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Heavy metals are necessary at low concentration for biological activity, but they are often toxic for microorganisms at high concentrations. Amplicon sequencing of 16S rRNA and 18S rRNA was used to investigate changes in the bacterial and microeukaryotic communities in an activated sludge bioreactor incrementally contaminated with nickel (Ni), copper (Cu), and zinc (Zn) with an IC50 value ranging from 0% to 100%, as previously determined, while an uncontaminated bioreactor served as a control. The chemical oxygen demand (COD) was on average 90% in the uncontaminated bioreactor but dropped to 49% when the heavy metal concentration was 100% IC50. The bacterial community in the uncontaminated bioreactor was dominated by Alphaproteobacteria (mostly Agrobacterium and Brevundimonas) when the heavy metal concentrations were low and Bacteroidetes (mostly Sphingobacterium) when the highest amounts of heavy metal concentrations were applied. The members of Ciliophora, Ascomycota, and Basidiomycota alternatively dominated in the uncontaminated bioreactor, while Ascomycota (mostly Fusarium) dominated in the contaminated bioreactor. The results revealed that increased concentrations of Ni, Cu, and Zn altered the bacterial and microeukaryotic communities and some putative metabolic functions.
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1 INTRODUCTION
Industrialization, mining activities, and agricultural practices generate large amounts of contaminants that contribute to water, air, and soil pollution. These pollutants alter ecosystems, and some of them, such as heavy metals, might affect human and environment health (Ruangdech et al., 2017; Fatema et al., 2021). There is no specific definition of what a heavy metal is, but it is generally considered that they are characterized by an atomic weight between 63.5 and 200.6 and an element density of >5 g cm-3 (Saxena et al., 2020). A total of 13 heavy metals are considered important environmental pollutants, with copper (Cu), nickel (Ni), and zinc (Zn) being among the most important contaminants (Sparks, 2005). The anthropogenic sources of these heavy metals are mainly refinery, metallurgy, chemical manufacturing, paints, batteries, and electronic equipment (Gupta et al., 2020), whereas the main natural sources are sedimentary and igneous rocks (Alengebawy et al., 2021).
On the one hand, metals such as Cu and Zn are necessary in small amounts for metabolic activities in humans and plants. For instance, small amounts of Zn stimulate biological activity as a cofactor in RNA polymerase and transcriptions. On the other hand, large amounts of heavy metals are harmful to humans, plants, animals, and microorganisms (Sparks, 2005), as they affect metabolic activity and cause genetic damage (Qayyum et al., 2012). Consequently, the discharge of these heavy metals, as a result of human activity, can alter ecosystem functioning (Guo et al., 2010). They can accumulate in all levels of the food chain through biomagnification (Madgett et al., 2021), which can lead to the hyperaccumulation of these heavy metals (Mahapatra et al., 2020) in organisms. Some organisms can survive high concentrations of some heavy metals, while most cannot (Jackson et al., 2009; Kieu et al., 2011). The activity of most bacteria is inhibited when the concentrations of heavy metals increase (Bhat et al., 2020), as they alter the protein structure by inhibiting their activity. For instance, Cu can disrupt cellular functioning and inhibit enzymatic activity (Gupta et al., 2020). Cabrera et al. (2006) found that Ni at concentrations >8.5 mg L-1 inhibited the metabolic activity of Desulfovibrio vulgaris. Su et al. (2020) reported that bacterial communities in a bioreactor can be negatively affected by Ni at concentrations >10 mg L-1. Cu at high concentrations negatively affects cellulase activities and inhibits microbial communities (Guo et al., 2012). Large amounts of Zn inhibit the removal rates of organic material expressed as the chemical oxygen demand (COD) in wastewater treatment plants and inhibit the dominant functional bacteria (Wang et al., 2020).Therefore, according to the US EPA, the permissible limits of heavy metals that can be discharged in wastewater are 0.25 mg Cu L-1, 0.20 mg Ni L-1, and 0.80 mg Zn L-1 (Gunatilake, 2015).
Wastewater is normally treated prior to discharge. The objective of treating wastewater is to remove suspended solids, organic matter, and nutrients to a greater extent. The efficiency of wastewater treatment depends on microbial activity (Gao et al., 2022). Thus, it is important to know how the microbial communities are affected by pollutants, such as heavy metals, as this may reduce the efficiency of wastewater treatment while the normal microbial activity might be altered. Nevertheless, to the best of our knowledge, no study has reported the effect of the incremental application of heavy metals on microbial communities and how they respond to these changes.
In this study, two bioreactors were inoculated with activated sludge and fed continuously with synthetic wastewater for several months (Esquivel-Rios et al., 2014). One bioreactor was contaminated with increased amounts of Cu, Ni, and Zn, and the effect of the incremental increase in heavy metals on bacterial community was monitored through 16S rRNA gene sequencing and on the microeukaryotic community through 18S rRNA gene sequencing. An uncontaminated bioreactor maintained under the same operational conditions served as a control. The objective of this study was to investigate how an incremental application of Cu, Ni, and Zn affects the bacterial and microeukaryotic communities. Therefore, we investigated which groups adapted to increased heavy metal concentrations. These bacterial and microeukaryotic groups might play a significant role in the degradation of organic pollutants when wastewater is contaminated with heavy metals.
2 MATERIALS AND METHODS
2.1 Experimental setup
Two bioreactors were inoculated with 1 L sludge obtained from a wastewater treatment plant in Mexico City (Mexico) and maintained under steady state for several years with synthetic wastewater prior to their use in the current experiment. The details of the experimental setup can be found in Esquivel-Rios et al. (2014). Briefly, both bioreactors had a total working volume of 2.6 L each. In the first phase, i.e., from day 0 to day 22, both bioreactors were supplied with synthetic wastewater that contained (mg L-1) the following: peptone, 160; meat extract, 110; urea, 30; NaCl, 7; CaCl2•2H2O, 4; MgSO4•7H2O, 2; K2HPO4, 21.75; Na2HPO4, 33.40; and NH4Cl, 1.70. At day 22, one of the bioreactors was supplied additionally with increasing amounts of Cu (CuSO4•5H2O), Ni (NiCl2•6H2O), and Zn (ZnSO4•7H2O) (considered the heavy metal-amended bioreactor), while the other bioreactor was left uncontaminated (considered the unamended bioreactor) (Supplementary Table S1). The incremental concentration ranged from 0% to 100% of IC50 i.e., “the concentration at which a substance exerts half of its maximal inhibitory effect” (www.aatbio.com/resources/faq-frequently-asked-questions/What-is-the-ic50-value). The IC50 values used in this study were derived from Esquivel-Rios et al. (2014) for Cu and Zn and from Cokgor et al. (2007) and Hernandez-Martinez et al. (2018) for Ni. Both bioreactors were aerated with a constant flow rate of 1 VVM (air volume per bioreactor working volume), while the temperature was maintained at 21°C ± 2°C and the pH at 7.0 ± 0.5 by adding 1 M H3PO4 solution when necessary during the entire experiment. The initially activated sludge inoculum was characterized for COD, volatile suspended solids (VSSs), pH, temperature, and sludge volumetric index (SVI). At the beginning of the reactor operation, the COD concentration was 4,760 ± 345 mg COD L-1 and SSV 3,293 ± 186 mg SSV L-1, with a COD/SSV ratio of 1.44. The SVI was 110, indicating a good sedimentation of the sludge inoculum. The initial temperature of the inoculum was 22°C ± 5°C and pH 8.0 ± 0.3. The activated sludge reactors were acclimatized for 54 days prior to the application of the heavy metals. The acclimatization of the sludge allowed us to obtain a stable biomass in the bioreactor. The chemical oxygen demand was determined colorimetrically as described by the APHA (1999). The soluble COD was considered a representative of the substrate removal, and with that purpose, the COD was determined from the centrifugated (5900 g for 15 min; model 5810 R, Eppendorf, Mexico) and filtered sample (0.45-μm filter, 66601, Pall Inc., Mexico) from the influent and effluent samples of the reactors.
2.2 Sampling, DNA extraction, and PCR amplification of 16S rRNA and 18 rRNA genes
On each sampling day, three samples were taken from each bioreactor using a 15-mL sterile tube (Supplementary Figure S1) and maintained at −20°C until DNA extraction. DNA was extracted using two different techniques to guarantee the lysis of all cells. The first method used an enzymatic lysis of cells based on a method developed by Sambrook and Russel (2001), and the second technique used thermal shock for cell lysis (Valenzuela-Encinas et al., 2008).
The extracted DNA was used as the template DNA for polymerase chain reaction (PCR) amplification. The high-throughput sequencing primers used were the universal bacterial primers 341F (5′—CCTACGGGIGGCWGCAG—3′) and 805R (5′—GACTACHVGGGTATCTAATCC—3′) (Herlemann et al., 2011), which target the V3–V4 regions. The 18S rRNA genes were amplified using the primers SSU817F (5′—TTAGCATGGAATAATRRAATAGGA—3′) and SSU1196R (5′—ATCTGGSCCTGGTGSGTTTCC—3′) (Borneman and Hartin, 2000).
The amplicons of 16S rRNA and 18S rRNA were purified with the DNA Clean kit (Zymo Research, Irvine, CA, United States) and were quantified with the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, United States), using a NanoDrop 3300 Fluorospectrometer (Thermo Fisher Scientific, Waltham, MA, United States). DNA was sequenced using a MiSeq 2 × 300 PE (Illumina, San Diego, California, United States) performed by Macrogen, Inc. (DNA Sequencing Service, Seoul, Korea).
2.3 Bioinformatic analysis
The 16S rRNA and 18S rRNA sequences were analyzed using QIIME2 (Quantitative Insights Into Microbial Ecology) v. 2020.8 software (Bolyen et al., 2019). The paired-end sequences were demultiplexing within QIIME2. Denoising and quality analysis were done using DADA2 (Callahan et al., 2016). The low-quality sequences were removed (<30 Phred score). The taxonomy was determined in the Greengenes database for 16S rRNA sequences and SILVA v. 138 for 18S rRNA sequences by using the blast consensus method.
2.4 Compositional data analysis, alpha diversity, and putative functionality
The data were analyzed using R v. 4.0.5 (R Core Team). The data were centered log-ratio (CLR)-normalized using the ALDEx2 package for “normalizing the reads to a common sequencing depth” (Gloor et al., 2017). The barplot figures were prepared using the ggplot2 package (Wickham et al., 2022). The principal component analysis (PCA) done out using the FactoMineR package using the centered log-ratio-normalized data (Lê et al., 2008). The Hill numbers of order q = 0, q = 1, and q = 2 (Chao et al., 2014) were calculated using the hillR package (Li, 2018) and plotted using the ggplot2 package.
The putative metabolic functions were determined using the PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (https://github.com/picrust/picrust2; v2.0.0-b) (Douglas et al., 2020) plugin within QIIME2. The feature tables and representative sequences of the samples of 16S rRNA of both bioreactors were used as input data for the functional prediction. The putative functions were determined in the “Kyoto Encyclopedia of Genes and Genomes (KEGG)” ortholog database with the PICRUSt2 results. The outputs were normalized using the ALDEx2 package. The resulted metabolic pathways were determined using STAMP (statistical analysis of taxonomic and functional profiles) v. 2.1.3 software (Parks et al., 2014).
3 RESULTS
3.1 Chemical characteristics of the bioreactors
In the unamended bioreactor, the percentage of COD removed changed slightly over time and was on average 90% (Figure 1). After the first application of heavy metals (phase II), the percentage of COD removed did not change in the heavy metal-amended bioreactor but decreased at the end of phase III. In phases IV and V, the percentage of COD removed dropped initially after the application of heavy metals but increased again toward the end of both phases. In phase VI, the percentage of COD removed decreased in the heavy metal-amended bioreactor over time but without recovery. After 141 days, the percentage of COD removed in the heavy metal-amended bioreactor was only 49%.
[image: Figure 1]FIGURE 1 | COD removal in the unamended (□) and heavy metal-amended bioreactors (■).
3.2 Alpha diversity
The Hill numbers were generally larger in the unamended bioreactor than those in the heavy metal-amended bioreactor and were larger at the onset than toward the end of the experiment (Supplementary Figure S2). The amplicon sequence variant (ASV) richness (q = 0) and typical ASV (q = 1) were larger in the unamended bioreactor than those in the heavy metal-amended bioreactor in phases IV and V and were similar or larger in the heavy metal-contaminated bioreactor than those in the unamended reactor in phases II, III, and VI (Supplementary Figure S2). The dominant (q = 2) ASVs were similar in both bioreactors, except in phases II, III, and V where they were larger in the unamended bioreactor than in the heavy metal-amended bioreactor (Supplementary Figure S2).
3.3 Changes in the bacterial community
Proteobacteria (relative abundance 79%), mostly Alphaproteobacteria, dominated in the unamended bioreactor, with members of Bacteroidetes being the second most abundant bacterial phylum (14%) (Figure 2A). The relative frequency of the most abundant bacterial genera showed large variations in the unamended bioreactor over time so that the most dominant group often changed from phase to phase (Figure 3A). For instance, members of Shinella dominated toward the end of phase IV, whereas phylotypes belonging to Brevundimonas dominated at the end of phase VI.
[image: Figure 2]FIGURE 2 | Relative frequency (%) of bacterial phyla and proteobacterial classes in the (A) unamended bioreactor and (B) heavy metal-amended bioreactor.
[image: Figure 3]FIGURE 3 | Relative frequency (%) of bacterial genera in the (A) unamended bioreactor and (B) heavy metal-amended bioreactor.
Proteobacteria also dominated in the heavy metal-amended bioreactor (68%) until day 89, while members of Bacteroidetes dominated thereafter (Figure 2B). Members of the Alphaproteobacteria dominated in phases II and III, but their relative abundance decreased when the amount of heavy metals applied to the bioreactor increased (phase IV). They were replaced gradually by Gammaproteobacteria. The relative frequency of Bacteroidetes started to increase from day 89 onward and reached a maximum of 89% on day 109, i.e., the onset of phase VI. Thereafter, their relative frequency decreased, while that of Gammaproteobacteria increased again. Members of Agrobacterium, Brevundimonas, and Pseudochrobactrum dominated in the heavy metal-amended bioreactor in phases II and III. In phases IV and V, i.e., from day 52 until day 89, members of Stenotrophomonas dominated in the heavy metal-amended bioreactor (86%), but they were replaced by phylotypes belonging to Sphingobacterium toward the end of the experiment (Figure 3B). Consequently, a PCA clearly separated the bacterial community in the uncontaminated bioreactor from that in the heavy metal-contaminated bioreactor in each phase of the experiment (Supplementary Figure S3).
3.4 Changes in the microeukaryotic community
The microeukaryotic communities were different between the unamended and metal-amended bioreactors. Ciliophora dominated in the unamended bioreactor in phases I, II, III, and V, while members of Ascomycota dominated in phase VI and Basidiomycota in phase IV (Figures 4A, 5A). Ascomycota dominated in the heavy metal-amended bioreactor in phases II, III, V, and VI. The most abundant microscopic eukaryotic genus in the heavy metal-amended bioreactor was Fusarium; however, in the unamended bioreactor, other members of Chytridiomycota and Basidiomycota dominated (Figures 4B, 5B).
[image: Figure 4]FIGURE 4 | Relative frequency (%) of microeukaryotic phyla in the (A) unamended bioreactor and (B) heavy metal-amended bioreactor.
[image: Figure 5]FIGURE 5 | Relative frequency (%) of microeukaryotic genera in the (A) unamended bioreactor and (B) heavy metal-amended bioreactor.
3.5 Putative functionality
In both bioreactors, the most abundant putative metabolic functions were related to the central metabolism, i.e., xenobiotics metabolism and biodegradation, the metabolism of cofactors and vitamins, and carbohydrate and amino acid metabolism (Figure 6). The relative abundance of putative xenobiotic biodegradation and metabolism was larger in the uncontaminated bioreactor than in the heavy metal-amended bioreactor, while that of the metabolism of cofactors and vitamins showed an opposite trend. The proportion of genetic information processing, such as replication and repair and translation and transcription processing, was higher in the heavy metal-amended bioreactor than in the unamended bioreactor.
[image: Figure 6]FIGURE 6 | Putative metabolic functions as predicted using the KEGG ortholog classification of the predicted functions in the heavy metal-amended (blue) and unamended bioreactors (red).
4 DISCUSSION
4.1 Chemical parameters
Heavy metals, such as Cu, Ni, and Zn, are known to inhibit COD removal in a bioreactor. In this study, increased applications of Cu, Ni, and Zn reduced COD removal compared to the uncontaminated bioreactor, indicating that the heavy metals applied inhibited microbial activity. For instance, Liu et al. (2020) found that Ni(II) at a concentration of 30 mg L-1 inhibited the COD removal as it inhibited dehydrogenase activity. Wang et al. (2018) reported that the percentage of COD removal dropped to 85% when the concentration of Cu (II) was 10 mg L-1 in a bioreactor, while Sun et al. (2016) found that the COD removal percentage was higher in a bioreactor fed with activated sludge and contaminated with 20 mg Cu L-1 (54%) than in the bioreactor contaminated with 40 mg Cu L-1 (14%); the more contaminated the system was, the less the COD removal percentage was. Wang et al. (2009) reported that Cu binds mostly to enzymes, such as urease and phosphatase, reducing their activity and thereby affecting the P and N cycle. Wang et al. (2020) found that the COD removal decreased by 5% in a bioreactor fed with activated sludge in the presence of Zn(II) compared to a non-contaminated bioreactor. In this study, increased applications of Cu, Ni, and Zn reduced the COD removal in the heavy-metal-contaminated bioreactor compared to the unamended bioreactor, indicating that the heavy metals applied inhibited the microbial metabolic activity.
4.2 Alpha diversity
Bhat et al. (2020) reported that the alpha diversity in an uncontaminated bioreactor inoculated with activated sludge was higher when 100 mg Cu L-1 was added after 30 days. In this study, the alpha diversity was higher in the metal-amended bioreactor than in the unamended bioreactor in phase II. However, in the last three phases, the effective number of ASVs was lower in the heavy metal-amended bioreactor than in the unamended bioreactor. Therefore, the bacteria were well adapted to lower heavy metal concentrations in the bioreactor (phase II) but not to higher concentrations (phases IV, V, and VI).
4.3 Bacterial community
For comparing the microbial community, two bioreactors were set up: a heavy metal-amended bioreactor polluted with incremental concentrations of Ni, Cu, and Zn and an unamended bioreactor that served as a control. Proteobacteria was the most abundant phylum followed by Bacteroidetes in both the heavy metal-amended and unamended bioreactors. Proteobacteria contain a large number of versatile strains and often dominate not only in different ecosystems, e.g., in fresh and salt water (Zhou et al., 2020), but also in the gastrointestinal tract of humans. Sharma et al. (2021) stated that Proteobacteria play an important role in the detoxification of organic and inorganic pollutants in wastewater. Bacteroidetes are known to degrade polymeric organic matter and also to colonize diverse environments, such as soils, oceans, freshwater, and the gastrointestinal tract of mammals (Thomas et al., 2011). Bacteroidetes dominate in gut microbiota, where they are essential in digesting food in the intestinal tract (Rinninella et al., 2019). Niestępski et al. (2020) found that Proteobacteria, Firmicutes, and Bacteroidetes are the most abundant phyla in wastewater treatment plants and activated sludge. The inoculum used in the bioreactors was taken from wastewater, mostly from households. This might explain why the members of Bacteroidetes were so abundant in the bioreactor studied.
Alphaproteobacteria was the most abundant class in phases II and III, and Agrobacterium was the dominant genus in the heavy metal-amended bioreactor in the first 45 days, i.e., phase II, III, and part of IV, which suggests that these groups can thrive in a bioreactor with low concentrations of Cu, Ni, and Zn (10% and 20% IC50). Alphaproteobacteria, often phototrophs, can be found in very different habitats that include soil, oceans, freshwater, lichens, and in activated sludge of wastewater treatment plants (Imhoff, 2006). Phylotypes belonging to Agrobacterium are Gram-negative heterotrophic bacteria and are usually found in soils, which cause tumors in plants (Nester, 2015). Some members of Agrobacterium are heavy metal-resistant bacteria, such as Agrobacterium tumefaciens CCNWGS0286 isolated from a zinc–lead mine tailing (Hao et al., 2012) and the copper-resistant Agrobacterium tumefaciens strain type IAM 13129 isolated from root nodules of Lespedeza cuneata growing in a gold mining tailing region in the northwest of China (Yu et al., 2009). As such, Agrobacterium can survive the heavy metal concentrations applied in this experiment.
It has been found that Gammaproteobacteria and Alphaproteobacteria are the most abundant Proteobacteria class in activated sludge (Sun et al., 2021). In phase V, members of Gammaproteobacteria replaced Alphaproteobacteria as the more dominant proteobacterial class. Sun et al. (2016) found that the relative abundance of Gammaproteobacteria increased gradually compared to that of the other members of Proteobacteria when the Cu (II) concentration increased from 10 mg L-1 to 40 mg L-1 in a bioreactor inoculated with activated sludge of domestic and industrial origin. Di Cesare et al. (2020) found that Gammaproteobacteria was the dominant class (31%) on the surface of the marine sediment with a concentration of 14 mg Ni kg-1, followed by Alphaproteobacteria (10%). Members of Gammaproteobacteria have a higher relative abundance of the CzcA gene (gene for Cd, Co, and Zn resistance) than Alphaproteobacteria when Zn(II) was found in the environment (Wang et al., 2020). These characteristics might explain why Gammaproteobacteria replaced Alphaproteobacteria when the heavy metal concentration increased.
It has been reported that members of Stenotrophomonas removed >90% of COD in treated wastewater (Al-Dhabi et al., 2021). Additionally, Stenotrophomonas can survive high concentrations of heavy metals, as it expresses genes responsible for resistance to metals, such as Cu (copLAB gene), Hg (ohrAB gene), and As (arsC1HRC2B gene) (Ryan et al., 2009). Stenotrophomonas can survive other adverse conditions, such as high salinity and extreme pH, and it was the dominant genus in a polycyclic aromatic hydrocarbon (PAH)-contaminated soil (Kuppusamy et al., 2016). This might explain why members of Stenotrophomonas were so abundant in the heavy metal-contaminated bioreactor in the last phases of this study.
Sphingobacterium is a Gram-negative bacterium and has been found in activated sludge of synthetic wastewater polluted with 4-chlorophenol (Zhao et al., 2016) and in soil contaminated with PAHs (Smułek et al., 2020). Nam et al. (2015) reported that the strain Sphingobacterium sp. KM-02, isolated from a polycyclic aromatic hydrocarbon-contaminated soil near a mine-impacted area in Korea, can degrade fluorene in the presence of heavy metals. They found that concentrations of 10 mg Cd and Cu L-1 inhibited their activity, Zn and Pb had a small negative effect at concentrations between 10 and 100 mg L-1, and As had no effect on the growth or fluorene degradation even at 100 mg L-1. This suggests that members of Sphingobacterium can survive in polluted environments and can be active when heavy metal concentrations are high. This might explain why Sphingobacterium was the most abundant genus in the last two phases in the heavy metal-amended bioreactor used in this study when IC50 was at 40% (phase V) and 100% (phase VI). Additionally, Arbianti et al. (2018) found that Gram-negative bacteria removed more COD from wastewater than Gram-positive bacteria. The high relative abundance of the Gram-negative genera Azospirillum, Agrobacterium, Sphingobacterium, and Stenotrophomonas correlated with a large COD removal (%) (Supplementary Figure S4), and they are identified as Gram-negative bacteria.
4.4 Microeukaryotic community
In this study, the diversity of the microeukaryotic communities in both bioreactors was lower than that of bacteria, and three phyla accounted for >80% of all microeukaryotes. Fungi can easily adapt to extreme environmental conditions. Ascomycota (fungi) dominated in the heavy metal-amended bioreactor, while Ciliophora and Basidiomycota (fungi) dominated in the unamended bioreactor used in this study. Basidiomycota and Ascomycota were the most abundant phyla in activated sludge samples (Niu et al., 2017; Zhang et al., 2018). Lin et al. (2019) reported that Ascomycota were well adapted to high heavy metal concentrations in paddy soil; the reason could be that Ascomycota can adapt well to diverse environmental stress and nutritional options (Hu et al., 2019; Li et al., 2022). The relative abundance of Basidiomycota was higher in the paddy soil with low amounts of heavy metals than those with higher concentrations (Lin et al., 2019). Members of Ciliophora (protists) are sensitive to heavy metals (Vilas–Boas et al., 2020). These studies indicate why Ascomycota dominated in the heavy metal-amended bioreactor and Ciliophora and Basidiomycota in the unamended bioreactor used in this study.
The genus Fusarium dominated in the heavy metal-amended bioreactor. It is a filamentous fungal phytopathogen that belongs to the Ascomycota phylum. Fusarium has been isolated from soil contaminated with different concentrations of Cu, Ni, and Zn (Zafar et al., 2007) and can survive large amounts of Ag (I) (El Sayed and El-Sayed, 2020). Raspanti et al. (2009) found that Fusarium strains cultivated in solid potato-dextrose agar were not inhibited by 10 mg Zn L-1 and 10 mg Pb L-1. Therefore, Fusarium can survive high heavy metal concentrations, as found in this study, where the maximum zinc concentration was 40 mg Zn L-1.
4.5 Putative functionality
The most abundant putative metabolic functions in both bioreactors were essential metabolic pathways, as previously found in biological sludge (More et al., 2014; Ou et al., 2018; Yang et al., 2020). Li et al. (2020) found that the bacterial membrane transport pathway was enriched in river sediment polluted with 69.2 mg Cr kg-1 and suggested that this would allow bacteria to transport more metal ions across their membrane as a mechanism for survival. They also reported that genetic information processing, such as replication and repair and translation and transcription, was reduced in river sediment that contained 30.3 mg Cu kg-1 as this metal ion can pass through the membrane and inhibit enzyme activity. In this study, however, the proportion of membrane transport putative functions was similar in both the heavy metal-amended and unamended bioreactors. This suggests that heavy metal ions did not negatively affect genetic information processing in the bioreactor used in this study. Nevertheless, the xenobiotic biodegradation metabolism was negatively affected by heavy metal addition in the heavy metal-amended bioreactor, which could signify that the microbial community did not detoxify the system. More in-depth studies, such as shotgun metagenomic sequencing, are needed to recognize, in more detail, genes involved in metabolic pathways.
5 CONCLUSION
Heavy metals at 40% IC50, i.e., 4 mg Cu L-1, 16 mg Zn L-1, and 13.2 mg Ni L-1, are harmful to most microorganisms. However, the activity of some microorganisms is not affected even at high heavy metal concentrations. Therefore, they continue to contribute to the removal of COD in wastewater treatments. In this study, Stenotrophomonas, a member of Gammaproteobacteria, Sphingobacterium that belongs to Bacteroidetes, and Fusarium (Ascomycota) were enriched at the highest heavy metal concentration. More in-depth studies, such as shotgun metagenomic sequencing, are needed to further increase our knowledge of how heavy metals, such as Ni, Cu, and Zn, might affect other members of the microbial community, such as protists, fungi, archaea, and viruses, and their metabolic functioning.
Supplementary Material of this work can be found in the online version of this paper.
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