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Pharmaceuticals have been identified as a significant threat to the environment. Their constant flow into aquatic ecosystems means that organisms are chronically exposed. To date, there has been a large number of scientific papers assessing the impact of pharmaceuticals on individual organisms from different taxonomic groups. However, the effects of drugs on the environment can be much broader than what can be determined in toxicity tests on individual organisms. These compounds can disrupt entire communities. In this context, special attention should be paid to microbial communities, which regulate many essential processes underpinning aquatic food webs and ecosystem services. This paper reviews current developments related to the effects of pharmaceuticals on microorganisms with a particular focus on whole-community investigations, in both fresh and salt water. We also summarize the opportunities associated with both in situ and laboratory studies, and highlight important knowledge gaps.
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1 INTRODUCTION
Pharmaceuticals are biologically active compounds widely and increasingly used in human and veterinary medicine to treat different health problems (Fent et al., 2006; Bernhardt et al., 2017). The high consumption of various groups of pharmaceuticals leads to their continuous release into the environment, making them pollutants of emerging concern (Bernhardt et al., 2017; Madikizela and Chimuka, 2017; Ali et al., 2018; Tang et al., 2021). According to Bernhardt et al. (2017), the increase in production and consumption of synthetic chemicals, including pharmaceuticals, far exceeds the rate of change of other global change factors, such as biodiversity loss, elevated atmospheric CO2, nutrient pollution and land use change. Pharmaceuticals enter the environment mainly from wastewater treatment plants (WWTPs), but also from agriculture, landfills, hospital and household waste (Nikolaou et al., 2007). Many papers have confirmed the presence of pharmaceuticals in environmental samples including surface water, sediment and groundwater (Sibeko et al., 2019; Agunbiade and Moodley, 2016; Maranho et al., 2015; Wu et al., 2010; Borecka et al., 2015; Vidal-Dorsch et al., 2012). Several works have also revealed the presence of pharmaceuticals in both freshwater and saltwater aquatic organisms. Pharmaceuticals found include psychoactive, synthetic hormones and non-steroidal anti-inflammatory drugs (NSAIDs). These were detected in crustaceans, cephalopods, fish and bivalves collected in Italy, Sweden, Portugal, Spain and Saudi Arabia (Zhang et al., 2011; Alvarez- Muñoz et al., 2015; Mezzelani et al., 2016; UNESCO and HELCOM, 2017; Ali et al., 2018; Martínez-Morcillo et al., 2020). In addition, many papers have highlighted the adverse effects of pharmaceuticals on aquatic organisms from cellular to tissue level. Commonly observed effects in various taxa exposed to pharmaceuticals include metabolic and gene expression disorders, endocrine and reproductive abnormalities, tissue lesions, cyto- and genotoxicity (Świacka et al., 2022; Parolini et al., 2009; Schwarz et al., 2017; Han et al., 2010; Islas-Flores et al., 2017; Richmond et al., 2017; Heckmann et al., 2006; Nunes et al., 2020). In addition, pharmaceuticals may also induce behavioural changes (Galus et al., 2014; Bertram et al., 2022). Vera-Chang et al. (2018) observed reductions in exploratory behaviour in zebrafish exposed to fluoxetine. In a study by Hellström et al. (2016), oxazepam (anxiolytic drug) promoted migratory behaviour in Atlantic salmon both in the laboratory and in a natural river tributary. On the other hand, carbamazepine (anticonvulsant) and gemfibrozil (blood lipid-regulating pharmaceutical) reduced the courtship behaviour of male zebrafish (Galus et al., 2014).
Microbes are one of the most important biological groups on the planet in terms of functional diversity, as confirmed by metagenomic and ecological studies (Chróst, 1990; Bertilsson and Jones, 2003; Glöckner et al., 2012; Amalfitano et al., 2015). Aquatic microbial communities are co-occurring (present in a specific habitat in time and space) and potentially interacting autotrophic and heterotrophic microorganisms including a wide variety of bacteria, unicellular algae, protists and fungi (Sabater et al., 2002; Lyautey et al., 2005; Proia et al., 2012; Battin et al., 2016; Callieri et al., 2018). Microbes often form communities such as biofilms in flowing systems (Proia et al., 2012). Interestingly, in the natural environment, at least 95% of microorganisms are found in biofilm form (Nikolaev et al., 2007). Biofilms are spatially and metabolically structured microbial communities which are deposited in an extracellular polymer matrix (Nikolaev et al., 2007).
The interactions within microbial communities are remarkably close and complex. For example, by-products such as carbohydrates synthesized by algae are used by bacteria and fungi, while nutrients recycled by bacterial and fungal processing of organic detritus are essential for algal growth (Proia et al., 2012). Furthermore, these food web interactions promote the succession of aquatic microorganisms (Battin et al., 2016; Callieri et al., 2018).
Microbial communities are a key source of energy in aquatic food webs and contribute to global cycles of both energy and matter. They decompose organic matter producing inorganic compounds that can then be used by producers (Sabater et al., 2002; Glöckner et al., 2012; Proia et al., 2012; Battin et al., 2016; Hons, 2018; Richmond et al., 2019). Therefore, without microorganisms, the nutrient cycle and consequently the production of energy would be impossible. In addition, microbial communities are an important indicator for assessing ecosystem health. The community structure is strongly related to environmental conditions, directly reflecting negative effects caused by pollution (Brümmer et al., 2000; Lyautey et al., 2005). Another significant contribution of microbial communities is to the self-purification processes of aquatic ecosystems, by removing both inorganic and organic compounds, including some pharmaceuticals (Sabater et al., 2002; Battin et al., 2016).
Despite microbial communities playing such a significant role in aquatic environments, research on the effects of pharmaceuticals is just emerging, while research on other groups of organisms, such as bivalves and fish, is more advanced (Han et al., 2010; Costa et al., 2019; Derakhsh et al., 2020). Disruption of the biofilm community may provoke functional changes by impairing crucial ecosystem processes including nutrient cycling and primary production. This is related to the fact that the diverse functions of microbial communities cannot be replaced by any other organisms (Battin et al., 2016). Therefore, the influence of pharmaceuticals on aquatic microbial communities may have profound and long-term consequences, leading for example to significant energy and oxygen reduction in freshwater ecosystems and causing overall ecosystem health disruption. Furthermore, disruption of the aquatic ecosystem may also have significant impacts on terrestrial animals and humans using its resources (Karr and Chu, 2000). For example, many aquatic organisms serve as an important food source for terrestrial organisms, so pharmaceuticals affecting aquatic trophic networks also disrupt terrestrial ones (Richmond et al., 2018). Moreover, even if the trophic networks are not disrupted, due to the biomagnification process, pharmaceuticals can accumulate in terrestrial organisms feeding in water (Sullivan et al., 2012).
Therefore, the aim of this review is to summarize the current knowledge on the effects of various groups of pharmaceuticals commonly detected in aquatic environments, individually or in mixtures, on microbial communities naturally occurring in both saltwater and freshwater habitats. Special attention is given to various sublethal effects, particularly those related to the functioning of the microbial community as a whole, including changes in biomass, species composition, oxygen consumption, and photosynthesis. In addition, the pharmaceutical concentration, exposure time and the methods used have been discussed to draw overall conclusions regarding the effects of pharmaceuticals on microbial communities.
2 MATERIAL AND METHODS
For the purposes of this review, it was decided to describe the effects of pharmaceuticals on aquatic microbes at community level. Studies describing toxicity using single organisms grown in monocultures were not considered, nor were microbes associated with sludge in wastewater treatment plants. In this review we focus on the individual pharmaceuticals and as mixtures but exclude personal care products. This review is divided into two sections: saltwater environments (open oceans, bays, and estuaries) and freshwater environments (lakes, rivers, and streams).
To acquire the literature for this review, a search for publications was conducted between May 2022 and July 2022, using publicly available databases (e.g., Google Scholar, Science Direct and Scopus). Various combinations of keywords were used to search these databases, including “pharmaceuticals” and “microbial community” or “biofilm” but also the names of individual groups of compounds (e.g., antibiotics, antihistamines, NSAIDs, psychoactive) or the names of specific compounds. This resulted in formulation of various two-level keywords. The selection of articles for inclusion in this work was done by evaluating their relevance to the main topic, with a particular emphasis on the effects of pharmaceuticals on microbes at community level. In total, 50 articles were selected for this review. The data were complemented by 51 articles containing general information regarding pharmaceuticals and functioning of microbial communities.
3 METHODS FOR ASSESSMENT OF PHARMACEUTICALS’ EFFECTS ON MICROBES AT COMMUNITY LEVEL
Assessing the effects of contaminants on the functioning of whole communities of organisms is a complex task, and to date there is no standardized approach to this issue. The most commonly proposed methods for assessing the effects of pharmaceutical contamination on microorganisms are shown in Figure 1 and include both in situ analyses and those conducted under controlled laboratory conditions.
[image: Figure 1]FIGURE 1 | Four main types of research conducted on microbial communities.
Among the in situ analyses, studies can be performed by investigating naturally occurring microorganisms in areas where pharmaceutical-rich wastewater enters the environment (Aristi et al., 2015; Chonova et al., 2018). Comparative analysis of organisms from an uncontaminated site in the same body of water, such as a river above the effluent outlet, can then be used as a control. This approach allows for a realistic assessment of the impact of pollutants on the environment but it has the significant disadvantage that it is impossible to control external environmental conditions and to clearly assess which factor(s) actually caused the observed effects. In addition to pharmaceuticals, effluent streams from wastewater treatment plants are complex mixtures that contain many other, potentially toxic compounds that may affect microorganisms. Assessing the impact of pharmaceuticals on naturally occurring microbial communities is possible through the use of pharmaceutical-diffusing substrate (PhaDS). This method, described by Costello et al. (2016), involves placing containers filled with a substrate that gradually release added pharmaceuticals affecting microorganisms colonizing it (Figure 1). The release is via diffusion from the relatively high concentration in the device, through the biofilm growing on the cap and into the overlying water. This allows for semi-controlled analysis of the effects of selected pharmaceuticals on organisms under environmental conditions. Although this approach allows for the selection of the specific compounds with which organisms are exposed, it does not exclude the simultaneous influence of an additional suite of pharmaceuticals (and other stressors) already present in the environment. Additionally, although the substrate is filled with pharmaceuticals of known concentrations, their diffusion into the environment and the final concentration to which the organisms inhabiting it are exposed is difficult to specifically determine because diffusion is influenced by variations in environmental factors, in particular the water velocity at the substrate-water interface which in turn determines the diffuse boundary-layer thickness (Shaw et al., 2015).
Due to the high unpredictability and variability in factors potentially influencing analyses performed directly in the environment (e.g., the effects of cloud cover on photosynthesis), a more commonly used alternative is to work under controlled laboratory conditions, made possible by the use of mesocosms (Corcoll et al., 2015; Richmond et al., 2019; Robson et al., 2020). This approach allows exposure of test organisms to pharmaceuticals at known concentrations, while controlling variables such as water temperature, incident light and stream flow but maintaining a relatively high resemblance to the real environment. Advanced mesocosms can reflect many features of natural water bodies, such as variety of different substrate types, water flow, fluctuating light conditions and constant, regular inflow of pollutants (Robson et al., 2020). An even more simplified option, allowing greatest control over the testing environment is through the use of microcosms e.g., using plates or flasks (Cui et al., 2021). However, by reducing the complexity of conditions and the scale of interactions occurring under experimental conditions, the results obtained may be far from actual environmental outcomes.
4 FRESHWATER ENVIRONMENTS
4.1 Environmental studies
4.1.1 In situ analyses
Aristi et al. (2015) analysed the effects of effluent from a wastewater treatment plant on river biofilms and ecosystem metabolism, by comparing a segment of the river above the WWTP effluent with three stations influenced by the pollutants. Concentrations of common pharmaceuticals (diclofenac, ibuprofen, carbamazepine, venlafaxine) ranging from a few to tens of ng/L for each compound were measured in all segments of the river. The analyses showed that effluent acted as a subsidy on biofilm biomass and ecosystem respiration (Figure 2), probably as a consequence of enhanced availability of organic carbon. This effect showed a high correlation with both changes in nutrient (nitrate and phosphate) and pharmaceutical concentrations. However, the study also observed some indications of stress effects, which were reflected in non-photochemical quenching disturbances in the biofilms. Chonova et al. (2018) also conducted an in-depth analysis of the effects of pharmaceuticals emitted from the WWTP on river biofilm by comparing communities of biofilm-forming bacteria above and below the effluent inflow from a WWTP. The 3-years study analysed environmental samples during summer and winter and determined concentrations of 10 commonly used pharmaceuticals. It was observed that bacterial community structures, characterized by denaturing gradient gel electrophoresis (DGGE), were strongly related to concentrations of sulfamethoxazole for the station located close downstream to the effluent (Table 1). On the other hand, DGGE profiles from the station located far downstream from the effluent were related to concentrations of ibuprofen and atenolol. Aubertheau et al. (2017) also examined the effect of WWTP effluent on river biofilm. Their study analysed 12 pharmaceuticals from different groups at sites located downstream from 12 WWTPs, showing the presence of 11 of them in the biofilm, with the highest occurrence frequency for diclofenac, carbamazepine, sulfamethoxazole and propranolol (Table 1). The results confirm that biofilm-forming microorganisms can sorb and accumulate numerous pharmaceuticals. In addition, this work shows that WWTP effluent can be a factor modifying biofilm species composition, in particular reducing the abundance of the cyanobacteria present (Figure 2). Importantly, the abundance of resistance genes was observed to increase. Antimicrobial Resistance (AMR) is a phenomenon that involves the activation or development of mechanisms enabling microorganisms to survive in the presence of chemicals intended to kill them (Christaki et al., 2020). The release of residual antimicrobial compounds from WWTPs into the environment is one important cause of this phenomenon. Observations in recent years unambiguously confirm that AMR should be counted among the main threats to the modern world, and this phenomenon, although already causing a significant problem, is likely to intensify (O’Neil, 2014; Matviichuk et al., 2022).
[image: Figure 2]FIGURE 2 | Examples of processes and features of the microbial community that are widely affected by pharmaceuticals.
TABLE 1 | Effects of pharmaceuticals on freshwater microbial communities.
[image: Table 1]4.1.2 In situ experiments
Rosi-Marshall et al. (2013) used PhaDS filled with selected compounds at concentrations of 12–15 mM each, to investigate the effects of several pharmaceuticals (caffeine, ciprofloxacin, cimetidine, diphenhydramine, metformin, and ranitidine) individually and in mixtures on river biofilm. Of the three antihistamine compounds tested, only diphenhydramine had a statistically significant effect on gross primary production and respiration, causing rates of both processes to decrease significantly (Table 1). Interestingly, the effects of this compound were only slightly smaller than those of the antibiotic, ciprofloxacin. Effects on respiration were observed on both the inorganic substrate at the top of the PhaDS device, which promotes the growth of photosynthetic organisms, and the organic substrate, which promotes the growth of heterotrophic bacteria. Analysis of biofilm composition indicated that the observed diphenhydramine effect on respiration may be due to changes in species composition. Similar observations were noted in the work of Rosi et al. (2018), where they compared the effects on biofilm in streams with different degrees of urbanization, observing that the effects of ciprofloxacin and diphenhydramine on respiration occurred in the least urbanized sites, while they were not observed in the more polluted ones, suggesting the development of tolerance to these pharmaceuticals when there is constant exposure. Interestingly, in the case of ciprofloxacin, it was observed that in the urban streams where this compound had no significant effect on respiration, it caused changes in the taxonomic composition of the biofilm. Furthermore, the effect on composition was greatest at the site where respiration was least affected. Shaw et al. (2015) studied the same pharmaceuticals except that the diffusing substrates were placed in lentic systems. In this work, a strong effect of diphenhydramine on biofilm-forming organisms was observed, where the decrease in rates of gross primary production and respiration was much greater than for other tested compounds, including ciprofloxacin. Ogata et al. (2020) observed that a mixture of diphenhydramine and caffeine affected the taxonomic composition of stream biofilms (Table 1), although this was primarily through promoting unique taxa associated with contaminant tolerance and/or degradation, as caffeine and diphenhydramine, may have served as a carbon and/or energy source for taxa capable of degrading one or both compounds.
4.2 Laboratory studies
4.2.1 Mixtures of pharmaceuticals
Several studies have evaluated the effects of pharmaceutical mixtures on biofilm-forming microorganisms under controlled laboratory conditions. Proia et al. (2013) conducted translocation experiments in which they exposed the biofilm for 16 days to water taken from a clean reference river, a moderately polluted river and a heavily polluted river in which pharmaceuticals (57 compounds) and pesticides (16 compounds) were detected. After biofilm translocation from clean to polluted water, it was observed that autotrophic biomass and peptidase increased while phosphatase and photosynthetic efficiency decreased, and these effects were associated with analgesics and anti-inflammatories. In contrast, Corcoll et al. (2015) used artificial streams to evaluate the effects of a mixture of nine pharmaceuticals at 5 μg/L on river biofilm using fully controlled conditions. During 11 days of experiment, pharmaceuticals caused a decrease in biomass and number of algal species, as well as changes in bacterial structure, as demonstrated by a reduction of the operational taxonomic unit (OTU) richness (Table 1). On the other hand, a stimulatory effect of the tested pharmaceuticals was also observed, which caused an increase in primary production and respiration, which could be related to the promoted growth of green algae. Using artificial stream mesocosms, Robson et al. (2020) analysed the effects of a mixture of three pharmaceuticals—fluoxetine, diphenhydramine and ciprofloxacin—on established and successional river biofilm for 20 days. Although the effect on established biofilm was small, a substantial reduction in both gross primary production and community respiration was observed in successional biofilm which was attributed to the lack of a protective EPS (extracellular polysaccharide) layer (Table 1). Under shaded conditions, these same compounds also interfered with denitrification. The major effect of these pharmaceuticals on the established biofilm was on changing in diatom community structure.
4.2.2 Selective serotonin reuptake inhibitors (SSRIs)
Several papers have highlighted the potential effects of SSRIs on freshwater microorganisms (Richmond et al., 2016; Richmond et al., 2019; Yang et al., 2019; Robson et al., 2020; Cui et al., 2021). Richmond et al. (2016) analysed the effects of fluoxetine and citalopram (20 μg/L of each; individually and in a mixture) using artificial stream mesocosms. Both compounds suppressed gross primary production and community respiration but had no effect on algal biomass and whole-stream metabolism (Table 1). Synergistic effects were not observed with the mixture, as results were similar to those in individual exposures. In a subsequent paper by Richmond et al. (2019), the same artificial stream mesocosms were exposed to fluoxetine, but the experimental duration was extended to 21 days using an environmentally relevant concentration of 20 ng/L in addition to the 20 μg/L from the earlier study. In contrast to the earlier work where already developed communities were exposed, the effect of fluoxetine on the process of biofilm colonization of stones was observed. It found that a trace concentration of 20 ng/L caused disruption of algal colonization and affected primary productivity on day 13 (Table 1). However, after 21 days, all parameters tested including chl-a, NEP and GPP were consistent with the control. These findings indicate that the colonization rate may be an important parameter when considering effects of pharmaceuticals on biofilm forming organisms. Robson et al. (2020) confirmed these observations, demonstrating that 20 ng/L fluoxetine causes a reduction in rates of gross primary production and community respiration in successional biofilm, while having no significant effect on established biofilm (Table 1).
Yang et al. (2019) evaluated the effect of another SSRI, sertraline, on lake microorganisms using microcosms. A 15-days exposure to 50 μg/L resulted in reduced chlorophyll-a content in the microcosms, suggesting this compound affected photosynthetic processes. Additionally, it was shown that sertraline can stimulate the growth of some organisms (bacteria) while reducing the diversity of others (cyanobacteria) (Table 1). Cui et al. (2021) conducted an extension of this study, by meta-transcriptomic profiling of functional variation of a microbial community affected by sertraline (50 μg/L). The analysis showed that sertraline disrupts the function of both eukaryotic and prokaryotic organisms, but the effects are more intense in bacteria (Table 1). Molecular studies have shown that sertraline causes inhibition of pathways related to lipid metabolism, energy metabolism, membrane transport function, and genetic information processing in the aquatic microbial community (Cui et al., 2021). Although the endpoints analysed in the work of Yang et al. (2019) and Cui et al. (2021) were different from those analysed for fluoxetine (Richmond et al., 2016; 2019; Robson et al., 2020), all of these studies confirm that psychoactive drugs can have significant effects on both the ecological structure and biochemistry of freshwater microbial communities.
4.2.3 Non-steroidal anti-inflammatory drugs (NSAIDs)
Lawrence et al. (2005) analysed the effects of 10 μg/L ibuprofen on riverine biofilm, showing that this compound can significantly reduce cyanobacterial biomass (Figure 2) and affect bacterial community composition. The effects of ibuprofen, individually and in mixture with 17α-ethinylestradiol (103 and 148 mg/L, respectively) on biofilm were also analysed by McClean and Hunter (2020). Their study showed that this compound can decrease biofilm respiration and interfere with net primary production (Table 1). While respiration was also suppressed in the mixture, this was not the case for primary production. Although significant effects were observed in this study, the concentrations used were well above environmentally relevant values, which are usually measured in ng/L (Zuo et al., 2006; Rocha et al., 2013). Lawrence et al. (2007) examined the effect of another NSAID, diclofenac, on the microbial community. The observed effects at concentrations of 10 and 100 μg/L were inconclusive, as this compound had a stimulatory effect by increasing bacterial biomass but also had a negative effect on biodiversity. The observed changes were also different depending on season.
4.2.4 Antibiotics
Kergoat et al. (2021) exposed freshwater biofilms for 4 weeks to two sulphonamides, sulfamethazine and sulfamethoxazole, at concentrations of 500 and 5,000 ng/L. Exposure to these antibiotics caused changes in structure, diversity, viability, and integrity of diatom cells. Additionally, a twofold increase in mortality of diatoms was observed in the sulfonamide-exposed group compared to the untreated biofilm. Sulfamethazine caused a reduction in species diversity as well as teratologies (deformities) in diatoms (Table 1). The observed changes indicate that sulfonamides pose a serious threat to the microbial community. Using mesocosms, Corno et al. (2014) examined the effects of a mixture of three commonly used antibiotics in Europe (tetracycline, imipenem, levofloxacin at 12.5 μg/L and 125 μg/L) on aquatic bacterial communities from European lakes. The results showed that the antibiotics caused a reduction in the number of bacteria (by about 75%), but this was not dependent on the drug concentration. In addition, the antibiotic mixture also had a large effect on the phenotypic distribution. In the presence of antibiotics (regardless of concentration), the bacteria formed large aggregates consisting of several different strains and small clusters composed of a single strain. It was proposed that the formation of aggregates is a resistance strategy developed by bacteria to create antibiotic-free space inside the clusters. Quinlan et al. (2011) observed that tetracycline (.1–100 μg/L) reduced microbiome numbers over a 28-days exposure period. Brosche and Backhaus (2010) exposed a community of limnic microorganisms to five antibiotics that inhibit protein synthesis: Streptomycin, chloramphenicol, fusidic acid, rifampicin, and chlortetracycline (in mixture and individually). The single-substance toxicity tests showed that each of the tested antibiotics inhibited bacterial protein biosynthesis, but with different potency: EC50 values ranged from 66 μg/L (chlortetracycline) to 46 mg/L (streptomycin) (Table 1). The adverse effects of levofloxacin and another of the tetracycline group antibiotics, oxytetracycline, on aquatic microorganisms were also demonstrated by Zhou et al. (2020). After 2 weeks of incubation, the microbial community was exposed to levofloxacin and oxytetracycline (individually) at a concentration of 5 μg/L. After 14 days exposure, the composition of the prokaryotic microbiota significantly changed at the genus level. These changes were dependent on the type of antibiotic, suggesting that the sensitivity of the bacterial community in this environment to a given contaminant varies. In the case of eukaryotes, 14-days exposure to levofloxacin and oxytetracycline (5 μg/L) did not significantly affect their diversity. The observed changes in the composition of the prokaryotic biofilm demonstrates that even low doses of these antibiotics can disrupt development, and generate phenotypic and genotypic variation, which in turn may accelerate the spread of resistance genes. Wang et al. (2022) showed in a 12-days mesocosm experiment that the lowest dose of oxytetracycline hydrochloride (5 mg/L) stimulated photosynthesis and biomass growth, while these parameters were inhibited at higher concentrations (25 and 75 mg/L). However, it should be noted that these concentrations are much higher than environmentally relevant. Effects on photosynthesis were also observed by Deng et al. (2022) when riverine biofilm was exposed to ofloxacin at concentrations of .01, .1, 1, 2, and 5 mg/L. After a 4-days exposure, concentrations of Chlorophyll-a and Chlorophyll-b decreased by 31.4% and 36.8%, respectively, compared to the control group, indicating ofloxacin at these “high” concentrations may result in reduced photosynthetic capacity.
Several studies have examined the effect of selected antibiotics on nutrient cycling. Gray and Bernhardt. (2022) treated microbial communities from stream sediments with three antibiotics (sulfamethoxazole, danofloxacin, and erythromycin as mixtures and individually at 10 μg/L) to measure rates of bacterial respiration and nitrogen transformation. Contrary to expectations, there was no effect of individual, and mixtures of, antibiotics on NO3− uptake or production of N2O, N2, CH4, and CO2. However, the mixture induced a marked increase in NH4+ concentration. Rico et al. (2014) observed a potential effect on nitrification of the antibiotic enrofloxacin, added to microcosms for 7 days at nominal concentrations of 1, 10, 100, and 1,000 μg/L. The highest concentration of enrofloxacin significantly reduced the number of ammonia-oxidizing bacteria in the sediment, which translated into a higher ammonia concentration in the water and a lower nitrification rate (Table 1). Hou et al. (2015) showed that sulfamethazine causes a large decrease (approximately 20%–30%) in denitrification rate by inhibiting the growth of denitrifying bacteria (Table 1). This decrease was observed at drug concentrations up to 5 μg/L, above which denitrification rates remained constant. Inhibition of denitrification may lead to excessive accumulation of nitrogen (as ammonia) in the ecosystem and thus cause eutrophication. The denitrification process occurs through a series of related reduction steps mediated by various enzymes and genes. Sulfamethazine was found to increase N2O production due to inhibition of its reduction to free nitrogen. Sulfonamide-mediated inhibition of denitrification was also demonstrated by Xu et al. (2020), who studied the effects of sulfamethoxazole on denitrification and N2O release in river sediments. Collected sediments were incubated for about 1 month in the lab to remove sulfamethoxazole residues. Depending on the parameter under investigation, the antibiotic was introduced into the slurry at concentrations ranging from 1 to 100 μg/L. A clear decrease in the denitrification rate (by as much as 96%) with increasing sulfamethoxazole concentration was observed (Table 1). Sulfamethoxazole also decreased the rates of anaerobic ammonium oxidation (“anammox”); the rate of anammox decreased with increasing concentrations of sulfamethoxazole. Furthermore, 2-ethylhexyl-4-methoxycinnamate (UVB blocker) enhanced the observed inhibitory effects of sulfamethoxazole. Sulfamethoxazole also decreased the expression levels of important denitrification genes (nirS and nosZ) (Table 1).
Selected antibiotics have shown marked effects on enzymatic activity and biofilm metabolism. In these studies, enzyme activity was most commonly measured during or after biofilm exposure to pharmaceuticals. Paumelle et al. (2021) found that 14 days exposure of microcosms (containing colonized alder leaves immersed in water) to sulfamethoxazole and sulfamethazine at 5 μg/L, significantly reduced leaf-associated microbial community biomass (especially between days 3 and 7), accompanied by an increase in β-glucosidase activity, which has been attributed to the bacteria’s stress response to antibiotics (Table 1). In contrast, no effect of the drugs was observed on the four other enzyme activities measured: Cellobiohydrolase, phenol oxidase, alkaline phosphatase and leucine aminopeptidase. A significant increase in the activity of β-glucosidase with a 14 days exposure to sulfamethoxazole (500 and 5,000 ng/L) was confirmed by Pesce et al. (2021). On the other hand, sulfamethazine caused an approximate 20% decrease in β-glucosidase activity, which, according to the authors, may reflect the greater toxicity of sulfamethazine compared to sulfamethoxazole or the greater sensitivity of microorganisms to this antibiotic. These differences indicate that caution should be exercised when formulating conclusions about the properties of a given group of antibiotics on the basis of studies performed for a single compound. Effects of antibiotics on enzymatic activity were also noted by Wang et al. (2019) following a 192 h microcosm exposure to florfenicol and ofloxacin introduced separately at concentrations of 10, 100, and 1,000 μg/L. Both antibiotics caused an up to 6.7 times increase in the activity of antioxidant enzymes (superoxide dismutase and catalase) compared to baseline values for the untreated control groups (Table 1). The activity of these enzymes increased with increasing antibiotic concentration. Moreover, it was shown that in biofilms devoid of extracellular polymeric substances (EPS), antibiotic distribution coefficients (expressed by ratio of sorption amount to concentration of antibiotics at equilibrium solution) were 3.2 and 6.5 times higher (for florfenicol and ofloxacin, respectively) compared to the control group. This may indicate that EPS can act as a protective barrier for biofilm and increase its resistance to antibiotics, as noted above (Robson et al., 2020). Pu et al. (2021) studied the effects of erythromycin (6 μg/L) on freshwater biofilms. The biofilm used in this study was cultured in reactors, in aquarium water, allowing the lab to replicate a freshwater environment. The metabolic data indicated that despite the presence of the drug, cell-to-cell communication pathways, amino acid metabolism and peptidoglycan biosynthesis remained unchanged. However, changes in lipid and linoleic acid metabolism were observed (Table 1).
Several studies have used exposure-induced changes in transcription and gene expression to evaluate the effects of antibiotics on biofilm. Yergeau et al. (2010) used meta-transcriptomic analysis to investigate the response of river biofilms to four antibiotics: Erythromycin, gemfibrozil, sulfamethazine, and sulfamethoxazole. Biofilm reactors were inoculated with water from two rivers of different trophic status and exposed to different doses of drugs (.5 or 1 μg/L). It was observed that drug exposure can induce both positive and negative effects on gene transcription in the biofilm. Erythromycin had a positive effect on guanosine tetraphosphate production, the level of which is associated with many cellular functions. Both sulfonamides induced changes in DNA and RNA polymerase, which are responsible for replication and transcription. Moreover, sulfamethazine also affected changes in the expression of genes related to the envelope and outer membrane (Table 1). The effect of gemfibrozil on genes related to lipid metabolism was also observed. In their subsequent study, Yergeau et al. (2012) used the same group of drugs, testing whether, in addition to changes in gene expression, these drugs would also induce changes in the community composition. Based on the 16 S rRNA gene amplicons, they found that exposure to these antibiotics caused only minor changes in the composition of the bacterial community. However, it was observed that these drugs can induce numerous functional changes in the communities. Their presence had a large effect on the expression of genes responsible for nitrogen, phosphorus and carbon cycles (Table 1). Consequently, this may have led to a shift in the rate of phosphorus and carbon cycling, but this was not investigated in this work. These results again confirm that antibiotics at environmentally relevant concentrations can have a major impact on biofilm function and lead to disruption of important ecosystem processes.
5 SALTWATER ENVIRONMENT
5.1 Environmental studies
5.1.1 In situ analysis
One of the few papers directly examining the effects of pharmaceutical contamination on microbes in the marine environment is from Peele et al. (1981). This study investigated whether a pharmaceutical waste dump 64 km north of Arecibo (Puerto Rico Trench, Atlantic Ocean) affected microorganism composition in surface waters. Surface water was collected from the dump site and from several stations located nearby (close to the Puerto Rico shore) and transported to the laboratory. Microbial colonisation experiments showed that the pharmaceutical dumping site significantly affected taxonomic composition of microorganisms from surface waters. Vibrio and Aeromonas spp. were the dominant marine microorganisms culturable on agar from stations closest to the Puerto Rico shore and near the pharmaceutical dump site. However, the abundance of Vibrio and Aeromonas spp. decreased on the pharmaceutical dump sites, with an increase in the abundance and dominance of Gram-positive organisms (staphylococci, micrococci, and bacilli), which were proposed to have been introduced with the pharmaceutical waste (Table 2). In addition, an increase in specific bacterial activity rates, the ratio of 14C-labeled amino acid uptake to the total number of bacteria, was observed near the dump site. According to Peele et al. (1981) these changes in specific activity may be related to the shift in taxonomic composition of the bacterial community.
TABLE 2 | Effects of pharmaceuticals on saltwater microbial community.
[image: Table 2]5.2 Laboratory studies
Porsbring et al. (2009) studied the effect of clotrimazole, an anti-fungal pharmaceutical commonly used in human and veterinary medicine, on marine periphyton. Periphyton were grown on submerged glass discs in Kalvhagefjorden Bay (Sweden) for a period of 7–9 days. After colonization and retrieval, discs were treated with clotrimazole at concentrations of 3.45 ng/L to 345 μg/L for 4 days. Seawater from a reference site with temperature and salinity matching the study site was used as the medium.
Toxic effects of clotrimazole included inhibition of 14α-demethylase-dependent sterol synthesis, total sterol content reduction, community chlorophyll a content reduction along with changes to the cycling of the photoprotective xanthophyll pigments and overall pigment profile, as well as a reduction in community growth pigment profile. The community pigment profile describes the relative amounts of pigments in individual community members, as well as changes in relative abundance between species that have different pigment patterns. Disruption of the pigment profile can lead to changes (often decreases) in photosynthetic capability.
Interestingly, some of the observed effects, such as accumulation of C14 α-methylated sterol precursors and pigment profile reduction were dose-dependent (Table 2). Backhaus et al. (2011) tested the influence of pharmaceuticals (fluoxetine-psychoactive, propranolol- β-blocker and clotrimazole) and personal care products (triclosan, zinc-pyrithione) as a mixture and as single substances on communities of marine microorganisms. Similar to Porsbring et al. (2009), microorganisms were grown on glass discs submerged for 7 days in Kalvhagefjorden Bay and then transported to the laboratory. Periphyton was exposed to chemicals at concentrations ranging from .6 ng/L to 34.5 mg/L for 96 h. Each of the tested compounds, individually and as a mixture, inhibited periphyton growth as determined by the total pigment content. Interestingly, in the lower concentration range (69 μg/L and below) a hormesis effect was observed. This phenomenon shows that an organism’s response to low-level doses of an agent, such as a xenobiotic chemical, is notably different to the response at high doses. This may result in low doses of an agent may have a stimulating effect (Agathokleous, 2018), as demonstrated in Backhaus et al. (2011) as an increase in pigment content in the group exposed to low concentrations of the drug compared to controls. The median effective concentration (EC50) was determined for final biomass formation (by measuring pigment content) and ranged for a single compound from 2.3 μg/L (Zn-pyriton) to 347 μg/L (triclosan), while the EC50 for the mixture fell between these values. This indicates no strong synergism or antagonism of the mixture components.
Johansson et al. (2014) also investigated the effect of pharmaceuticals (ciprofloxacin and sulfamethoxazole) on marine periphyton sampled along the Swedish west coast (Kalvhagefjorden Bay). Marine microorganisms were cultured and tested as described above (Porsbring et al., 2009). Microorganisms grown on these glass discs were treated with antibiotics in the concentration range 1.27 μg/L to 3 mg/L for 4 days. Carbon source utilization was used to evaluate the toxic effects of the pharmaceuticals. Briefly, optical density, followed by an estimation of the total metabolism of each individual carbon source by fitting a Weibull model in the control and treatment groups, were used to measure carbon source utilization (see Johansson et al., 2014). Sulfamethoxazole caused a decrease in carbon source utilization, while ciprofloxacin exposure led to a 20%–50% change in carbon utilization patterns, indicating that the two pharmaceuticals are having different effects on the microorganisms (largely bacteria), responsible for carbon utilization (Table 2). Interestingly, 1.3 μg/L sulfamethoxazole stimulated biofilm total pigment content (hormesis effect). Neither sulfamethoxazole nor ciprofloxacin caused an inhibitory effect on the amount and or affected the composition of pigments at any concentration tested. Beretta et al. (2011) studied the effects of two pharmaceuticals, atenolol (antihypertensive drug) and erythromycin (antibiotic) on microorganisms in marine sediments. For the toxicity evaluation, sediment samples were collected from the near-shore of All Saints Bay, Brazil, and suspended in marine water. Next, the sediment suspensions containing microorganisms were treated with three pharmaceutical concentrations (.002, .02 and .2 g/L) and added to Plate Count Agar. These selected concentrations were much higher than the concentrations of these compounds measured in the environment. Colony forming units (CFU) were used to evaluate pharmaceutical effects; a 20% reduction in CFU was considered toxic. Results showed that erythromycin at the highest concentration (.2 g/L) significantly inhibited microorganism growth, while atenolol did not induce toxic effects (Table 2).
Chen et al. (2022) investigated the influence of the antibiotic norfloxacin, individually and in combination with copper, on sediment microbial communities. Sediment collected from Shantou Bay estuary (China) was incubated in the dark over 7 days before treatment with norfloxacin alone (1, 10, and 20 μg/g dry weight) and in combination with copper (40 μg/g dw) for 28 days. During the exposure, the bacterial population decreased significantly in tanks with norfloxacin, copper and their mixture except on day 28, when the population recovered. Nevertheless, on this last day of exposure, all treated groups (copper, norfloxacin and their combination) had lower Shannon or Simpson indices compared to the control, suggesting an effect of both compounds and their combination on microbial diversity (Table 2). In addition, the negative effects of norfloxacin at concentrations of 10 μg/g and 20 μg/g on days 7 and 28, respectively, were intensified by copper.
A few papers have studied the toxic effects of pharmaceuticals on salt marsh microbes. Cordova-Kreylos and Scow (2007) collected sediment from three Californian salt marshes (San Francisco Bay) and used microcosms to expose this sediment to ciprofloxacin at concentrations ranging from .02 to 200 mg/L for 30 days. These concentrations were well above environmental levels to allow for high sorption of the pharmaceutical to the sediment. Phospholipid fatty acid (PLFA) analysis was used to assess microbial biomass and community composition. Interestingly, higher concentrations of the antibiotic (2–200 mg/L) caused a significant increase in both biomass and PLFA richness of sulfate-reducing bacteria and Gram-negative bacteria (Table 2). The proposed reason for the observed stimulatory effect was ciprofloxacin acting as a carbon source for these bacteria. The lack of an inhibitory effect was explained by the high sorption of the antibiotic and thus reduced bioavailability. According to Cordova-Kreylos and Scow (2007), the selective effects of an antibiotic on the microorganisms may promote resistance of the bacterial community to the compound. It was not stated whether the sampling sites, which varied in exposure to toxic materials, had prior exposure to ciprofloxacin. Näslund et al. (2008) also investigated the influence of ciprofloxacin on sediment microorganisms using microcosms with 7 weeks exposure to antibiotic concentrations of 20, 200, 1,000, and 2,000 μg/L. Unlike Cordova-Kreylos and Scow (2007), results of this study showed a negative effect of ciprofloxacin on both microbial diversity and the effectiveness of that community to mineralize the toxic polycyclic organic hydrocarbon, pyrene (Table 2).
Fernandes et al. (2015) tested the effect of tetracycline and the veterinary antibiotic enrofloxacin on microorganisms associated with the salt marsh plant, Phragmites australis. Sediment in contact with roots (rhizosediment) of this plant, along with estuarine site water, was collected from the Lima River estuary (Portugal). Two experimental scenarios were prepared: planted-collected rhizosediment with P. australis and unplanted sediment without P. australis. Sediment slurries were exposed to 100 μg/L of either drug for 7 days. Total cell counts and microbial community structure were used to assess impact of the antibiotics. No significant effect of the antibiotics on microbial abundance was observed. Enrofloxacin affected community richness, but only in the unplanted system, suggesting a protective role of P. australis (Table 2). It was suggested that carbon exudates from plant roots helped shape the microbial community structure and reduced potential sensitivity of that community to the antibiotics by providing a labile carbon source. In addition, some studies have reported pharmaceutical uptake by plants which also may contribute to reduce toxicity to the microbial communities (Kümmerer, 2009; Carvalho et al., 2014).
6 CONCLUSION
Antibiotics pose a great threat to both saltwater and freshwater microorganisms, with concentrations as low as the ng/L range causing a variety of ecologically important disorders. In microorganisms exposed to antibiotics for only several hours, toxic effects such as decreased denitrification rate and inhibition of microorganism growth have been observed. Moreover, a major threat posed by exposure of microorganisms to antibiotics is the development of bacterial resistance to these compounds. The observed resistance was most often due to an increase in the abundance of resistance genes and/or the formation of a protective barrier by bacteria exposed to the tested antibiotic. When looking at the number of published studies, the effects of antibiotics are arguably the best understood. Another group of drugs that result in relatively high toxicity to both fresh and saltwater microorganisms are SSRIs. Both, antibiotics and SSRIs at low µg/L (i.e., environmentally relevant) concentrations caused decreases in microbial abundance and richness, pigment profile alteration and growth inhibition.
Some studies have demonstrated toxic effects of mixtures of pharmaceuticals from different therapeutic classes, such as NSAIDs, synthetic hormones, lipid-lowering agents and antibiotics on fresh and saltwater microorganisms although the observed effects were often similar to those of single compounds. However, it is important to keep in mind that the effects of a mixture cannot be easily attributed to individual compounds or classes of compounds, so it is difficult to determine which compound(s) in the mixture had the greatest effect as well as assessing synergistic and antagonistic effects on all but simple mixtures of only two or perhaps three pharmaceuticals. The major advantage of such studies is that they better represent environmental conditions where a large number and variety of pharmaceuticals are present. Therefore, both the toxicity of the mixture and of the single compounds need to be considered in future studies. Furthermore, in the case of mixtures, hormesis was additionally observed at lower concentrations. The hormetic response was often revealed by an increase in pigment content. In such pharmaceutical toxicity studies, the hormetic response to low doses is still poorly understood due to the number and complexity of cellular processes. Development of understanding the physiological mechanism(s) resulting in hermetic effects is considered an important goal in future studies as hormesis often coincides with experiments performed at environmentally relevant concentrations.
This review shows the trend of moving from traditional toxicity studies that use high pharmaceutical concentrations and focus on acute toxicity endpoints, to using environmentally relevant concentrations and studying more complex endpoints like effects on respiratory processes, primary production, nutrient cycling and gene expression. These processes provide key ecosystem services, and the data discussed in this review clearly indicate that pharmaceutical contaminants can pose an environmental threat by disrupting these processes. Studying the effects of pharmaceuticals at concentrations found in the waterways of interest is extremely important if the goal is to realistically assess the potential effects of these chemicals and future research should continue to move in this direction.
Of potential concern, only a few papers have focused on the effects of pharmaceuticals on microbial communities in saltwater ecosystems, with the majority of the still relatively small number of papers on this topic focused on freshwater habitats, mainly rivers and streams. Pharmaceutical contamination affects not only freshwater, but also saltwater, as evidenced by a number of papers in which pharmaceutical compounds have been detected in both saltwater and freshwater organisms.
Finally, this review has also highlighted that inferring effects of one pharmaceutical on the microbial community and its functioning based on similarity to another that has been tested can potentially be misleading, as several studies have demonstrated that even relatively similar compounds in the same pharmaceutical class can have quite different effects.
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