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Clay-based flocculation techniques have been developed to mitigate harmful algal blooms; however, the potential ecological impacts on the microbial community are poorly understood. In this study, chemical measurements were combined with 16S rRNA sequencing to characterize the microbial community response to different flocculation techniques, including controls, clay flocculation, clay flocculation with zeolite, and clay flocculation with O2 added zeolite capping. Sediment bacterial biomass measured by PLFA were not significantly altered by the various flocculation techniques used. However, 16S rRNA sequencing revealed differences in water microbial community structure between treatments with and without zeolite capping. The differences were related to significant reductions of total nitrogen (TN), total phosphorus (TP) and ammonia (NH4+) concentration and increase of nitrate (NO3-) concentration in zeolite and O2 loaded zeolite capping. The relative abundance of ammonia oxidizing bacteria increased four-fold in zeolite capping microcosms, suggesting zeolite promoted absorbed ammonia removal in the benthic zone. Zeolite-capping promoted bacteria nitrogen cycling activities at the water-sediment interface. Potential pathogens that are usually adapted to eutrophic water bodies were reduced after clay flocculation. This study demonstrated clay flocculation did not decrease bacterial populations overall and may reduce regulatory indicators and pathogenic contaminants in water. Zeolite capping may also help prevent nutrients from being released back into the water thus preventing additional algal blooms.

IMPORTANCE

Despite the effectiveness of clay flocculation for removing harmful algal blooms as highlighted in numerous studies, the potential ecological impacts on the microbial community have rarely been investigated. Characterization of clay flocculation treated algal bloom water and sediment microbial community provides new insights into the ecological impacts of this algal bloom controlling technology.
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INTRODUCTION

Clay based flocculation techniques have recently been developed to mitigate harmful algal blooms by algal sedimentation and have been used as a mitigation strategy in numerous places worldwide (Nam et al., 2004; Sengco and Anderson, 2004; Chen and Pan, 2012; Li and Pan, 2013). Initial research studies of clay flocculation mainly focused on the effect on internal phosphorus (P) and nitrogen (N) load management and toxicity reduction in the impacted water body (Li and Pan, 2015). Studies reported that P can be trapped by the flocculant and buried in sediment as long as 15 years (Cooke, 1999). Supplemental control measures often used, include zeolite, which can absorb ammonia via ion exchange (Wen et al., 2006). Addition of zeolite allows for the permanent removal of excess N by coupled nitrification and denitrification (Van et al., 1998; Gribsholt et al., 2006; Kuenen, 2008).

Few, if any, investigations have been published that examine the microbial community structure response to clay flocculation. In the current investigation, we performed high throughput sequencing of the 16S rRNA genes to analyze water and sediment microbial community responses to three clay flocculation approaches. We aimed to assess the ecological impact of clay flocculation on the indigenous microbial community: (1) to compare bacteria species diversity and microbial community composition among various treatments; (2) to elucidate latent associations of the microbial community with different environmental parameters. This study provided insight into how microbial communities and their activities will shift in a changing environmental engineering operation using clay flocculation.

MATERIALS AND METHODS

Site Description and Experiment Setup

The field study site was located near CeTian reservoir in Datong, Shanxi province (China) (He et al., 2011). The reservoir has experienced extreme eutrophication because of the nutrients carried into it from intense agricultural in the associated watershed. The study site includes eight 800 m2 ponds, which were filled with algal contaminated water from the CeTian reservoir (Figure 1). The dominate algae were Scenedesmus quadricauda and Cyanobacteria. The most common Cyanobacteria OTU identification for the 16S rRNA from the water was Synechococcus.


[image: image]

FIGURE 1. Control (with algal bloom) and Clay treated (no algae in water only seaweed) ponds at China field site.



For this study, sediments were collected from one of the eight ponds and placed in 72 columns to a height of 20 cm. Algal contaminated water from the pond was used to fill the columns to 1 cm below the top. The treatments were clay flocculation (F), clay flocculation with added zeolite capping (Z), clay flocculation with O2 loaded zeolite capping (OZ), and control/no flocculation (C) (SI Figure 1). There were triplicate columns for each of the four treatments.

The F columns were treated with chitosan modified local soil (2 mg/L chitosan and 75 mg/L soil). In addition to chitosan modified local soil, the Z columns received a 1 cm layer of zeolite (sieved through 100 mesh), in order to act as a capping layer to prevent algae from getting back into the water. The OZ columns were treated with chitosan modified local soil and 1 cm O2 loaded zeolite-capping layer. The O2 loaded zeolite was prepared by putting sieved zeolite in a high-pressure cylinder and purging with pure O2 overnight. Columns were destructively sampled on the day of treatment (day 1 and on days 2, 4, 7, and 10). Samples were also collected before each treatment (day 0).

Water samples (50 mL) in the columns were collected from 10 cm above the sediment-water interface using a syringe and filtered through a 0.2 μm pore size corning™ RC syringe filter. The filters were immediately stored at −20°C for nutrient analysis. The remaining water in the column was filtered through a 47 mm diameter, 0.22 μm pore size, polyethylsulfone membrane filter (MO BIO Laboratories, Inc., Carlsbad, CA). The filters were immediately stored at −80°C for DNA extraction. Sediment cores were collected from columns using auger and thin walled tube samplers. The cores were sectioned at 3 cm depth intervals. Sub-samples were frozen at −80°C for both DNA and lipid analyses.

Geochemistry Measurements

Temperature (Temp), pH, dissolved oxygen (DO), and oxidation-reduction potential (ORP) were measured by YSI 556 Handheld Multiparameter Instrument (Xylem Inc., OH, USA) before sampling. Total nitrogen (TN), ammonium (NH4-N), nitrate (NO3-N), total phosphorus (TP), and soluble reactive phosphate (PO4-P) were measured by the Research Center for Eco-Environmental Research Sciences, Chinese Academy of Sciences, Beijing, China using standard methods for water analysis in China (Hui, 2002).

Genomic DNA Extraction and PCR Amplification

Genomic DNA was extracted using PowerWater DNA isolation kit for water samples and PowerSoil DNA Isolation kit for sediment samples (MO BIO Laboratories, QIAGEN, San Diego, CA, USA) following the manufacturer's protocol. DNA extracts were purified using genomic DNA Clean and Concentrator kit (Zymo Research, Irvine, CA, USA). 16S rRNA genes were amplified using primer Phusion DNA polymerase (Thermo Scientific, Waltham, MA, USA) with primer pair 515f and barcoded 806r. DNA quality was determined using 2100 Bioanalyzer Instrument (Agilent Technologies, Santa Clara, CA, USA) and DNA concentration was determined by KAPA SYBR® FAST qPCR Kits. Samples were diluted and pooled to a final concentration of 4 nM for sequencing.

Barcoded Amplicon 16S rRNA Sequencing

16S DNA library were prepared according to the protocol published by Caporaso et al. (2012), and sequenced in Illumina MiSeq platform at the University of Tennessee. Due to the poor quality of the reverse reads, only the forward reads were analyzed. Sequences were trimmed at a length of 250 bp and analyzed using QIIME v1.7.0 software package (Caporaso et al., 2012). Raw reads were assembled using join_paired_ends.py and then demultiplexed using split_libraries_fastq.py to and remove low quality scores. Chimeric sequences were identified and a total of 11 million sequences were retrieved after quality filtering and chimera checking. Open reference operational taxonomic units (OTUs) were picked via the UPARSE pipeline (Edgar, 2013) and taxonomy assignment was performed using rdp classifier trained against the Greengenes 16S rRNA gene database (http://greengenes.lbl.gov/ May 2013 release, 97%). OTUs with less than 0.005% relative abundance were removed. Alpha diversity (within sample diversity) was calculated for each sample using a variety of alpha diversity metrics in QIIME. Beta diversity (pairwise sample dissimilarity) was also calculated in QIIME using metrics including unweighted and weighted Unifrac, and Bray-Curtis. The OTU table for all samples was constructed from a biom file which is available in the supplemental info as a spreadsheet (see supplemental Hazen Chen otu_taxa.xlsx).

Phospholipid Fatty Acid Analysis

For each lyophilized sediment sample 10 g was extracted for total lipids using a two-step extraction methods where the final solvent ratio as 1:1:0.9 (v/v/v) for methanol:chloroform:buffer and water (White et al., 1979). Total lipid was fractionated on a silicic acid column into neutral, glycolipids and polar lipids by chloroform, acetone and methanol elution, respectively. Intact polar lipids were then methylated to recover fatty acid methyl esters (FAMEs). FAMEs were identified and quantified using an Agilent 6890 gas chromatograph coupled to an Agilent 5973 mass spectrometer. Microbial biomass in sediment was measured by converting picomoles of lipids per gram to viable cells per gram by multiplying bacterial size based conversion factor of 5.9 × 104 cells/pmol (Mills et al., 2006).

Statistical Analyses

Water, pH, ORP, Temp, nutrients, and biomass results were analyzed using ANOVA and Kruskal-Wallis tests in IBM SPSS. The 16S sequencing data were further analyzed with various methods in Prime 6 and PERMANOVA+ (Primer Inc. UK) (Clarke and Ainsworth, 1993). This included (1) tailed ANOVA test for microbial diversity alpha index, (2) hierarchical clustering for microbial community structure and composition, (3) non-metric multidimensional scaling (NMDS) based on weighted Unifrac distance matrix and environmental variables were fitted in NMDS, and (4) permutational multivariate analysis of variance using distance matrices to test whether the four treatments were different from each other. All tests were considered significant at α ≤ 0.05. Graphs were generated in R using “vegan” and “ggplot” packages (McMurdie and Holmes, 2013).

RESULTS

Geochemistry Characteristics of Treatments

Temperature (Temp), DO, pH, and [image: image]-N in the column water samples were similar among the four treatments. The average geochemical characteristics and pairwise comparisons are shown in Table 1. In the four treatments the average DO concentration in the water column was 1.5 mg/L. The column was hypoxic because the freshly set anaerobic sediment consumed O2 at the bottom. Geochemical profile of the four treatments showed that TN and TP concentrations decreased dramatically in F, Z, and OZ. [image: image] and [image: image] concentrations remained constant in Z and OZ throughout the rest of the time points but increased gradually in C and F. Nitrate concentrations, however, increased gradually in Z and OZ after treatment was added and decreased in C and Z. The water columns treated by clay flocculation with capping and O2 loaded capping had significantly lower TN, TP, and [image: image] concentration than samples from control. pH decreased to normal in later time points because of the removal of algal cells from the water column.


Table 1. Geochemical parameters of water samples and ANOVA.
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Microbial Biomass in Sediment

Due to small sample size for each treatment, we conducted non-parametric Kruskal-Wallis to test the differences of water biomass among treatments. The average PLFA concentration in the sediments of the four treatments did not differ significantly (ANOVA P = 0.9078) and corresponded to cell densities of 9.75 × 107 cells/g to 1.28 × 108 cells/g (SI Figure 2).

Alpha diversity was determined using Chao1 and Shannon metrics. The Chao1 estimator was calculated to predict the total number of OTUs (richness) in each water and sediment sample (Mills and Wassel, 1980). The Shannon index was used to evaluate how equally abundant the dominant species were (Lozupone and Knight, 2008). Chao 1 index was much higher in sediment samples, ranging from 350 to 1,600. Based on Chao1 alpha diversity metrics, sediment samples possessed twice the species richness as water samples. The evenness index, was similar for water and sediment samples, both ranging from 5 to 9. The median of Chao1 index was 320 in water. Although a wider spread of estimated OTUs, richness was not significantly different among the four treatments (ANOVA, P = 0.39). Species evenness measurements in the water samples indicated a non-significant variation among C, F, Z, and OZ (ANOVA, P = 0.186). When comparing Chao1 index within sediment samples, OZ treatment had a significantly lower Chao1 than Control (Tukey's HSD, P = 0.02).

Zeolite Capping and Sediment Samples

The dominant phyla did not change in the upper sediment (1–3 cm) samples among treatments (SI Figure 3). However, the percentage of Chloroflexi and Acidobacteria were found fewer in samples with zeolite/O2 loaded zeolite-capping treatments than that in control and flocculation only treatment. Firmicutes was enriched after flocculation with zeolite/O2 loaded zeolite capping, 10 times higher, than the percentage of control and flocculation only treatments. Proteobacteria was increased by only 5%. Some Proteobacteria play essential roles in nitrogen cycling. For example, Nitrosomonas nadales (Figure 2A) bacterium related to the ammonia oxidizing bacteria was enriched significantly in Z and OZ (ANOVA, P < 0.0001). The increased Methylophilales in Z and OZ were involved in denitrification in anoxic situations [(Ginige et al., 2004); Figure 2C]. Nitrososphaerales, a cosmopolitan ammonia oxidizing Archaea in soil, were enriched in Z and OZ (Tourna et al., 2011), even though they only comprised a small percentage of the microbial community (Figure 2A). Nitrospirales was also increased in Z and OZ (Figure 2B); it is a chemolithoautotrophic nitrite-oxidizing bacteria involved with the second step of nitrification (Cebron and Garnier, 2005; Lückera et al., 2010).


[image: image]

FIGURE 2. Changes in relative abundance of taxa that were involved with ammonia oxidization (A), nitrite oxidization (B), denitrification (C), and methane producing (D). C represents control treatments. F represents Clay flocculation only treatments; Z represents Clay flocculation with zeolite capping; OZ represents Clay flocculation with O2 added zeolite capping. All measurements were done in triplicate.



Community Structure in Water Samples

Obvious shifts in community structure at the phylum level were observed in flocculation-treated water samples (Figure 3). Proteobacteria remained at 40% through 10 days in the control but increased after the first 2 days in the treatments and then decreased at later time points. Actinobacteria varied with different treatments and kept increasing to the highest percentage in Z. A gradually decreasing trend was observed in the relative abundance of Planctomycetes. Verrucomicrobia was stable during 10 days. Deltaproteobacteria, including sulfate-reducing bacteria, were significantly enriched after flocculation (Tukey's HSD, P = 0.006). Elevated levels of Verrucomicrobiae were also characteristic of flocculation-treated water. The abundance of this cluster was negatively correlated with pH, and positively correlated with hydraulic retention time and temperature (Lindstrom et al., 2005). Members of the Verrucomicrobia have also been observed in both surface and hypolimnetic waters, suggesting a variety of metabolic strategies were going on within the treatment (Lindstrom et al., 2004). Cytophagia affiliated with Bacteroidetes were found significantly reduced in water samples after clay flocculation (Tukey's HSD, P = 0.03).
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FIGURE 3. Relative abundance of dominant taxa at phylum level in water samples. The legend shows the most abundant phyla in these samples. The height of color bar represents the percentage of each taxon composed in the microbial community. X axis show each treatment at days 0, 1, 2, 4, 7, and 10.



Beta diversity was analyzed based on weighted Unifrac distance matrix by NMDS. Samples from C and F were clustered together, while samples from Z and OZ were clustered closely (Figure 4). The PERMANOVA analysis indicated distinct water microbial community structure between C and Z (Unique perms = 998, P = 0.001), as well as C and OZ (Unique perms = 997, P = 0.005). In addition, PERMANOVA test also indicated both treatment (Unique perms = 997, P = 0.001) and point-in-time (Unique perms = 998, P = 0.001) were factors contributing to variability in microbial community structure. Environmental parameters were fitted in NMDS (SI Table 1).
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FIGURE 4. Non-metric Multidimensional scaling (NMDS) plot of weighted unifrac distance. Color of symbols represents different treatments. Analysis of Similarities test (ANOSIM) confirmed that C and F were similar (R = 0.018, P = 0.25) as well as that Z and OZ were similar (R = 0.012, P = 0.222), but Control and Flocculation treatments significantly differed from Zeolite-capping and O2 loaded Zeolite-capping treatments.



To identify which taxa were abundant in each sample, heatmap combined with hierarchical clustering was plotted (Figure 5). Relative abundance at the genus level of triplicates in each sample were averaged and then the most dominant 25 genera were depicted in the heatmap. The dendogram on the top of the heatmap shows the clusters of water samples, and samples in Z and OZ were separated from samples in C and F. Polynucleobacter, unclassified Comamonadaceae, unclassified Actinomycineae were present at a higher proportion in Z and OZ; while Planctomyces, unclassified Pirellulaceae, unclassified Rhizobiale, Devosia, and Hydrogenophage were not detected in Z and OZ.
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FIGURE 5. Heatmap combined hierarch clustering of sample types and top 25 genera. Relative abundance of most dominant 25 genera was depicted in heatmap. The color key indicated the relative abundance percentage scale. Hierarchical cluster analysis separated Control water (C) and Flocculation only water (F) samples from Flocculation with zeolite capping (Z) and with O2 added zeolite capping (OZ), which is shown on the top of heatmap. Hierarchical cluster analysis of genus level abundance is depicted on the left of heatmap. Dissimilarity score legend indicates the distance of clusters.



Flocculation with Zeolite/O2 Loaded Capping

In-depth 16S sequencing information was used to visualize the differences of water microbial community structure. The top 23 abundant genera and environmental parameters were subject to spearman correlation analysis. Spearman correlation (rho value) shown in Table 2 indicated that 18 genera were moderately or strongly correlated with physical and geochemical factors. Some of the important taxa were correlated with treatment type as well as nutrient condition. Polyuncleobacter, Comamonadaceae, Actinomycineae, Alcaligenaceae, and Novosphingobium were increased in flocculation when the capping layer was added. Addition of the capping layer delayed formation of eutrophic conditions.


Table 2. Spearman rank correlation of top 23 abundant genera and environmental parameters.
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DISCUSSION

Geochemistry Characteristics of Treatments

Although DO was not a control factor in this study, it is critical for shaping water microbial community in natural systems (Yadav et al., 2014). The reduction of TN in the Z and OZ contributed to the [image: image] decrease. [image: image] in the water may be trapped by zeolite due to its ability to reversibly bind alkaline-earth cations inside the framework structure of zeolite and can easily be exchanged by surrounding positive ions (Wen et al., 2006). [image: image] in the sediment can also be removed via biological pathways coupling nitrification and denitrification (Sebilo et al., 2006; Avrahami et al., 2011; Godos et al., 2014). The increased nitrate concentration in Z and OZ treatments implied a possibility of nitrification on the zeolite biofilm. Compared with nitrogen, not all the phosphorus in freshwater is bioavailable (Spears et al., 2007; Elser and Bennett, 2011). Autochthonous phosphorus reduction resulted from an inactivation agent binding the P in the water column and sealing it in the sediments (Gibbs and Ozkundakci, 2011; Van Oosterhout and Lurling, 2011; Pan et al., 2012). The rebound of TN and TP in control and Clay flocculation only treatments demonstrated that the zeolite capping layer prevented TN and TP from being released back into water.

Microbial Biomass was not Affected in Sediment

There was no significant difference in the means of universal bacteria gene copy number, PLFA, or cell density in the sediments of the four treatments. These results were consistent with reported research on sediment biomass (Polyanskaya et al., 2015). Bacteria biomass remained at a similar level as control before and after clay flocculation and capping with zeolite.

The evenness of the water microbial community structure was slightly decreased after clay flocculation, indicating potential interaction between some bacterial cells and flocculent particles. Clay was modified by chitosan, which tends to attract negative charged algal cells as well as specific bacteria cells (Zeng et al., 2008). Overall, there was no significant difference in evenness among the four treatments, suggesting that evenness was not significantly impacted despite a small decline after clay flocculation. Related research in the study of composition of freshwater bacterial communities associated with cyanobacterial blooms in four Swedish lakes found that richness of the bacterial communities is not significantly affected by the conditions created by cyanobacterial blooms (Eiler and Bertilsson, 2007). Thus, as the current study suggests microbial populations and species richness were not influenced by clay flocculation techniques.

Zeolite Capping Suggested Ammonia Oxidation in Sediment Samples

The zeolite capping layer absorbed ammonia from the water column and promoted sequential oxidation of ammonia via nitrite to nitrate at the water/sediment interface. Another Archaea member Euryarchaeota were significantly decreased in Z and OZ (ANOVA, P = 0.03), including Methanosarcinales, Methanobacteriales, and Methanomicrobiales (Figure 2D). They are methanogens in an anoxic environment, and respectively produce methane generally by degradation of organic matter, using hydrogen to reduce carbon dioxide, and using only carbon dioxide (Bonin and Boone, 2006; Garcia et al., 2006; Kendall and Boone, 2006). A possible explanation of methanogen reduction is that zeolite and O2 loaded zeolite used as the capping layer constantly brought the sediment in contact with oxygen, thus elevating ORP levels (Vera et al., 2014).

Distinct Community Structure in Water Samples

It has been reported that representatives of the classes Cytophagia and Flavobacteria play a central role in the degradation of biopolymers in marine and freshwater environments [(Sack et al., 2011); SI Figure 4]. In this study, limited nutrients, such as lower levels of ammonia and absence of organic compounds, may have inhibited growth of these bacteria after flocculation. The microbial community in C and F were strongly affected by total nitrogen, ammonia, and phosphate concentration, and Z and OZ were more shaped by both nitrate concentration and pH. Nutrients may shape bacterial community structure directly and/or indirectly. Previous studies reported TP concentration influenced the number of phosphate-decomposing bacteria (Li et al., 2005). The microbial community composition can be influenced by the exudates released by phytoplankton, and nitrogen and phosphorus, to regulate the biomass of phytoplankton (Haukka et al., 2006). The microbial community structures in control and clay flocculation only treatments were different from flocculation plus capping treatments. Nutrient concentrations are the main factors causing community structures and zeolite capping prevented nutrient release back into the water column.

Flocculation With Zeolite/O2 Loaded Capping Resulted in a Healthier Water Body

Polyuncleobacter is a lineage of Betaproteobacteria and it is able to grow in the absence of oxygen (Hahn et al., 2010). Positive correlation of minor freshwater taxa (such as Planctomycetes, Acidobacteria, and Chloroflexi) with nutrient concentrations implied that members of minor freshwater taxa might be warning signs of unhealthy water environments (Newton et al., 2011). For example, Xanthomonadaceae was decreased in the water (Tukey's HSD, P = 0.02). This family includes two plant-pathogenic genera, Xanthomonas and Xylella (Mhedbi-Hajri et al., 2011). Planctomyces and Pirellulaceae are members of the Planctomycetes, they are related to microbes capable of anaerobic ammonia oxidation, and are commonly found in eutrophic and polluted environments (Schlesner and Stackebrandt, 1986). Previous studies reported that the number of Planctomycetes increase with pH values ranging from 6.8 to 9.4, and are usually associated with algal blooms (Ward et al., 2006).

This study was one of the first to investigate the ecological impact of algal bloom water control techniques on microbial communities in microcosm experiments. High throughput 16S rRNA gene sequencing provided insight into this understudied topic. Our results revealed that water community structures were distinct between samples with and without zeolite capping treatments. The differences resulted in significant reduction of TN, TP, and [image: image] concentrations and an increase of [image: image] concentrations in zeolite/O2 loaded and zeolite capping. The enriched Nitrososphaerales, Methylophilale, Nitrososphaerales, and Nitrospirales in the sediments indicated ammonia oxidization via nitrite to nitrate during flocculation with zeolite/O2 capping. Bacteria biomass, richness, and evenness were not altered by the clay flocculation. Planctomyces, Pirellulaceae, and Xanthomonadaceae known to be associated with pathogens found in eutrophic water bodies were reduced. Future functional metagenomics studies should focus on describing the response of nitrification and denitrification genes to algal bloom control techniques. In addition, field pilot-scale testing will help describe this issue in a more practical and meaningful manner for monitoring and control.

CONCLUSIONS

In this study, chemical measurements were combined with 16S rRNA sequencing to characterize the microbial community response to different flocculation techniques, including controls, clay flocculation, clay flocculation with zeolite, and clay flocculation with O2 added zeolite capping. Sediment bacterial biomasses measured by PLFA were not significantly altered by the various flocculation techniques used. However, 16S rRNA sequencing revealed differences in water microbial community structure between treatments with and without zeolite capping. The differences were in the significant reductions of total nitrogen (TN), total phosphorus (TP) and ammonia ([image: image]) and increases in nitrate ([image: image]) in zeolite and zeolite/O2 capping. The relative abundance of ammonia oxidizing bacteria increased four-fold in zeolite capping microcosms, suggesting zeolite promoted absorbed ammonia removal in the benthic zone. This further suggested that zeolite-capping promoted the bacterial nitrogen cycling activities at the water-sediment interface. Potential pathogens that are usually found in eutrophic water bodies were reduced after clay flocculation. This study demonstrated clay flocculation may reduce regulatory indicators and pathogenic contaminants in water. Zeolite capping may also help prevent nutrients from being released back into the water. This work suggests that zeolite clay flocculation is an important in situ method to improve water quality when harmful algae blooms contaminate waterways.
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