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Abstract


As one of the biggest ports, the aquatic ecology of Shanghai Port has a significant impact on the health of surrounding residents and aquatic animals. Therefore, this study explored the composition and distribution of bacteria, pathogens, and ARGs at Shanghai Ports by high-throughput sequencing. The results showed that the bacterial community was dominated by the Proteobacteria at the phylum level. With the refinement of classification level, the main composition of bacteria in different samples shows significant differences. In contrast, there was no significant difference in the composition and distribution of pathogens among the samples. It indicates that pathogens and ARGs have steady community composition at Shanghai Port. Pseudomonas aeruginosa and Salmonella enterica could be regarded as candidate indicator pathogens. macB, tetA (58), and evgS were the main ARGs, and they showed a close relationship with Mycobacterium tuberculosis, Magnaporthe oryzae, Streptococcus pneumonia, Xanthomonas oryzae, and Vibrio cholerae in different sites and layers. This may lead to the transfer of ARGs between different pathogens, resulting in more threatening pathogens. The results showed that the pathogens and ARGs present posed a risk of transmission and were potentially harmful to residents in the environment. They can spread to any other ports in the world through the transmission of ballast water, posing a threat to humans and local ecology. In order to keep human health, it is necessary to pay more attention to the water environment of ports and increase the monitoring. Furthermore, it is essential to strengthen the supervision of external source pollution input due to the special features of the port.
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1. Introduction


Estuarine and coastal areas have the most productive and diverse ecosystems because of their unique geographical location where land and ocean, freshwater and saltwater interconnect [1,2]. Ports and their estuaries or harbors usually play a key role in coastal regions and countries for developed and developing countries [3]. With the development of the world economy, the rapid urbanization and industrialization became threatening the coastal ecology in coastal areas around the world [4]. Marine and fresh water in port areas are usually polluted due to port activities for a long time [5]. Therefore, it is crucial to study the distribution and composition of microorganisms in ports. Pathogens, including pathogenic bacteria, are critical to ecosystems in coastal areas as they play an important role in controlling and regulating the community structure of microorganisms and nutrient cycling.



As an important part of the pelagic microbial planktonic in aquatic environments, bacteria have a direct effect on biogeochemical cycles and trophic dynamics in the ocean [6]. Furthermore, bacteria can affect the community structure of phytoplankton in the aquatic environment by regulating the abundance of specific phytoplankton [7]. Bacterial structure and function are easily influenced by human activities, so bacteria have always been used for decades as an indicator of anthropogenic perturbations that affect aquatic environments [8,9]. The characteristics of bacterial communities in marine ecology vary greatly depending on geographical location [10], and there is a close relationship between environmental parameters and bacterial community structure [11,12].



Some pathogens play a particular role in the ecological environment. Pathogens in the water environment can cause significant damage to fisheries, aquaculture, and ecosystems [13]. Pathogens can not only influence the structure and stability of food webs [14] but are also critical to ecosystems because they can regulate their host densities and affect the circulation of nutrients [15]. The changes in pathogen abundance can influence ecosystems, community structures, and aquaculture by influencing the host population [16]. For example, as one of the most profitable fisheries in America, the Southern New England lobster stock has significantly decreased due to the impact of epizootic shell disease [17]. In addition, the significant decline of the long-spined sea urchin (Diadema antillarum) contributed to coral reef ecology deterioration in the region in the 1980s in the Caribbean [18,19]. In addition, pathogens are also an important issue for human health. People may contract gastrointestinal, respiratory, and other diseases by being exposed to bacteria and pathogens in the ocean [20]. According to the estimate, approximately 2.2 million people die caused by diseases (mainly acute gastroenteritis) transmitted by the water environment [21]. However, pathogens can sometimes play an essential role in the environment. For example, pathogens, including pathogenic bacteria, play a positive role in crippling and mitigating algal blooms by shifting natural plankton populations and accelerating plankton succession [7]. Parasites increased biodiversity through influencing energy flow and the structure of the food web on mudflats in New Zealand [22]. In forests of eastern North America, Cryphonectria parasitica has increased local diversity by controlling the abundance of dominant or codominant species (American chestnut) during the early to mid-1900s [23]. In recent years, antibiotic resistance genes (ARGs) have gradually received more attention as an emerging contaminant [24]. The abuse of antibiotics has caused widespread antibiotic residues in various natural environments. ARGs have been detected in various environments around the world, such as rivers [25], solids [26], air [27], lakes [28], ballast water [29], lake sediments [30], marine sediments [31], and so on. With the widespread use of antibiotics in various fields [32], the problem of bacterial resistance is becoming increasingly serious [33]. Even low concentrations of antibiotic residues can still cause selective pressure on bacteria in the environment, resulting in intensifying antibiotic resistance bacteria and producing ARGs [34]. Furthermore, antimicrobial residues have posed serious and potential harm for human health. For example, antimicrobial residues may be absorbed by the human body through the food chain [35]. As a new contaminant, ARGs might be more harmful to humans than the antibiotic residue due to their transmissibility [36]. According to relevant research’s conclusions, there were an estimated 4·95 million deaths associated with bacteria-carried ARGs, including 1·27 million deaths attributable to bacteria-carried ARGs in 2019 [37]. ARGs can spread between bacteria and pathogens through vertical gene transfer (VGT) and horizontal gene transfer (HGT), and these bacteria and pathogens can survive in the environment for several years [38].



As one of the world’s largest ports, Shanghai Port is facing enormous environmental pressure while promoting economic development. Therefore, elucidating the composition and distribution of bacteria, pathogens, and ARGs among different ports in Shanghai can be conducive to understanding the aquatic ecological environment of ports. In this study, we investigated abundance, diversity, and community composition of bacteria, pathogens, and ARGs through high-throughput sequencing. At the same time, the results of this study contribute to understanding the pollution of ARGs at Shanghai Ports. It will also provide important insights for the protection and management of port ecosystems.




2. Materials and Methods


2.1. Collection of River Water Samples


Water samples were collected from four ports in Shanghai from July to September 2023. The locations of ports are shown in Figure 1 and Table 1. Three samples were taken from the upper water (50 cm below the water surface, U), middle water (between the water surface and bottom, M), and bottom water (50 cm above the sediments, B) at each port. Each sampling site sampled 15 L of water and mixed it using an upright water collector, repeatedly three times. All water samples were stored in 1L sterile brown polyethylene bottles. All bottles were stored in polyethylene ice boxes at 4 °C and were quickly transported to the laboratory within 2 h.




2.2. Preparation of Water Samples


Water samples of 1 L each were filtered by a 3 μm sterilized filter membrane to remove the large-sized organism and impurities. Then, the filtered water was filtered using a 0.22 μm polycarbonate membrane to collect bacteria. Moreover, 0.22 μm membranes were transferred using sterile forceps into 1.5 mL centrifuge tubes and sent to a commercial laboratory (Guangzhou Meige Co., Ltd., Guangzhou, China) for high-throughput metagenomic sequencing with the Illumina HiSeq 2500 platform (Illumina, CA, USA).




2.3. High-Throughput Metagenomic Sequencing


DNA extraction was performed using the ALFA-SEQ Fast Magnetic Bacteria DNA Kit (FINDROP, Guangzhou, China) according to instructions. The ultra-micro spectrophotometer (Nanodrop 2000c; Thermo, Waltham, MA, USA) was used to measure the concentration and purity of DNA according to the rate of absorbance at different wavelengths.



The qualified DNA samples were used to construct a DNA library by using the ALFA-SEQ DNA Library Prep Kit (FINDROP, Guangzhou, China). The DNA was randomly interrupted into 350 bp fragments after adding fragment buffer using Covaris R230 (Covaris, Woburn, MA, USA). The fragments were used to build libraries after A-tailed conversion, adapter ligation, post-ligation cleanup, library amplification, and post-PCR cleanup. The diagram was shown in Figure 2. Approximately 15 Gb of sequencing data were sequenced from every DNA sample.



To ensure and control the quality and reliability of sequencing results, Trimmomactic (LEADING: 3 TRAILING: 3 SLIDINGWINDOW: 5:20 MINLEN: 50) was used to control the data quality, where “LEADING: 3” represents the removal data’s basic group quality score at 5′ end less than 3; “TRAILING: 3” represents the removal data’s basic group quality score with at 3′ end less than 3; “SLIDINGWINDOW: 5:20” represents the removal data’s average quality score less than 20 for any 5 base pairs from the 5′ end to the 3′ end; “MINLEN: 50” represents the removal data less than 50 bp. The quality score (Q) was calculated by Formula (1) as follows:


  Q = 10 ×   log  ⁡  P    



(1)




where “P” is probability of base group recognition errors.



The software MEGAHIT (Version 1.1.3) (https://github.com/voutcn/megahit, accessed on 10 February 2024) was used to assemble these qualified data by setting parameters (k-mer: min 35, max 95, step 20). These assembled data were called Scafflods, and they were broken from N linkage to obtain Scaftigs. Scaftigs were removed if it was shorter than 500 bp, and they were used to predict the open reading frames (ORFs) by Prodiagl (https://github.com/hyattpd/Prodigal, accessed on 10 February 2024). The clean reads were mapped to the ORFs to obtain the number and length of ORFs. Linclust [39] was used to cluster genes and eliminate redundancy based on clean data and ORFs. The longest sequence served as the representative sequence in each cluster, and these sequences constitute the gene catalogs. The clean reads were mapped to the gene catalogs using bbmap software (Version 39.00) to obtain the number of clean data compared with per gene. The relative abundance of genes in the samples was calculated by Formula (2) as follows:


    G   k   =      r   k       L   k      ×    1     ∑  i = 1   n        r   i       L   i           



(2)




where “Gk” is the relative abundance of k gene; “rk” is the number of clean data compared with k gene; and “Lk” is the length of k gene.



Gene catalogs were mapped to the NCBI-NR database using Blast version 2.2.31++ (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10 February 2024) to classify species in samples at all levels. According to the Antibiotic Resistance Genes (ARDB) database and the Pathogen–Host Interactions (PHI) database, ARGs and pathogens were classified in samples.




2.4. Data Statistical Analysis


The relative abundance maps of bacteria and pathogens with clustering trees are plotted using R (V. 4.3.0) based on the Bray–Curtis metric. Analysis of Similarities (Anoism) was used to show the difference in sample sites. Alpha diversity of pathogens was assessed using the Shannon index. A bubble map was used to explore and visualize data of dominant pathogens and ARGs. Heatmaps were generated based on the percentages of ARGs in different samples using color changes to show abundance. The correlation between bacteria, pathogens, and ARGs was analyzed by Spearman’s correlation heatmap.





3. Results


3.1. High-Throughput Sequencing Results


In this study, the raw data of different sites (BG, WQG, LJ, YS) and different layers (U, M, B) were 15.88 ± 0.77 Gbp, 20.62 ± 6.71 Gbp, 21.12 ± 3.92 Gbp, 17.29 ± 3.21 Gbp, 20.15 ± 3.50 Gbp, 21.22 ± 6.11 Gbp, and 19.48 ± 5.56 Gbp, respectively. The clean data of BG, WQG, LJ, YS, U, M, and B were 11.96 ± 2.39 Gbp, 14.31 ± 2.94 Gbp, 14.62 ± 2.85 Gbp, 13.21 ± 1.13 Gbp, 12.59 ± 2.92 Gbp, 13.41 ± 3.84 Gbp, and 14.88 ± 2.59 Gbp. The effectives of BG, WQG, LJ, YS, U, M, and B were 69.25 ± 17.80, 67.91 ± 1.85, 71.57 ± 16.80, 74.13 ± 14.33, 64.21 ± 6.14, 64.71 ± 3.68, and 83.23 ± 13.47. The total number of Scaftigs at BG, WQG, LJ, YS, U, M, and B were 670,918 ± 151,331, 624,703 ± 144,363, 306,665 ± 38,778, 422,707.5 ± 46,925.5, 430,114 ± 98,023, 557,254.5 ± 211,811.5, and 545,068 ± 277,181. The lengths of the longest Scaftigs at BG, WQG, LJ, YS, U, M, and B were 184,714 bp, 687,021 bp, 402,585 bp, 943,574 bp, 943,574 bp, 598,874 bp, and 622,968 bp (Table 2). The information for each sample was shown in Table S1. The results of bacterial annotation, pathogen annotation, and ARG annotation were obtained through processing these data.




3.2. Community Structure and Distribution of Bacteria


There are significant differences among different sites’ samples in the bacterial community at the phylum (Figure 3a) and genus (Figure 3b) level. The dominant phylum in all samples was Proteobacteria, accounting for over 50% of total bacterial abundance (Figure 3a). However, the relative abundance of Proteobacteria showed significant differences in different sites. Compared with the other three sites (71.52%), the relative abundance of Proteobacteria was significantly higher (88.72%) in LJ. In addition, except for Proteobacteria, Bacteroidetes had high abundance in YS (16.21%) and WGQ (9.74%) site samples, and Actinobacteria had high abundance in BG (13.38%) and WGQ (8.90%) site samples.



Most samples of the same site were gathered at the genus level according to clustering analysis (Figure 3b). From spatial distribution, the compositions of the bacterial community between U samples and M samples were similar but showed differences with B samples at the same site. The result of NMDS (Figure S2a) was in line with clustering analysis by dimensionality reduction analysis. The dominant genera were significantly different in four sites based on Anosim analysis (Figure S3). Pseudomonas sp. (7.49%) and Limnohabitans sp. (26.60%) were dominant genera in BG site, while Halomonas sp. (13.37%) and Alcanivorax sp. (9.32%) were dominant genera in YS site. However, the dominant bacteria genera varied in different water layers at WGQ and LJ sites. In WGQ.U, Malikia sp. (9.56%), Dechloromonas sp. (6.91%), and Bacteroidetes unknown sp. (7.32%) were significantly enriched. Dechloromonas sp. (6.99%) and Actinobacteria unknown sp. (3.47%) were the dominant genera in WGQ.M and WGQ.B, respectively. The LJ.U samples contained a relatively high abundance of Acidovorax sp. (17.20%), Brevundimonas sp. (8.28%), and Caulobacter sp. (8.57%). Brevundimonas sp. (10.68%), Erythrobacter sp. (12.87%), and Caulobacter sp. (10.96%) enriched in LJ.M. The relative abundances of Pseudomonas sp. (44.04%) and Nocardioides sp. (12.35%) were obviously higher than other samples in LJ.B.



Based on Bray–Curtis distance, the clustering tree was drawn, and the bar graph displayed the similarities and differences in bacteria composition among samples at phylum (Figure 3a), class (Figure S1a), genus (Figure 3b), and species (Figure S1b) levels. In the BG and YS sites, different layer samples were grouped together, indicating that there is no significant difference in bacteria composition in different layers of the BG and YS sites at the phylum (Figure 3a), class (Figure S1a), genus (Figure 3b), and species (Figure S1b) levels. Instead, different layer samples were not gathered together at different levels in the WGQ and LJ sites, indicating that depth might affect the composition of bacterial communities in the limited water depth of ports.




3.3. Diversity and Composition of Pathogens


The annotation of pathogens was obtained by comparing clean data with the PHI database. A total of 215 pathogens were identified from all samples, and the number of pathogens varied at four sites. The number of pathogens at the BG (209) site was less than WGQ (215), LJ (214), and YS (214) sites. However, the composition of pathogens showed no significant difference among different sites and different layers according to the Bray–Curtis distance of the bar graph (Figure 4). The result of NMDS (Figure S2b) was consistent with clustering results. This result differed from the clustering results of bacteria, indicating that pathogens were not completely correlated with bacteria community composition at the same site. The dominant pathogens were Pseudomonas aeruginosa (9.59%), Salmonella enterica (8.01%), Xanthomonas oryzae (4.97%), Staphylococcus aureus (4.79%), and Escherichia coli (4.65%). Except for Xanthomonas oryzae, the other four dominant pathogens could infect human beings. Furthermore, Gammaproteobacteria occupied an important place in pathogens, and seven pathogens belonged to Gammaproteobacteria among the top 20 pathogens (Figure 4).



The α-diversity of the pathogens in four site samples was shown in Figure 5. The Simpson index in the LJ site was significantly lower than the other three sites (p < 0.05), and the Simpson index of different layers had no significant differences (p > 0.05). It was a similar trend with α-diversity of bacteria (Figure S4). This finding suggests that bacteria may contribute to the diversity of pathogens in this unique ecosystem of port. The detection rate of pathogens varied among samples, and the LJ site (13.32%) was higher than other sites (Table S2). In addition, the rate of B layer is significantly lower (p < 0.05) than other layers, indicating that the proportion of pathogens may not be related to its diversity in ports.




3.4. Indicator Species of Bacteria and Pathogens


Bubble charts represent the annotation and abundance of species through the change in bubbles’ size and color. In this study, the species of bacteria and pathogens that could be biomarkers in different sites were identified by the top 20 at genus and species level, respectively (Figure 6). In BG site samples, significant enrichment was observed for the Limnohabitans sp. belonging to the Betaproteobacteria class. In WGQ site samples, an obvious accumulation was noted for Dechloromonas sp. and Malikia sp. belonging to the Betaproteobacteria class. In LJ site samples, Pseudomonas, Acidovorax sp., and Brevundimonas sp. could be served as belonging to the Gammaproteobacteria, Betaproteobacteria, and Alphaproteobacteria, respectively. In YS site samples, Halomonas sp. and Alcanivorax sp. belonging to the Gammaproteobacteria were a clear aggregation (Figure 6a). Furthermore, no bacteria were found as candidate indicators in the same water layer at different sites. However, as a pathogen, Pseudomonas aeruginosa and Salmonella enterica could be regarded as candidate indicators in different layers at four sites due to their high abundance belonging to the Gammaproteobacteria and Enterobacteriaceae, respectively (Figure 6b).




3.5. Diversity and Composition of the ARGs


The ARGs were identified through comparing clean data with the ARDB database. A total of 2359 ARGs and 33 ARG types were detected in all samples, and the number of ARGs was different in BG (2194), WGQ (2287), LJ (2160), and YS (2201) sites. The number of ARGs was not significantly different in the U (2310), M (2310), and B (2316) layers. ARGs were classified according to the type of antibiotic resistance, and the dominant ARG types were similar in different sites (Figure 7). The main types of ARGs detected were multidrug (34.64%), tetracycline (10.16%), peptide (9.36%), macrolide (9.06%), glycopeptide (5.88%), aminoglycoside (5.11%), and fluoroquinolone (3.60%) in BG (Figure 7a). Furthermore, the multidrug ARGs (35.2% vs. 41.8%) of BG and WGQ were significantly lower than LJ and YS, and tetracycline ARGs (10.4% vs. 8.8%) showed the opposite trend.



The top 20 ARGs were selected to analyze the clustering heatmap according to their relative abundances (Figure 8). The macB showed a trend of prevalence, and tetA (58) also occupied a high percentage of ARGs in all samples. Except for BG.U, other samples showed a high relative abundance of evgS. The results showed that the dominant ARGs at different sites were similar in all samples.




3.6. Correlation between Bacteria, Pathogens, and ARGs


The top 20 bacterial genera and 20 pathogens were chosen to analyze the interrelationships between the top 20 ARGs. The distribution of host-bacteria-carried ARGs was obviously different among four sites and three layers. In U layers, Halomonas sp., Alteromonas sp., Erythrobacter sp., Idiomarina Gramella sp., Alcanivorax sp., Marinobacter sp., and Idiomarina sp. were positively correlated with OmpA. It indicated that OmpA might have spread among bacteria. Acidovorax sp. and Hydrogenophaga sp. might be the host bacteria of Pear_CpxR in M layers. Malikia sp., Npcardioides sp., Flavobacterium sp., and Actinobacteria_unkonw sp. showed positive relationships with tetA (58), arIR, Pear_CpxR, and macB in B layers, respectively. Compared with U layers (14), the number of bacteria that had a positive correlation with ARGs was obviously decreased in M (5) and B (7) layers. It indicated that the diffusion and propagation of ARGs were more widespread in upper water. In addition, the bacteria genera that had a positive correlation with the main ARGs were completely different in four sites. In the BG site, Acidovorax sp. might be the host bacteria of evgS. Pseudomonas sp. showed a significant relationship with tetA (58) on the WGQ site. In the YS site, Halomonas sp. and Nocardioides sp. were closely related to tetA (58) and evgS, respectively. No bacteria had a positive relationship with the main ARGs in LJ sites. These bacteria were not dominant bacteria in corresponding samples at all.



Although the composition of pathogens and ARGs was similar in all samples, the correlation was not identical between pathogens and ARGs in different sites and layers. More than half of pathogens had significant correlation with ARGs. Mycobacterium tuberculosis had a positive correlation with novA, RanA, and bcrA in U layers (Figure S5a), and it was positive with tetA (58), oleC, macB, and novA in M layers (Figure S5b). It showed that Mycobacterium tuberculosis might carry multiple types of ARGs. Magnaporthe oryzae might be the host bacteria of dominant ARGs (macB and tatA (58)) in B layers (Figure S5c). In addition, the host pathogens of the main ARGs in different also varied in different. Streptococcus pneumonia and Xanthomonas oryzae had positive correlation with macB and evgs, respectively, in the BG site (Figure S5d). Streptococcus pneumoniae and Vibrio cholerae showed a high positive correlation with macB and tetA (58), respectively, in the LJ site (Figure S5f). In the WGQ site, Streptococcus suis might be the host pathogen of macB, and evgS might be carried with Salmonella enterica and Erwinia amylovora (Figure S5e). Xanthomonas campestris might be the host pathogen of macB in the YS site (Figure S5g). The analysis showed that not all dominant ARGs had potential host pathogens, and not all dominant pathogens were significant with ARGs in all (Figure 9).





4. Discussion


4.1. Occurrence and Distribution of the Bacteria


The cluster analysis of bacterial composition showed differences in bacterial communities among different sites (Figure 3). Proteobacteria, Bacteroidetes, and Actinobacteria were the main bacteria in different sites and layers of Shanghai Port. Proteobacteria was the dominant phylum in all samples, occupying more than 57% of the total bacterial sequences. The relative abundance of Proteobacteria was also significantly different among sites and was lowest in WGQ sites. In different samples, the Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria were the main class of bacteria, and the relative abundance of Alphaproteobacteria and Betaproteobacteria was higher than Gammaproteobacteria in BG, LJ, and WGQ sites. Gammaproteobacteria exhibited a completely opposite trend. In previous studies, Gammaproteobacteria was a mostly dominant bacteria class in saltwater and participated in the nutrient cycling of coastal ecosystems [40], and Alphaproteobacteria and Betaproteobacteria were mostly dominant bacteria classes in freshwater [41,42], which was consistent with our findings and indicates that salinity was a key factor affecting the composition of Proteobacteria in port.



As the dominant genus of BG, Limnohabitans sp. has often been detected in rivers and lakes in previous studies and is considered a dominant group of freshwater planktonic bacteria worldwide [43]. Dechloromonas sp. and Malikia sp. were abundant bacteria genera at WGQ. Dechloromonas sp. played an important role in the degradation process of organic matter in wastewater environments [44] and the removal of phosphorus and nitrogen [45]. Furthermore, Malikia sp. was significantly associated with the concentration of wastewater and linked with denitrification and nitrogen fixation [46]. The high abundance of Dechloromonas sp. and Malikia sp. indicated that WGQ might be severely polluted by nitrogen and phosphorus pollution. Acidovorax sp., Erythrobacter sp., and Pseudomonas sp. were the main components of LJ U, M, and B, respectively. As an aerobic denitrifying bacterium, Pseudomonas sp. was closely related to nitrogen metabolism by converting nitrate into gaseous nitrogen [47]. Furthermore, Acidovorax sp. had remarkable gene expression about the nitrogen metabolism pathway in a polluted basin based on gene expression [48]. Erythrobacter sp. had a strong ability to degrade polycyclic aromatic hydrocarbons [49], and its abundance is significantly correlated with the concentration of low-molecular-weight polycyclic aromatic hydrocarbons [50]. As the concentration of low molecular weight polycyclic aromatic hydrocarbons in the environment increases, the abundance of Erythrobacter sp. also increases [50]. It shows that LJ might be polluted by nitrogen and polycyclic aromatic hydrocarbons. Halomonas sp. and Alcanivorax sp. were the main genera of YS, and Alcanivorax sp. was always detected in environments related to hydrocarbon exposure [51,52]. Halomonas sp. and Alcanivorax sp. could effectively degrade hydrocarbons and their derivatives [53,54]. As the quality of the water environment improves, the abundance of Halomonas sp. also increases [55]. It showed that the water environment may have been contaminated with hydrocarbons before, and it has now improved at the YS site. Overall, the analysis of bacteria composition indicated that different sites are affected by different types of pollution, which may be due to the different functions of different sites and the frequency of human activities [56].




4.2. Potential Risk of Pathogens and ARGs


Antibiotics are widely used and even abused worldwide, and it leads to the widespread emergence of ARGs. The water body is considered a major reservoir of ARGs and pathogens. Ports receive water bodies from multiple sources, such as rivers, ballast water, wastewater, and so on. In previous studies, sulfonamide resistance genes and tetracycline resistance genes are prevalent in Huangpu and Yangtze rivers around the Shanghai Port [57,58]. However, in our study, sulfonamide resistance genes only occupy a small part of detected ARGs in port. The main ARGs were the resistant genes of macrolide, tetracycline, and aminoglycoside. The majority of main ARGs (e.g., macB, evgS, and RanA) enable hosts to acquire antibiotic resistance via antibiotic efflux pumping pathways in samples. It shows that the distribution and composition of ARGs have uniqueness in port water. In previous studies, the distribution of ARGs can be affected by the water flow velocity, and high flow diluted the ARGs in rivers [59,60]. Due to closed or semi-closed structures, the flow velocity of water in port areas is usually completely different from rivers, which may be the reason for the differences in ARGs. In addition, as a dominant ARG, macB is usually detected in wastewater after an anaerobic–oxic process, which indicates that Shanghai Port may be affected by related wastewater pollution [61]. We find that there is a significant correlation among ARGs in samples through correlation analysis (Figure S6). As the dominant ARGs, macB and tetA(58) not only have a strong positive correlation with themselves but also show positive relationships with oleC, RanA, and novA. It seems that the interaction among ARGs might be the prime driving force.



Pathogens are widely distributed in water and pose a threat to human health worldwide, and it poses a great challenge to medical treatment when pathogens carry ARGs. In this study, we found Pseudomonas aeruginosa, Salmonella enterica, Staphylococcus aureus, and Escherichia coli are dominant pathogens in port. They are related to common diseases (pneumonia, fever, and infection purulente) transmitted through water, which demonstrates the risk of disease at Shanghai Port and poses a challenge to the recreational activities in the surrounding area. These pathogens have often been found to be associated with multidrug resistance in previous studies [37,62,63]. In this study, these pathogens are also closely related to ARGs. Although this phenomenon is not found in all samples, it is still enough to draw attention. Compared with the detection rate of pathogens in the Yangtze river (1.2%) in previous studies [64], the detection rate of pathogens in ports (12.63%) is significantly higher. Furthermore, among all 215 pathogens, 48 species can infect primates (22.33%), 26 species can infect fish (12.09%), and 10 species can simultaneously infect both fish and primates (4.65%), demonstrating a threat to human health. All of these suggest that Shanghai Port is a potential threat to the health of surrounding residents. What is more, Pseudomonas aeruginosa and Salmonella enterica are the dominant pathogens of Shanghai Port and have been used as indicators about water pollution [65,66]. They could have potential to be used as candidate indicators in Shanghai Port and could be evaluated as a supplement to traditional detection indicators (E. coli) associated with port water safety in future studies. In previous studies, microbial indicators have been successfully used as one of the indicators for monitoring ecosystems [67]. In addition, we found that pathogens positively related to the same ARGs vary in different layers and sites. Due to HGT, ARGs may spread in pathogen communities, leading to the emergence of more challenging pathogens for human health.



As the main source of ballast water, port water is highly likely to be transported to other ports around the world. It may lead to the outbreak of diseases and the invasion of alien species. For example, the Vibrio cholerae carried in ballast water is also considered the main cause of the South American’s cholera pandemic that occurred in the early 1990s [68]. In this study, the composition of pathogens and ARGs is different from the previous composition of ballast water arriving at Shanghai port and surrounding ports [29,69]. It also puts forward new requirements for port management and ballast water management and treatment.





5. Conclusions


Shanghai Port not only plays a critical role in the economy but also affects the ecosystem of the coastal areas around Shanghai. This study shows that pathogens and ARGs have a more stable community composition and distribution compared to bacteria. Therefore, Pseudomonas aeruginosa, Salmonella enterica, and macB might be used as indicators to evaluate the relevant risks in Shanghai Port. In addition, we found many bacteria and pathogens are potential hosts for ARGs, and ARGs might transmit by VGT. It not only poses a threat to the surrounding coastal residents but also may spread to the world through ballast water, thereby threatening the health of people around the world. Therefore, it should pay more attention to monitoring these pathogens and ARGs in Shanghai Port in future studies. It is necessary to improve relevant regulations and strengthen the development of rapid detection technology in order to effectively control the spread of bacteria, pathogens, and ARGs in the future. This will reduce the deaths caused by pathogen-carried ARGs and help us to have a deeper understanding of the ecological environment in ports.
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Figure 1. Sampling sites at Shanghai Port. 
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Figure 2. Schematic diagram of DNA library construction. 
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Figure 3. Clustering analysis and relative abundance of the bacteria at phylum (a) and genus (b) level. 
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Figure 4. Clustering analysis and relative abundance of the pathogens. 
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Figure 5. Alpha diversity index of the pathogen community. The letters “a” and “b” represent that there is a significant difference between the two groups, and the same letter means that the difference is not significant. 
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Figure 6. Bubbles map of bacteria and pathogens using the top 20 genera (a) and top 20 species (b), respectively. 
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Figure 7. The main ARG types in BG (a), WGQ (b), LJ (c), and YS (d) sites. 
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Figure 8. Clustering heatmap analysis of the top 20 ARGs. 
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Figure 9. The correlation between bacteria and ARGs in U (a), M (b), B (c) layers, BG (d), WGQ (e), LJ (f), and YS (g) sites. (* p < 0.1, ** p < 0.05, *** p < 0.01). 
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Table 1. Shanghai Port sampling site information.
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	Positional Name
	Positional Information
	North Latitude
	East Longitude
	Depth





	BG
	Baoshan Port
	31°27′27.91″
	121°26′46.84″
	15.6 m



	WGQ
	Waigaoqiao Phase 6 Port
	31°22′27.43″
	121°35′59.56″
	15.5 m



	LJ
	Luojing Port
	31°29′22.48″
	121°23′51.46″
	16 m



	YS
	Yanshan Port
	30°37′25.37″
	122°4′29.59″
	18.9 m










 





Table 2. Information of high-throughput sequencing results.
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	Groups
	Raw Data (Gbp)
	Clean Data (Gbp)
	Effective (%)
	Scatigs’ Total Number
	Scatigs’ Max Len. (bp)





	BG
	15.88 ± 0.77
	11.96 ± 2.39
	69.25 ± 17.80
	670,918 ± 151,331
	184,714



	WGQ
	20.62 ± 6.71
	14.31 ± 2.94
	67.91 ± 1.85
	624,703 ± 144,363
	687,021



	LJ
	21.12 ± 3.92
	14.62 ± 2.85
	71.57 ± 16.80
	306,665 ± 38,778
	402,585



	YS
	17.29 ± 3.21
	13.21 ± 1.13
	74.13 ± 14.33
	422,707.5 ± 46,925.5
	943,574



	U
	20.15 ± 3.50
	12.59 ± 2.92
	64.21 ± 6.14
	430,114 ± 98,023
	943,574



	M
	21.22 ± 6.11
	13.41 ± 3.84
	64.71 ± 3.68
	557,254.5 ± 211,811.5
	598,874



	B
	19.48 ± 5.56
	14.88 ± 2.59
	83.23 ± 13.47
	545,068 ± 277,181
	622,968







Note: Effective: clean data/raw data.
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