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ABSTRACT

High-Throughput Sequencing technologies are providing unprecedented inventories of microbial communities in aquatic
samples, offering an invaluable tool to estimate the impact of anthropogenic pressure on marine communities. In this case
study, the Mediterranean touristic site of Aci Castello (Italy) was investigated by High-Throughput Sequencing of 16S and
18S rRNA genes. The sampling area falls within a Marine Protected Area and, notwithstanding, features an untreated urban
wastewater discharge. Seawater samples were collected close to the wastewater output (COL) and at a second station about
400 m further off (PAN), before and after a summer increase in population. Prokaryotic communities clustered according to
stations, rather than to seasons. While PAN showed a typical, not impacted, marine microbial composition, COL was
consistently enriched in Epsilonproteobacteria and Firmicutes. Protist communities showed a peculiar clustering, as COL at
springtime stood alone and was dominated by Ciliophora, while the other samples were enriched in Dinophyta. Analysis of
alternative, detectable by High-Throughput Sequencing, microbial indicators, including both faecal- and
sewage-associated, allowed uncovering the different sources of pollution in coastal and anthropogenically impacted marine
ecosystems, underpinning the relevance of High-Throughput Sequencing-based screening as rapid and precise method for
water quality management.
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INTRODUCTION

Coastal areas of the Mediterranean Sea are subjected to intense
anthropogenic pressures, including, among others, fishing, mar-
itime transport, wastewater discharges, industrial activities and
massive tourism. These activities can significantly modify the
marine ecosystems (Borja et al. 2013), and potentially introduce
a number of microbes of faecal origin, including pathogenic
species. This in turn represents a source of infection and
spreading of diseases to human and aquatic populations, with
important economic, sanitary and environmental consequences
(Stewart et al. 2008; Luna, Quero and Perini 2016).

The assessment of bathing water quality is performed world-
wide mainly by culture-based methods of detection of faecal
indicator bacteria (i.e. Escherichia coli and enterococci), follow-
ing standardised protocols (e.g. Directive 2006/7/EC). However,
since these microorganisms can sometimes survive, grow and
even adapt to the aquatic environment (Luo et al. 2011; Byap-
panahalli et al. 2012), additional sources of faecal contamination
other than human (i.e. birds, pets, livestock, etc.) have been also
kept into consideration (Byappanahalli et al. 2012). Besides, new
studies about host-specific indicators are indicating that not a
single marker organism can provide a unique specificity for a
host source (McLellan and Eren 2014).

Recent studies identified alternative, more reliable and effec-
tive indicators of faecal pollution (Stewart et al. 2008; reviewed
in McLellan and Eren 2014). Bacterial and unicellular eukaryotic
taxa indicating faecal ‘signatures’ (human, animal, sewage and
livestock) have been proposed in the last few years (Alonso-Sáez
et al. 2007; Newton et al. 2013; Korajkic et al. 2015; de Sousa et al.
2017), providing new, fast and interesting tools useful in recog-
nising faecal pollution sources.

High-Throughput Sequencing (HTS) technologies are pro-
viding unprecedented inventories of microbial communities in
aquatic environments, offering new opportunities for the devel-
opment of novel microbial indicators of faecal contamination
in aquatic environments (Newton et al. 2013; Tan et al. 2015;
Vierheilig et al. 2015; Luna, Quero and Perini 2016) and allowing
to retrieve source-specific taxa in both bacterial and protist
communities (Alonso-Sáez et al. 2007; Newton et al. 2013; Fisher
et al. 2015; Korajkic et al. 2015; Luna, Quero and Perini 2016; de
Sousa et al. 2017).These findings make HTS-based approach a
powerful tool in assessing bathing and coastal water quality.

In the present study, we performed HTS sequencing of the
16S rRNA and 18S rRNA genes, in order to describe the prokary-
otic and unicellular eukaryotic community composition and to
explore the presence and variability of bacterial and protist fae-
cal indicators, both traditional and alternative, at a Mediter-
ranean coastal site (Aci Castello, Southern Mediterranean Sea),
which is characterised by massive anthropogenic impact and
sanitary risk because of the presence of a wastewater output
within a marine protected area. The study was carried out com-
paring two contrasting sampling stations, a human-impacted
versus a control one, before and after the bathing summer sea-
son.

MATERIALS AND METHODS

Sampling stations

Within the Marine Protected Area ‘Isole Ciclopi’ at Aci Castello
(Catania, Italy) (Fig. 1), two stations, representatives of oppo-
site conditions, were selected for sampling. The first station was
located close to the urban wastewater output (COL—37◦33.916′N

015◦09.890′E) and the second was located about 400 m further
off (PAN—37◦34.019′N 015◦10.144′E). Sampling was performed
in April (hereafter defined COL1 and PAN1, respectively) and
September (COL2 and PAN2, respectively), corresponding to a
minimum and a maximum of anthropogenic pressure, which
includes both touristic and wastewater loads. Five litres of sea-
water were collected from surface water using sterilised Pyrex
bottles. Water temperature was measured at each sampling
time and other environmental parameters (Table S1, Support-
ing Information) were retrieved from the datasets available at
the Regional Agency of Environmental Protection website (ARPA
Sicilia). These parameters were chosen as widely used indicators
of nutrient enrichment (phosphorus, nitrogen) (Andersen, Con-
ley and Hedal 2004) and of eutrophication (chlorophyll a). After
collection, samples were filtered immediately through 0.22-μm
Sterivex filters (Millipore Corp., Billerica, MA, USA) using a peri-
staltic pump. After removing the excess of water, Sterivex filters
were stored at −20◦C, until DNA extraction.

DNA extraction and Illumina sequencing

DNA was extracted from Sterivex filters using the PowerWater R©

Sterivex DNA Isolation Kit (MoBio Laboratories Inc., Califor-
nia, USA), according to the manufacturer’s instructions. DNA
concentrations were determined fluorometrically with Qubit R©

2.0 Fluorometer (Thermo Fisher Scientific). DNA samples were
stored at −20◦C until sequencing.

Illumina Miseq V3 sequencing was carried out at LGC
Genomics (Berlin, Germany) on the V3 and V4 regions of the 16S
rRNA gene using a modified 341F (5′-CCTAYGGGRBGCASCAG-
3′) and a modified 806R (5′-GGACTACNNGGGTATCTAAT-3′) uni-
versal bacterial primer, to cover both Archaea and Bacte-
ria domains (Sundberg et al. 2013). 18S rRNA gene sequenc-
ing was carried out on the V4 region using the primer
pair: Eu565F (5′-CCAGCASCYGCGGTAATTCC-3′) and Eu981R (5′-
ACTTTCGTTCTTGATYRATGA-3′) (Stoeck et al. 2010).

Sequence analysis of prokaryotic 16S rDNA gene
libraries

Sequencing adaptors and primers were removed from raw
reads, and reads shorter than 100 bp were excluded from
downstream analysis. Paired-end sequences were joined with
BBMerge 34.48. Read quality scores of each sample were checked
with FastQC and the quality filtration step was carried out with
split libraries fastq.py script by QIIME (Quantitative Insights
Into Microbial Ecology, software package version v1.9.1) (Capo-
raso et al. 2010). Chimeras were detected with the QIIME’s
script identify chimeric seqs.py by using usearch61 algorithm
(Edgar et al. 2011). Reads were clustered into operational tax-
onomic units (OTUs) using UCLUST v1.2.22 (Edgar 2010) with
a >97% similarity threshold with an open-reference OTU picking
strategy and default settings. Chimera checking and taxonomy
assignment were performed using Greengenes 13.8 as reference
database (DeSantis et al. 2006). Sequencing summary is reported
in the Supporting Information. Sequences were submitted to the
Sequence Read Archive (accession number SRP134209).

Sequence analysis of eukaryotic 18S gene libraries

The 18S libraries were pre-cleaned as described earlier for the
16S reads. Chimera checking was run de novo with the QIIME
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Figure 1. Map of the Marine Protected Area ‘Isole Ciclopi’ (Acitrezza, hamlet of Aci Castello, Catania, Italy). White line delimitates the full protection area, red line the
medium level one and yellow line includes the buffer zone. Sampling stations are indicated.

script identify chimeric seqs.py and the reads were dereplicated
and clustered into OTUs with UCHIME algorithm (Edgar et al.
2011) using 97% of threshold for similarity; this clustering proce-
dure also involves an additional check for chimeras. Taxonomic
identity was assigned to each OTU blasting the most abundant
read against the PR2 SSU reference database (Guillou et al. 2013)
with an e-value threshold of 10−20. The best 20 hits were kept
for each OTU and, in case of equality, the taxonomic assignation
was kept at the level of the last common ancestor. The OTU table
was obtained by means of the make otu table.py script (QIIME).
Sequencing summary is reported in the Supporting Information.
Sequences have been submitted to the Sequence Read Archive
(accession number SRP134209).

Data and statistical analyses

Alpha diversity indices of species richness (i.e. number of
OTUs), exponential Shannon diversity and Pielou’s evenness
were calculated using iNEXT package (Hsieh, Ma and Chao
2016) on both prokaryotic and protist OTU tables. Estimates
of true diversity of the aforementioned indices were extrap-
olated for each sample at the value of double the mean
sample completeness (i.e. sequences’ coverage). Pielou’s even-
ness was computed according to the formula J = H/log(S),
where J = Pielou’s evenness, H = exponential Shannon diver-
sity and S = species richness as calculated in iNEXT. Clus-
ter analyses were performed on a resemblance matrix based
on the Bray–Curtis index. All these analyses were performed
in R (version 3.4.0) using the vegan package (Oksanen et al.

2014) and the ggplot and ggdendro packages for plotting (Wick-
ham 2006). The analysis of similarity (ANOSIM) was com-
puted in R operating directly on dissimilarity matrix (Ander-
son and Walsh 2013). Within prokaryotic communities’ data,
we searched for OTUs identified as belonging to the traditional
faecal indicator taxa (i.e. the family Enterobacteriaceae, also
including Escherichia and Enterococcus genera) and alternative
faecal indicator taxa (i.e. faeces-associated bacterial families:
Bacteroidaceae, Porphyromonadaceae, Clostridiaceae, Lach-
nospiraceae and Ruminococcaceae; sewage-associated bacterial
genera: Acinetobacter, Arcobacter and Trichococcus), according to
the approach proposed by Newton et al. (2013) and Luna et al.
(2016). Within eukaryotic communities, we searched for OTUs
considered to be good candidates of water quality assessment
(i.e. Oligohymenophorea, Saccharomycetales and Apicomplexa)
as suggested by recent literature (Korajkic et al. 2015; de Sousa
et al. 2017). OTU richness for these indicator taxa was calculated
on rarefied OTU tables to minimise the bias due to the different
sequence coverage among samples. Rarefied tables were com-
puted by randomly sub-sampling at the lowest number of reads
found among samples.

RESULTS AND DISCUSSION

Environmental parameters

Environmental conditions at the two sampling times are
reported in Table S1 (Supporting Information). Overall, Septem-
ber samples were characterised, as expected, by higher tem-
perature than April, as well as by higher values of phosphorus,
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nitrogen and chlorophyll a. Lower values of dissolved oxygen in
September than in April were observed.

Prokaryotic community composition

The highest true species richness was detected in COL2 station,
while PAN and COL1 stations had the highest values of Shan-
non diversity and Pielou equitability indices (Table S2, Support-
ing Information). These patterns are likely linked to the urban
wastewater output close to the COL station, which, especially in
the post-tourist season, represents a source of new microorgan-
isms and organic and inorganic matter, possibly leading to an
increase of copiotrophic organisms and less evenly distributed
prokaryotic communities (Ho, Lonardo and Bodelier 2017).

Cluster analyses (Fig. 2A, left panel) showed that the com-
munities clustered according to station rather than by season.
ANOSIM confirmed the presence of a significant difference in
community composition at the OTU level between the two sta-
tions (P < 0.01).

Prokaryotic community composition in PAN and COL at the
two different sampling times is shown in Fig. 2A. Prokary-
otic community in PAN1 was mainly represented by members
of the phyla Alphaproteobacteria (50.9%), Bacteroidetes (21%),
Gammaproteobacteria (13.6%) and Cyanobacteria (7.7%). Pelag-
ibacteraceae accounted for the majority of Alphaproteobacteria,
being 35.8% of the total, while Rhodobacteraceae contributed
to a further 6% of the total Alphaproteobacteria composition.
In PAN2, a strong dominance of Bacteroidetes (51.6%) in the
total prokaryotic community was observed. Alphaproteobacte-
ria (17.2%) were also abundant, but appreciably less than those in
PAN1, followed by Cyanobacteria (17%) and Gammaproteobacte-
ria (9.8%).

Prokaryotic community of sample COL1 was mainly com-
posed of Epsilonproteobacteria (41.3%), Bacteroidetes (17.2%),
Gammaproteobacteria (12.7%), Betaproteobacteria (12.3%), Fir-
micutes (5.4%) and Fusobacteria (4.6%). Alphaproteobacteria and
other less represented phyla only accounted for 2.4% and 3% of
the total community, respectively. At the genus level, the most
abundant taxon in COL1 was represented by Arcobacter (36.7%).
At the COL2 station, the prokaryotic community was domi-
nated by Bacteroidetes (41.5%), followed by Epsilonproteobacte-
ria (19.6%), Alphaproteobacteria (16.6%), Gammaproteobacteria
(9.9%), Betaproteobacteria (6.5%) and Firmicutes (4.2%) (Fig. 2A).
In both PAN2 and COL2, Bacteroidetes increased in percent-
age. However, at each of the stations, different families con-
tributed to Bacteroidetes fraction (Table 1). In PAN2, Flavobac-
teriaceae accounted for the majority of the phylum, being 35.4%
of the total sample composition; conversely, in COL2, Chryomor-
phaceae was the most represented family accounting for 32.8%
of Bacteroidetes. Furthermore, we observed the presence of the
Bacteroides genus only in the COL station, nearby the wastewater
output (Table 1).

Overall, PAN community composition showed a typical,
unimpacted surface marine prokaryotic community, with a
dominance of Alphaproteobacteria, which included the order
Rhodobacterales (largely Roseobacter) and SAR11 clade, the most
abundant bacterial taxon in the epipelagic Mediterranean layer
in both coastal and open sea settings (Luna 2015). Gammapro-
teobacteria and Cyanobacteria were also found among the
most abundant bacterial groups in PAN samples, at percent-
ages comparable to those previously observed in the Mediter-
ranean Sea (Alonso-Sáez et al. 2007; Quero and Luna 2014;
Luna 2015). Members of the phylum Bacteroidetes were also
relatively abundant, and it has been shown to represent the

second most abundant bacterial phylum in sea surface, espe-
cially in coastal areas (Alonso-Sáez et al. 2007; Dı́ez-Vives, Gasol
and Acinas 2014). Bacteroidetes being important players in the
degradation of complex and polymeric organic matter (Kirch-
man 2002), we assume that their increase after summer results
from the higher load of organic matter into the environment,
likely due to the increased human activities and density in the
area.

Conversely, COL communities, regardless of the sampling
time, were enriched in Epsilonproteobacteria and Betapro-
teobacteria, and relatively high abundance of Firmicutes and
Fusobacteria was also observed. Furthermore, at OTU level, the
most abundant OTU in the COL station belonged to the fam-
ily Cryomorphaceae (class Flavobacteria, phylum Bacteroidetes),
while the second most abundant OTU was identified in the
genus Arcobacter (class Epsilonproteobacteria).

Eukaryotic community composition

A possible effect of the urban wastewater output was also
detectable in the protist alpha diversity results (Table S3, Sup-
porting Information) as COL2 had the highest values of Shan-
non diversity and Pielou’s evenness. Conversely, the highest
species richness was observed in COL1 and PAN1. Cluster analy-
sis (Fig. 2B, left panel) also showed that the eukaryotic communi-
ties clustered by season. However, in spring, COL1 composition
was a stand-alone (Fig. 2B, left panel).

Eukaryotic community composition of PAN and COL station
is shown in Fig. 2B. Protist community at PAN1 was mainly
composed of Dinophyta (56.69%) and Archaeplastida (22.41%),
followed by Ciliophora (8.75%), Stramenopiles (3.12%) and Hac-
robia (1.48%). After summertime, at PAN, Dinophyta (65.90%)
and Archaeplastida (27.11%) still represented the most abundant
phyla; however, Ciliophora and Hacrobia were no more repre-
sented among the most abundant groups, and Stramenopiles
decreased (1.31%). At the COL1 station, we observed a domi-
nance of Ciliophora (48.36%), followed by Archaeplastida (15.2%),
Stramenopiles (7.34%) and Dinophyta (3.06%). At the COL2 sta-
tion, a strong increase in Dinophyta (52.63%) was observed, and
Archaeplastida (21.84%), Fungi (7.75%) and Ciliophora (3.77%)
were among the other most represented phyla in September. As
reported in detail in Table 2, the phylum Dinophyta was mainly
composed of the class Dinophyceae. The phylum Ciliophora was
represented by Oligohymenophorea in COL1 and Spirotrichea
in PAN1. Archaeplastida were mainly composed of pico- and
microalgae belonging to the classes Chlorodendrophyceae and
Mamiellophyceae.

Our results showed that protist community at COL1 was
remarkably different from PAN and COL2 assemblages. In
fact, while Dinophyta prevailed in PAN and COL2, het-
erotrophic Ciliophora predominated in COL1. Ciliophora are
important components of aquatic environments for several
reasons, mainly because they act as ‘intermediate’ compo-
nent in food webs that link nutrient flow between smaller
microorganisms and larger metazoans (Rossi et al. 2016).
COL2 had lower abundance of Syndiniales, which are typi-
cal endosymbiont of microeukaryotes, crustaceans, fish and
algae (van den Hoek, Mann and Jahns 1995); this might sug-
gest a depletion/reduction of such organisms in COL2. Rele-
vant is the detection of fungal sequences almost exclusively
in COL2; indeed, Fungi have recently been acknowledged to
play a relevant role in the degradation of organic matter
(Grossart et al. 2019) that is constantly released by the nearby
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Figure 2. (A) Prokaryotic communities’ composition of the two stations at both sampling times at phylum and class (for Proteobacteria) levels. ‘Others’ cumulatively
indicates taxa with relative abundances <1%. (B) Protist communities’ composition at phylum level. On the left of each panel shown are the clusters obtained based

on the Bray–Curtis dissimilarity matrix of the 16S (A) and 18S (B) OTU tables.

Table 1. Prokaryotic community composition at the phylum/class and family level.

Phylum/class Family PAN1 PAN2 COL1 COL2

Cyanobacteria 7.6 16.9 0.10 0.20
Synechoccaceae 7.0 16.3 0.20

Bacteroidetes 21.0 51.6 17.20 41.50
Flavobacteriaceae 13.7 35.4 2.70
Cryomorphaceae 2.6 6.6 32.80
Bacteroidaceae 0.01 0.09 6.80 2.38

Porphyromonadaceae 0.01 0.08 4.30 1.57
Alphaproteobacteria 50.9 17.2 2.40 16.60

Pelagibacteraceae 35.8 1.7 0.74 0.02
Rhodobacteraceae 6.3 8.5 0.78 16.90

Fusobacteria 4.50 0.10
Firmicutes 0.10 0.20 5.40 4.20

Lachnospiraceae 0.02 2.00 1.26
Epsilonproteobacteria 0.10 0.40 41.30 19.60

Campylobacteraceae 0.08 0.38 38.57 19.47
Helicobacteraceae 0.01 0.01 2.69 0.16

Values are reported as percentage.

wastewater outlet. Overall, eukaryotic communities’ composi-
tion described earlier reflected the structure of eukaryotic com-
munities detected in the photic zone of similar stations in the
Mediterranean Sea as previously reported by de Vargas et al.
(2015).

Indicators of faecal pollution

HTS data were used to identify and relatively quantify faecal
indicator taxa, either traditional or alternative (Newton et al.
2013; Luna, Quero and Perini 2016).
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Table 2. Composition of protist communities at the phylum and order/class level.

Phylum Order/class PAN1 PAN2 COL1 COL2

Dinophyta 56.69 65.90 3.06 52.63
Dinophyceae 48.92 55.83 2.55 50.07
Syndiniales 7.68 10.05 0.50 2.56

Ciliophora 8.75 0.49 48.36 3.77
Oligohymenophorea 46.87 3.09

Spirotrichea 8.67 0.49 0.61 0.58
Archaeplastida 22.41 27.11 15.20 21.84

Chlorodendrophyceae 3.46 26.51 0.09 14.74
Chlorophyceae 10.15

Mamiellophyceae 13.32 0.48 0.50 0.20
Florideophyceae 5.56 0.00 3.85 6.46

Stramenopiles 3.12 1.31 7.34 0.85
Bacillariophyta 1.85 0.65 3.45
Labyrinthulea 0.58 0.13 2.85 0.42

Fungi 0.17 0.11 0.51 7.75

Values are reported as percentage.

Table 3. Relative abundance of prokaryotic and eukaryotic indicators
at both sites.

Relative abundance

PAN COL

Prokaryotic indicators
Traditional

Enterobacteriaceae 0.00 0.30
Faeces-associated

Bacteroidaceae 0.01 1.63
Porphyromonadaceae 0.00 0.16
Lachnospiraceae 0.04 2.94
Clostridiaceae 0.05 4.62
Ruminococcaceae 0.01 1.19

Sewage-associated
Acinetobacter 0.03 2.01
Arcobacter 0.22 27.97

Eukaryotic indicators
Oligohymenophorea 0.00 9.51
Saccharomycetales 0.00 0.09
Apicomplexa 0.00 0.21

Data are obtained by calculating the mean value between relative read percent-
ages at each sampling time. Values are reported as percentage.

In PAN station, the number of reads of traditional indi-
cators (i.e. Enterobacteriaceae) accounted for a low number
of sequences corresponding to 0.003% of the total sequences
(Table 3). Faeces-associated indicators such as Lachnospiraceae
(0.014%), Clostridiaceae (0.001%), Porphyromonadaceae (0.042%),
Bacteroidaceae (0.050%) and Ruminococcaceae (0.013%) were
higher than traditional indicators. Sewage-associated indicators
mainly contributed to the faecal-associated sequences in PAN
samples, with a remarkable presence of Arcobacter (0.219%) fol-
lowed by Acinetobacter (0.030%).

At COL station, the cumulative number of sequences linked
to faecal contamination accounted for 70–300 times those
present at PAN station (Table 3). Enterobacteriaceae accounted
for 0.300% of sequences. Faeces-associated alternative indica-
tors were mainly represented by Bacteroidaceae (4.622%) and
Porphyromonadaceae (2.937%), even though all the other alter-
native faeces-associated indicators were detected at high num-
bers. A striking number of sequences belonging to the genus

Table 4. Cumulative indicators’ OTU numbers retrieved at both sites
and sampling times.

Number of OTUs

PAN COL

Prokaryotic indicators
Traditional

Enterobacteriaceae 3 41
Faeces-associated

Bacteroidaceae 14 144
Porphyromonadaceae 9 82
Lachnospiraceae 8 251
Clostridiaceae 0 31
Ruminococcaceae 10 171

Sewage-associated
Acinetobacter 9 103
Arcobacter 29 132

Eukaryotic indicators
Oligohymenophorea 0 30
Saccharomycetales 2 19
Apicomplexa 3 10

Arcobacter (27.973%) were observed at COL. We could not detect
any Trichococcus sequence at the PAN station nor at COL.

As expected, being subjected to a significant anthropogenic
pressure and likely receiving important loads of faecal bacteria,
we observed an overall increase of bacterial signatures of fae-
cal pollution at COL station. Interestingly, as previously reported
in other works (Luna, Quero and Perini 2016), the relative
abundance of faecal- (Bacteroidaceae, Porphyromonadaceae,
Lachnospiraceae, Ruminococcaceae) and sewage-associated
(Arcobacter, Acinetobacter) bacteria always exceeded that of the
traditional indicators (Enterobacteriaceae). We also calculated
OTU richness for each of the faecal indicator taxa. OTUs’ rich-
ness varied between the two stations, ranging from 0 to 251
OTUs depending on the faecal indicator (Table 4). At the PAN
station, the cumulative number of OTUs (i.e. the sum of all OTUs
recorded at the two sampling times) belonging to the traditional
indicators was 3 for Enterobacteriaceae. The number of OTUs
within the faeces-associated and the sewage-associated indica-
tors was higher, ranging from 0 to 29 (Table 4).
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At COL, the cumulative number of OTUs (i.e. the sum of all
OTUs recorded at the two sampling times) belonging to the tra-
ditional indicators was 41 for Enterobacteriaceae, while, within
the faeces-associated and the sewage-associated indicators, it
varied from 31 to 251 (Table 4). An increment in the number of
OTUs of these indicators could be noticed in COL, and a more
relevant increment was recorded for the alternative indicators
than for traditional ones.

In our study, both traditional and alternative indicators were
recorded. However, we show that traditional indicators can
underestimate the actual faecal contamination in recreational
water samples, and foster the need for the use of alternative
indicators. The alternative indicators, especially found at COL,
allowed us to acknowledge the existence of multiple sources
of contamination. In fact, Bacteroidales and Firmicutes are a
major constituent of the faecal microbiome of humans and
other animals (McLellan and Eren 2014). According to McLel-
lan and colleagues, Lachnospiraceae, within Clostridiales, might
deserve important functional roles specific to humans, as they
were found in both sewage and human faecal samples, but
not in cattle or chicken faeces. In contrast, Ruminococcaceae,
despite being a good alternative indicator, were shared by
humans, cows and, to a lesser extent, chickens. The higher
abundance of Firmicutes assessed in COL samples supports a
contamination of untreated sewage water with likely human
and livestock origins. Besides, we found evidence in COL of high
sewage pollution, Arcobacter being the most abundant taxon,
which is considered as an emergent enteropathogen and a
potential zoonotic agent (Collado and Figueras 2011). It has
been suggested that sewage may be an important reservoir
for these microbes (Collado et al. 2008), and it has been also
recovered from anthropogenically impacted coastal stations in
the Mediterranean Sea. Our data highlight the importance of
Arcobacter as signature of anthropogenic impact in coastal
environments.

Unlike investigations of prokaryotic indicators, there is a long
road ahead in the quest for eukaryotic marker species of pollu-
tion, even though aquatic eukaryotes, and in particular protists,
are also important bioindicators of water quality. Korajkic et al.
(2015) suggested that ciliates from the Oligohymenophorea may
be considered good candidates for water quality assessment.
Yet, some Ciliophora (bacterivores) are also able to reduce bacte-
rial load in wastewater treatment plants, thanks to their ability
to resist to extreme environmental conditions such as anoxia
and relatively high heavy-metal concentrations (Madoni 2011).
Furthermore, Korajkic et al. (2015) also mentioned that Fungi,
such as Saccharomycetales, and Apicomplexa (Alveolata) may
help in the recognition of the presence of organic matter and
contamination from cattle (Korajkic et al. 2015). Fungi have a
well-known role in decomposing organic matter (Grossart et al.
2019) and they represent a key component during wastewater
treatment processing in the activated sludge phase (Matsunaga,
Kubota and Harada 2014). The possible presence of Apicomplexa
species would suggest livestock contamination. Indeed, these
genera of Apicomplexa are described as enteroparasites of cat-
tle, other domestic and wild animals, and even humans (Feleke
et al. 2008; de Sousa et al. 2017).

In our study, looking at the above-mentioned taxa, i.e. Oligo-
hymenophorea, Saccharomycetales and Apicomplexa, we found
that the number of reads accounted for less than 0.0012% of
total sequences at PAN station. On the other hand, at COL
station a high number of sequences belonging to Oligohy-
menophorea (9.51%) was recorded. A certain amount of Saccha-
romycetales (0.09%) and Apicomplexa (0.21%) was also present

in COL (Table 3). Similar to prokaryotes, we compared the num-
ber of OTUs affiliated with each of these groups. The number of
OTUs varied between the two stations, ranging from 0 to 30 OTUs
depending on the taxa. At the PAN station, the cumulative num-
ber of OTUs (i.e. the sum of all OTUs recorded at the two sam-
pling times) belonging to them was 0 for Oligohymenophorea, 2
for Saccharomycetales and 3 for Apicomplexa. At the COL sta-
tion, the cumulative number of OTUs was higher: 30 for Oligohy-
menophorea, 19 for Saccharomycetales and 10 for Apicomplexa
(Table 4).

In our study, the presence of Oligohymenophorea, Fungi and
Apicomplexa coming together exclusively at the COL station
suggests that a possible association may be present that would
be helpful as a signature of strong human/livestock contami-
nation. Moreover, the presence of Apicomplexa mutually sup-
ports the results of the prokaryotic community analysis, hence
underpinning the likelihood of a strong human/livestock con-
tamination within the sewage. The high abundance of Oligohy-
menophorea in COL community almost exclusively in April may
be ascribed to seasonal rain events, especially considering that
the months preceding the sampling were unusually rainy. This
would support the hypothesis that COL sewage would be a mix-
ture of microorganisms influenced by both anthropogenic origin
and freshwater environmental sources, such as rainwater infil-
trations, as suggested in other systems by McLellan et al. (2013).

CONCLUSIONS

Our results show that COL area represents a large reservoir of
faecal bacteria in the Aci Castello sea waters (Eastern Sicily),
with potential to contaminate the nearby coasts, including
the Marine Protected Area. This scenario poses health conse-
quences due to the presence of bathing beaches and touristic
destinations. Nevertheless, we point out here that further stud-
ies are needed to investigate the ability of the different bacterial
populations, including the faeces- and sewage-associated bacte-
ria, to persist or decay once they reach the marine environment.
If so, such bacteria can be potentially transported towards adja-
cent coastal areas in the presence of specific hydrological con-
ditions.

We showed that the coupled analyses of the three faecal sig-
natures (traditional, faecal- and sewage-associated bacteria) are
useful to discern among different pollution sources in coastal
areas. Moreover, the parallel analysis of HTS-based studies of
16S and 18S amplicons allowed to achieve a more robust assess-
ment of human-related impact in aquatic environment. Inter-
national effort is being spent towards standardisation of HTS-
driven microbial indicators of aquatic pollution; our study would
help laying the foundations of microbial water quality assess-
ment with the potential of being translated into actionable data
for water quality managers.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSLE online.
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