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A B S T R A C T   

Wastewater treatment plant (WWTP) effluents are pointed as hotspots for the introduction of both commensal 
and pathogenic bacteria as well as their antibiotic resistance genes (ARGs) in receiving water bodies. For the first 
time, the effect of partially treated submarine effluents was explored at the bottom and surface of the water 
column to provide a comprehensive overview of the structure of the microbiome and associated AR, and to assess 
environmental factors leading to their alteration. Seawater samples were collected over a 5-month period from 
submarine outfalls in central Adriatic Sea, Croatia. 16S rRNA amplicon sequencing was used to establish taxo-
nomic and resistome profiles of the bacterial communities. The community differences observed between the two 
discharge areas, especially in the abundance of Proteobacteria and Firmicutes, could be due to the origin of 
wastewaters treated in WWTPs and the limiting environmental conditions such as temperature and nutrients. 
PICRUSt2 analysis inferred the total content of ARGs in the studied microbiomes and showed the highest 
abundance of resistance genes encoding multidrug efflux pumps, such as MexAB-OprM, AcrEF-TolC and MdtEF- 
TolC, followed by the modified peptidoglycan precursors, transporter genes encoding tetracycline, macrolide and 
phenicol resistance, and the bla operon conferring β-lactam resistance. A number of pathogenic genera intro-
duced by effluents, including Acinetobacter, Arcobacter, Bacteroides, Escherichia-Shigella, Klebsiella, Pseudomonas, 
and Salmonella, were predicted to account for the majority of efflux pump-driven multidrug resistance, while 
Acinetobacter, Salmonella, Bacteroides and Pseudomonas were also shown to be the predominant carriers of non- 
efflux ARGs conferring resistance to most of nine antibiotic classes. Taken together, we evidenced the nega-
tive impact of submarine discharges of treated effluents via alteration of physico-chemical characteristics of the 
water column and enrichment of bacterial community with nonindigenous taxa carrying an arsenal of ARGs, 
which could contribute to the further propagation of the AR in the natural environment.   

1. Introduction 

In many coastal areas, submarine sewage outfalls are used to dispose 
of partially or fully treated wastewater. Although such disposal is 
environmentally acceptable, it can also be a significant factor of 

pollutants’ influent and further spread to the pristine marine environ-
ment. Namely, the effluents commonly contain microbiological and 
chemical pollutants (Lapointe et al., 2011; Roth et al., 2016; Vidal--
Dorsch et al., 2012; Wang et al., 2014; Yang, 2000) which can impact the 
biodiversity of coastal marine microbiota (Mittal et al., 2019; Zheng 
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et al., 2021; Zheng et al., 2019) and alter environmental parameters, 
including pH (Shen et al., 2013; Yannarell and Triplett, 2005), salinity 
(Hou et al., 2017), temperature (Zheng et al., 2019) and level of nutri-
ents (Lu et al., 2020; Wang et al., 2018). 

In addition to microbial diversity, significant changes in gene 
abundances, especially virulence and antibiotic resistance genes (ARGs) 
have been identified in anthropogenically impacted marine and fresh-
water environments (Bondarczuk and Piotrowska-Seget, 2019; Fresia 
et al., 2018). Antibiotic resistance (AR) is a particularly challenging 
problem in these ecosystems, being the final recipient of a municipal, 
hospital, industrial, agricultural, and aquaculture wastewaters (Rizzo 
et al., 2013). In this regard, wastewater treatment plants (WWTPs) are 
considered as major sources of ARGs and antibiotic-resistant bacteria 
(ARB) with sewage effluents acting as hot spots for their further 
dissemination to the environment (Griffin et al., 2020; Kotlarska et al., 
2015; Proia et al., 2018; Su et al., 2020). WWTP effluents in coastal 
waters in China were found to be enriched with genes encoding for 
resistance to multiple classes of antibiotics (Chen et al., 2020; Su et al., 
2020) that positively correlated with nitrate, active phosphorus and pH 
(Chen et al., 2020). 

Molecular biology and computational biology tools are now being 
widely used for investigating microbial communities (Dinsdale et al., 
2008; Fresia et al., 2018), while PICRUSt2 (Douglas et al., 2020) an-
notates the functional features, among which the ARGs (Šamanić et al., 
2021), expanding the possibility for a comprehensive study of the vast 
environmental resistance reservoirs associated to wastewaters (Cai 
et al., 2014; García-Aljaro et al., 2019; Narciso-da-Rocha et al., 2018; 
Port et al., 2012). 

Importantly, a better understanding of the microbial wastewater 
communities can provide an important framework for the more effective 
design and operation of novel and robust wastewater treatment systems. 
Based on the available literature, this study is the first to provide a 
comprehensive analysis of the bottom and the surface of the water body 
receiving the effluents from the submarine outfalls with respect to the 
microbiome diversity and AR prediction, in combination with the ver-
tical profiling of the water column. 

The objectives of this study were to (i) determine the microbial 
communities at the bottom and at the surface of the water column 
adjacent to the effluent plume discharge; (ii) determine if there is a 
difference in microbial composition between the two submarine outfall 
discharges, particularly in regards to human pathogenic bacteria (iii) 
functionally predict the repertoire of ARGs in bacterial communities 
based on taxonomic outlining of effluent and surface water samples (iv) 
assess the potential of pathogenic bacterial genera as reservoirs of AR in 
analyzed marine microbiomes. 

2. Materials and methods 

2.1. Description of the study sites 

This study focused on the highly urbanized central part of the eastern 
Adriatic coast in Croatia (Fig. S1.), covering the municipalities of Split, 
Solin and Stobreč with a population of >200,000. Two WWTPs, 
Katalinića brig and Stupe-Stobreč, are processing wastewaters from the 
wider Split area and discharging it through submarine outlets into the 
Brač and Split Channels. While Stobreč WWTP processes only municipal 
wastewater, Katalinića brig WWTP combines municipal and rainfall- 
runoff wastewater. Both WWTPs have only mechanical treatments, 
including coarse and fine screens, while Stobreč WWTP also provides oil 
and sand removal. The Stobreč WWTP is designed for municipal 
wastewater only, with capacity of 138.000 population equivalent (PE) 
and an average flow rate equal to 30,000 m3/day, while Katalinića brig 
WWTP is designed for 122,000 PE with an averaged flow rate of 35,000 
m3/day. Another important feature of the Katalinića Brig WWTP is that 
it also collects the wastewater from University Hospital Centre Split, a 
leading medical center in southern Croatia with 1400 beds. After 

treatment, the Stobreč WWTP is discharging the effluent by gravity 
through the submarine outfall of 2.76 km in length with a 200 m diffuser 
section at depth of 37 m (43◦28′53.6 ′′N 16◦31′04.3 ′′E). The Katalinića 
Brig WWTP is discharging the treated wastewater by pumping through 
the submarine outfall of 1.3 km in length at depth of 42 m (43◦29′22.7 
′′N 16◦27′11.2 ′′E), respectively. 

2.2. Sampling 

Samplings were conducted once a month during campaigns in 
February, May, June, July, and September 2020. At each site, three 500- 
mL water samples were taken consecutively as a representative grab 
sample set for further analysis. At Katalinića Brig, seawater was 
collected at the surface (abbreviated as KS) and at the sea bottom 
adjacent to the submarine outfall (abbreviated as KB). Same approach 
was carried out at the Stupe submarine outfall, abbreviated as SS 
(Stobreč surface) and SB (Stobreč bottom). Sampling was done with the 
boat (Nautica 600, Croatia) using a Niskin sampler. Grab samples were 
collected in sterile bottles, protected from light in cool boxes, trans-
ported to the laboratory within 4h at 4 ◦C and processed immediately. 
Seawater samples for chemical analyses were transported within 8h at 
4 ◦C to the laboratory of Public Health Institute in Zadar, Croatia, and 
then stored at − 80 ◦C for further analyses. 

2.3. Physico-chemical analysis 

Physical parameters were measured during field samplings. Sea & 
Sun Technology CTD fast profiling probe with an additional sensor for 
dissolved oxygen (DO) (model: 48M) was used for temperature (T), 
salinity (SAL), and density anomaly (SIGMA). Data collection was per-
formed by downward profiling of water column up to 40m depth at 
Katalinića Brig station and up to 35m depth at Stupe station. SIGMA was 
calculated automatically by CTD/DO probe software using an interna-
tional thermodynamic equation of seawater-2010 (IOC et al., 2010). 
Chlorophyll a (CHL) was determined by a standard method for in vivo 
determination of CHL in marine waters (Arar and Collins, 1997). 
Turbidity (TUR) (ISO 7027–1), nitrite nitrogen (NO2–N) and nitrate 
nitrogen (NO3–N) (Baird and Bridgewater, 2017), ammonia nitrogen 
(NH3–N) (Ivancic and Degobbis, 1984), total nitrogen (TN) (ISO 12260), 
total phosphate (TP) (ISO 6878), and silicate ions (SiO 43− ) (Grasshoff 
et al., 1998) were analyzed by laboratory standard methods, listed for 
each parameter in brackets. Colored dissolved organic matter (CDOM) 
was measured by a C3 Submersible fluorometer (Turner Design), using a 
UV LED, with peak emission at 350 nm and fluorescence collection at 
450 nm. 

2.4. Bacterial enumeration 

The level of fecal pollution was assessed by the membrane filtration 
method and enumeration of FIB, including the fecal coliforms (E. coli) 
(ISO 9308–1; Jozić et al., 2018) and intestinal enterococci (ISO 7899–2), 
as indicated in the Croatian legislation (Regulation on the Quality of 
Marine Bathing Waters; OG 73/08). The number of viable heterotrophic 
bacteria was determined using the spread plate method. Aliquots of 0.1 
mL were plated on Marine agar (MA; BD Difco, USA) and the plates were 
incubated at room temperature for up to one week to ensure the growth 
of the slow-growing bacteria. To determine the proportion (in %) of 
imipenem (IMP)- and colistin (CL)-resistant bacteria, aliquots from 1 to 
50 mL of each water sample were filtered through a 0.22 μm pore-size 
MCE membranes and the filters were placed on MA (BD Difco) supple-
mented with IMP (4 μg/mL) or CL (8 μg/mL) and without antibiotics. 
The two antibiotics were chosen regarding their global relevance in 
treatment of infections caused by emerging multidrug- and 
carbapenem-resistant pathogens (WHO, 2017). The concentration of 
IMP was selected according to international guidelines (CLSI, 2020). On 
the other hand, a two-fold higher concentration of CL than the MIC 
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breakpoint was used due to poor diffusion of this drug in solid media 
(Turlej-Rogacka et al., 2018). An automated Protos3 colony counting 
system (Synbiosis, UK) was used in all experiments. All plate counts 
were performed in triplicate and the number of bacteria was expressed 
as mean count (CFU/100 mL) ± standard deviation (SD). 

2.5. DNA extraction and illumina-based 16S rRNA amplification 

One liter of each water sample was filtered through 0.22 μm pore- 
size MCE membrane filters and DNeasy PowerWater Kit (Qiagen, Ger-
many) was used to extract genomic DNA. The concentration and quality 
of DNA were analyzed using a NanoDrop® Spectrophotometer 1000 
(Thermo Scientific, USA). DNA samples were sent to a Novogene Europe 
(Cambridge, UK) for 16S amplicon metagenome sequencing. A 470 bp 
hypervariable region V3–V4 of the 16S rRNA gene was amplified using 
standard primers 341F and 806R and Phusion® High-Fidelity PCR 
Master Mix (New England Biolabs, UK). PCR products were purified, 
libraries generated using NEBNext® UltraTM DNA Library Prep Kit 
(Illumina, UK) and analyzed on a NovaSeq platform (Illumina). 250 bp 
paired-end raw reads were merged using FLASH (V1.2.7) and high- 
quality clean tags were obtained after quality filtering (Caporaso 
et al., 2010) using QIIME (V1.7.0). Sequences were analyzed using 
Uparse (v7.0.1001) and those with ≥97% similarity were assigned to the 
same Operational Taxonomic Units (OTUs). Representative sequences 
were compared with SILVA Database (Quast et al., 2013) for species 
annotation at each taxonomic rank (threshold: 0.8–1) using MUSCLE 
(White et al., 2009). 

2.6. PICRUSt functional prediction 

The PICRUSt2 (Douglas et al., 2020) was used for functional gene 
annotation of the 16S rRNA amplicon sequences to assess the molecular 
AR mechanisms, including the β-lactam, aminoglycoside, tetracycline, 
macrolide, phenicol, fosfomycin, sulfonamide, trimethoprim, rifamycin, 
quinolone and vancomycin resistance genes, as well as vancomycin, 
multidrug and cationic antimicrobial peptide (CAMP) resistance mod-
ules. Appropriate gene sets and gene variants were analyzed using the 
KEGG Brite Antimicrobial Resistance Genes database (KO01504) 
(Šamanić et al., 2021). Heatmap was generated to depict the relation-
ship of the most common pathogenic genera in microbiomes (relative 
abundance expressed as square roots of the percentage values; 
threshold: 0.73) with resistance gene sets and variants by using reads 
from trimmed OTUs table and custom Python 3.9 scripts. Graphical 
design was done with Inkscape 1.0.1. 

2.7. Data analysis 

Relative abundance of bacterial taxa was calculated by dividing an 
absolute abundance with a total abundance of species at each taxonomic 
rank. Alpha diversity indices (Chao1, Shannon, Simpson, ACE, Good’s 
coverage) were calculated using QIIME (v1.7.0) and plotted using 
MATLAB R2021a. Beta diversity was calculated on both weighted and 
unweighted Unifrac using QIIME software (v1.7.0). The PCoA analysis 
was displayed using the WGCNA, stat and ggplot2 packages in R soft-
ware (v15.3). Analysis of similarities (ANOSIM) and multi-response 
permutation procedure (MRPP) analysis were performed by R soft-
ware (Vegan package) to evaluate the significance of variations between 
and within the structure of bacterial communities from two WWTP 
submarine effluents. To determine the significantly different OTUs, the 
linear discriminant analysis (LDA) effect size (LEfSe) algorithm was 
conducted (Segata et al., 2011) using a threshold greater than 2.0 for the 
logarithmic LDA scores. Metastat was calculated by R software and 
p-value using a permutation test (p < 0.05 was statistically significant). 
Pearson correlations analysis and figures were done in MATLAB 
R2021a. 

3. Results 

3.1. Environmental parameters and bacterial counts at the two effluent- 
receiving area 

The physical and chemical characteristics of the bottom and surface 
water layers were analyzed at both submarine outfalls (Fig. 1, Table S1). 
The T and SAL values showed an opposite pattern as colder and saltier 
water sinks. Unstratified water column prevailed during February, while 
formation of stratification started in May and followed seasonal cycle, 
with shallowest pycnocline detected in July and the deepest in 
September (Fig. S2.). The water column was well oxygenated at both 
sites based on dissolved oxygen levels. Higher levels of CHL, TUR, and 
CDOM were found at the bottom, at both stations, while an opposite 
pattern was observed for TN. The highest NO2–N and NO3–N concen-
trations were found at SB. The highest abundance of E. coli (660 CFU/ 
100 mL) and fecal enterococci (151 CFU/100 mL) was observed at SS 
during sampling in February (Table 1). Overall, the median values of 
E. coli (50 CFU/100 mL) and enterococci (24 CFU/100 mL) counts were 
highest in SB and were followed by KB. 

3.2. 16S rRNA sequencing analysis 

The total number of filtered reads generated on the Illumina platform 
was 1,472,326. After quality filtering, a total of 967,900 effective tags, 
with a mean length of 411 bp, were clustered into 15,200 OTUs. On 
average, 760 OTUs were identified per sample, with 767, 451, 666 and 
1156 OTUs detected in SB, SS, KB and KS samples, respectively. A total 
of 332 OTUs were common to samples from the two sites (Fig. S3). As 
expected, the highest overlap was found between the two bottom loca-
tions, which included 516 OTUs in common. On contrary, two surface 
locations shared the least OTUs (n = 452) (Fig. S3). 

3.3. Composition of bacterial community at two WWTP submarine 
effluents 

A total of 37 bacterial phyla were identified at two effluent sites. The 
highest number of phyla was observed in SB (n = 29), followed by KS, 
KB, and SS with 26, 25, and 24 identified phyla, respectively. 

Differences between the two submarine discharge areas were 
noticeable at the phylum and class level (Fig. 2). The most abundant 
phylum at Stobreč effluent site was Firmicutes with the relative abun-
dance of 45.64% in the bottom (SB) and 50.51% in surface (SS) samples 
and was followed by Proteobacteria (30.33% and 23.40%). Cyanobac-
teria, Bacteroidetes and Actinobacteria were present in a range from 
3.53% to 10.97% in SB samples and from 5.24% to 6.45% in SS samples, 
respectively. On the other hand, Proteobacteria was the predominant 
phylum at the Katalinića brig effluent site with the relative abundance of 
44.04% and 59.30% in KB and KS samples. These were followed by 
Firmicutes (32.90% and 15.54%), Cyanobacteria (6.33% and 14.30%), 
Bacteroidetes (<5%) and Actinobacteria (<3%). 

The comparison of the community diversity at the class level was 
more informative, evidencing a distinctive pattern of each sample. A 
total of 71 bacterial classes were identified in this study, with Clostridia, 
Alphaproteobacteria and Gammaproteobacteria being the most abundant 
ones (Fig. 2). These were differently distributed between the samples. 
Clostridia was found to be the most abundant class in SB, SS and KB, 
while it was the fourth most prevalent in KS. Gammaproteobacteria was 
the second most abundant class in KS, KB and SS, and, depending on the 
sample, were followed by Oxyphotobacteria, Alphaproteobacteria and 
Bacilli (Fig. 2). 

The relative abundance of bacterial taxa at the order, family, and 
genus levels is shown in Fig. S4. Clostridiales was the most abundant 
order except in KS, where SAR 11 clade of marine autochthonous bac-
teria occupied this position. Consequently, the human gut-related bac-
teria of the Lachnospiraceae of the order Clostridiales were the most 
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abundant family, accounting for between 26.1% and 18.6% of the 
bacterial community in SB, SS and KB. Agathobacter (7.1%), Lactobacillus 
(8.1%) and Salmonella (6.5%) were the most abundant genera in SB, SS 
and KB. On the other hand, Cyanobiaceae (10.7%) of the order Syn-
echococcales (Oxyphotobacteria) were the most frequently presented 
family in KS, with Synechococcus CC9902 being the most abundant 
bacterial genus (8%). It is noteworthy that genera with a relative 
abundance of less than 2% accounted for more than 55% of the bacterial 
community in the samples from Katalinića brig (KS and KB). On the 
other hand, this percentage was about 45% in the samples from the 
Stobreč effluent site. 

Furthermore, Fig. S5 shows a heatmap of the 35 most abundant 
genera in each sample, providing information on abundance and 

clustering them by origin. The most abundant genera found in samples 
from the seafloor near both submarine outfalls (KB and SB) are rarely 
present in surface samples (KS and SS) and vice versa. 

The microbial communities from the Katalinića brig site (KB and KS) 
showed higher richness and microbial diversity compared to the Stobreč 
outfall samples (Table 2, Fig. S6), as indicated by a higher number of 
genera with a relative abundance of <2%, as well as other less abundant 
genera (Fig. S4). Community diversity estimated by the Shannon’s and 
Simpson’s indices was highest in the surface samples (KS > SS > KB >
SB). KS also had the highest community richness among surface and 
bottom samples and was significantly different (p < 0.05; Wilcox test) 
from SS. 

According to the ANOSIM and MRPP analyses (Table S2), the 

Fig. 1. Boxplots of environmental parameters at effluent discharge of Stobreč (bottom and surface, SB and SS) and Katalinića Brig (bottom and surface, KB and KS) 
WWTPs. Central line indicates the median value, and the bottom and top edges of the box indicate the 25th and 75th percentiles. The outliers are plotted individually 
using the ’+’ symbol. 

Table 1 
Total counts of FIB (CFU±SD/100 mL), total heterotrophic bacteria (CFU± SD/1 mL) and estimated percentage of the viable heterotrophic bacteria resistant (%R) to 
IMP and CL.  

Bacteria Site February May June July September 

E. coli SB 0.7 ± 0.6 4.67 ± 2.5 219 ± 6.7 102.7 ± 10.7 50 ± 7 
SS 660 ± 14.7 0 0 0 0 
KB 44 ± 4.4 152 ± 10.8 34 ± 4.6 37.3 ± 8.9 1.3 ± 0.6 
KS 10 ± 4.6 0 0 0 0 

Intestinal enterococci SB 1.3 ± 0.6 4 ± 1 48.7 ± 4.2 27.3 ± 3.2 24 ± 4.6 
SS 151.6 ± 3.2 0 0 0.7 ± 0.6 0 
KB 15.3 ± 2.5 36.6 ± 3.2 27.3 ± 4.0 8.7 ± 0.6 0.7 ± 0.6 
KS 13.3 ± 2.3 6 ± 1 0 0 4.7 ± 3.2 

Total viable heterotrophic bacteria SB 163.3 ± 1.2 776.67 ± 16.2 3017 ± 47.5 2577 ± 12.7 1071 ± 59.8 
SS 630 ± 17.5 1300 ± 30.3 1450 ± 5.57 2140 ± 63.3 1227 ± 37.5 
KB 2090 ± 47.5 2993 ± 27.3 1407 ± 48.5 1607 ± 68.1 1016 ± 12.0 
KS 456.6 ± 8.4 966.7 ± 5.8 2950 ± 21.9 2940 ± 16.1 1596 ± 17.6 

% R-IMP SB 0.43 0.86 1.50 0.47 15.69 
SS 0.39 2.55 2.21 0.23 29.34 
KB 0.10 1.34 2.84 0.26 35.43 
KS 0.45 2.75 7.81 0.37 22.56 

% R-CL SB 14.76 22.66 9.41 1.67 15.97 
SS 5.65 6.09 15.86 4.86 24.45 
KB 7.52 46.78 15.78 4.79 42.81 
KS 7.07 20.69 11.28 6.94 38.85  
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variations in bacterial community structure between KS and the other 3 
groups were greater than within these groups, being statistically sig-
nificant in the case of KS and SS (p < 0.05). Of note, the bacterial 
community at KS differed from the other samples already at the class 
level (Alphaproteobacteria > Gammaproteobacteria > Oxyphotobacteria >
Clostridia). 

3.4. Spatial variations of microbial community composition 

Beta diversity was presented by the weighted UniFrac PCoA biplot 
based on Bray-Curtis distance (Fig. 3). SS and SB microbiomes plotted 
more closely, while differences were more evident between KS and KB. 
As expected, KS was the most distant from SS, as supported by Venn 
diagrams (Fig. S3). The monthly surface samples clustered very tightly 
except for those obtained in February (KS.2 and SS.2) that were plotted 
separately from the rest of the pool. For SS, this discrepancy is mainly 
due to the reduction of Clostridia and the higher abundance of Alphap-
roteobacteria, Gammaproteobacteria, Campylobacteria and Oxy-
photobacteria, while for KS this is related to the increase of Clostridia and 
the lower abundance of Alphaproteobacteria and Gammaproteobacteria. 

Significant differences in the composition of bacterial community 
between KS and SS were further confirmed by ANOSIM (R = 0.412, p =
0.032) and MRPP (p = 0.013) tests (Table S2). According to LEfSE 
analysis, the classes with statistically significant difference (p < 0.05) 
were Bacilli in SS and Alphaproteobacteria in KS (Fig. 4., Fig. S7). In this 

regard, the histogram of LDA scores showed that KS was much more 
enriched in Rhodospirillales, Rhodobacterales and Puniceispirillales of the 
Alphaproteobacteria class and these were followed by Oceanospirillales 
and Alteromonadales of the Gammaproteobacteria class, when compared 
to SS. On the other hand, SS was characterized by a higher abundance of 
Lactobacillales from the class of Bacilli, following by Enterobacteriales and 
Bacteroidales (Fig. 4). 

The weighted UniFrac distance boxplot of beta diversity indices 
(Fig. S8) showed the differences in microbial community structure from 
bottom and surface samples collected at both effluent sites, and these 
were statistically significant (p < 0.05, Wilcox test) in the case of KS and 
KB. In support of the UniFrac analysis, LEfSE analysis showed that KS 
was more enriched in Alphaproteobacteria (o_Puniceispirillales; 
f_SAR116_clade), Gammaproteobacteria (f_Alteromonadaceae; g_Glacie-
cola) and Oxyproteobacteria (g_Synechococcus_CC9902), when compared 
to KB (Fig. S9a). The bacterial taxon with the highest differential 
abundance in KS was Synechococcus_CC9902 (LDA score [log10]>4). 
Between SS and SB (Fig. S9b), significantly different abundances 
occurred only for members of the order Lactobacillales, which were more 
abundant in SS (LDA score [log10]>4). 

3.5. Influence of environmental factors on structure of the bacterial 
community 

The dependence of the bacterial classes in studied samples and 
environmental conditions were investigated using CCA analysis 
(Fig. S10). The abundance of Clostridia was mainly influenced by CDOM. 
Furthermore, Alphaproteobacteria were positively correlated with PO4

3−

and negatively correlated with CHL. The abundance of Bacilli, Bacter-
oidia, Nitrososphaeria, and Termoplasmata was influenced by nitrogen 
nutrients (NO3–N, NO2–N and NH3–N). This was confirmed by Pearson 
correlation analysis in which Bacilli (r = 0.50; p < 0.05) and Nitro-
sosphaeria (r = 0.55; p < 0.05) were positively correlated with NO2–N. 
Bacilli, Nitrososphaeria and Termoplasmata correlated positively and 
significantly correlated with NO3–N (r = 0.55; r = 0.48; r = 0.44). 
Bacteroidia (r = 0.58; p < 0.05) and Termoplasmata (r = 0.44; p < 0.05) 
correlated significantly with NH3–N. CDOM had influence on abun-
dance of Clostridia (r = 0.60; p < 0.05), while Alphaproteobacteria 
correlated positively with PO4

3− (r = 0.51; p < 0.05) and negatively 
with CHL (r = − 0.46; p < 0.05). 

Pearson correlation analysis (Fig. 4) showed that Lactobacillales of 
the class Bacilli correlated negatively with temperature, while a positive 

Fig. 2. Relative abundance of the ten most abundant taxa at phylum (A) and class (B) levels comprising the bacterial communities from the Stobreč (bottom and 
surface, SB and SS) and Katalinića Brig (bottom and surface, KB and KS) WWTPs effluent sites. 

Table 2 
Alpha diversity indices showing the richness (observed species, Chao1 indices), 
diversity (Shannon and Simpson indices) and evenness of bacterial communities 
at two effluent-receiving sites over five-month period.  

Indices SB SS KB KS 

Observed species 307 285a 308 374b 

Chao1 474.77 387.65a 483.32 687.73b 

Shannon 5.95 6.15 5.89 6.29 
Simpson 0.96 0.96 0.95 0.97 
Evenness 0.94 0.98 0.93 0.94 
Pathogenic generac 17.78 32.45 22.65 9.50  

a Significantly different (p-value <0.05) by Wilcox-test. 
b Significantly different (p-value <0.05) by Wilcox-test. 
c Abundance (%) was defined as the ratio of the read count of the genus per 

total number of read counts in the sample. 
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correlation was found with most parameters, including CDOM, TUR, 
CHL, nitrites and nitrates. The opposite pattern of Lactobacillales was 
observed for the order Enterobacteriales of the class Gammaproteobacteria 
and the rest of the microbes persisting at both surface sites with envi-
ronmental parameters. Only the orders Enterobacteriales and Bacter-
oidales showed a negative correlation with NH3–N and PO4

3− , while the 
rest of the microbes from both stations correlated positively. 

3.6. Bacterial genera associated with human pathogenesis 

Of the total of 628 identified genera, 74 include species associated 
with disease in humans. The relative abundance of these taxa per 
microbiome is shown in Table 2 and was the highest in SS and KB (32.45 
and 22.65%). Of these, Acinetobacter, Salmonella, Escherichia-Shigella, 
Paenibacillus, Bacteroides, Lactobacillus, Bifidobacterium and Arcobacter, 

Fig. 3. Beta diversity of the bacterial communities at studied WWTPs effluent sites. Principal coordinates analysis (PcoA) plots were constructed applying the 
weighted Unifrac distance matrix on the CSS normalized OTU table data. 

Fig. 4. Pearson correlation matrix of microbial taxa 
in KS and SS of LDA values higher than 2.0 with 
environmental factors. The circles indicate positive 
(red) and negative (blue) correlation, while circle size 
indicates the size of the correlation. T, temperature; 
SAL, salinity; DO, dissolved oxygen; CDOM, colored 
dissolved organic matter; NO3

− , nitrate anion; NO2
− , 

nitrite anion; NH4
+, ammonium cation; TN, total ni-

trogen; PO4
3− , phosphate anion. (For interpretation 

of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   
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were among the most prevalent pathogenic genera, and were abundant 
by >2% in at least one of the analyzed bacterial communities (Fig. 5). 

3.7. Resistome prediction 

PICRUSt2 inferred ARGs content in studied microbiomes (Fig. 6, 
Table S3). We detected the highest abundance of genes encoding for 
multidrug resistance efflux pumps, particularly the MexAB-OprM (max 
20.9% in KS, avg 15.3%), AcrEF-TolC (max 10.4% in KS, avg 8%) and 
MdtEF-TolC (max 10.4% in KS, avg 6.8%). This was followed by the 
genes encoding for modified peptidoglycan precursors in Gram-positive 
bacteria, D-alanyl-D-lactate (vanA, vanB, vanD and vanM) and D-alanyl- 
D-serine (vanC, vanE, vanG, and vanL) ligase responsible for resistance to 
vancomycin and teicoplanin. These were primarily associated with 
microbiome from Strobreč WWTP, with 16% and 8.3% of relative 
abundances in SB (avgs 12.6% and 6.2%). This was followed by trans-
porter genes encoding for tetracycline (including tet-like genes), mac-
rolide and phenicol resistance (avg 6.8%), genes of bla operon (including 
regulator genes blaR1 and blaI, and β-lactamase genes blaZ and penP) 
conferring β-lactam resistance (avg 5.9%), acetyltransferases (avg 3.2%) 
mediating phenicol resistance and the genes related to the repression of 
OprD porin (avg 3%) leading to imipenem resistance. 

When comparing the ARGs content, SS was significantly enriched 
with genes related to cationic antimicrobial peptide (CAMP) resistance, 
such as dltABCD operon (abundance 5.6%, avg 3.1%, p < 0.05). In 
addition, genes encoding for OXA-type of class D β-lactamases were 
enriched in SS in comparison to SB and KS (0.25%, avg 0.18%). In 
addition, SS microbiome displayed a significant increase of genes 
encoding for multidrug resistance efflux pumps AcrEF-TolC, MdtEF- 
TolC and MexEF-OprN when compared to KS. Fig. 7 and Table S4. show 
more specifically in which extent the most abundant pathogenic genera 
contribute to the resistance to nine classes of antimicrobial drugs as well 
as to multiple classes. For instance, genus Klebsiella greatly contributed 
to aminoglycoside, CAMP, macrolide, phenicol, quinolone, β-lactam and 
multidrug resistance in the KB microbiome. On the other hand, a 
number of genera, among which Acinetobacter, Arcobacter, Bacteroides, 
Escherichia-Shigella, Pseudomonas and Salmonella, account for the most of 
multidrug resistance genotypes in analyzed microbiomes regardless of 
their origin. Overall, Acinetobacter, Bacteroides and Pseudomonas are the 
genera that contributed to the resistance to the most of antibiotic classes 
in analyzed bacterial communities (Fig. 7.). 

4. Discussion 

The main objective of this study was to provide a comprehensive 
overview of the microbiome structure and associated AR in treated 
effluent from submarine outfalls in the central Adriatic Sea in Croatia, as 
well as to assess environmental factors leading to microbiome variation 
at the bottom and the surface of the effluent-receiving water column. 

4.1. Microbial counts 

Higher counts of FIB in most of the samples collected from the bot-
tom compared to those from the surface indicate that bottom sites are 
influenced by fecal pollution from the submarine outfalls. In addition, 
due to a lockdown caused by the COVID-19 pandemic, sampling was 
mainly conducted in the warmer months (May, June, July and 
September) characterized by a stratified water column. A significant 
decrease and complete absence of FIB in most surface samples suggest 
that the stratification of the water column was strong enough to main-
tain discharge below the pycnocline. On the other hand, the lack of 
stratification could explain the higher level of FIB as well as organic 
matter, TN, and PO4

3− detected in surface samples in February at both 
stations, especially in SS. Nevertheless, gulls as sources of point pollu-
tion could have also contributed to the higher FIB counts in these 
samples (Araujo et al., 2014). 

Fig. 5. Heatmap of the 74 pathogenic genera in water samples from Stobreč 
bottom (SB), Stobreč surface (SS), Katalinića Brig bottom (KB), and Katalinića 
Brig surface (KS), showing variations in relative abundance (expressed as 
square roots of the percentage values). 
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Higher bacterial community diversity detected at the surface than at 
the bottom of the water column at both locations provides additional 
evidence that the microbiome in the bottom layer is under more 
anthropogenic pressure, particularly regarding human commensal bac-
teria and nutrients, resulting in a less divergent microbial profile. In this 
regard, KS was found to be under the least anthropogenic influence (as 
for human commensals, environmental parameters, and nutrients) and 
had the highest community diversity, which also corresponded to the 
highest richness as observed by alpha indices. 

4.2. Most prevalent bacterial taxa at two effluent-receiving marine areas 

Two WWTPs in the central Adriatic Sea process diverse types of 
wastewaters. Notably, Katalinića Brig WWTP treats municipal, hospital 
and rainfall-runoff wastewater, while Stobreč WWTP processes only the 
municipal wastewater. This could be one of the factors leading to a 
difference in microbial community structure between those two loca-
tions, with Firmicutes being the most abundant phyla near Stobreč 
wastewater submarine outfall (SB and SS) and Proteobacteria near 
Katalinića Brig submarine outfall (KB and KS). At both locations, bottom 
and surface microbiomes consist of typical phyla found in WWTPs ef-
fluents worldwide (Cai et al., 2014; García-Aljaro et al., 2019; 

Narciso-da-Rocha et al., 2018; Port et al., 2012) and in adjacent fresh-
water (Bondarczuk and Piotrowska-Seget, 2019) or seawater (Zheng 
et al., 2019). Notably, the commonly detected phyla in treated waste-
water include Firmicutes, Proteobacteria, Actinobacteria and Bacteroidetes 
with classes such as Clostridia, Bacilli, Bacteroidia, Alpha- and Gammap-
roteobacteria, reflecting the profile of the human gut microbiome. As 
expected, Clostridia, whose members are commonly found in human and 
animal feces (Cook et al., 2010; Liu et al., 2008), were the most abun-
dant class in SB, SS, and KB. Besides Firmicutes, the most dominant phyla 
in this study were Proteobacteria and the class Bacteroidia, which prevail 
in the human and animal gastrointestinal tract and are thus highly 
abundant in sewage (Su et al., 2017). On the other hand, the presence of 
Actinobacteria, which were among the four most abundant phyla in this 
study, in coastal marine areas suggests an influence of terrestrial or 
freshwater runoff (Kelly and Chistoserdov, 2001; Port et al., 2012). The 
predominant phylum in such sewer systems is mostly Proteobacteria (Hu 
et al., 2017; Newton et al., 2013), Moreover, a handful of environmental 
studies point to Firmicutes as the dominant phyla in various WWTPs 
discharges (McLellan et al., 2010; Port et al., 2012). In accordance, 
Firmicutes were among the two most abundant phyla at surveyed sites, 
and were mainly represented by the families Lachnospiraceae, Rumino-
coccaceae, Lactobacillaceae and Paenibacillaceae. Both Lachnospiraceae 

Fig. 6. Repertoire of antibiotic resistance mechanisms associated with the effluent-impacted microbiomes as predicted by PICRUSt tool, representing the average of 
the relative abundances of each gene set and gene variant available in the KEGG Brite Antimicrobial Resistance Genes database. Significant difference (in term of 
increase) in abundance between the studied microbiomes is denoted by * for p < 0.05 and **p < 0.01. Supporting information is available in Table S1. Sampling sites: 
Stobreč (bottom and surface, SB and SS) and Katalinića Brig (bottom and surface, KB and KS) WWTPs discharge sites. 

Fig. 7. Heatmap depicting the relative abundance of 14 most common pathogenic genera (expressed as square roots of the percentage values) in studied micro-
biomes with regards to their reference to KEGG Brite Antimicrobial Resistance Genes database. 
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and Ruminococcaceae are commonly associated with the human and 
animal gastrointestinal tracts and have been previously proposed as 
microbial source detection markers (Newton et al., 2013, 2011). 

Proteobacteria were in this study mainly represented by Enterobac-
teriaceae, Rhodobacteraceae, Saccharospirillaceae, SAR116_clade and 
Clade_I. Enterobacteriaceae constitute an important part of the human 
gut (Pitout, 2008) and were found to be the most prevalent in KB, which 
could be related to the fact that hospital wastewater is processed in this 
particular WWTP, although University Hospital Split had a samewhat 
decrease in a number of hospitalized patients in 2020 when compared to 
a pre-pandemic 2019 (Croatian Institute of Public Health, 2020, 2021). 
It is noteworthy that hospital wastewater is a significant source of 
multidrug-resistant Enterobacteriaceae (Chagas et al., 2011; Galvin et al., 
2010; Kotlarska et al., 2015; Picão et al., 2013). On the other hand, 
autochthonous marine Rhodobacteraceae and SAR116_clade which 
represent ubiquitous lineages of marine bacterioplankton (Giovannoni 
and Rappé, 2000; Garrity et al., 2005) contributed significantly to the 
higher diversity of KS microbiome. Regarding the less abundant bacte-
rial taxa (Fig. 2), most of them were human gut commensals, whereas 
Deltaproteobacteria were found to be related with antibiotic polluted 
sites (Guan et al., 2018; Xiong et al., 2015). 

4.3. Environmental influences on bacterial community structure 

T, CDOM and nitrogen nutrients were shown to be the most deter-
mining factors related to the changes in the microbial community. The 
positive correlation of Alphaproteobacteria, Gammaproteobacteria and 
Bacilli with nutrients and CHL is a consequence of enrichment of water 
column with nutrient sources from the wastewater, which is in accor-
dance with previous studies (Fierer et al., 2007; Wang et al., 2018; 
Zoppini et al., 2010). Clostridia indicate sewage pollution (Hill et al., 
1993) and correlate with CDOM which is used for wastewater mapping 
in coastal waters (Nezlin et al., 2020; Rogowski et al., 2012). T and SAL 
were limiting factors for microbial growth (Miller et al., 2009; Wang 
et al., 2016). In our study, SAL was not the predominant factor, as 
chemical, rather than physical parameters, influenced the structure of 
microbial community, probably due to the loads of nutrients. Zheng 
et al. (2019) found that nutrient concentration was not significantly 
related to microbial community, which is contrary to our study but in 
agreement with some other studies (Lu et al., 2020; Wang et al., 2018). 
The observed differences could be related to the composition of influent, 
wastewater treatment stages used in different WWTPs, as well as the 
proximity of the marine outfalls and surveyed sites. 

4.4. Spatial and vertical variations of microbiome composition 

PCoA did not identify a clear pattern of grouping the microbiomes 
according to the site. Clustering of the surface microbiomes, at both 
marine outfall locations, was tighter when compared to the bottom 
microbiomes. This could be because the bottom of the water column is 
under intrusion of the wastewater plume as the wastewater discharge is 
discrete rather than continuous. The WWTP operates by pumping the 
effluent approximately every 45 min when the compensation basin is 
filled. In addition, the difference in the composition of the wastewater 
and the time lag between the plume intrusion and field sampling could 
also contribute to a higher heterogeneity of the monthly sampled bottom 
microbiomes. Surface microbiomes, besides KS.2 and SS.2, clustered 
tightly at the monthly level, but separately regarding the effluent site 
which proves our presumption about the lower effluent impact on sur-
face microbial communities. During February, the vertical mixing of the 
water column may have attributed to such variations in microbial 
structure at surface locations. Additionally, FIB enumeration and the 
values of some environmental parameters support our presumptions 
about effluent rising to the surface due to unstratified conditions, which 
further induced changes in surface microbiome structure. 

LEfSE analysis of surface microbiomes revealed a higher 

anthropogenic impact in case of SS than KS. Members of classes Bacilli 
and Gammaproteobacteria were found to be significant taxonomic bio-
markers in SS and Alphaproteobacteria in KS. Alphaproteobacteria mem-
bers are morphologically, physiologically and metabolically diverse and 
adapted to different habitats (Rathsack et al., 2011; Williams et al., 
2007), participating in several important metabolic processes such as 
photosynthesis, nitrogen fixation and ammonia oxidation (Campagne 
et al., 2012). Thus, the significance of Alphaproteobacteria in KS points to 
this site as the most diverse and under the lowest anthropogenic impact. 
On contrary, SS was more abundant with members of clinically impor-
tant bacteria, such as Gammaproteobacteria and Bacilli, which are more 
associated with the anthropogenic impact. It is also important to note 
that KS bacterial community correlated positively with SAL, unlike SS, 
probably due to a larger abundance of autochthonous marine bacteria in 
KS. 

LEfSE analysis revealed more differences in microbial composition 
between the bottom and surface microbiomes at the Katalinića Brig than 
at the Stobreč submarine outfall. These results provide additional evi-
dence of a higher anthropogenic impact (as for nutrients, environmental 
parameters and human commensal bacteria) in SS than in KS. Moreover, 
KS biomarkers in comparison to KB were bacterial genera which 
commonly persist in surface coastal waters, such as SAR_116 clade 
(Treusch et al., 2009) and Synechococcus sp. (Agawin et al., 2003; Kim 
et al., 2018), evidencing higher variability of KS microbiome and lower 
impact of human gut-associated bacteria. 

4.5. PICRUSt prediction of AR determinants 

Annotation of microbiome-specific AR profiles based on 16S rRNA 
data revealed differences among the studied sites. KB was found to have 
the highest average incidence of CL and IMP resistance over a 5-month 
sampling period compared to other sites (Table 1). This may be related 
to the overabundance of multidrug efflux-related genes indicated by 
PICRUSt as predominant AR markers (Fig. 6). Notably, KB was found to 
have the highest relative abundance of chromosomally encoded tripar-
tite RND efflux systems such as AcrAB-TolC, which contributes to the 
resilience of E. coli to nine classes of antibiotics, including carbapenems 
(Kobylka et al., 2020), as well as the MexAB-OprM, whose upregulation 
in Pseudomonas aeruginosa is generally associated with IMP resistance 
(Moubareck et al., 2019) and also tolerance to CL (Pamp et al., 2008). 
Moreover, genes encoding oxacillinases (OXA) of the class D β-lacta-
mases were enriched in SS compared to SB, which was supported by the 
increased levels of IMP resistance (Table 1) as well as the highest 
detected abundance of Acinetobacter (Suppl Fig. S3) in this bacterial 
community. Various Acinetobacter spp. intrinsically possess class D en-
zymes (Evans and Amyes, 2014) with some, such as OXA-23 and 
OXA-58, being detected in Enterobacteriaceae and P. aeruginosa are 
spread globally (Munita and Arias, 2016). 

Moreover, various emerging pathogenic genera were introduced by 
effluents and found at the bottom and surface of the water column, 
indicating anthropogenic effluent impact on the indigenous bacterial 
community. Introduced bacteria were found to carry characteristic AR 
signature (Fig. 7) and enrich the marine resistome, pointing to the po-
tential risk for further inter- and intra-species transmission of AR de-
terminants (Maravić et al., 2013, 2014; Rizzo et al., 2013; Zhuang et al., 
2021). 

5. Conclusions 

Our study evidenced the impact of submarine discharges of inade-
quately treated wastewater on seawater quality at the bottom and sur-
face of effluent-receiving waters of the central Adriatic. Despite 
stratified conditions during most sampling, the water column surface 
was affected by the effluent plume, resulting in alteration of physico-
chemical properties and enrichment of the marine bacterial community 
with nonindigenous and pathogenic bacteria carrying an arsenal of AR 
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determinants. An integrated approach annotating the ARGs repertoire 
based on the taxonomic profile of the whole bacterial community en-
ables a powerful basis for a comprehensive investigation of the extent of 
ARGs and bacterial pollution in the environment without using time- 
consuming and often limiting culture-based techniques, providing an 
important framework for the design and operation of more effective 
wastewater management. 
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Fresia, P., Antelo, V., Salazar, C., Giménez, M., D’Alessandro, B., Afshinnekoo, E., 
Mason, C., Gonnet, G.H., Iraola, G., 2018. City-wide metagenomics uncover 
antibiotic resistance reservoirs in urban beach and sewage waters. bioRxiv 1–10. 
https://doi.org/10.1101/456517. 

Galvin, S., Boyle, F., Hickey, P., Vellinga, A., Morris, D., Cormican, M., 2010. 
Enumeration and characterization of antimicrobial-resistant escherichia coli bacteria 
in effluent from municipal, hospital, and secondary treatment facility sources. Appl. 
Environ. Microbiol. 76, 4772–4779. https://doi.org/10.1128/AEM.02898-09. 

García-Aljaro, C., Blanch, A.R., Campos, C., Jofre, J., Lucena, F., 2019. Pathogens, faecal 
indicators and human-specific microbial source-tracking markers in sewage. J. Appl. 
Microbiol. 126, 701–717. https://doi.org/10.1111/jam.14112. 

Garrity, G.M., Bell, J.A., Lilburn, T., Class, I., 2005. Alphaproteobacteria class. nov. In: 
Brenner, D.J., Krieg, N.R., Stanley, J.T., Garrity, G.M. (Eds.), The Proteobacteria), 
Part C the Alpha -, Beta -, Delta -, and Epsilonproteobacteria, Bergey’s Manual of 
Sytematic Bacteriology, second ed., vol. 2. Springer, New York, USA, p. 1. 
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M. Kvesić et al.                                                                                                                                                                                                                                  

https://doi.org/10.1128/JB.00269-07
https://doi.org/10.1128/JB.00269-07
https://doi.org/10.3389/fmicb.2015.00194
https://doi.org/10.1016/S0043-1354(99)00209-2
https://doi.org/10.1128/AEM.71.1.227-239.2005
https://doi.org/10.1016/j.envpol.2021.116467
https://doi.org/10.1016/j.envpol.2021.116467
https://doi.org/10.1007/s11783-019-1174-8
https://doi.org/10.1007/s11783-019-1174-8
https://doi.org/10.1016/j.envpol.2021.117402
https://doi.org/10.1007/s10750-010-0199-6
https://doi.org/10.1007/s10750-010-0199-6

	Microbiome and antibiotic resistance profiling in submarine effluent-receiving coastal waters in Croatia
	1 Introduction
	2 Materials and methods
	2.1 Description of the study sites
	2.2 Sampling
	2.3 Physico-chemical analysis
	2.4 Bacterial enumeration
	2.5 DNA extraction and illumina-based 16S rRNA amplification
	2.6 PICRUSt functional prediction
	2.7 Data analysis

	3 Results
	3.1 Environmental parameters and bacterial counts at the two effluent-receiving area
	3.2 16S rRNA sequencing analysis
	3.3 Composition of bacterial community at two WWTP submarine effluents
	3.4 Spatial variations of microbial community composition
	3.5 Influence of environmental factors on structure of the bacterial community
	3.6 Bacterial genera associated with human pathogenesis
	3.7 Resistome prediction

	4 Discussion
	4.1 Microbial counts
	4.2 Most prevalent bacterial taxa at two effluent-receiving marine areas
	4.3 Environmental influences on bacterial community structure
	4.4 Spatial and vertical variations of microbiome composition
	4.5 PICRUSt prediction of AR determinants

	5 Conclusions
	Credit author statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Availability of data
	References


