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Abstract: In order to intensify and guarantee the agricultural productivity and thereby to be able
to feed the world’s rapidly growing population, irrigation has become very important. In parallel,
the limited water resources lead to an increase in usage of poorly characterized sources of water,
which is directly linked to a higher prevalence of foodborne diseases. Therefore, analyzing the
microorganisms or even the complete microbiome of irrigation water used for food production can
prevent the growing numbers of such cases. In this study, we compared the efficacy of MALDI-
TOF Mass spectrometry (MALDI TOF MS) identification to 16S rRNA gene Sanger sequencing of
waterborne microorganisms. Furthermore, we analyzed the whole microbial community of irrigation
water using high-throughput 16S rRNA gene amplicon sequencing. The identification results of
MALDI-TOF MS and 16S rRNA gene Sanger sequencing were almost identical at species level (66.7%;
64.3%). Based on the applied cultivation techniques, Acinetobacter spp., Enterobacter spp., Pseudomonas
spp., and Brevundimonas spp. were the most abundant cultivable genera. In addition, the uncultivable
part of the microbiome was dominated by Proteobacteria followed by Actinobacteria, Bacteroidota,
Patescibacteria, and Verrucomicrobiota. Our findings indicate that MALDI-TOF MS offers a fast,
reliable identification method and can act as an alternative to 16S rRNA gene Sanger sequencing of
isolates. Moreover, the results suggest that MALDI-TOF MS paired with 16S rRNA gene amplicon
sequencing have the potential to support the routine monitoring of the microbiological quality of
irrigation water.

Keywords: MALDI-TOF MS; Sanger sequencing; 16S rRNA gene amplicon sequencing; irrigation
water; microbial monitoring

1. Introduction

Recycled and microbiologically non-characterized waters are increasingly used as
irrigation water in agriculture in order to cope with water limitation due to climate change
and to support rapid population growth. Crops can be contaminated with potentially
harmful microorganisms at any of the several steps in the food production chain, during
primary production, at processing stage, and during preparation as in each step water plays
a crucial role. At farm level, one of the major sources of foodborne pathogens is insufficient-
quality irrigation water, which can be contaminated by sewage overflows or polluted
storm and agricultural runoffs [1,2]. Since many bacterial pathogens (Listeria monocytogenes,
verotoxigenic Escherichia coli, Salmonella spp., Escherichia coli O157:H7) are able to survive
and even grow in contaminated irrigation water [3,4], the reported numbers of food- and
waterborne outbreaks are increasing. According to the European Food Safety Authority

Microorganisms 2023, 11, 287. https://doi.org/10.3390/microorganisms11020287 https://www.mdpi.com/journal/microorganisms

https://doi.org/10.3390/microorganisms11020287
https://doi.org/10.3390/microorganisms11020287
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-1550-3511
https://orcid.org/0000-0003-1090-4284
https://doi.org/10.3390/microorganisms11020287
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms11020287?type=check_update&version=1


Microorganisms 2023, 11, 287 2 of 16

(EFSA) growing numbers of outbreaks, cases, hospitalizations, and deaths related to food
of non-animal origin were observed [5]. Leafy vegetables irrigated with contaminated
water are considered to be a common cause of human gastroenteritis, due to the presence
of microbial pathogens. Turner et al. investigated a 21-year period (1996–2016) in the US in
which 46 outbreaks caused approximately 2240 cases of illnesses with romaine lettuce and
spinach as the affected vehicles [6]. Furthermore, EFSA reported 31 outbreaks related to
vegetables and juices, resulting in 626 cases in 2018 and 48 waterborne outbreaks related to
the consumption of tap water, including well water resulting in 1969 cases in 2019 [5,7].

In addition to being a reservoir for foodborne pathogens, soils, manure, and wastewa-
ter have been recognized as hot spots of antibiotic resistance gene (ARG) dissemination with
antibiotic residues and ARGs being observed in each matrix [8–11]. For example, aquatic
environments have been reported to be reservoirs of ARGs, such as colistin resistance-
encoding element (mcr-1) in sewage and fresh water, resistance genes of tetracycline (TC)
and sulfamethazine (SMZ) in irrigation water, and sulfonamide resistance genes (sul1, sul2)
in raw sewage, treated effluent [11–13]. Therefore, the spread of antimicrobial resistance
(AMR) and antimicrobial resistance genes (AGR) in the food production chain is also a
global problem. For these reasons, the microbiological quality of irrigation water used in
the food production chain, particularly leafy vegetables should be monitored to stop the
increase of such cases.

Traditionally, bacteria have been identified by microbiological methods, e.g., assessing
morphological and biochemical attributes of the isolates or more recently by molecular biol-
ogy techniques such as PCR coupled with Sanger sequencing, targeting the 16S rRNA gene
and pairing the gene sequences of isolates with classified references in generally known
databases. GenBank (NCBI), one of the biggest and well-known databases, currently com-
prises more than 21,000,000 entries of bacterial 16S rRNA gene sequences with high-quality
coverage derived from clinical and environmental settings. However, as these methods are
generally based on the need of trained laboratory personnel and can take 3–5 days, they
are not suitable for rapid bacterial identification and monitoring [14,15]. As an alternative,
MALDI-TOF MS (matrix-assisted laser desorption ionization–time of flight mass spectrom-
etry) has become a popular technique for microbiological identification in clinical settings
due to its fast, less expensive, and labor-saving characteristics, compared to molecular
identification techniques and biochemical-based tests. Identification based on MALDI-TOF
MS measurements can either be performed by comparing the PMF (Protein Mass Finger-
print) of the measured microorganism to PMF databases, or by matching the masses of
the identified biomarkers of unknown organisms utilizing proteomic databases [16]. The
latest MALDI Biotyper (Bruker) library contains PMFs of 4274 unique bacterial species
from 704 genera (2022). The majority of these PMFs are from clinical isolates and reference
strains, which could be problematic for the identification of environmental isolates. In
recent years, several authors tested the applicability of MALDI-TOF MS in environmental
microbiology, but data on its efficacy in identifying waterborne microorganisms isolated
directly from the environment is limited. Uchida-Fuji et al. showed the potential of MALDI-
TOF MS (Bruker Biotyper) in environmental microbiology as the authors were able to
identify 86.2% of 3724 isolates at species level [17]. In addition, MALDI-TOF MS (Bruker
Biotyper) and 16S rRNA gene sequencing identification techniques have been compared in
various environments such as environmental mining samples, high-altitude soil samples,
soil samples, and fresh vegetables [18–22].

A common issue in environmental monitoring is that natural environments consist
of a wide variety of microbial species, but 99% of bacteria are not culturable [22]. Thus,
amplicon sequence analysis of marker genes such as the bacterial 16S rRNA gene is used to
characterize the relative abundance of different bacterial genera and the entire bacterial
community in environmental samples. This novel technology has been used to investigate
the bacterial community of various aqueous environments [23–28].

In this study, we aimed to investigate the potential of MALDI-TOF MS to identify
waterborne bacteria and to analyze the bacterial community of irrigation water in Eastern
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Hungary by using 16S rRNA gene amplicon sequencing. Our goal was to assess whether
irrigation water in Eastern Hungary is a microbial risk in the food production chain and
whether MALDI-TOF MS is a suitable tool for monitoring the microbiological quality of
irrigation water. Analyzing the microbial community of irrigation water used for food
production can mitigate the growing numbers of foodborne infections.

2. Materials and Methods

Water samples were collected from wells used for irrigation from different towns lo-
cated in Eastern Hungary in the county of Jász-Nagykun-Szolnok, such as Karcag, Kengyel,
Rákóczifalva, Szolnok (two samples were taken from different sampling spots with the
first one being artesian water). Water samples are marked as Sample 1 (Kengyel), Sample
2 (Karcag), Sample 3 (Rákóczifalva), Sample 4 (Szolnok1), Sample 5 (Szolnok 2). The
sampling sites were chosen because the water is used for food production. Water samples
were collected by holding sterile bottles directly under the water faucet to avoid microbial
contamination and were transported to the lab under cooled conditions. Experiments
were performed at University of Natural Resources and Life Sciences, Vienna (BOKU),
Department of Food Science and Technology, Institute of Food Science. The MALDI-TOF
MS instrument (Bruker MALDI Biotyper) was provided by the EQ-BOKU-VIBT GmbH.

2.1. Bacterial Isolation

Bacterial isolation was performed after preparing a ten-fold serial dilution in buffered
peptone water (BPW) (Thermo Fisher Scientific Inc., Oxoid Ltd., Basingstoke, UK) up to
dilution 10-3. The dilutions were plated in duplicates on Trypticase Soy Agar (TSA) (Merck
Millipore, Burlington, MA, USA), Violet Red Bile Dextrose agar (VRBD) (Merck Millipore,
Burlington, MA, USA), Reasoner’s 2A agar (R2A agar) (Merck Millipore, Burlington, MA,
USA), and Yeast Extract Agar (Merck Millipore, Burlington, MA, USA) plates by spread
plate method. VRBD plates were incubated at 37 ◦C for 24–48 h while plates with the other
culture media were incubated at 30 ◦C for 24–48 h.

2.2. MALDI-TOF MS Identification

To identify the isolates, extended direct transfer procedure was used; therefore, each
colony of isolates was placed onto the Bruker’s ground steel target plate, overlaid with
1 µL of 70% formic acid, and after the samples were air dried, 1 µL of α-cyano-4 hydrox-
ycinnamic acid matrix solution (HCCA) was added. Each bacterial colony was measured
two times. The identification process was completed using MALDI Biotyper 3.0. (Bruker
Daltonics GmbH & Co., Billerica, MA, USA). MALDI-TOF MS spectra of the samples were
collected using a Microflex LT/SH (Bruker Daltonics GmbH & Co., Bremen, Germany)
mass spectrometer equipped with a nitrogen laser (lambda = 337 nm) at a laser frequency of
60 Hz operating in linear positive ion detection mode under MALDI Biotyper 3.0 Realtime
classification (RTC) (Bruker Daltonics GmbH & Co., Bremen, Germany) and FlexControl
3.4 (Bruker Daltonics GmbH & Co., Bremen, Germany). Mass spectra were acquired in the
range of 2000–21,000 Da for each sample analyzed for species-level microbial identification.
MALDI-TOF MS spectra were generated from 240 single spectra that were created in 40-
laser-shot steps from random positions of each isolate. The system was calibrated using
E. coli ribosomal protein standard (Bruker IVD Bacterial Test Standard, Bruker Daltonics
GmbH & Co., Bremen, Germany). FlexControl and FlexAnalysis (Bruker Daltonics GmbH
& Co., Bremen, Germany) were used for data acquisition and data processing, respectively.
FlexAnalysis was used to preprocess mass spectra which involves baseline subtraction,
smoothing, and peak picking.

MALDI-TOF MS identification results were accepted at genus or species level ac-
cording to Bruker’s instructions. High-confidence identification indicates a score in the
range of 2.00–3.00 which means reliable identification at species level. Low-confidence
identification is accepted at genus level, with the score of 1.7–1.99. Scores below 1.7 are
considered as not reliable identifications at any level. As for 16S rRNA gene sequencing,
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in accordance with previous findings, 98.65% sequence similarity threshold was accepted
to bacterial species demarcation [20,29,30], and genus-level identification was obtained at
95% sequence similarity [31,32].

2.3. DNA Extraction and Sanger Sequencing of Waterborne Isolates

DNA extraction of the previously cultured isolates was performed by Chelex Method.
Chelex solution contained 2.5 g Chelex (Bio-Rad Laboratories, Hercules, CA, USA), 2.5 mL
0.01 M Tris HCL and 95 mL distilled water (Thermo Fisher Scientific, Waltham, MA, USA).
A colony of each isolate was put into 500 µL Chelex solution with a sterile inoculation
loop. After mixing by vortexing, the samples were placed into Eppendorf ThermoMixer C
(Eppendorf, Hamburg, Germany) and incubated for 10 min at 95 ◦C. Then samples were
centrifuged at 15,000× g for 30 s and the supernatant was transferred into a fresh 2 mL
Eppendorf tube. After extracting the DNA of isolates, 16S rRNA gene specific PCR was per-
formed. The applied 16S rRNA gene primers were 27F, 5′-AGAGTTTGATCCTGGCTCAG-
3′ and 1492R, 5′-GGTTACCTTGTTACGACTT-3′. The PCR thermal profile was set to 95 ◦C
for 5 min, followed by 30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, and
concluded with a final elongation step at 72 ◦C for 10 min. PCR products were evaluated
by 1% agarose gel electrophoresis. Samples were purified with the peqGOLD Cycle-Pure
Kit (VWR International, Radnor, PA, USA) following the manufacturer’s instructions. Then,
3 µL of 27F gene primer was added to 12 µL of purified DNA, then DNA Sanger sequencing
was performed by Microsynth AG (Balgach, Switzerland). Sequences of the isolates were
blasted against the NCBI RefSeq RNA sequence database to identify them.

2.4. DNA Extraction and Next-Generation Sequencing of Irrigation Water Samples

For the isolation of microbial genomic DNA from irrigation water samples, DNeasy
PowerSoil Pro Kit (QIAGEN, Hilden, Germany) was used. The procedure was performed
following the manufacturer’s instructions. First, 250 µL of each sample was added to a dry
bead tube with garnet beads from the DNA isolation kit. Next, 800 µL of bead solution was
added to the samples to disintegrate the cell walls. The samples were vortexed for 10 min.
After centrifugation at 15,000× g for 1 min, the supernatant was transferred into a 2 mL
collection tube. Then, 200 µL of the respective solution of the isolation kit were added, and
it was vortexed for 5 s to precipitate non-DNA organic and inorganic material. The tubes
were centrifuged at 15,000× g for 1 min, and the supernatant was transferred into a clean
2 mL microcentrifuge tube. It was followed by adding 600 µL of a high-concentrate salt
solution then 5 s of vortexing was performed. After that, 650 µL of the lysate was loaded to
an MB spin column and centrifuged for 1 min at 15,000× g. Flow-through was discarded,
and the column was centrifuged again. The MB spin column was transferred to a clean
collection tube, and 500 µL of a wash solution was added, followed by a centrifugation step.
This step was repeated with 500 µL of an ethanol-based wash solution to further clean the
DNA and allowing it to stay bound to the silica membrane. Flow-throughs were discarded
after each centrifugation. Centrifugation for 2 min at 15,000× g ensured the absence of
remaining washing solutions. The column was placed into a new 1.5 mL elution tube. Then,
50 µL of elution buffer was placed on the column, and DNA was eluted via centrifugation
for 1 min. Amplicon library generation, quality control, and sequencing were performed
at the Vienna Biocenter Core Facilities NGS Unit (www.vbcf.ac.at, accessed on 20 January
2023). The V3–V5 hypervariable region of the 16S rRNA gene was amplified and sequenced
using a MiSeq Illumina platform with a 300 bp paired-end read protocol (Illumina, Inc.,
San Diego, CA, USA). The PCR reactions were performed as described in Klindworth et al.
using the forward primer 341f 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and
the reverse primer 785r 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG [33].

2.5. Bioinformatics and Data Processing of Next-Generation Sequencing Data

Primers were removed from the raw sequences using cutadapt v2.1 [34]. Raw se-
quences were further processed with the dada2 v1.14.1 pipeline in R v3.6.3 [35,36]. Briefly,

www.vbcf.ac.at
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low-quality sequences were filtered using ‘filterAndTrim’ with a maximum number of
expected errors of 2 and trimming set at a length where the quality score dropped be-
low 30. After learning the error rates with the ‘learnErrors’ command, samples were
dereplicated using ‘derepFastq’ and the dada 2 sample inference algorithm was run with
default parameters. Then, forward and reverse reads were merged with the ‘mergePairs’
command, choosing a minOverlap = 10 and a maxMismatch = 1. ASV tables were con-
structed with the ‘makeSequenceTable’ command. Chimeric sequences were removed
using the ‘removeBimeraDenovo’ command with the consensus method. Taxonomic as-
signment was performed via the SILVA rRNA database SSU 138 using the ‘assignTaxonomy’
command [37].

2.6. Statistical Methods

A paired t-test was used to compare the efficacy of identification of the MALDI-TOF
MS and 16S rRNA gene sequencing of isolates (IBM SPSS Statistics 27, Armonk, NY, USA).
MicrobiomeAnalyst was used to analyze data derived from 16S rRNA amplicon sequenc-
ing [38,39]. A total of 33 low-abundance ASVs were removed based on low prevalence
(set at 20%) and low count (<4). After data filtering step, 730 ASVs were used for further
analysis and included in the results. Data were normalized by total sum scaling (TSS),
i.e., the number of reads from the same ASV were divided by the total number of reads in
each sample. Hierarchical Clustering and Heatmap visualization were based on Euclidean
distance with the application of Ward clustering algorithm.

3. Results
3.1. Results of MALDI-TOF MS Identification and Sanger Sequencing of Isolates

The applied methods generated similar identification results (Table 1). Both 16S rRNA
gene sequencing and MALDI-TOF MS identified more than 60% of the 42 waterborne
isolates similarly at species level. However, the application of MALDI-TOF MS made it
possible to identify more isolates at species level. At genus-level identification, a minor
difference was observed as MALDI-TOF MS could identify more isolates properly. However,
a paired t-test showed that the identification results of the two methods did not differ
significantly t(41) = 2.02; p = 0.57).

Most isolates identified by MALDI-TOF MS were categorized as Gram-negative bacte-
ria. The most frequently cultivated isolates belonged to genus Acinetobacter, Enterobacter,
Pseudomonas, and Brevundimonas. MALDI-TOF MS failed to identify two isolates at any
level, but those were categorized as a Pseudomonas stutzeri and a Sphingobacterium kitahi-
roshimense isolates with high-confidence by Sanger sequencing. Four isolates, belonging to
genera Acinetobacter, Pseudarthrobacter, and Stenotrophomonas, were not identified properly
even at genus level by Sanger sequencing. The first isolate was identified as Acinetobacter
ursingii with high confidence by MALDI-TOF MS; however, with Sanger sequencing, only
90.41% similarity was obtained. The next isolate was also identified as an Acinetobacter
ursingii isolate with low-confidence by MALDI-TOF MS while with Sanger sequencing
91.67% similarity was achieved. The third isolate was identified as a member of Pseu-
darthrobacter at genus level by MALDI-TOF MS, and it was related to a Pseudarthrobacter
siccitolerans isolate with 89.91% similarity by Sanger sequencing. The fourth isolate was
identified as Stenotrophomonas maltophilia by MALDI-TOF MS with high confidence, but
only 94.14% similarity was achieved by Sanger sequencing.

The most dominant genus was Acinetobacter as 20 isolates belonged to that genus.
Four of twenty Acinetobacter isolates were only identified at genus level by MALDI-TOF
MS, while sixteen were identified at species level. Similarly, 16 Acinetobacter isolates
were identified at species level by 16S rRNA gene sequencing, while 2 isolates were
only identified at genus level and 2 more not at all. One isolate was identified with low
confidence as Acinetobacter schindleri by MALDI-TOF MS, while it was identified at species
level similarly by Sanger sequencing.
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Table 1. Identification results of 16S rRNA gene Sanger sequencing and MALDI-TOF MS regarding
each waterborne isolate shown at genus level.

16S rRNA Gene Sequencing Identification MALDI-TOF MS Identification

Bacterial
Genus

Number of
Isolates

Species
Level >
98.5%

Genus
Level >

95%

No
Identification <

95%

Species
Level > 2

Genus Level
2 > 1.7

No
Identification

<1.7

Acinetobacter 20 16 2 2 16 4

Aeromonas 1 1 1

Brevundimonas 3 3 3

Chryseobacterium 1 1 1

Enterobacter 5 1 4 2 3

Microbacterium 1 1 1

Pantoea 1 1 1

Pseudarthrobacter 1 1 1

Pseudomonas 5 2 3 3 1 1

Rhodococcus 2 1 1 2

Sphingobacterium 1 1 1

Stenotrophomonas 1 1 1

Total isolates 42 27 (64.3%) 38
(90.5%) 4 (9.5%) 28 (66.7%) 40 (95.2%) 2 (4.8%)

The application of both methods resulted in similar outcomes in terms of identifying
Enterobacter isolates. MALDI-TOF MS identified two Enterobacter isolates, one as Enterobacter
hormaechei while the other being Enterobacter cloacae. Three isolates could not be identified
at species level, because they had identical species identification scores for multiple species
in both methods.

Isolates belonging to the genus Pseudomonas were also frequent, as five isolates were
categorized into it. One isolate could not be identified by MALDI-TOF MS, but it was iden-
tified by Sanger sequencing as its sequence had 99.64% similarity score with sequences of
Pseudomonas stutzeri. In three cases, Sanger sequencing could not differentiate Pseudomonas
species correctly; however, two of those isolates were identified as Pseudomonas veronii with
high confidence by MALDI-TOF MS. One isolate was identified correctly at species level as
P. stutzeri by both methods.

Eleven of the 42 isolates were identified differently by MALDI-TOF MS and 16S rRNA
gene sequencing (Table 2). Only two isolates were identified differently of the genus
Acinetobacter, the most commonly found genus. In both cases, MALDI-TOF MS identifica-
tion resulted in Acinetobacter junii, whereas those isolates were identified as Acinetobacter
schindleri by Sanger sequencing. An isolate, identified as Rhodococcus erythropolis with
low confidence by MALDI, was identified as Rhodococcus qinsengii by Sanger sequencing.
Interestingly, neither of the techniques were able to identify this isolate at species level with
high confidence.

Discrepancies were also found among Enterobacter and Pseudomonas isolates. Isolates
marked as #6 and #9 were identified as E. hormaechei and E. cloacae with high confidence by
MALDI; however, Sanger sequencing could not differentiate the former as sequences of both
E. cloacae and E. hormaechei showed 99.9% similarity. Although isolate #9 was identified as
E. cloacae with high confidence, it was identified as E. hormaechei by Sanger sequencing with
99.48% similarity. Isolates marked as #10 and #11 were identified as Pseudomonas veronii
with high confidence by MALDI-TOF MS, while the former was identified as P. veronii/P.
extremaustralis showing 100% similarity scores for both species by Sanger sequencing. The
best-matched hit for the latter was an uncharacterized Pseudomonas species.
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Table 2. Differently identified isolates by MALDI-TOF MS and 16S rRNA gene sequencing.

No. Isolate MALDI-TOF MS Identification (Log
Score, Consistency Category)

16S rRNA Identification
(% Similarity Score)

#1 Sample5/9 Acinetobacter junii (2.34; A) Acinetobacter schindleri (99.24%)

#2 Sample5/12 Acinetobacter junii (2.1; A) Acinetobacter schindleri (98.78%)

#3 Sample3/1 Rhodococcus spp. (1.71; B) Rhodococcus qinsenghii (96.2%)

#4 Sample3/3 No ID (1.51; C) Sphingobacterium kitahiroshimense (99.72%)

#5 Sample3/4 Chryseobacterium indologenes (2.01; A) Chryseobacterium lactis (98.8%)

#6 Sample2/4 Enterobacter hormaechei (2.25; A) Enterobacter cloacae/E. hormaechei (99.9%)

#7 Sample2/5 Pseudarthrobacter scleromae/oxydans (2.24; B) Pseudarthrobacter siccitolerans (89.91%)

#8 Sample2/6 Rhodococcus spp. (1.99; B) Rhodococcus cerastii (99.46%)

#9 Sample2/7 Enterobacter cloacae (2.27; A) E. hormacheai (99.48%)

#10 Sample2/8 Pseudomonas veronii (2.26; A) P. veronii/ P. extremaustralis (100%)

#11 Sample2/9 Pseudomonas veronii (2.2; A) Pseudomonas spp. (99.34%)

3.2. Next-Generation Sequencing of Irrigation Water

The relative abundance of ASVs shows a wide range of variety at phylum level
displaying 32 different phyla (Figure 1). Altogether, 730 ASVs were found in the five
samples which comprised 82,613 total read counts. On average, 229 high quality 16S rRNA
gene sequences per sample remained after stringent quality filtering.

Sample 1 contained the most read counts with 20,785, and it was followed by Sample 3
with 19,637 read counts. Sample 4 comprised 18,368 while Sample 5 contained 13,086 read
counts. The lowest number of read counts, only 10,737, was found in Sample 2. A rarefac-
tion curve indicated that all samples were sequenced deep enough to infer the full diversity
of microorganisms in the samples (Supplementary file S1). The species richness ranged
from 106 ASVs in Sample 2 to 392 ASVs in Sample 4, whereas the Shannon index ranged
from 4.02 to 4.99 (Supplementary file S2).

The most abundant phylum was Proteobacteria followed by Actinobacteria, Bac-
teroidota, Patescibacteria, and Verrucomicrobiota in the analyzed samples (Figure 1). How-
ever, differences were observed regarding the abundance of phyla in each sample. In
Sample 1, Proteobacteria (63%) were most abundant, while the other most common phyla
were Bacteriodota (11%), Patescibacteria (6%), Verrucomicrobiota (5%), and Actinobacteri-
ota (5%). The abundance of phyla found in Sample 2 was similar to Sample 5 as in both
samples Proteobacteria (61%; 73%) was followed by Bacteroidota (13%; 13%), Actinobac-
teria (7%; 6%). Sample 4 differed from other samples, as most of the ASVs belonged to
Proteobacteria (40%) while ASVs from Actinobacteria (31%) were also common, followed
by ASVs belonging to Bacteroidota (10%), Patescibacteria (9%), and Desulfobacteria (3%).
The dominance of Proteobacteria could also be observed in both Sample 3 (76%) and Sam-
ple 5 (73%). However, composition of these samples was divergent as in Sample 3 the
next most abundant phyla were Nitrospirota (4%), Bacteriodota (4%), Firmicutes (3%), and
Patescibacteria (3%), whereas in Sample 5 the second most abundant phylum, Bacteriodota
(13%), was followed by Actinobacteria (6%), Patescibacteria (2%), and Cyanobacteria (2%).
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The taxonomic distribution of phylogenetic groups of irrigation waters shows specific
fingerprints regarding bacterial phyla in each sample (Figure 2). The application of Hierar-
chical Clustering classified the samples into clusters based on their microbial communities.
Sample 3 can be distinguished from other samples because phyla including MBNT15,
Sva0485, Schekmanbacteria, Nanoarchaeota, Halobacterota, Latescibacterota, Caldatrib-
acteriota, and Nitrospirota are mainly abundant in only that sample. In contrast, Sample
4 and Sample 5 are phylogenetically more related to each other. The cluster of Sample 4
and Sample5 can be extended by Sample 2, and the cluster of these three samples can be
further extended by adding Sample 1. Therefore, two great clusters can be differentiated
with one containing only Sample 3 while the other contains the rest of the samples (Sample
1, Sample 2, Sample 4, and Sample 5).
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Figure 2. Taxonomic distribution of the phylogenetic groups at phylum level of irrigation water
samples shown by combining Hierarchical Clustering and Heatmap visualization.

The microbial community of water samples was diverse as the five most abundant
genera were different in each sample (Figure 3). In Sample 1, the most abundant genus
was Tepidimonas followed by Flavobacterium, Methylococcus, Methylophilaceae UBA6140,
and Nocardioides. In Sample 2, the most abundant genus was Sideroxydans, which was
followed by genus Brevundimonas, Terrimonas, Mycobacterium, and Candidatus_Omnitrophus.
In Sample 3, the most abundant genus was the ammonia-oxidizing Nitrosomonas which was
followed by Candidatus Nitrotoga, an uncultured nitrite-oxidizing and naturally occurring
bacterial genus in aqueous ecosystems [40], and Permianibacter. Genus Hydrogenophaga, a
hydrogen oxidizing genus, and Pseudohongiella, of which species have been isolated from
seawater [41], were also common. The abundance of genera detected in Sample 4 was
similar to Sample 3 as nitrifying-bacterial genera such as Nitrosomonas and Candidatus
Nitrotoga were the second and fourth most abundant genera. However, the most abundant
genus was Gordonia and the third most abundant genus was Sphingobium while the fifth
was genus Rhodococcus. In Sample 5, the dominance of Comamonadaceae family could
be observed as four of the five most abundant genera belonged to that family. The most
abundant genus was Rhodoferax followed by Acidovorax, Hydrogenophaga, Aquabacterium,
and Dechloromonas.
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Figure 3. Relative abundance of the 30 most abundantly occurring bacterial genera in the irrigation
water samples. The rest of the taxa merged into the group of others.

Although genus Nitrosomonas was the most dominant in terms of relative abundance
(11.04%), zero isolates were cultivated from it. In contrast, Acinetobacter, the most dominant
genus regarding cultivated isolates, was only the 31st in terms of relative abundance (0.64%)
in the entire bacterial community (Table 3). Similarly, despite the fact that five isolates had
been isolated from genera Pseudomonas and Enterobacter, their relative abundance was only
0.24% and 0.04%, respectively. Species of the genus Brevundimonas, the genus with the
highest relative abundance (2.18%) among cultivated genera, were cultivated three times.
Furthermore, two isolates of the genus Rhodococcus were cultivated, which also had the
second highest relative abundance (0.81%) value among cultivated genera. Although only
one isolate was cultivated and identified as a member of the genus Chryseobacterium, its
relative abundance (0.35%) was the fourth highest among cultivated genera.
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Table 3. Identified bacterial isolates and their relative abundance in the next-generation sequencing
dataset.

Bacterial Genus Number of Isolates Relative Abundance of the Genera

Brevundimonas 3 2.18%
Rhodococcus 2 0.81%
Acinetobacter 20 0.64%.

Chryseobacterium 1 0.35%
Pseudomonas 5 0.24%
Enterobacter 5 0.04%

Stenotrophomonas 1 0.03%
Sphingobacterium 1 0.02%

Aeromonas 1 <0.01%
Microbacterium 1 <0.01%

Pantoea 1 <0.01%
Pseudarthrobacter 1 <0.01%

4. Discussion

The applicability of MALDI-TOF MS and its databases (Bruker Biotyper, VITEK
MS) have been studied and validated for clinical microbiology laboratories in recent
years [42–46]. However, its application regarding isolates derived from the food pro-
duction chain and its environment is challenging due to the microbial diversity in soil
and water matrices which contain thousands of different bacterial species [47,48]. Strejcek
et al. applied both MALDI-TOF MS (Bruker Biotyper) and 16S rRNA gene sequencing to
identify microorganisms found in soils and sediments and obtained concordant genus-level
identification (92%) while at species level only 35% of the isolates identified coincided
with those identified by 16S rRNA gene sequencing analysis [20]. Kopcakova et al. used
MALDI-TOF MS (Bruker Biotyper) to identify the microflora from waste disposal sites with
an overall identification rate lower than 20% at species level [49]. However, Suzuki et al.
used MALDI-TOF MS (Bruker Biotyper) to identify coliform bacteria from sewage, river
water, and groundwater, obtaining identical results at genus level in 96%, 74%, and 62% of
the isolates, respectively, compared to 16S rRNA gene sequence analysis [50].

In congruence with the study of Suzuki et al., our results indicate that MALDI-TOF
MS can be used to identify waterborne bacterial isolates, as more isolates were identified at
species level than with 16S rRNA gene sequencing [50]. MALDI-TOF MS generated 95.24%
correct genus level identification of the cultivated 42 isolates which were higher than the
results of 16S rRNA gene sequencing (90.48%). Moreover, 73.81% of the isolates were
identified identically with both methods. Four of the isolates (9.52%) were not identified at
any level by 16S rRNA gene sequencing while the number of unidentified isolates were
only two (4.76%) with MALDI-TOF MS.

Similarly, Böhme et al. compared the efficacy of MALDI-TOF MS (Voyager STR-DE,
Applied Biosystems) and 16S rRNA gene sequencing and pointed out that MALDI-TOF
MS identified 76% of 50 seafood-borne bacterial strains isolated from commercial seafood
products at species level while 16S rRNA gene sequencing only identified the species
of 50% of the strains [51]. Our outcomes are also consistent with the study of El-Nemr
et al. in which MALDI-TOF MS identified more bacteria isolated from a market area (e.g.,
vegetables, soil, air, and hand palms of fresh produce handlers) at species level (41%)
than 16S rRNA gene sequencing (28%) did [21]. In another study, Pandey et al. identified
psychrotolerant bacteria isolated from high-altitude soil with only 4.92% of the isolates
identified similarly by MALDI-TOF MS and 16S rRNA gene sequencing [19], whereas
in our case 73.81% of the isolates were identified identical. Our finding is close to the
study of Avanzi et al. in which 82% of the copper resistant microorganisms, isolated
from environmental mining samples (soil and water), were identified similarly with both
methods [18]. Moreover, in the aforementioned study of Pandey et al. 19.67% of the isolates
were not identified at any level by MALDI-TOF MS which value is higher than the result
(4.76%) obtained in our study [19]. One fact which could have contributed to the lower
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scores of the Pandey et al. study is that at the time of its conduction some of the unidentified
isolates (Bacillus wiedmannii, Bacillus velezensis, Bacillus paramycoides) were not included in
the database.

In our study, most of the cultivable isolates belonged to the genus Acinetobacter. In
terms of identifying species of this genus, both methods could achieve almost identical
results as 16 isolates were identified at species level. MALDI-TOF MS (Bruker Biotyper)
outperformed 16S rRNA gene sequencing as the former identified four isolates at genus
level, while the latter, besides identifying two isolates at genus level, was not able to
identify two isolates at any level. Species of this genus have been found in agricultural and
hydrocarbon-polluted soils, water, sediment, industrial wastewater, and sewage [52]. Most
of the Acinetobacter isolates were identified as A. junii which has been previously reported
to be found in aquatic environments such as surface water, sewage, marine sediments, and
wastewater [52–56]. Other isolates were identified as A. schindleri. This species has been
isolated from other sources before, for example livestock animals and pets, head lice from
primary school pupils, or from soil samples [57–59]. Another species, already isolated from
raw meat and human fecal samples [60,61], Acinetobacter ursingii was also found in our
irrigation water samples.

Our results and the findings of several other authors reassure the potential of MALDI-
TOF MS (Bruker Biotyper) to act as an alternative to 16S rRNA gene sequencing or in
the future even replace it in environmental microbiology screening [17–21,50,51]. Still, to
identify and thoroughly characterize the bigger, uncultivable part of the microbial commu-
nity of irrigation water, culture-independent methods such as amplicon sequence analysis
of 16S rRNA genes are necessary. Our results from the next-generation sequencing ap-
proach showed a dominance of Proteobacteria followed by Actinobacteria, Bacteroidota,
Patescibacteria, Verrucomicrobiota, and Firmicutes. In the samples, Proteobacteria (62%)
was by far the most dominant while Actinobacteria (10%), Bacteriodota (10%), Patescibacte-
ria (5%), Verrucomicrobiota (3%), and Firmicutes (2%) occurred less frequently. It is also
notable that Actinobacteria were more abundant in Sample 4 (32%) compared to the other
samples (<10%). This sample was the only artesian water sample included in the study.

Jin et al. analyzed the microbial community characteristics of 16 surface water samples
in the Beijing area using 16S rRNA gene amplicon sequencing and found that Proteobacteria
and Bacteroidetes were the most commonly identified phyla in all the samples, accounting
for 21.9–78.5% and 19.1–74.7% of the sequences, respectively [26]. Lehosmaa et al. studied
the bacterial communities of groundwater–surface water ecotone of boreal springs and
observed that the bacterial communities were dominated by Proteobacteria (50%) based on
relative abundance, followed by Bacteroidetes (18%), Patescibacteria, and Acidobacteria
(4% each) [61]. In the study of Jin et al. the most predominant genera among Proteobacterial
sequences were Hydrogenophaga and Rhodoferax both of which were found to be dominant in
our samples as well [26]. The former was dominant in both Sample 3 and Sample 5 whereas
the latter in Sample 5. Moreover, genus Hydrogenophaga had both high relative abundance
and prevalence in our samples. Genus Flavobacterium, the predominant Bacteroidetes genus
in the aforementioned study of Jin et al. [26], had also high relative abundance in our study.
Iliev et al. applied 16S rRNA gene amplicon sequencing to analyze microbial freshwater
communities in two Bulgarian reservoirs and found that Proteobacteria, Actinobacteria,
and Bacteroidetes contained more than 95% of the relative abundance, regardless of the
reservoir’s large hydrogeological differences [24]. These findings are in line with our results,
suggesting that Proteobacteria and Bacteroidetes are among the dominant phyla in different
water bodies across the globe [24,26,62].

Nitrite-oxidizer bacteria were not isolated but were common in our samples as Nitro-
somonas was the most abundant genus in Sample 3 and the second most abundant in Sample
4. Moreover, Nitrotoga, a main nitrite-oxidizer in activated sludge systems with nutrient
removal [23], was the second most abundant genus in Sample 3 and the fourth most abun-
dant in Sample 4. The isolates were dominated by the genus Acinetobacter, although it only
had the third highest relative abundance value among cultivated genera with the first one
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being genus Brevundimonas. Furthermore, while having cultivated several Enterobacter and
Pseudomonas isolates in our study, two ubiquitous and potentially pathogenic genera, ASVs
belonging to any of those genera had a low relative abundance in the samples. The majority
of the cultivated genera (8 of 12) had a relative abundance of at least 0.01% in the amplicon
dataset. Moreover, only 8 of 188 (4.25%) genera, which had a relative abundance above
0.01% were cultivated. Together, this highlights the fact that most of the environmental
bacteria are uncultivable.

In the present study, it was successfully shown that MALDI-TOF MS (Bruker Biotyper)
can act as an alternative to 16S rRNA gene sequencing of isolates to identify waterborne
bacteria due its rapid and accurate nature. As MALDI-TOF MS identification relies on
matching the PMF of the measured isolate to the database, lack of entries will lead to
misidentifications or not reliable identifications. However, as more species’ mass spectra
are being generated and added into the commercially available mass spectral databases, the
environmental applicability of MALDI-TOF MS will be even further improved. However,
MALDI-TOF MS identification of isolates should be coupled with next-generation sequenc-
ing to also determine the uncultivable part of the microbial community and low abundant
pathogens that might escape cultivation. Together, the two methods are suitable to analyze
the microbial community composition of irrigation water used in food production and to
determine whether the water constitutes a potential risk to the food production chain.

In conclusion, monitoring and characterizing the bacterial diversity of irrigation water
with MALDI-TOF MS and NGS can help in preventing and reducing foodborne infections.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11020287/s1, File S1: Rarefaction curve regarding
the water samples. File S2: Species richness and Shannon index values of the water samples.

Author Contributions: B.B.S.: Investigation, Methodology, Formal analysis, Visualization, Writing—
original draft. B.Z.: Formal analysis, Writing—review and editing. C.M.-F.: Conceptualization,
Writing—review & editing. T.E.: Conceptualization, Writing—review and editing. K.J.D.: Writing—
review & editing, Resources. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by CEEPUS scholarship (grant number: M-HR-0306-14-2122-M-
150096—For Safe and Healthy Food in Middle-Europe) and by the EFOP—The Project is supported
by the European Union and co-financed by the European Social Fund (grant agreement no. EFOP-
3.6.3-VEKOP-16-2017-00005). The APC was funded by Hungarian University of Agriculture and Life
Sciences.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on request. Raw sequence data is available in the
European Nucleotide Archive under accession number PRJEB56665.

Acknowledgments: The authors acknowledge the Doctoral School of Food Science of the Hungarian
University of Agriculture and Life Sciences for supporting this research. All of the experiments were
performed at University of Natural Resources and Life Sciences, Vienna (BOKU), Department of Food
Science and Technology, Institute of Food Science. The MALDI-TOF MS (Bruker MALDI Biotyper)
instrument was provided by the EQ-BOKU-VIBT GmbH.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gu, G.; Luo, Z.; Cevallos-Cevallos, J.M.; Adams, P.; Vellidis, G.; Wright, A.; van Bruggen, A.H. Factors affecting the occurrence of

Escherichia coli O157 contamination in irrigation ponds on produce farms in the Suwannee River Watershed. Can. J. Microbiol.
2013, 59, 175–182. [CrossRef] [PubMed]

2. Uyttendaele, M.; Jaykus, L.-A.; Amoah, P.; Chiodini, A.; Cunliffe, D.; Jacxsens, L.; Holvoet, K.; Korsten, L.; Lau, M.; McClure, P.;
et al. Microbial Hazards in Irrigation Water: Standards, Norms, and Testing to Manage Use of Water in Fresh Produce Primary
Production. Compr. Rev. Food Sci. 2015, 14, 336–356. [CrossRef]

3. Cevallos-Cevallos, J.M.; Gu, G.; Richardson, S.M.; Hu, J.; van Bruggen, A.H. Survival of Salmonella enterica Typhimurium in water
amended with manure. J. Food Prot. 2014, 77, 2035–2042. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/microorganisms11020287/s1
https://www.mdpi.com/article/10.3390/microorganisms11020287/s1
http://doi.org/10.1139/cjm-2012-0599
http://www.ncbi.nlm.nih.gov/pubmed/23540335
http://doi.org/10.1111/1541-4337.12133
http://doi.org/10.4315/0362-028X.JFP-13-472
http://www.ncbi.nlm.nih.gov/pubmed/25474048


Microorganisms 2023, 11, 287 14 of 16

4. Falardeau, J.; Johnson, R.P.; Pagotto, F.; Wang, S. Occurrence, characterization, and potential predictors of verotoxigenic Escherichia
coli, Listeria monocytogenes, and Salmonella in surface water used for produce irrigation in the Lower Mainland of British Columbia,
Canada. PloS ONE 2017, 27, 9. [CrossRef]

5. European Food Safety Authority, European Centre for Disease Prevention and Control. The European Union One Health 2018
Zoonoses Report. EFSA J. 2019, 17, e05926. [CrossRef]

6. Turner, K.; Moua, C.N.; Hajmeer, M.; Barnes, A.; Needham, M. Overview of Leafy Greens–Related Food Safety Incidents with a
California Link: 1996 to 2016. J. Food Prot. 2019, 82, 405–414. [CrossRef]

7. European Food Safety Authority, European Centre for Disease Prevention and Control. The European Union One Health 2019
Zoonoses Report. EFSA J. 2021, 19, e06406. [CrossRef]

8. Thanner, S.; Drissner, D.; Walsh, F. Antimicrobial Resistance in Agriculture. mBio 2016, 7, 2. [CrossRef]
9. Cerqueira, F.; Matamoros, V.; Bayona, J.; Elsinga, G.; Hornstra, L.M.; Piña, B. Distribution of antibiotic resistance genes in soils

and crops. A field study in legume plants (Vicia faba L.) grown under different watering regimes. Environ. Res. 2019, 170, 16–25.
[CrossRef]

10. Azanu, D.; Styrishave, B.; Darko, G.; Weisser, J.J.; Abaidoo, R.C. Occurrence and risk assessment of antibiotics in water and lettuce
in Ghana. Sci. Total Environ. 2018, 622–623, 293–305. [CrossRef]

11. Pan, M.; Chu, L.M. Occurrence of antibiotics and antibiotic resistance genes in soils from wastewater irrigation areas in the Pearl
River Delta region, southern China. Sci. Total Environ. 2018, 624, 145–152. [CrossRef] [PubMed]

12. Chen, K.; Chan, E.W.-C.; Miaomiao, X.; Liangwei, Y.; Ning, D.; Sheng, C. Widespread distribution of mcr-1-bearing bacteria in the
ecosystem, 2015 to 2016. Euro Surveill. 2017, 22, 39. [CrossRef]

13. Czekalski, N.; Berthold, T.; Caucci, S.; Egli, A.; Bürgmann, H. Increased levels of multiresistant bacteria and resistance genes after
wastewater treatment and their dissemination into Lake Geneva, Switzerland. Front. Microbiol. 2012, 3, 106. [CrossRef] [PubMed]

14. Barreiro, J.R.; Ferreira, C.R.; Sanvido, G.B.; Kostrzewa, M.; Maier, T.; Wegemann, B.; Böttcher, V.; Eberlin, M.N.; dos Santos, M.V.
Short communication: Identification of subclinical cow mastitis pathogens in milk by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry. Int. J. Dairy Sci. 2010, 93, 5661–5667. [CrossRef] [PubMed]

15. Böhme, K.; Fernández-No, I.C.; Barros-Velázquez, J.; Gallardo, J.M.; Cañas, B.; Calo-Mata, P. Rapid species identification of
seafood spoilage and pathogenic Gram-positive bacteria by MALDI-TOF mass fingerprinting. Electrophoresis 2011, 32, 2951–2965.
[CrossRef]

16. Singhal, N.; Kumar, M.; Kanaujia, P.K.; Virdi, J.S. MALDI-TOF mass spectrometry: An emerging technology for microbial
identification and diagnosis. Front. Microbiol. 2015, 6, 791. [CrossRef]

17. Uchida-Fuji, E.; Niwa, H.; Kinoshita, Y.; Nukada, T. Matrix-Assisted Laser Desorption Ionization–Time of Flight Mass Spectrome-
try (MALDI-TOF MS) for Identification of Bacterial Isolates from Horses. J. Equine Vet. Sci. 2020, 95, 103276. [CrossRef]

18. Avanzi, I.R.; Gracioso, L.H.; dos Passos Galluzzi Baltazar, M.; Karolski, B.; Perpetuo, E.A.; Nascimento, C.A.O. Rapid bacteria
identification from environmental mining samples using MALDI-TOF MS analysis. Environ. Sci. Pollut. Res. 2017, 24, 3717–3726.
[CrossRef]

19. Pandey, A.; Jain, R.; Sharma, A.; Dhakar, K.; Kaira, G.S.; Rahi, P.; Dhyani, A.; Pandey, N.; Adhikari, P.; Shouche, Y.S. 16S rRNA
gene sequencing and MALDI-TOF mass spectrometry based comparative assessment and bioprospection of psychrotolerant
bacteria isolated from high altitudes under mountain ecosystem. SN Appl. Sci. 2019, 1, 278. [CrossRef]

20. Strejcek, M.; Smrhova, T.; Junkova, P.; Uhlik, O. Whole-Cell MALDI-TOF MS Versus 16S rRNA Gene Analysis for Identification
and Dereplication of Recurrent Bacterial Isolates. Front. Microbiol. 2018, 9, 1294. [CrossRef]

21. El-Nemr, I.M.; Mushtaha, M.; Sundararaju, S.; Fontejon, C.; Suleiman, M.; Tang, P.; Goktepe, I.; Hasan, M.R. Application of
MALDI Biotyper System for Rapid Identification of Bacteria Isolated from a Fresh Produce Market. Curr. Microbiol. 2019, 76,
290–296. [CrossRef] [PubMed]

22. Locey, K.J.; Lennon, J.T. Scaling laws predict global microbial diversity. Proc. Natl. Acad. Sci. USA. 2016, 113, 5970–5975. [CrossRef]
23. Saunders, A.M.; Albertsen, M.; Vollertsen, J.; Nielsen, P.H. The activated sludge ecosystem contains a core community of abundant

organisms. ISME J. 2016, 1, 11–20. [CrossRef] [PubMed]
24. Iliev, I.; Yahubyan, G.; Marhova, M.; Apostolova, E.; Gozmanova, M.; Gecheva, G.; Kostadinova, S.; Ivanova, A.; Baev, V.

Metagenomic profiling of the microbial freshwater communities in two Bulgarian reservoirs. J. Basic Microbiol. 2017, 57, 669–679.
[CrossRef]

25. Jesser, K.J.; Noble, R.T. Vibrio Ecology in the Neuse River Estuary, North Carolina, Characterized by Next-Generation Amplicon
Sequencing of the Gene Encoding Heat Shock Protein 60 (hsp60). Appl. Environ. Microbiol. 2018, 84, 13. [CrossRef] [PubMed]

26. Jin, D.; Kong, X.; Cui, B.; Jin, S.; Xie, Y.; Wang, X.; Deng, Y. Bacterial communities and potential waterborne pathogens within the
typical urban surface waters. Sci. Rep. 2018, 8, 13368. [CrossRef]

27. Wu, H.; Li, Y.; Zhang, W.; Wang, C.; Wang, P.; Niu, L.; Du, J.; Gao, Y. Bacterial community composition and function shift with the
aggravation of water quality in a heavily polluted river. J. Environ. Manag. 2019, 237, 433–441. [CrossRef]

28. Pinel, I.S.M.; Moed, D.H.; Vrouwenvelder, J.S.; van Loosdrecht, M.C.M. Bacterial community dynamics and disinfection impact in
cooling water systems. Water Res. 2020, 172, 115505. [CrossRef]

29. Janda, J.M.; Abbott, S.L. 16S rRNA gene sequencing for bacterial identification in the diagnostic laboratory: Pluses, perils, and
pitfalls. J. Clin. Microbiol. 2007, 45, 2761–2764. [CrossRef]

http://doi.org/10.1371/journal.pone.0185437
http://doi.org/10.2903/j.efsa.2019.5926
http://doi.org/10.4315/0362-028X.JFP-18-316
http://doi.org/10.2903/j.efsa.2021.6406
http://doi.org/10.1128/mBio.02227-15
http://doi.org/10.1016/j.envres.2018.12.007
http://doi.org/10.1016/j.scitotenv.2017.11.287
http://doi.org/10.1016/j.scitotenv.2017.12.008
http://www.ncbi.nlm.nih.gov/pubmed/29258031
http://doi.org/10.2807/1560-7917.ES.2017.22.39.17-00206
http://doi.org/10.3389/fmicb.2012.00106
http://www.ncbi.nlm.nih.gov/pubmed/22461783
http://doi.org/10.3168/jds.2010-3614
http://www.ncbi.nlm.nih.gov/pubmed/21094737
http://doi.org/10.1002/elps.201100217
http://doi.org/10.3389/fmicb.2015.00791
http://doi.org/10.1016/j.jevs.2020.103276
http://doi.org/10.1007/s11356-016-8125-8
http://doi.org/10.1007/s42452-019-0273-2
http://doi.org/10.3389/fmicb.2018.01294
http://doi.org/10.1007/s00284-018-01624-1
http://www.ncbi.nlm.nih.gov/pubmed/30603962
http://doi.org/10.1073/pnas.1521291113
http://doi.org/10.1038/ismej.2015.117
http://www.ncbi.nlm.nih.gov/pubmed/26262816
http://doi.org/10.1002/jobm.201700137
http://doi.org/10.1128/AEM.00333-18
http://www.ncbi.nlm.nih.gov/pubmed/29678912
http://doi.org/10.1038/s41598-018-31706-w
http://doi.org/10.1016/j.jenvman.2019.02.101
http://doi.org/10.1016/j.watres.2020.115505
http://doi.org/10.1128/JCM.01228-07


Microorganisms 2023, 11, 287 15 of 16

30. Kim, M.; Oh, H.S.; Park, S.C.; Chun, J. Towards a taxonomic coherence between average nucleotide identity and 16S rRNA gene
sequence similarity for species demarcation of prokaryotes. Int. J. Syst. Evol. Microbiol. 2014, 64, 346–351, Erratum in Int. J. Syst.
Evol. Microbiol. 2014, 64, 1825. [CrossRef]

31. Schloss, P.D.; Handelsman, J. Metagenomics for studying unculturable microorganisms: Cutting the Gordian knot. Genome Biol.
2005, 6, 229. [CrossRef] [PubMed]

32. Johnson, J.S.; Spakowicz, D.J.; Hong, B.Y.; Petersen, L.M.; Demkowicz, P.; Chen, L.; Leopold, S.R.; Hanson, B.M.; Agresta, H.O.;
Gerstein, M.; et al. Evaluation of 16S rRNA gene sequencing for species and strain-level microbiome analysis. Nat. Commun. 2019,
10, 5029. [CrossRef] [PubMed]

33. Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glöckner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, e1. [CrossRef]
[PubMed]

34. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011, 17, 10. [CrossRef]
35. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2021; Available online: https://www.r-project.org (accessed on 10 October 2022).
36. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference

from Illumina amplicon data. Nat. Methods. 2016, 13, 581–583. [CrossRef] [PubMed]
37. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene

database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]
38. Dhariwal, A.; Chong, J.; Habib, S.; King, I.; Agellon, L.B.; Xia, J. MicrobiomeAnalyst—A web-based tool for comprehensive

statistical, visual and meta-analysis of microbiome data. Nucleic Acids Res. 2017, 45, 80–188. [CrossRef]
39. Chong, J.; Liu, P.; Zhou, G.; Xia, J. Using MicrobiomeAnalyst for comprehensive statistical, functional, and meta-analysis of

microbiome data. Nat. Prot. 2020, 15, 799–821. [CrossRef] [PubMed]
40. Kitzinger, K.; Koch, H.; Lücker, S.; Sedlacek, C.J.; Herbold, C.; Schwarz, J.; Daebeler, A.; Mueller, A.J.; Lukumbuzya, M.; Romano,

S.; et al. Characterization of the First “Candidatus Nitrotoga” Isolate Reveals Metabolic Versatility and Separate Evolution of
Widespread Nitrite-Oxidizing Bacteria. mBio 2018, 9, e01186-18. [CrossRef] [PubMed]

41. Xu, L.; Wu, Y.-H.; Jian, S.-L.; Wang, C.-H.; Wu, M.; Cheng, L.; Xu, X.-W. Pseudohongiella nitratireducens sp. nov., isolated from
seawater, and emended description of the genus Pseudohongiella. Int. J. Syst. Evol. 2016, 66, 12. [CrossRef]

42. Scott, J.S.; Sterling, S.A.; To, H.; Seals, S.R.; Jones, A.E. Diagnostic performance of matrix-assisted laser desorption ionization
time-of-flight mass spectrometry in blood bacterial infections: A systematic review and meta-analysis. Infect. Dis. 2016, 48,
530–536. [CrossRef] [PubMed]

43. Martiny, D.; Busson, L.; Wybo, I.; El Haj, R.A.; Dediste, A.; Vandenberg, O. Comparison of the Microflex LT and Vitek MS systems
for routine identification of bacteria by matrix-assisted laser desorption ionization-time of flight mass spectrometry. J. Clin.
Microbiol. 2012, 50, 1313–1325. [CrossRef] [PubMed]

44. Fan, W.T.; Qin, T.T.; Bi, R.R.; Kang, H.Q.; Ma, P.; Gu, B. Performance of the matrix-assisted laser desorption ionization time-of
flight mass spectrometry system for rapid identification of streptococci: A review. Eur. J. Clin. Microbiol. Infect. Dis. 2017, 36,
1005–1012. [CrossRef]

45. Christner, M.; Rohde, H.; Wolters, M.; Sobottka, I.; Wegscheider, K.; Aepfelbacher, M. Rapid identification of bacteria from
positive blood culture bottles by use of matrix-assisted laser desorption-ionization time of flight mass spectrometry fingerprinting.
J. Clin. Microbiol. 2010, 48, 1584–1591. [CrossRef] [PubMed]

46. Ferreira, L.; Sánchez-Juanes, F.; González-Avila, M.; Cembrero-Fuciños, D.; Herrero-Hernández, A.; González-Buitrago, J.M.;
Muñoz-Bellido, J.L. Direct identification of urinary tract pathogens from urine samples by matrix-assisted laser desorption
ionization-time of flight mass spectrometry. J. Clin. Microbiol. 2010, 48, 2110–2115. [CrossRef]

47. Mauchline, T.H.; Malone, J.G. Life in earth—The root microbiome to the rescue? Curr. Opin. Microbiol. 2017, 37, 23–28. [CrossRef]
48. Zancarini, A.; Echenique-Subiabre, I.; Debroas, D.; Taïb, N.; Quiblier, C.; Humbert, J.F. Deciphering biodiversity and interactions

between bacteria and microeukaryotes within epilithic biofilms from the Loue River, France. Sci. Rep. 2017, 7, 4344. [CrossRef]
49. Kopcakova, A.; Stramova, Z.; Kvasnova, S.; Godany, A.; Perhacova, Z.; Pristas, P. Need for database extension for reliable

identification of bacteria from extreme environments using MALDI TOF mass spectrometry. Chem. Pap. 2014, 68, 1435–1442.
[CrossRef]

50. Suzuki, Y.; Niina, K.; Matsuwaki, T.; Nukazawa, K.; Iguchi, A. (2018) Bacterial flora analysis of coliforms in sewage, river water,
and ground water using MALDI-TOF mass spectrometry. J. Environ. Sci. Health A. 2018, 53, 160–173. [CrossRef]

51. Böhme, K.; Fernández-No, I.C.; Pazos, M.; Gallardo, J.M.; Barros-Velázquez, J.; Canas, B.; Calo-Mata, P. Identification and
classification of seafood-borne pathogenic and spoilage bacteria: 16S rRNA sequencing versus MALDI-TOF MS fingerprinting.
Electrophoresis 2013, 34, 877–887. [CrossRef]

52. Adewoyin, M.A.; Okoh, A.I. The natural environment as a reservoir of pathogenic and non-pathogenic Acinetobacter species. Rev.
Environ. Health 2018, 33, 265–272. [CrossRef] [PubMed]

53. Goswami, R.; Mukherjee, S.; Rana, V.S.; Saha, D.R.; Raman, R.; Padhy, P.K.; Mazumder, S. Isolation and characterization of
arsenic-resistant bacteria from contaminated water-bodies in West Bengal, India. Geomicrobiol. J. 2015, 32, 17–26. [CrossRef]

54. Guardabassi, L.; Dalsgaard, A.; Olsen, J.E. Phenotypic characterization and antibiotic resistance of Acinetobacter spp. isolated
from aquatic sources. J. Appl. Microbiol. 1999, 87, 659–667. [CrossRef] [PubMed]

http://doi.org/10.1099/ijs.0.059774-0
http://doi.org/10.1186/gb-2005-6-8-229
http://www.ncbi.nlm.nih.gov/pubmed/16086859
http://doi.org/10.1038/s41467-019-13036-1
http://www.ncbi.nlm.nih.gov/pubmed/31695033
http://doi.org/10.1093/nar/gks808
http://www.ncbi.nlm.nih.gov/pubmed/22933715
http://doi.org/10.14806/ej.17.1.200
https://www.r-project.org
http://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
http://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://doi.org/10.1093/nar/gkx295
http://doi.org/10.1038/s41596-019-0264-1
http://www.ncbi.nlm.nih.gov/pubmed/31942082
http://doi.org/10.1128/mBio.01186-18
http://www.ncbi.nlm.nih.gov/pubmed/29991589
http://doi.org/10.1099/ijsem.0.001489
http://doi.org/10.3109/23744235.2016.1165350
http://www.ncbi.nlm.nih.gov/pubmed/27118169
http://doi.org/10.1128/JCM.05971-11
http://www.ncbi.nlm.nih.gov/pubmed/22322345
http://doi.org/10.1007/s10096-016-2879-2
http://doi.org/10.1128/JCM.01831-09
http://www.ncbi.nlm.nih.gov/pubmed/20237093
http://doi.org/10.1128/JCM.02215-09
http://doi.org/10.1016/j.mib.2017.03.005
http://doi.org/10.1038/s41598-017-04016-w
http://doi.org/10.2478/s11696-014-0612-0
http://doi.org/10.1080/10934529.2017.1383128
http://doi.org/10.1002/elps.201200532
http://doi.org/10.1515/reveh-2017-0034
http://www.ncbi.nlm.nih.gov/pubmed/29982240
http://doi.org/10.1080/01490451.2014.920938
http://doi.org/10.1046/j.1365-2672.1999.00905.x
http://www.ncbi.nlm.nih.gov/pubmed/10594705


Microorganisms 2023, 11, 287 16 of 16

55. Roseline, T.L.; Sachindra, N.M. Characterization of extracellular agarase production by Acinetobacter junii PS12B, isolated from
marine sediments. Biocatal. Agric. Biotechnol. 2016, 6, 219–226. [CrossRef]

56. Weidmann-Al-Ahmad, M.; Tichy, H.V.; Schön, G. Characterisation of Acinetobacter type strains and isolates obtained from
wastewater treatment plants by PCR fingerprinting. Appl. Environ. Microbiol. 1994, 60, 4066–4071. [CrossRef]

57. Rafei, R.; Hamze, M.; Pailhoriès, H.; Eveillard, M.; Marsollier, L.; Joly-Guillou, M.L.; Dabboussi, F.; Kempf, M. Extrahuman
epidemiology of Acinetobacter baumannii in Lebanon. Appl. Environ. Microbiol. 2015, 81, 2359–2367. [CrossRef]

58. Sunantaraporn, S.; Sanprasert, V.; Pengsakul, T.; Phumee, A.; Boonserm, R.; Tawatsin, A.; Thavara, U.; Siriyasatien, P. Molecular
survey of the head louse Pediculushumanus capitis in Thailand and its potential role for transmitting Acinetobacter spp. Parasites
Vectors 2015, 8, 127. [CrossRef]

59. Choi, J.Y.; Kim, Y.; Ko, E.A.; Park, Y.K.; Jheong, W.-H.; Ko, G.P.; Ko, K.S. Acinetobacter species isolates from a range of environments:
Species survey and observations of antimicrobial resistance. Diagn. Micr. Infec. Dis. 2012, 74, 177–180. [CrossRef]

60. Carvalheira, A.; Casquete, R.; Silva, J.; Teixeira, P. Prevalence and antimicrobial susceptibility of Acinetobacter spp. isolated from
meat. Int. J. Food Microbiol. 2017, 243, 58–63. [CrossRef]

61. Dijkshoorn, L.; van Aken, E.; Shunburne, L.; van der Reijden, T.J.; Bernards, A.T.; Nemec, A.; Towner, K.J. Prevalence of
Acinetobacter baumannii and other Acinetobacter spp. in faecal samples from non-hospitalised individuals. Clin. Microbiol. Infect.
2005, 11, 329–332. [CrossRef]

62. Lehosmaa, K.; Muotka, T.; Pirttilä, A.M.; Jaakola, I.; Rossi, P.M.; Jyväsjärvi, J. Bacterial communities at a groundwater-surface
water ecotone: Gradual change or abrupt transition points along a contamination gradient? Environ. Microbiol. 2021, 23, 6694–6706.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.bcab.2016.04.007
http://doi.org/10.1128/aem.60.11.4066-4071.1994
http://doi.org/10.1128/AEM.03824-14
http://doi.org/10.1186/s13071-015-0742-4
http://doi.org/10.1016/j.diagmicrobio.2012.06.023
http://doi.org/10.1016/j.ijfoodmicro.2016.12.001
http://doi.org/10.1111/j.1469-0691.2005.01093.x
http://doi.org/10.1111/1462-2920.15708
http://www.ncbi.nlm.nih.gov/pubmed/34382316

	Introduction 
	Materials and Methods 
	Bacterial Isolation 
	MALDI-TOF MS Identification 
	DNA Extraction and Sanger Sequencing of Waterborne Isolates 
	DNA Extraction and Next-Generation Sequencing of Irrigation Water Samples 
	Bioinformatics and Data Processing of Next-Generation Sequencing Data 
	Statistical Methods 

	Results 
	Results of MALDI-TOF MS Identification and Sanger Sequencing of Isolates 
	Next-Generation Sequencing of Irrigation Water 

	Discussion 
	References

