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Abstract: The spread of fecal pollutants and antibiotic resistance in the aquatic environment rep-
resents a major public health concern and is predicted to increase in light of climate change conse-
quences and the increasing human population pressure on the lagoon and coastal areas. The city of
Venice (Italy) is affected by diverse microbial pollution sources, including domestic wastewaters that,
due to the lack of modern sewage treatment infrastructure in the historical city center, are released
into canals. The outflowing jets of its tidal inlets thus represent a source of contamination for the
nearby beaches on the barrier island separating the lagoon from the sea. Metagenomic analyses of
DNA extracted from sediment samples from six sites in the canals of the city’s historic center were
undertaken to characterize the microbial community composition, the presence of fecal microbes as
well as other non-enteric pathogens, and the content of genes related to antibiotic (AB) and heavy
metal (HM) resistance, and virulence. The six sites hosted similar prokaryotic communities, although
variations in community composition likely related to oxygen availability were observed. All sites
displayed relatively high levels of fecal contamination, including the presence of Fecal Indicator
Bacteria, sewage- and alternative feces-associated bacteria. Relatively high levels of other potential
pathogens were also found. About 1 in 500 genes identified at these sites are related to AB and
HM resistance; conversely, genes related to virulence were rare. Our data suggest the existence of
widespread sediment microbial pollution in the canals of Venice, coupled with the prevalence of
ARGs to antibiotics frequently used in humans as well as of HMRGs to toxic metals that still persists
in the lagoon. All of this evidence raises concerns about the consequences on the water quality of the
lagoon and adjacent marine areas and the potential risks for humans, deserving further studies.

Keywords: microbial pollution; bathing waters; shotgun metagenomics; Venice Lagoon; antibiotic
resistance; heavy metal resistance

1. Introduction

Transitional and coastal aquatic ecosystems may experience low to severe levels of
anthropogenic impacts, which may include microbial contamination as a consequence
of human (e.g., tourism, sewage, boat and ship traffic), industrial (i.e., chemicals), and
agricultural activities (e.g., fertilization with zootechnical wastewaters and runoff of live-
stock manure from open-field farming) [1–3]. Microbiological pollution in such ecosystems
can therefore represent a threat to aquatic life as well as to human health [4–6]. Indeed,
it may likely include potential pathogenic organisms and impair water quality and food
safety, human and ecosystem health [7], with important consequences from socio-economic,
sanitary and environmental perspectives [8], including the impairment of bathing water
quality [9].
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Fecal Indicator Bacteria (FIB; Escherichia [E.] coli and intestinal enterococci) [9–14] are used
worldwide to assess bathing water quality and as a proxy for the potential health risks posed
by microbial contaminants [15,16]. However, some populations of E. coli have been shown
to be environmentally adapted and able to persist and grow in aquatic environments, thus
questioning their reliability as indicators of (fecal) microbial pollution [10,17]. Novel microbial
taxa, such as Lachnospiraceae or Arcobacter, have been thus identified and successfully used
as alternative fecal- and sewage-associated pollution indicators [8,18–24]. At the same time,
further potential and/or emerging pathogenic, non-enteric bacteria are being explored for
their potential in depicting the level of microbial pollution by microorganisms of public health
concern in coastal and transitional environments [8,23–25].

Microbial pollution can also introduce additional risks, given the possibility of releas-
ing antibiotic-resistant bacteria (ARBs) and their antibiotic resistance genes (ARGs) [26].
Antibiotic (AB) resistance is recognized today as one of the most significant threats to global
public health [27], also in relation to the possibility of Horizontal Gene Transfer (HGT)
events of ARGs between and among microorganisms [28], and it is considered ubiquitous
in the seawater environment, especially in coastal areas [26]. Anthropogenic activities
may represent a significant driver for the presence of ARGs in human-impacted areas [26].
Recent findings report that the presence of resistance genes can largely be explained by
fecal pollution [29]. For these reasons, scientific efforts are dedicated to understanding the
occurrence, threats, and potential ecological effects of ABs and ARGs in various aquatic
environments worldwide [27]. In addition, heavy metals (HM) resistance genes (HMRGs)
have also been suggested to co-occur with AB resistance in the environment [30], thus
prompting the need to target these genes when assessing the quality of coastal waters.

Several approaches have been identified worldwide to assess microbial pollution
in aquatic environments, most of them targeting Fecal Indicator Bacteria (FIB) by apply-
ing cultivation-based techniques. An alternative to such traditional approaches, High-
Throughput Sequencing (HTS) approaches, such as shotgun metagenomics, offer a power-
ful chance to catch the microbial diversity (e.g., by analyzing 16S rRNA genes) and potential
functioning (e.g., by analyzing genes involved in pathogenesis, AB and HM resistance,
virulence) of microbial communities in the environment [9,22–24,31,32]. Given this, HTS
represents a powerful means toward a safer and more sustainable management of aquatic
ecosystems, including the assessment of bathing water quality.

In this work, based on shotgun metagenomic analyses, we report the diversity and
community composition of prokaryotic assemblages in sediment samples collected from
several locations in the historic center of the city of Venice, with the further aim of un-
derstanding the occurrence and spatial distribution of microbial pollutants, as well as
genes for AB and HM resistance and virulence. Our study illustrates the significance of
microbial pollution in the city of Venice. The results can be helpful in the evaluation of
the role/importance of the city center as a pollution source of nearby lagoon areas and,
through the tidal exchanges on the quality of bathing waters on the barrier islands.

2. Materials and Methods
2.1. Study Site

The Venice Lagoon (Northern Adriatic Sea, Italy), one of the largest lagoons in the
Mediterranean Sea [33], is connected to the sea by three inlets, which guarantee tidal
exchanges of water with the adjacent open sea [13,14,34,35]. Because of the presence of a city
that is visited by millions of tourists yearly and of a heavily populated and industrialized
mainland, the lagoon of Venice is affected by a variety of pollution sources [36]. These
include human and animal wastewaters, the weathering of building materials, the inputs
from agriculture in the drainage basin and industrial activities both in the city and the
nearby mainland, massive tourism and intensive boat and ship traffic [24,37]. Besides
the external inputs of contaminants from the drainage basin and point sources located at
the lagoon–mainland interface, domestic wastewaters are also released in the historical
city center and in some minor islands through a dense canal network that has a centuries-
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old history of management and that often appears to lack adequate sewage treatment
infrastructures [38–40]. Despite the flushing effect of the semidiurnal tidal flow that helps
reduce the levels of fecal pollution [13], sediment accumulates in the canals of the historic
center at a rate that now requires periodical dredging, typically every few decades to
remove excess sludge [41]. The city canal system is also partly affected by the inputs from
the mainland and is drained by natural tidal channels of the lagoon that exchange with
the Adriatic Sea through three tidal inlets (Lido, Malamocco, and Chioggia). The lagoon
waters may, therefore, potentially impact the quality of adjacent bathing coastal waters of
the barrier islands enclosing the lagoon [42].

2.2. Sampling Activities

Surface sediment samples were collected in six sites located in the canals of the historic
center of Venice (Figure 1). Sampling was performed in the six sites indicated in Figure 1
(S1 to S6) using a Van Veen grab sampler (capacity 5 L). S1 was located in a small canal that
has relatively low boat traffic; S5 was close to St. Mark’s basin, which is characterized by
intense boat traffic; the other stations were in intermediate conditions. Once recovered, the
uppermost 0–2 cm layer of each sediment sample was collected, put in sterile glass bottles,
and stored at −20 ◦C until processing.

Figure 1. Map showing the study area and the location of the six sampling stations in the canals of
the city of Venice.

At all stations, water temperature (◦C), salinity (PSU), dissolved oxygen (DO, mg/L),
and redox potential (ORP) were measured in surface and bottom seawater layers using
a Hydrolab DS5 multiparameter probe. Measured values are reported in Supplementary
Table S1.

2.3. DNA Extraction and Shotgun Metagenomic Sequencing

DNA was extracted from sediment samples (1 g each) using the DNeasy PowerSoil
kit (Qiagen, Germantown, MD, USA) following the manufacturer’s instructions with
a few modifications to increase DNA yield and quality, as previously reported [43,44];
these included two additional vortexing steps (following the one recommended by the
manufacturer) for 2 min at the maximum speed, each one preceded by incubation at 70 ◦C
for 5 min, and one more washing step with Solution C5, as an additional removal step for
contaminants. DNAs were stored at −20 ◦C until sequencing.

Shotgun metagenomic sequencing (approximately 100 million per sample) was per-
formed on an Illumina MiSeq at the Wake Forest University Cancer Genomics Center (USA),
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which returned data as 75-nucleotide, paired-end reads. Raw sequences are available at the
Github site (https://github.com/Curran-WFU, accessed on 7 March 2022).

2.4. Data Analysis

Raw paired-end sequence reads were uploaded to the MG-RAST (version 4.0.3) [45]
analytical platform for gene identification and annotation using subsystems technology [46].
To facilitate file management, data for each metagenome are provided in four large datasets,
each of which includes files of annotated sequences distributed among prokaryotic func-
tional subsystems. Previous work [47] showed that all four of the datasets created by
MG-RAST are essentially identical; for this reason, for our analysis, we chose one of the
four datasets at random and focused on two subsystems: taxonomic identifications based
on 16S rRNA gene fragments, and genes mapped to the “virulence, disease and defense”
functional subsystem. Genus frequency accumulation curves analysis was performed to
assess the comparability of the analyzed metagenomes (Supplementary Figure S1). All
analyses were performed using programs written in Python, version 3.7. The datasets and
programs are available at https://github.com/Curran-WFU (accessed on 1 February 2022).

MG-RAST provides taxonomic identifications by sequence alignment of the 16S rRNA
gene fragments in the metagenomes to several large rRNA databases (see the MG-RAST
documentation, https://help.mg-rast.org/user_manual.html, accessed on 1 February 2022).
We focused on the genus-level identification, the deepest level that MG-RAST provides,
because many metabolic characteristics are associated with genera. For the analysis of
alpha diversity, we calculated the Inverse Simpson diversity index [48]. The minimum
numbers of genera that contain 50% (G50) or 95% (G95) of sequences were calculated based
on rarefaction plots prepared as described in Chapter 4 of [48].

To analyze beta-diversity, we performed Non-metric Multidimensional Scaling (NMDS)
based on a Bray–Curtis dissimilarity matrix. NMDS was performed with the scikit-learn
MDS module (https://scikit-learn.org/stable/modules/manifold.html#multi-dimensional-
scaling-mds, accessed on 1 February 2022). In addition, genus correlation analyses were
performed using the scikit-learn correlation module (https://pandas.pydata.org/docs/
reference/api/pandas.DataFrame.corr.html, accessed on 1 February 2022).

From the metagenome-derived 16S rDNA gene dataset, we looked for bacterial taxa
previously identified as potential microbial pollutants, as previously reported in several
studies [9,21,22,24] and including: (i) traditional fecal bacteria (i.e., E. coli and Entero-
coccus), (ii) alternative feces-associated bacteria from human and non-human sources
(Bacteroidaceae, Clostridiaceae, Lachnospiraceae, Porphyromonadaceae, Prevotellaceae,
Rikenellaceae and Ruminococcaceae families), (iii) sewage-associated bacteria (Acineto-
bacter, Arcobacter and Trichococcus genera), and (iv) other common and emerging poten-
tial human pathogens (Achromobacter, Aeromonas, Bacillus, Bordetella, Brucella, Campylobac-
ter, Citrobacter, Clostridium, Comamonas, Corynebacterium, Cronobacter, Deinococcus, Der-
matophilus, Gardnerella, Halomonas, Klebsiella, Kocuria, Legionella, Leptospira, Listeria, Micrococ-
cus, Mycobacterium, Neisseria, Photobacterium, Propionibacterium, Pseudomonas, Roseomonas,
Rothia, Salmonella, Shewanella, Shigella, Staphylococcus, Stenotrophomonas, Streptococcus, Vibrio,
Yersinia) [23,24].

We characterized genes associated with antibiotic resistance within the “virulence,
disease and defense” (VDD) functional subsystem, as identified by MG-RAST. To identify
antibiotic-resistance genes within these datasets, we searched the annotations for the list
of terms (entire words or word fragments) associated with resistance. The complete set of
searched terms is reported in Supplementary Table S2. The MG-RAST annotations rarely
reference specific antibiotics, such as “penicillin”, but instead almost exclusively refer to
antibody classes, such as “beta-lactamase”, which would include the natural and semisyn-
thetic forms of penicillin, as well as the carbapenems and cephalosporins. Additionally, in
some cases, annotations referred to both a specific antibiotic and its class, which creates
the risk of double counting such sequences. To resolve these issues, annotations that listed
antibiotic resistance were grouped by antibiotic class. Topoisomerase can be inhibited by
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members of two classes, quinolones and aminocoumarins, that were not distinguished in
the VDD database. Therefore, we simply classified resistance genes as “Topoisomerase
inhibitors”. The classes beta-lactamase, macrolide, acriflavine, aminoglycosides, topoiso-
merase inhibitor, and multidrug efflux were abundant and are reported in Results and
Discussion. Classes for which few or no representative genes were detected in the canals
are listed in Supplementary Table S2.

To detect genes related to resistance to toxic and heavy metals, we also searched the
VDD annotations for keywords related to resistance to arsenic cadmium, chromium, cobalt,
copper, lead, mercury and zinc. The keywords used are listed in Supplementary Table S3.
Finally, to detect genes related to bacterial virulence, we searched for keywords related
to exotoxin, hemolysin, leucocidin, collagenase, type III secretion, hyaluronic acid, and
fibronectin-binding proteins.

3. Results and Discussion
3.1. Prokaryotic Diversity and Community Composition

We first analyzed the overall prokaryotic composition at the genus level at the six
sample sites. The sites contained diverse populations (avg. richness 780 ± 44; avg. inverse
Simpson 129 ± 36) (Table 1), as one might expect for similar environments characterized
by organic enrichment and the presence of human and animal wastes. Each sample
contained at least one DNA sequence from approximately 800 identifiable genera (Table 1).
Interestingly, richness and Inverse Simpson index values did not differ significantly among
samples (t-test, p > 0.5); however, lower Inverse Simpson values were displayed at S1, which
displayed higher frequencies of the genus Beggiatoa. The numbers of genera, including
at least 50% and 95% of the sequences (G50, G95, respectively), were also similar among
sites (Table 1, Supplementary Figure S1). All sites also contained a substantial number of
unclassified Gammaproteobacteria (between 4.4 to 10% per site) and Deltaproteobacteria
(now phylum Desulfobacterota, according to SILVA database, https://www.arb-silva.de/,
accessed on 1 February 2022) (1 to 3.3% per site). Because these high-level taxa are so
metabolically diverse, we excluded them from further investigation.

Table 1. Measures of alpha diversity. Values of richness (i.e., number of genus-level identifications),
Inverse Simpson, G50, and G95 (i.e., number of taxa that contained 50% and 95%, respectively, of the
sequence reads) per sampling site are reported.

Site Richness Inverse
Simpson G50 G95

S1 850 56.2 42 421
S2 770 158 57 423
S3 797 148 57 427
S4 707 143 53 398
S5 798 111 56 415
S6 759 156 56 404

Non-metric Multidimensional Scaling (NMDS, a two-dimensional representation of
the relative similarities among sites) analysis (Supplementary Figure S2) based on Bray–
Curtis dissimilarity (Supplementary Table S4) showed that Venice samples clustered in
two groups, one including S1 and the second including S2 to S6 (Supplementary Figure S2).

We then compared relative genus frequencies of the top taxa within and among the
datasets from these sites (Supplementary Figure S3). We found that the prokaryotic community
composition at sites S2 and S3 and at S4 and S6 appeared to be relatively similar to each
other, whereas sites S1 and S5 displayed a slightly different composition from the others and
from each other, corroborating what was previously observed in the NMDS analysis. This
was also confirmed when analyzing the percentage of shared and specific taxa across the
six metagenomes. This analysis showed that more than 53% of taxa were shared among all

https://www.arb-silva.de/
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samples and that, conversely, only 1.2 to 7.3% of taxa were specific to a single sample. Overall,
analyses of community composition showed comparable frequencies of Nitrosopumilus at
stations S2, S3, S4, and S6 (0.01–0.019, with a substantially higher value recorded at S5
(0.054) and a lower value (0.0035) at S1. At the same time, S1 exhibited the highest Beggiatoa
(0.098) and Desulfobacterium (0.034) frequencies. Similar frequencies were found among
samples for the other most abundant taxa (Supplementary Figure S3). Genus Beggiatoa
mainly includes sulfur-oxidizing bacteria, growing at the oxic–anoxic interface on reduced,
organic, or hydrocarbon-rich porous sediments [49,50] and, typically, in organic-rich, coastal
marine sediments [51,52], suggesting a higher organic enrichment at S1. Desulfobacterium is a
sulfur-reducing bacterium; interestingly, the species Desulfobacterium autotrophicum within this
genus was originally isolated from anoxic sediments of Rio Marin, a canal in Venice’s historic
center [53]. Finally, Nitrosopumilus, a key ammonia-oxidizer archeon [54], has been shown
to be substantially enriched by co-culture with sulfur-oxidizing bacteria (SOB) in marine
sediments [55], suggesting that at stations S2 to S6, the presence of SOB might couple with the
higher frequency of genus Nitrosopumilus, as previously reported [56].

To determine whether taxa systematically varied among sites, we calculated correlation
coefficients between pairs of taxa, with a focus on the top ten taxa, which showed notable
covariant relationships (Supplementary Figure S4, panel A). Nitrosopumilus, Maribacter,
and Planctomyces were found to positively covary with each other, with all of them being
negatively covaried with the other taxa. Nitrosopumilus and Planctomyces share a role
in nitrogen metabolism, which occurs extensively within these groups [57], while no
information on this aspect is available for Maribacter. The remaining taxa (including
Beggiatoa, Desulfobacterium, Bacteroides, Desulfatibacillum, Desulfococcus, and Geobacter), all
known anaerobes and linked to sulfate metabolism [58], were all negatively covariant
with those above but positively correlated with each other. Because the correlation matrix
in Supplementary Figure S4 (panel A) tends to separate taxa based on aerobiosis, we
compared the correlation coefficients among taxa known to be strict aerobes or anaerobes. In
Supplementary Figure S4 (panel B), the anaerobic genera Bacteroides, Syntrophus, Anaerolinea,
and Clostridium are clearly distinguishable from the aerobes Mycobacterium, Pseudomonas,
Shewanella, and Maribacter.

Altogether, the correlation analyses strongly suggested that oxygen availability played
a role in the observed differences in taxon composition among samples, with the highest
proportions of strict anaerobes at S1 and lowest at S5. The highest proportions of Beggiatoa
(3- to 20-fold higher than other sites) also characterized S1. Since members of this genus are
able to oxidize sulfides using nitrate as an electron acceptor [59], we hypothesize that S1
had greater availability of nitrate than the other sites. Sites S1 and S5 were also outliers in
the Bray–Curtis-based NMDS plots, and we hypothesize that, since S1 is located in a small
canal that has relatively low boat traffic, it, therefore, may have contained a relatively high
proportion of stabilized, low-oxygen sediments. In contrast, S5 was close to the always
busy St. Mark’s basin and therefore likely experienced a greater degree of mixing due to
heavy boat traffic.

3.2. Microbial Pollutants

The lagoon of Venice is known to host a number of microbial pollutants originating
from a variety of sources, which are also related to the discharge of untreated or partially
treated wastewaters from the city center [13,14,24,60]. Several studies have demonstrated
that sediments and beach sands can be heavily colonized by fecal bacteria and that settling
and resuspending colonized particles may significantly influence the distribution of mi-
crobial pollutants in the overlying water column [61,62]. However, measurements of fecal
bacteria in sediments are rarely incorporated into monitoring programs, and geographic
surveys of their distribution are still rare. This also holds true for the city of Venice, where
studies have so far focused on assessing their distribution in water, while the contamination
levels in sediments within the city canals have rarely been studied [60].
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In our dataset, all the sites analyzed displayed a relatively high level of cumulative
microbial fecal contamination, with lower values registered at S5 (about 8% of the total
16S rRNA gene data, respectively) and higher values at S1 (about 9.8% of the total 16S
rRNA gene data extracted from metagenomes). When analyzing the different contributions
to the total potential pathogenic community, we found that traditional FIB frequencies
(i.e., Escherichia plus Enterococcus genera) (Figure 2A) were relatively low and ranged from
~0.07% at S2 to 0.13% at S3. Sewage-associated bacterial frequencies (i.e., Acinetobacter
plus Arcobacter) ranged from ~0.2% to 0.42% at S5 and S6, respectively (Figure 2B), with
Arcobacter tending to vary the most among sites. Alternative feces-associated bacteria were
dominated by the families Bacteroidaceae (mainly represented by the Bacteroides genus) and
Clostridiaceae and showed a similar trend as FIB, with the lowest frequencies recorded at S5
(1.8%) and highest at S6 (4.4%) (Figure 2C) and an average percentage 3.3 ± 0.83% among
the six sites. Finally, relatively high levels of other potential pathogens were displayed by
all sites (avg. percentage of 3.5 ± 0.28%), with a relatively lower frequency at S1 (3.2%), and
with the genera Pseudomonas, Shewanella, and Vibrio dominating this fraction of the potential
pathogenic community overall (Figure 2D). The total potential pathogenic signature at each
sampling site is reported in Supplementary Figure S5.

Figure 2. (A) Frequencies of traditional, (B) sewage-associated, (C) alternative feces-associated, and
(D) other non-enteric potential pathogens at each sampling station. All taxa reported in the Materials
and Methods section and not reported in Figure legend were not found in our dataset. Frequencies
were determined by dividing the number of sequences whose annotations contained the selected
keyword(s) by the total number of sequences in that Subsystems database (e.g., VDD).

Overall, our results corroborate previous findings that report high levels of microbial
pollution and, in particular, fecal contaminants in this study area [13,14,24]. Our data also
suggest that sediment microbial pollution of fecal origins is ubiquitous in the sampled
stations of Venetian canals. However, we hypothesize that different distances of each
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sampling site from the likely sources of pollution might have contributed to the different
contamination levels observed. In fact, flocculation of particles and associated bacteria
is predicted to be quite rapid near the sewers as the transition between freshwater and
seawater is almost immediate, thus causing flocculation and accelerating particle settling
that results in a patchy fecal signature in the sediments. In addition, water exchange in
the different sites and the consequent different degrees of tidal flushing might also explain
such differences. Moreover, it has been recently reported that microbial pollutants were
almost exclusively associated with the particle-attached fraction in the Venice lagoon [24],
thus supporting the need for prioritizing management plans aimed at reducing particulate
matter inputs to the lagoon to limit microbial pollution.

The cumulative frequencies of other non-enteric potential (human and aquatic animals)
pathogens (Figure 2D) displayed a similar distribution and abundance at all stations except
for S1, which suggests a systematic and even release of these potential pathogens in the
canals of the city center. Members of the Pseudomonas genus are known etiological agents
of disease in humans and animals, who have the ability to become a potential pathogen
in aquatic environments, also for issues related to antibiotic resistance [63] and reference
therein. Shewanella is widely distributed in aquatic environments [64], but members of
this genus are considered an emerging cause of human infections; multidrug resistance
has increasingly been reported in this genus, thus making it a potential reservoir and
vehicle for the transmission of ARGs [65–68]. However, the ability of different Shewanella
spp. to convert heavy metals and toxic substances, such as chromates, into less toxic
products by using them as electron acceptors has also been reported [69]. Finally, despite
being indigenous to marine and brackish water, the genus Vibrio includes some pathogenic
species (i.e., Vibrio cholerae, V. vulnificus, V. parahaemolyticus, V. alginolyticus).

Although there is still much to be deciphered about the true pathogenic potential of
these taxa, their presence in the lagoon waters poses additional concerns on the risks for
humans in this lagoon and nearby bathing waters, deserving further studies. Moreover,
these results highlight the potential risks posed by the recent modifications of the inlet
morphology to protect Venice from storm surges and the increased potential interaction
between the tidal jets with coastal waters by redirecting part of the outflowing currents
towards the adjacent beaches.

3.3. Antibiotic- and Heavy Metal-Resistance Genes

Anthropogenic impact, including wastewaters and industrial wastes, may introduce
antibiotic residues (ABs) and heavy metals (HMs) as well as antibiotic and heavy metal
resistance genes (ARGs and HMRGs, respectively) in the aquatic environment [70,71]. Due
to their selective pressure, ABs and HMs may promote the acquisition and/or transfer of
resistance genes by Horizontal Gene Transfer (HGT) to other bacteria living or released in
the environment [72]; moreover, HMs pose selective pressure on ARGs [71], and HMRGs
often co-occur with ARGs [70,72]. Here, aimed at exploring the contamination of Venice
canals by these emerging pollutants, we looked for genes coding for AB and HM resistance
in our metagenomic dataset.

MG-RAST returned genes by functional class in multiple databases (COG, NOG,
KO, and Subsystems). Subsystem genes were distributed into the greatest number of
categories, including those related to “virulence, disease and defense” (VDD). The VDD
subsystem comprises approximately 3% of the sequences from each site, and the genes
were distributed among 470 gene functions such as “beta-lactamase”. HMR and ARG genes
are each represented by about 1/3 of the VDD genes (HMR frequencies of 0.33 ± 0.016)
and ARG frequencies of 0.31 ± 0.01) (Figure 3). The remainders of the genes are related
primarily to stress responses and to virulence factors. To determine their approximate
relative abundances of specific ARG and HMR genes in the canal populations, we searched
the VDD gene annotations for words or word fragments specific to ARG or HMR names or
descriptions, and genes were grouped by antibiotic class, as detailed in the Material and
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Method section. The relative frequencies of ARGs and HMRGs found in our dataset within
the VDD database are shown in Figure 3.

Figure 3. (A) Antibiotic and (B) heavy metal resistance gene frequencies in the canal samples.
Keywords for ARG and HMR resistance genes are in the legends in the corresponding figure panel.
Shown are frequencies in genes identified by MG-RAST as related to “virulence, disease and defense”.
Frequencies were determined by dividing the number of identified genes by the total number of VDD
genes at each site. The total numbers of genes in the VDD category at each site: S1 = 4056; S2 = 2088;
S3 = 2463; S4 = 1283; S5 = 2003; S6 = 2057.

We found that ARGs and HMRs were common in the canal samples and that, similarly
to what was observed for the community composition, the sites contained comparable
repertoires of these genes (Figure 3A). Notably, genes conferring resistance to the “Topoi-
somerase inhibitor” antibiotic group were the most abundant (mean of 16 ± 1.1% of the
VDD genes and 0.47 ± 0.03% of all genes among the sites). These were detected using
searches for the generic term “topoisomerase” and, more specifically within this class, “gyrase”
(commonly associated with novobiocin resistance [73] and quinolone resistance [74]). It
must be pointed out, however, that the presence of topoisomerase and gyrase genes is not
conclusive that resistance variants are present but only that the potential for resistance
exists. In contrast, the genes identified in the VDD database for the other ARG categories
are specific to antibiotic resistance. These include substantial numbers of genes of resistance
to other antibiotic resistance-related genes were found in the analyzed metagenomes, which
included “acriflavine” and “macrolide”, as well as “beta-lactamases”, “multidrug efflux”
pumps, and “macrolide” as indicated in Figure 3A. Genes related to the aminoglycoside
and vancomycin classes were present at some sites, and genes conferring resistance to other
classes of antibiotic (e.g., tetracycline, folate acid synthesis inhibitors) were not found. The
complete list of searched terms is included in Supplementary Table S3.

Overall, the wide range of genes at relatively high frequencies and related to antibiotic
resistance in our dataset confirms previous findings that sediments in human-impacted
areas can act as a reservoir of antibiotic-resistant bacteria and their genes [75]. The genes
found belong to antibiotic resistances previously reported as contaminants in several stud-
ies on environmental, aquatic settings [76–78], including other anthropically impacted
lagoons [79,80]. Overall, our results suggest that the canals of Venice may represent a
source of potential ARB possibly transferable to humans by food chain or by recreational
activities [81]. It is noteworthy that beta-lactamases and fluoroquinolones (the latter falling
in the broader category of “topoisomerases”) have been reported among the most used
antibiotics in Italy, according to a recent document published by the Italian National Insti-
tute of Health (ISS) (https://www.epicentro.iss.it/antibiotico-resistenza/pdf/Rapporto_
Antibiotici_2019.pdf, accessed on 1 February 2022). According to the same report, polymyx-
ins, a last-resort type of AB [82], are still poorly used in Italy; nevertheless, the finding
of genes potentially involved in the resistance to these compounds highlights possible
emerging threats related to the use of such ABs. Similarly, trimethoprim (TMP) is still
scarcely used at the national level, likely due to limited efficacy given the rapidity with

https://www.epicentro.iss.it/antibiotico-resistenza/pdf/Rapporto_Antibiotici_2019.pdf
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which TMP resistance develops [83]. Taken together, our results underline the need for
further study to clarify the overall ARGs contamination in this area.

Given the long history of industrial activity in Venice, we also looked for genes
in the canals related to metal contaminants. After the 1960s, large industrial activities
progressively left the historic center; however, activities by some remaining craftsmen
produce a residual pollutant discharge. These point sources combine with diffuse inputs of
a typical urban system, which, in the case of Venice, includes very high boat traffic, leading
to the release of chemical contaminants (e.g., PAHs and copper from anti-fouling paints).
Moreover, many modern building materials such as rooftops and gutters contain metallic
components, which may be toxic to marine life and, potentially, human populations [84]. A
synthesis of the results of chemical contamination assessment in the system was published
by [85]. The comparative study of the recent changes in pollution levels by [86] shows that,
despite a considerable reduction in heavy metal inputs after the last maintenance dredging
(1995–2005), the concentration of elements of toxic concern (Cd, Cr, Cu, Hg, Pb, Zn) are still
higher than international sediment quality guidelines limits. We therefore searched the
VDD Subsystem datasets for genes related to resistance to HMs. Such genes were found in
abundance at all sites (Figure 3B). Genes related to the multimetal resistance to cobalt, zinc
and cadmium (Co/Zn/Cd) as well as to copper alone were the most common, whereas
genes related to the resistance towards other metals, including mercury, instead, were rare.
Mercury contamination has been problematic in the western regions of the lagoon; however,
it is currently less significant than other metals, at least in the canals of the historical city
center. Nevertheless, the most represented type of genes in this analysis was made up by
multiple metals resistance genes (Figure 3B); although a deeper insight on this data was not
possible due to the resolution of our data, previous findings report that multiple resistance
genes, such as, for instance, cadmium-zinc-cobalt resistance, were found to be correlated
with ARGs [30], and thus possibly involved in phenomena of genetic co-selection between
heavy metals and antibiotic resistances.

Finally, we searched for virulence-related genes. In our dataset, such genes were
found to be rare. For example, all sites except S4 had from one to four “fibronectin-binding
protein” genes, and sites S1, S2, S3, and S5 each had up to three “hemolysin” genes. No
site had a gene identified as an exotoxin, hyaluronidase, leukocidin, or type III secretion
system component. It is possible that virulence factor genes do not persist long in the canal
sediments. Alternatively, it is possible that the representative virulence-related genes in
the VDD database, which have been characterized in a restricted set of medically relevant
organisms, do not contain the sequence diversity required to detect distantly related genes
from these environmental communities.

4. Conclusions

The Venetian canal system has a long history of management and may currently be
in a phase of transition. For example, after rising in the latter half of the 20th century,
sediment nitrogen and phosphate, along with the general level of industrial contamination,
have been considerably reduced [87]. However, the lagoon and, particularly, the city center
still receive high levels of domestic waste, which can potentially threaten the quality of the
nearby recreational beaches. Moreover, the recent modifications of the inlet morphology to
protect Venice from tides, in fact, increased the potential interaction of the tidal jets with
coastal waters by redirecting part of the outflowing currents towards the adjacent beaches.
Our analyses highlighted that microbial pollution is ubiquitous in the studied sites, thus
raising concerns about the effects on water quality on the nearby lagoon areas and bathing
waters of the adjacent beaches. This work provides useful knowledge of current levels
of microbial contamination, including the presence and distribution of fecal and other
potentially pathogenic contaminants as well as AB and HM resistance genes. For this
reason, we expect that our study will be useful for future monitoring actions in the area.
In addition, given the fluctuations in tourism, boat traffic, and tides, seasonal variations
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should also be considered, prompting the need to widen this kind of study to address the
dynamics of microbial pollutants over time.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14071161/s1, Figure S1: Genus frequency accumulation curves; Figure S2: NMDS plots
based on taxa frequencies; Figure S3: Frequencies of the top ten taxa from each site; Figure S4:
Correlation Matrices; Figure S5: Total pathogenic signature; Table S1: Environmental parameters
measured within this study; Table S2: Keywords used to search for antibiotic resistance genes in our
dataset; Table S3: Keywords used to search for heavy metal resistance genes in our dataset; Table S4:
Bray-Curtis dissimilarity matrix.
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