2022
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Figure 3. Percentage of A. baumannii isolates isolated from IHIs, WWTP, and surface water samples
in Bucharest, categorized according to their resistance profile to different antibiotic classes.

The resistance levels in the case of A. baumannii isolated from Targoviste shows that the
aminoglycosides resistance was recorded at the top of the resistance level, with 54% of the isolates
recovered from surface water sample from UP region, followed by A. baumannii isolated from IN, DO
(50%) and isolates isolated from EF sample (36%). For 3-lactam antibiotics the resistance level was
observed to be on the decrease, in the following order: surface water sample from UP region (42% of
the isolates) > IN (33%) > EF (31%) and DO (29% of the isolates). The resistance levels identified for
fluoroquinolone were as follows: IN samples (33%) > UP samples (17% of the isolates). The most
susceptible A. baumannii isolates were identified for tetracycline antibiotics, as illustrated in the
Figure 4 and Supplementary Table 6.

Antimicrobial resistance profiles of A. baumaniiisolated from Targoviste WWTP in 2022
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Figure 4. Percentage of A. baumannii isolates recovered from WWTP and surface water samples in
Targoviste, categorized according to their resistance profile to different antibiotic classes.

Using the microdilution method in CAMHB were determined the MIC values for colistin
susceptibility as following: in the case of one intra-hospital infection isolate (encoded 24 IHI Buc)
within the international clone (IC) 2 (ST2) isolated from Fundeni hospital, was intermediate to colistin
with a MIC value of 1 pg/mL. Resistance to colistin may be caused by mutation in genes encoding
lipopolysaccharides (LPS), such as IpxA, IpxC and IpxD, as well as genes encoding for
phosphoethanolamine transferase (PEtN), such as operon pmrCAB as previously demonstrated [31].
In this study, mutations were identified in IlpxC (N286D), IpxD (E117K) and pmrB (A138T), the genes
were compared to the A. baumannii ATCC 1906 genome (GenBank CP045110) [32]. The rest of the
clinical and wastewater isolates belonging to epidemic ICs or non-IC were susceptible to colistin (MIC
<0.25 ug/mL) (see Table .1).

Table 1. MIC values for colistin susceptibility in clinical and wastewater A. baumannii isolates from
Southern Romania.

ANTI N N N N NONON NN

port 8 S 8 BE B S BB BB B8 8RR B8, .
/BB B R P BE B o R 5 a3 g e B 5 B & P oo

o R g LT ATy ETAAA 2 z A A E o =

solab 2 5 20 28 F 2522256502z %% =

COLIS

TIN 0.95 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <02 <02

(UG/M ™ 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

L)

3.1.3. Genotypic Characterization of 3-Lactam Resistance in Clinical, Wastewater and Surface Water
A. baumannii Isolates

The comparative molecular study for a total of 33 A. baumannii stains recovered from Glina,
Bucharest wastewater and surface water samples according to the isolation sources (Figure 4 and
Supplementary Table 7) demonstrated the following: the most frequently encountered gene in
investigated sources was blaoxa-23: AS (28% of the isolates) > EF (19%) and IN, DO (14% of the isolates).
As anticipated, the blaoxasi1gene was identified in all isolates isolated from all isolation sources.
Nevertheless, isolates isolated from intra-hospital infections were positives for blaoxa-23 gene (62%)
and blaoxa-2agene (46% of the isolates). Additionally, the presence of the blatem gene was confirmed,
although at a relatively lower prevalence (ranging from 15 to 14% in IHI and WWTP IF).
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Genetic support for AR of A. baumanii isolated from Bucharest WWTP and Fundeni Hospital in 2022
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Figure 5. 3-lactamase producing A. baumannii isolates from Bucharest, Romania in 2022.

The genotypic characterization of 3-lactam resistance performed in 33 isolates of A. baumannii
isolated from Targoviste wastewater and surface water samples (Figure 6 and Supplementary Table
8) revealed that the blacrxmgene was identified in 13% of the isolates obtained from surface water
samples collected from the DO region of the sampled WWTP. As expected, blaoxas1 gene was
identified in 100% of the isolates from all sources.

Genetic support for the AR of A. baumaniiisolated from Targoviste WWTP in 2022
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Figure 6. 3-lactamase producing A. baumannii isolates isolated from Targoviste, Romania in 2022.

3.1.4. WGS Analysis in Clinical, Wastewater and Surface Water A. baumannii Isolates

WGS analysis of intra-hospital infections, wastewater surface water A. baumannii isolates
revealed the presence of the following ARGs: ant(3")-1la, aph(3”)-Ib, aph(3’)-Vla, aph(6)-1d and armA
for aminoglycosides resistance. Macrolide and tetracycline resistance was confirmed by the presence
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of mph(E), msr(E) and respectively tet(B) genes. In addition, sull and sul2 genes which encode
resistance to sulfonamides, were also identified. Moreover, the genes encoding for chloramphenicol
resistance, catAl and cmIB1 genes, were identified in isolates from all sampled sources. Notably,
blaoxa-2s and blaoxa-72 genes encoding for carbapenem resistance, were present in six of the tested
isolates, including isolates from intra-hospital infections and wastewater samples from Bucharest.
Furthermore, in one isolate belonging to IC2, isolated from Bucharest WWTP effluent (encoded
22014-CA2), both CP encoding genes mentioned above were identified. Nevertheless, the most
prevalent genes, as expected, belonged to the blaabc and blaoxa-s1 families, encoding for classes C and
D p-lactamases. Additionally, the blatem gene, which encodes for class A broad spectrum (>-lactamase,
has also been identified in a wastewater A. baumannii isolate recovered from Bucharest WWTP
effluent (Supplementary Table 9).

MLST analyses indicate that the most prevalent clones within the tested isolates from all
isolation sources were IC2 (ST2, 25% of the sequenced isolates) followed by the IC8 (ST10, identified
in the case of one isolate from wastewater and another one from a surface water samples from
Targoviste) and IC7 (ST113 in the case of one wastewater isolate from Targoviste) according
Shelenkov et al. classification [33]. Moreover, several other non-IC clones were identified, i.e., ST154
(surface water sample from Glina, Bucharest and wastewater isolate from Targoviste), ST150 (surface
water sample from Targoviste), ST32 (wastewater isolate from Glina, Bucharest) (Figure 7).
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Figure 7. Pangenome analysis of A. baumannii isolates from WW, SW and IHI samples in Southern
Romania, based on accesory genes.

Pangenome analysis was undertaken on 20 genomes of A. baumannii isolates from WW and SW
in two cities in Romania, as well as from IHI. Notably, one cluster stands out from all 20 genomes
(red color in Figure 8); it belongs to ST2 and was isolated from WW (n=2) and IHI (n=3) in Bucharest.
The other isolates belong to various STs, such as ST150, ST10 and ST154, and correlations between
isolations sources could not be established (Figure 7). Moreover, A. baumannii pangenome analysis
identified a gene pool consisting of 7,644 genes in the sequences of all 20 isolates. Most of these genes
(~60%) are classified as hypothetical proteins. The 5-isolate cluster has 224 unique genes, compared
to the other 15 isolates in this study. Of these 224 genes, most of them are classified as hypothetical
proteins (88%) but there are other genes that could be linked to antibiotic resistance (e.g., tetA, tetR
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(associated with Tn10) and other MGEs (Tn3 family transposase Tn2, Tn3 family transposase TnAs3,
IS66 family transposase 1SAbal7). Following Heaps’ law, the pangenome of A. baumannii remains
open, characterized by a y = 0.26.
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Figure 8. A. baumannii isolates’ pangenome - FriPan MDS & pangenome tree representation based on
accessory genes.

Using the VFDB database it was shown that circulating A. baumannii clones in Romanian intra-
hospital infections from Bucharest and wastewater from two cities in southern Romania were
associated with virulence factors encoding for adherence (ata, tufA), biofilm formation (algW, bap,
csuA, csuB, csuC, csuD, csuE), effector delivery systems (tssA, B, C, D, E, F, G, K, L, M, tagX),
exoenzymes (cpaA), immune modulation (cps4l, galE, galll, pseB, pseC, pseF, pseG, pseH, psel, tviB,
wbpD), nutrition/metabolic factors (bauA, hemO) [34]. The highest number of virulence factors were
associated with clinical and wastewater isolates positives for OXA-23 and OXA23+OXA-72 CPs in
the case of wastewater isolate isolated from Bucharest WWTP effluent and belonging to IC2: (40 and
respectively 35 encoding genes). An interesting situation was observed in the case of the cpaA gene,
identified in A. baumannii isolates recovered from wastewater and surface water samples from both
investigated locations, and associated with ST154, ST903, ST32, and ST10 clones (Supplementary
Table S10).

3.2. Metagenomic Analysis of Surface Water Samples and Fish Microbiota, to Highlight the Connection
between the Environment and Fish Microbiota

The fish samples collected from Targoviste exhibited a microbiota predominantly composed of
Aeromonadales species (28%), Flavobacteriaceae (10%), Enterobacteriaceae (5%), and Vibrionaceae (4%)
(Figure 9). The phylum Alpha Proteobacteria was poorly represented, with an abundance of only 2%.
The order Pseudomonadales was present in the gut samples with an abundance of 2% of the total
number of sequences obtained. The fish samples collected from the Glina, Bucharest site were
characterized by lower microbial diversity (based on Shannon diversity index values) (Figure 10).
The microbiome at this site was predominantly composed of Aeromonadaceae species (56%) and a very
high abundance of Fusobacteriaceae (15%). The percentage of Enterobacteriaceae (8%) was higher
compared to that obtained for the samples collected from Targoviste, indicating a degree of fecal

contamination, as this family of microorganisms is associated with the human microbiome (Figure
9).
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Figure 9. Krona plots illustrating microbial community composition based on 165 rRNA sequencing
of fish intestine samples from Glina, Bucharest and Targoviste. (A) Krona plot representing microbial
taxa present in fish intestines from Glina, Bucharest. (B) Krona plot representing microbial taxa
present in fish intestines from Targoviste. Each segment in the plots represents a taxonomic group at
different levels (phylum, class, order, etc.), with the size of the segments corresponding to the relative
abundance of that taxon within the sample. Taxonomic labels are color-coded for clarity.
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Figure 10. Shannon Diversity Index of microbial communities in fish intestine samples from Glina
and Targoviste.

The microbiota of the aquatic environment is typically composed of members of the phyla
Alphaproteobacteria, Cytophaga / Flexibacter / Flavobacterium, and Actinobacteria. However, the samples
collected from Targoviste and Glina, Bucharest exhibited a low abundance of the phyla
Alphaproteobacteria and Actinobacteria.

The surface water samples from the UP region of Targoviste WWTP were characterized by a
very high abundance of Burkholderiales (38%), Neisseriales (19%), and Pseudomonadales (9%).
Additionally, Enterobacteriales, Aeromonadales, Alteromonadales, and Rhodobacterales were identified,
albeit at lower abundances. The DO samples from Targoviste harbored Actinomycetales (6%),
Aeromonadaceae (5%), and Flavobacteriaceae (4%), along with a high presence of Campylobacteraceae
(6%), a family of microorganisms pathogenic to humans but commensal in some animals (e.g.,
chickens) (Figure 11 A).

In the UP water samples collected from Glina, Bucharest WWTP, 165 rRNA sequencing revealed
high levels of Burkholderiales (11%), Oscillatoriales (6%), Flavobacteriales (4%), Actinomycetales (8%), and
Cytophagales (3%). The DO samples were characterized by the presence of pathogenic microorganisms
(Campylobacteraceae - 11%) and microorganisms typical of the human microbiota such as
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Enterobacteriaceae, Bacteroidaceae, Prevotellaceae, and Lactobacillales. Additionally, species of the families
Pseudomonadaceae (4%) and Moraxellaceae (6%) were identified (Figure 11 B).

5; Upstream

Figure 11. Krona plots illustrating microbial community composition based on 165 rRNA sequencing
of upstream and downstream water samples in Targoviste (A) and Glina (B).

Furthermore the analysis of the 165 rRNA metagenomic data from surface water samples from
DO regions of Glina, Bucharest and Targoviste WWTPs reveals significant insights into the microbial
communities present in these environments. The focus on the Moraxellaceae family, particularly the
genus Acinetobacter, provides a detailed understanding of bacterial diversity and prevalence.

In the water samples collected from DO region of Glina, Bucharest WWTPs Acinetobacter was
identified as a significant component of the microbial community within the Moraxellaceae family.
Specifically, Acinetobacter constituted 43% of the Moraxellaceae reads. This substantial presence
highlights the potential environmental impact and resilience of Acinetobacter species in this
downstream water ecosystem (Figure 12).

Similarly, the water samples from Targoviste revealed an even higher prevalence of Acinetobacter
within the Moraxellaceae family. In this location, Acinetobacter accounted for 52% of the Moraxellaceae
reads. This higher percentage indicates a robust population of Acinetobacter species in the Targoviste
downstream waters, suggesting possible variations in environmental conditions or anthropogenic
influences that favor the proliferation of this genus (Figure 12).
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Figure 12. Taxonomic composition of Moraxellaceae in surface water samples from DO regions of
Glina, Bucharest and Targoviste WWTPs based on 165 rRNA metagenomic analysis.The inner circle
represents the taxonomic classification at the family level, while the outer circle provides a more
detailed view at the genus level. Glina, Bucharest: Acinetobacter (43%), unidentified genera within
Moraxellaceae (28%), Moraxella (7%), Psychrobacter (3%), and Enhydrobacter (0.9%). Targoviste:
Acinetobacter (52%), unidentified genera within Moraxellaceae (37%), Moraxella (7%), and Enhydrobacter
(2%).

4. Discussion

This paper analyzes A. baumannii in aquatic environments and fish microbiota using culture-
dependent methods, 16S metagenomics, and antibiotic resistance profiling of recent isolates from
Glina, Bucharest and Targoviste WWTP and the receiving rivers (Dambovita and Ialomita) southern
Romania. Two WWTPs were selected to represent different pollution sources: urbanized city,
wastewater discharges in Bucharest, capital city of Romania and respectively anthropogenic activities
and animal waste from a dog shelter in Targoviste. Eight water samples (four from each location)
were collected for A. baumannii isolation, identified using MALDI-TOF mass spectrometry, further
investigated for AR by phenotypic and genotypic assays and 165 metagenomics. Previously,
monitoring the quality parameters for five sections of the Dambovita river, both upstream and
downstream of Bucharest, showed that the river’s overall ecological state falls into quality classes III-
V (poor to bad quality). The worst conditions corresponded for the DO region of Bucharest, which
received partially treated wastewater from the Bucharest WWTP [35]. The lalomita River’s water
quality, monitored along its length, ranged from very good to very poor (classes I to V). After 2010,
the water quality improved, with only the DO region showing a moderate status [36]. Using culture-
dependent assays, we demonstrated that the highest microbial load in the analyzed samples
(wastewater from the IN, AS, EF sources, and surface water from the UP and DO regions of the
Dambovita and Ialomita rivers) was found in Bucharest for both wastewater (WWTP EF and WWTP
IN) and surface water samples (DO region of the WWTP Bucharest) across all investigated
phenotypes (CARBA, ESBL, colistin and total Acinetobacter population). From both investigated
locations a total of 66 A. baumannii isolates (33 for each location) were obtained through culture
dependent assays from wastewater and surface water samples and compared with 17 isolates
recovered in 2022 from IHI to evaluate the circulating clones in different isolation sources. In both
WWTPs, the highest resistance levels were found for aminoglycoside antibiotics, followed by f3-
lactams and fluoroquinolones, with resistance levels varying by location and isolation source. In the
case of IHI isolates the resistance levels in decreasing order corresponded to fluoroquinolones > [3-
lactam > aminoglycosides and tetracycline antibiotics. The investigated isolates for colistin resistance
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have demonstrated that only in the case of an IHI isolate belonging to ST2 isolated from a large
hospital in Bucharest, where patients from all over the country are admitted, was intermediate, while
the rest of the isolates were sensitive to colistin. Previous data have reported that ST2 is the most
prevalent ST associated with colistin resistance in A. baumannii across Europe, Asia, Africa, and North
and South America [32], [37-48].

In Romania, the most frequently detected bacterial isolates with clinical relevance include
Klebsiella spp., A. baumannii, Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa, all
showing MDR phenotype. A. baumannii, associated with nosocomial infections such as pneumonia,
meningitis, and urinary tract infections, was a focus of a 2018 study aimed at identifying
microorganisms responsible for pneumonia in patients at an emergency hospital in Bucharest.
Antimicrobial susceptibility testing for A. baumannii revealed high resistance rates: 88% to
fluoroquinolones (including ciprofloxacin), 86% to (3-lactam antibiotics (meropenem), and 86% to
aminoglycosides (including amikacin) [49]. The transmission of ARGs among human, animal, and
environmental reservoirs is a significant concern, with WWTPs being critical reservoirs for the spread
of these genes. For A. baumannii isolates isolated from Romanian WWTPs, the highest resistance rates
were recorded for fluoroquinolones (87.5% to ciprofloxacin), followed by aminoglycosides (86% to
gentamicin and amikacin), and f-lactam antibiotics (84% to aztreonam and meropenem) [17].Viable
MDR and carbapenem-resistant A. baumannii were detected in urban wastewater, which included
hospital wastewater, both before and after secondary wastewater treatment [50]. Other studies have
highlighted the presence of putative carbapenem resistant Acinefobacter isolates detected in all WWTP
samples, except the primary sludge. Also, studies have revealed that A. baumannii isolates were
resistant to fluoroquinolones, aminoglycosides, -lactams and polymyxins in different sampling
points of urban WWTPs [51].

The WGS analysis of A. baumannii isolates from investigated locations revealed both shared and
unique characteristics, i.e., ant(3”)-Ila gene in all isolation sources from both locations opposite to
several CPs: OXA-23 (Bucharest IHI and wastewater); OXA-72 (Bucharest wastewater); OXA-
23+OXA-72 (Bucharest wastewater); TEM-1 (Bucharest wastewater); OXA-121 (Targoviste surface
water); OXA-120 (Targoviste wastewater). In a study carried out in Croatia on A. baumannii isolates
recovered from wastewater samples, the carbapenem-resistant isolates were positive for blaoxa-23 gene
and belonged similarly to our obtained results to IC2 and the susceptible ones to IC5. Furthermore,
these isolates revealed resistance genes encoding for chloramphenicol, aminoglycosides and
tetracycline antibiotics [52]. In another study, in eastern Poland using conventional methods and
metagenomic assays were demonstrated the presence of Acinetobacter spp. and A. baumannii isolates
carrying MBL (VIM2, NDM and IMP-1)) and class D 3-lactamases (OXA-23, OXA-24, OXA-51, OXA-
58) in wastewater and river water samples collected in June and September in 2019. High frequency
of isolation of A. baumannii in IHI, positive for OXA-23 CP and belonging to ST2, was described also
in two Bulgarian hospitals, Romania’s neighboring country. The CHLDs linked to IC2 were reported
also in clinical A. baumannii in other neighboring countries of Romania: OXA-23 and OXA-72 in
Serbia; and OXA-23 in Albania, OXA-23, OXA-58, and OXA-72 CPs in Croatia, Serbia, Bosnia and
Herzegovina.

Molecular typing of A. baumannii isolates revealed the presence of four distinct clusters: the ST2
cluster was found in isolates from Bucharest, indicating a localized prevalence in this region, while
the cluster containing the ST10 clone was primarily associated with isolates from Targoviste,
suggesting a regional specificity for this sequence type. A. baumannii ST10 has been found in clinical
and community acquired infections globally, including USA [53], Vietnam [54], Iran [55], Australia
[56], Belgium [57] and Germany [58]. Moreover, pangenome analysis demonstrated that the genomes
of A. baumannii are open, as indicated by Heaps’ law (y = 0.26). An open genome indicates that the
gene pool of a isolate has not reached an upper limit, thus allowing the acquisition of new genes
through transposable elements [59]. This finding was corroborated by Gherghe-Barbu and
collaborators, who used the same tool (e.g., Seth Commichaux’s Python script) to analyze pangenome
of A. baumannii isolated from WW and clinical samples in Targoviste and Ramnicu Valcea, where the
value was vy = 0.41 [60].
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The low abundance of Alphaproteobacteria and Actinobacteria in both Targoviste and Glina,
Bucharest samples contrasts with the typical composition of aquatic microbiota [61]. This deviation
could be indicative of specific environmental pressures or contamination events affecting these
communities. Factors such as pollution, nutrient loads, or other anthropogenic activities could be
influencing the microbial balance.

The dominance of certain bacterial orders in UP versus DO samples highlights the impact of local
environmental conditions and potential sources of contamination. The presence of pathogenic
bacteria like Campylobacteraceae in both locations underscores public health concerns, especially
regarding the use of these water bodies for recreational or agricultural purposes.

The elevated levels of Enterobacteriaceae and other human-associated bacteria in DO samples
suggest fecal contamination, likely from sewage discharge or runoff from agricultural lands. The
presence of pathogenic bacteria like Campylobacteraceae indicates a risk of waterborne diseases,
necessitating stringent water quality monitoring and management strategies [62].

The combined analysis of 16S rRNA metagenomic data and chromogenic culture media findings
underscores the significant presence of Acinetobacter in surface water samples from DO region of
Glina, Bucharest and Targoviste WWTPs. This high prevalence is associated with elevated microbial
loads and significant resistance phenotypes (CARBA, ESBL, and colistin), especially in the receiving
river from DO regions. These insights are important for developing strategies to monitor and mitigate
the spread of ARB in the environment, ensuring public health safety and effective wastewater
treatment practices.

Limitations of this study may arise from the fact that samples were collected at a single point in
time, which does not account for seasonal or temporal variations in microbial load and resistance
patterns, that could affect the generalizability of the findings, as well as the fact that the study did
not extensively analyze environmental factors such as water temperature, pH, or nutrient levels,
which could influence the microbial communities and antibiotic resistance patterns.

5. Conclusions

The findings further underscore WWTPs as reservoirs for MDR A. baumannii, highlighting the
potential for environmental dissemination and public health risks. Deviations in microbial
community composition suggest specific environmental pressures, necessitating stringent water
quality monitoring and integrated surveillance strategies to mitigate public health risks associated
with fecal contamination and pathogenic bacteria.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: A. baumannii isolates from Bucharest wastewater, surface water and
intra-hospital infection samples; Table S2: A. baumannii isolates from Targoviste wastewater and surface water
samples; Table S3: CFU/100 mL in surface water samples; Table 4: CFU/100 mL in wastewater samples; Table 5:
Antimicrobial resistance profiles of A. baumannii isolated from Bucharest WWTP and Fundeni Hospital in 2022;
Table S6: Antimicrobial resistance profiles of A. baumannii isolated from Targoviste WWTP in 2022; Table S7:
Genetic support for AR of A. baumannii isolated from Bucharest WWTP and Fundeni Hospital in 2022; Table S8:
Genetic support for the AR of A. baumanii isolated from Targoviste WWTP in 2022; Table S9: ARGs profiles for
A. baumannii isolated from WWTPs and Fundeni Hospital in Romania; Table S10: Virulence factors profiles for
A. baumannii isolated intra-hospital infections and WWTPs in Romania.
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