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Abstract

The occurrence of harmful algal blooms (HABs) in freshwater environments has been expanded 

worldwide with growing frequency and severity. HABs can pose a threat to public water supplies, 

raising concerns about safety of treated water. Many studies have provided valuable information 

about the impacts of HABs and management strategies on the early-stage treatment processes 

(e.g., pre-oxidation and coagulation/flocculation) in conventional drinking water treatment plants 

(DWTPs). However, the potential effect of HAB-impacted water in the granular media filtration 

has not been well studied. Biologically-active filters (BAFs), which are used in drinking water 

treatment and rely largely on bacterial community interactions, have not been examined during 

HABs in full-scale DWTPs. In this study, we assessed the bacterial community structure of 

BAFs, functional profiles, assembly processes, and bio-interactions in the community during 
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both severe and mild HABs. Our findings indicate that bacterial diversity in BAFs significantly 

decreases during severe HABs due to the predominance of bloom-associated bacteria (e.g., 

Spingopyxis, Porphyrobacter, and Sphingomonas). The excitation-emission matrix combined with 

parallel factor analysis (EEM-PARAFAC) confirmed that filter influent affected by the severe 

HAB contained a higher portion of protein-like substances than filter influent samples during a 

mild bloom. In addition, BAF community functions showed increases in metabolisms associated 

with intracellular algal organic matter (AOM), such as lipids and amino acids, during severe 

HABs. Further ecological process and network analyses revealed that severe HAB, accompanied 

by the abundance of bloom-associated taxa and increased nutrient availability, led to not only 

strong stochastic processes in the assembly process, but also a bacterial community with lower 

complexity in BAFs. Overall, this study provides deeper insights into BAF bacterial community 

structure, function, and assembly in response to HABs.

GRAPHICAL ABSTRACT
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1. Introduction

Cyanobacteria play a critical role in recycling carbon and nitrogen as the primary producers 

in most aquatic ecosystems (Sánchez-Baracaldo et al., 2022). Harmful algal blooms (HABs) 

are massive, uncontrolled growth of cyanobacteria, which can have adverse effects on 

aquatic organisms and humans. The main concerns of water utilities facing HABs include 

deteriorated water quality by algal organic matter (AOM) containing cyanotoxins, taste 

and odor causing compounds, and the formation of disinfectant byproducts (DBPs) (Liu et 

al., 2020). Especially, in 1998, the World Health Organization proposed a drinking-water 

guideline for microcystins-LR (MC-LR), one of the most toxic cyanotoxins. Since then, 

many countries have implemented appropriate regulatory guidelines to manage the risk of 

cyanotoxins in drinking water (Ibelings et al., 2014). Meanwhile, various physical, chemical, 

and biological treatment methods have been evaluated to mitigate the global increase of 

HABs (Gallardo-Rodríguez et al., 2019; Paerl et al., 2018), but no practical solution 
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has emerged yet. For that reason, the annual recurrence of HABs still poses significant 

challenges for water utilities (Brooks et al., 2016).

Most drinking water treatment plants (DWTPs) rely on a conventional treatment process, 

consisting of coagulation/flocculation (C/F), sedimentation, filtration, and disinfection 

(Shannon et al., 2009). To manage the influx of algal cells during HABs, DWTPs have 

implemented C/F processes coupled with high doses of coagulants and pre-oxidation (e.g., 

permanganate and chlorine) (Piezer et al., 2021; Qi et al., 2021). The pre-oxidation step 

has been shown to be effective for algal cell removal by enhancing coagulation (Lin et al., 

2021). Despite its effectiveness, the treatment process requires a relatively greater amount of 

the oxidant or a longer contact time to attain satisfactory removal efficiency during heavy 

loads of algal blooms (Jia et al., 2018). This can lead to the release of additional intracellular 

AOM, including cyanotoxins, from damaged algal cells. In addition, AOM includes large 

portions of hydrophilic and low molecular weight compounds, which are difficult to be 

removed by the C/F treatment (Joh et al., 2011; Naceradska et al., 2019). Consequently, 

AOM possibly affects the downstream granular-media filtration system, which is the last 

physical unit process of a DWTP. However, much remains unknown about how filtration is 

affected during HABs.

Biologically-active filters (BAFs) with granular activated carbon (GAC) have been adopted 

for the removal of natural organic matter (NOM) and various contaminants (e.g., DBPs, 

pharmaceutically active compounds) in DWTPs (Golea et al., 2020; Kennedy et al., 2015; 

Piai et al., 2020). In BAFs, microorganisms colonized on the large surface area of GAC 

play an essential role in degrading contaminants (Yuan et al., 2022). With the development 

of next-generation sequencing technologies, recent studies have improved our understanding 

of microorganisms in terms of diversity and community structure in BAFs (Abkar et al., 

2024). These have provided us with a deeper insight into the biofilm-associated processes 

involved in the transformation of target contaminants in BAFs (Gibert et al., 2013). 

However, the underlying mechanisms are still not well understood and are considered a 

black box. Identifying ecological mechanisms and forces governing microbial assemblages 

can facilitate to unveil key parameters in managing BAF performance in DWTPs. 

Based on ecological principles, the structure of microbial communities is determined by 

deterministic and stochastic processes, which are both complex and dynamic (Chase and 

Myers, 2011; Vellend et al., 2014; Zhou and Ning, 2017). Deterministic processes are the 

result of non-random, niche-based mechanisms imposed by both environmental filtering 

(e.g., eutrophication and drought) and species interactions (e.g., mutualism, predation, 

and competition), whereas stochastic processes involve random ecological processes that 

generate chance colonization and random extinction. Previously, studies have focused on 

understanding microbial succession in natural ecosystems (e.g., soil and groundwater) 

(Ferrenberg et al., 2013; Zhou et al., 2014), demonstrating that the initial succession of 

microbial communities is governed by stochastic processes, and further determined by 

environmental factors. Hence, applying the ecological approach to engineered water systems 

can help better explain complicated microbial community assembly. To the best of our 

knowledge, however, no studies have assessed the dynamics of BAF bacterial communities, 

functional profiles, and ecological assembly processes subjected to the influence of HABs.
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The primary goal of the study was to uncover the impact of the severity of HABs on the 

dynamics of bacterial communities within BAFs, focusing on bacterial community assembly 

and function. Specifically, the specific objectives of this study were: (1) to investigate the 

bacterial community diversity and composition of BAFs during mild and severe HABs, 

(2) to examine the correlation between BAF community functions and the severity level 

of HABs, and (3) to unravel governing assembly processes shaping BAF communities and 

species interaction patterns during HABs.

2. Materials and methods

2.1. Study site, sampling, and sample analysis

The studied DWTP is located in the City of Toledo (Ohio, USA) and takes source water 

from Lake Erie, which experiences chronic HABs dominated by Microcystis. The DWTP 

utilizes conventional treatment processes, including potassium permanganate pretreatment, 

coagulation, flocculation, sedimentation, GAC/sand filtration, and chlorine disinfection. 

Field samplings were performed once a month for two consecutive years during the typical 

HAB season (July through October 2017 and 2018). National Oceanic and Atmospheric 

Administration (NOAA) annually provides information for seasonal HABs in Lake Erie 

based on the Severity Index (SI). SI is calculated by the amount of bloom biomass captured 

over the peak (for 30 days) of a bloom (Leadbetter et al., 2018). This is further correlated 

with the cyanobacteria index (CI) (Wynne and Stumpf, 2015). In the case of Lake Erie, 

the CI corresponds to Microcystis biomass, with CI of 0.001 sr−1 corresponding to 105 

cells mL−1. The calculations made in this are based on the nadir pixel view of about 

1 km by both Moderate Resolution Imaging Spectroradiometer and reduced-resolution 

Medium Resolution Imaging Spectrometer data. If the surface concentration is assumed 

to be one meter deep (the maximum depth of detection), then an accumulated CI of 1.0 

units corresponds to 1020 cells in the area (Stumpf et al., 2012). When the SI is in the range 

of 2–4, blooms were regarded as mild, with severe blooms above 4. Thus, the mild bloom 

indicates that there are <4 × 1020 cells in the area. The largest bloom observed by NOAA 

was 10.5 in 2015. According to the SI, the 2017 (SI: 8) and 2018 (SI: 3.6) bloom events 

were categorized as severe and mild HABs, respectively (Wynne et al., 2013). It should be 

pointed out that either a severe or a mild bloom caused by toxic cyanobacteria has occurred 

in Lake Erie every year since 2007 (Wynne et al., 2021).

The sampling was performed once a month from BAFs, which consisted of a layer of GAC 

(effective size: 1.0–1.2 mm). Before filter media sampling, BAFs were drained and GAC 

filter media were collected at depths of 2 and 6 in. The collected samples were stored in 

sterile bags and then transported in a cooler to the laboratory within 2 h. On the same 

day, 1 L of filter influent was also collected in a sterile container and subsamples were 

used to analyze water quality parameters. Raw water quality information of Lake Erie (e.g., 

temperature, MCs, chlorophyll, and dissolved phosphorus) was obtained from the NOAA’s 

Archived Lake Erie Water Quality and Microcystin Data (https://www.glerl.noaa.gov/res/

HABs_and_Hypoxia/wle-weekly/; accessed on Dec 1, 2019) (Table S1). The station name 

was WE12 (latitude: 44.7°, longitude: −83.26°), which was the closest station from the 

Toledo WTP intake crib (Fig. S1). Turbidity and alkalinity data were obtained from 
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the Toledo WTP. The total organic carbon (TOC) and total nitrogen (TN) of the filter 

influent samples were obtained using a TOC analyzer (TOC-VCSH, Shimadzu, Japan). The 

remaining media samples were stored at −80 °C for DNA extraction and sequencing.

2.2. Fluorescence emission-excitation matrix (EEM) spectra and parallel factor analysis 
(PARAFAC)

Fluorescence EEM spectra of collected filter influents were gathered using a 

spectrofluorometer (RF-6000, Shimadzu, Japan). Excitation wavelengths of 250–400 nm 

in 5 nm intervals and emission wavelengths of 300–600 nm in 2 nm intervals were scanned. 

Each sample was analyzed in triplicate. Deionized water was scanned for collecting blank 

EEM spectra prior to sample analyses. Inner filter effects were corrected by a matrix of 

correction factors, which were generated from the absorbance spectra (200–600 nm) of 

each sample, measured by a UV–visible spectrophotometer (UV-1800, Shimadzu, Japan). 

Fluorescence index (FIX) was obtained by the ratio of intensities between Em 450 and 500 

nm at Ex 370 nm (Jiang et al., 2022). Biological index (BIX) was the ratio of Em intensities 

at 380 nm and the intensity maximum in 420–435 nm, obtained at Ex 310 nm (DeVilbiss 

et al., 2016). The FIX provides information about the source of samples (e.g., microbial 

or terrestrial). When FIX is above 1.9, it implies that the dissolved organic matter (DOM) 

sources are dominated by microorganisms and algae. High values of BIX (>1.0) indicate that 

the DOM of samples is predominantly originated from an autochthonous source (Huguet et 

al., 2009). Data processing of 140 EEM spectra and PARAFAC modeling were performed 

and sample-specific maximum fluorescence (Fmax) was obtained using Matlab (MATLAB 

R2018a, MathWorks) and DOMFluor Toolbox (Stedmon and Bro, 2008). More details are 

available at Text S1.

2.3. DNA extraction, Illumina 16S rRNA sequencing, and sequences data processing

DNA was extracted from the GAC media samples (0.5 g) using the PowerSoil DNA 

isolation kit (Mo-Bio Laboratories, USA). DNA extracts were used to generate bacterial 

16S rRNA gene metabarcoded libraries using primers (515F-806R) targeting the V4 region 

(Caporaso et al., 2012), as described elsewhere (Kapoor et al., 2016). The libraries were 

sequenced using Illumina Miseq coupled with PE250 kits at a DNA Core facility. Raw 

sequences were processed using QIIME2 (v2019.1) (Bolyen et al., 2019). Briefly, DADA2 

was used for processing the sequences (e.g., quality filtering, denoising, merging, and 

chimera filtering) to generate unique amplicon sequence variants (ASVs). Representative 

sequences were taxonomically assigned using q2-feature-classifier based on Silva SSU 

database release 132 (Bokulich et al., 2018; Quast et al., 2013). Sequence alignment 

and construction of phylogenetic trees were conducted by q2-phylogeny. Alpha and beta 

diversity analyses were performed by q2-diversity. All sequence data have been deposited in 

the NCBI under PRJNA1040411.

To estimate the relative abundance of functional metabolic pathways, a phylogenetic 

investigation of communities was used via the reconstruction of unobserved states 

(PICRUSt2) that yielded pathway abundance output based on the Kyoto Encyclopedia 

of Genes and Genomes (KEGG) and Clusters of Orthologous Groups (COG) databases 
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(Douglas et al., 2020). For pathway profile visualization and comparison, the software 

STAMP was used (Parks et al., 2014).

Microbial ecological networks at genus level were constructed to reveal the bacteria 

associations in response to HABs within BAF communities using SPIEC-EASI package 

(1.0.2) (Kurtz et al., 2015). For the network construction, the sparse graphical lasso-based 

setting was used, and optimal sparsity parameter was selected based on the Stability 

Approach to Regularization Selection (StARS) with a variability threshold of 0.05 for all 

networks(Liu et al., 2010). The interactive platform Gephi (0.9.2) Bastian et al. (2009) 

was used to visualize the network maps and obtain network-based topological properties, 

such as modularity and clustering coefficient (Mendes et al., 2018). A modularity value 

represents how well the constructed network is separated into modules, where the value 

is proportionally correlated with an extent of niche differentiation. Betweenness indicates 

how many times a node acted as a bridge between two other nodes on their geodesic 

or shortest path. Average clustering coefficient is used to indicate the complexity of the 

network (Deng et al., 2012). Generally, the more complex a network is, the stronger the 

microbial interaction is.

In general, community assembly is governed by a combination of stochastic and 

deterministic processes (Adler et al., 2007). To examine the relative contribution of 

community assembly processes in BAFs under HABs, normalized stochasticity ratio (NST) 

was estimated with the NST package (Ning et al., 2019). This approach employs Bray-

Curtis metrics for NST calculation. The principle of NST is assessing stochasticity through 

a comparison of the observed dissimilarity in community structures with the random 

patterns generated by a null model. The permutational multivariate analysis of variance 

(PERMANOVA) test was conducted on the model analysis with 999 permutations (N = 

999). NST values, which range from 0 to 1, serve as indicators of the processes governing 

community assembly. A value above 0.5 indicates that the assembly is largely influenced by 

stochastic forces. Conversely, a value below 0.5 indicates a system in which deterministic 

processes are more dominant than stochastic ones.

2.4. Statistical analysis

Principal coordinate analysis (PCoA) was performed after constructing weighted UniFrac 

distance matrices based on the phylogenetic tree. Non-metric multidimensional scaling 

(NMDS) analysis based on Bray-Curtis distances was used to ordinate the BAF samples 

using the R package Vegan (2.5) and relationships between environmental factors and ASVs 

were examined after permutation (n = 999).

3. Results

3.1. Water characteristic parameters of original lake water and filter influent

The filter influent samples were obtained before collecting filter media, and their water 

quality parameters were analyzed (Table 1). During the severe HAB period, temperature 

decreased from 23.8±1.2 °C (July) to 18.2±1.9 °C (October). Turbidity ranged from 0.3±0.1 

NTU to 0.6±0.1NTU, and no MC was found. TOC remained at 1.2±0.3 mg/L, but TN 
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decreased from 1.0±0.3 mg/L to 0.1±0.05 mg/L. In the case of alkalinity, it increased from 

43.5±4.3 mg/L in July to 52.2±7.3 mg/L in September, before dropping back down to 

46±3.9 mg/L in October. For pH, it remained between 9.7±0.2 and 9.61±0.2. Compared to 

the severe HAB, no significant differences were observed during the mild HAB.

During the same time period, data from the buoy located closest to the intake crib of the 

DWTP and the laboratory at the DWTP monitored various parameters of Lake Erie (Table 

S1). Among these parameters, the concentration of particulate MC-LR showed a gradual 

increase starting in July, reaching its peak at 3.09±3.11 μg/L in September during the 

severe HAB. A similar pattern was observed during the mild HAB, with the concentration 

increasing to 1.47±0.16 μg/L in August before decreasing in September. A more significant 

contrast between the two HABs was evident in the case of phycocyanin and chlorophyll 

a. During the severe HAB, phycocyanin increased substantially from 1.18 ±0.85 μg/L to 

141±263 μg/L, whereas in the mild HAB, it showed an increase from 2.23±2.68 μg/L to 

11.4±3.57 μg/L. Likewise, chlorophyll a increased to 62.2±79.8 μg/L in September during 

the HAB, while the highest recorded in mild HABs was 19.0±3.13 μg/L. Overall, a notable 

distinction was observed between the two HABs in the source water, with the severe HAB 

reaching their peak in September.

3.2. Changes in fluorescence components of filter influent during HABs

Based on the EEM spectra data, FIX and BIX were obtained to characterize the source 

of DOM in filter influent (Fig. S2). The FIX values for the samples were >1.9, indicating 

that DOM of filter influent samples during both HABs was predominantly originated by 

microorganisms and algae. The BIX represent the contribution of autochthonous DOM. In 

the study, the samples from August were >1.0, indicating that they were mostly associated 

with an autochthonous DOM. Except for the FIX in July, the greater values were observed 

for severe HAB.

Using PARAFAC, 140 EEM spectra collected from filter influent samples of the DWTP 

during HABs were modeled. As illustrated in Fig. S3, four components were identified by 

the PARAFAC analysis. Component 1 (C1) was made up of a single peak at Ex/Em (300 

nm/420 nm) (Table 2), representing a low molecular weight marine humic-like substances 

(Jaffé et al., 2014). Component 2 (C2) was characterized by two excitation maxima at 

270 nm/370 nm with the emission maxima at 466 nm, which is related to high molecular 

weight terrestrial humic-like substances (Wünsch and Murphy, 2021). Component 3 (C3) 

and Component 4 (C4) had a fluorescent peak of Ex/Em at 280 nm/322 nm and 250 nm/308 

nm, respectively. These components are related to protein-like substances. C3 is associated 

with tryptophan-like substances while C4 is related to tyrosine-like substances (Chen et al., 

2003; Villacorte et al., 2015). As shown in Fig. 1, the Fmax values for C1 and C2 (humic-

like substances) showed similar trends at the two different HAB conditions. C1 (marine 

humic-like substances) was more abundant than C2 (terrestrial humic-like substances) in 

filter influent. Meanwhile, we found that C3 and C4 (protein-like substances) showed 

relatively higher Fmax values in the severe HAB than in the mild HAB, with the exception 

of the October sample. In addition, the sharp spike of Fmax value for C3 (tryptophan-like 

substances) was observed in August. It’s important to note that samplings were conducted 
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during the last week of the month. As severe bloom lasted through the end of August to 

mid-September, higher AOM components were observed in the August sample.

3.3. Bacterial compositions and phylogenetic dynamics of BAF microbiota during HABs

A total of 279,816 high-quality filtered sequences for GAC filter media samples were 

retrieved by Illumina high-throughput sequencing. Proteobacteria predominated during both 

HAB seasons (85.5±8.8% for severe HAB and 75.2±4.4% for mild HAB; Fig. 2A). The 

highest relative abundance of Proteobacteria was observed during the severe HAB (i.e., 

95.1% in September and 85.6% in August). Acidobacteria (2.32±0.1%), Bacteroidetes 

(8.0±2.6%), Nitrospirae (4.7±2.0%), and Plantomycetes (6.7±2.8%) were prevalently 

enriched during the mild HAB. At the class level (Fig. 2B), Alphaproteobacteria was 

the most abundant group in all samples, showing a similar abundance pattern as that of 

Proteobacteria. Alphaproteobacteria in the severe HAB reached its maximum in September, 

accounting for 88.0±0.5%, and its minimum in July with 52.7±5.3%. For the mild HAB, its 

abundance ranged from 52.2% to 58% over the sampling period. Gammaproteobacteria was 

the second most abundant class, with 11.7±6.3% (severe HAB) and 16.0±6% (mild HAB).

At the genus level (Fig. 2C), Sediminibacterium (2.81% and 3.91%), Rhizorhapis (3.77% 

and 4.81%), Hyphomonas (2.85% and 3.22%), SWB02 (3.5% and 3.0%), and Methylotenera 
(8.67% and 9.72%) were enriched in July during the severe and the mild HABs, 

respectively. In August, Sphingopyxis was dominant with a relative abundance of 33.8%, 

but later decreased to 3.9±2.2% in September and October. In contrast, its average relative 

abundance during the mild HAB was consistently low at 3.49±1.7%. In September, bacterial 

communities were dominated by Porphyrobacter during the severe HAB, with a relative 

abundance of 59.9% and 20.0% at the 2 and 6-in. GAC layers, respectively. In October 2017, 

Bosea, Sphingomonas, and Hydrogenophaga were dominant with averages of 5.2±1.8%, 

25.8±0.8%, and 2.3±0.3%, respectively. On the other hand, Reyranella was enriched 

(6.0±1.2%) from August to October 2018 in the mild HAB.

To further compare the phylogenetic relationship of bacterial communities developed in 

BAFs during HABs, alpha and beta diversity analysis were performed (Fig. 2D). The 

overall alpha diversity analysis revealed that indices such as phylogenetic diversity, chao, 

and Shannon significantly decreased during the severe HAB but were relatively stable 

for the mild HAB (Fig. 2D and Table S2). PCoA based analysis on weighted Unifrac 

dissimilarity (beta diversity) showed two distinct groups (Fig. 2D). Samples from the mild 

HAB were clustered together on the right, while those from the severe HAB were gathered 

in the middle, with the exception of July samples. This result indicates that the community 

structure is initially similar, but shifts in significantly different directions due to the impact 

of the severe HAB. Additionally, given the differences in the community structure, NMDS 

analysis was performed to examine which environmental variables drove the shape of BAF 

bacterial community during HABs (Fig. S4).

3.4. Functional profiles of HAB-impacted microbiomes in BAFs

Functional pathways of filter media samples were predicted by PICRUST2 to compare 

functional characteristics of bacteria communities in BAFs under the two distinct HABs. 
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Based on differences in functional abundance average (p < 0.01), we obtained 28 

differentially-abundant KEGG pathways (Fig. 3). Higher gene abundance involved in 

lipid metabolism (fatty acid degradation, synthesis and degradation of ketone bodies) was 

predicted under the severe HAB. Moreover, gene functions related to the amino acid 

degradation/metabolism categories such as valine/leucine/isoleucine/lysine degradation and 

tryptophan/glutamine/glutamate metabolism were also high compared to the mild HAB. 

Meanwhile, abilities for D-arginine/D-ornithine metabolism, biosynthesis of vancomycin 

group antibiotics, lipopolysaccharide biosynthesis, and bacterial chemotaxis were higher in 

the mild HAB.

3.5. Network topological features and modular structure of bacterial communities in 
BAFs

Two SPIEC-EASI-based networks were constructed to explore the ecological interaction of 

co-occurring species in BAF microbiomes under the two different HAB conditions (Fig. 

4). The topological features of the obtained networks are summarized in Table 3. Briefly, 

157 nodes with 286 edges and 266 nodes with 1058 edges were obtained for the severe 

and the mild HABs, respectively. The network of the mild HAB showed higher connections 

per node (average degree: 4.01) but longer network distances (average path length: 3.03). 

Both networks presented high modularity (> 0.4) and were composed of modules (12 for 

severe HAB and 8 for mild HAB), indicating that the connections between communities 

were strong (Newman and Girvan, 2004). However, the mild HAB-associated network 

was more complex with higher average degree, average clustering coefficient, and average 

betweenness.

3.6. Predicting bacterial community assembly patterns associated with HABs in BAFs

Since the severe HAB had significant impacts on bacterial diversity and composition 

in BAFs, the major forces shaping bacterial community composition and structure were 

examined (Fig. 5). Analysis results revealed that all samples had an NST value of 0.5 or 

higher, indicating that stochastic processes were the major process across the period of 

HABs in bacterial community assembly. Moreover, the average NST for the severe HAB 

was 0.82±0.09, whereas it was 0.65±0.05 for the mild HAB. This suggests that community 

assembly in BAFs is more influenced by the stochastic processes within the severe HAB 

compared to the mild HAB. While the contribution of stochastic processes exhibited 

dynamic changes under both HAB conditions, the prevalence of stochastic processes tended 

to rise consistently from July to September. In particular, the highest NST values were 

observed in September, reaching 0.92 for the severe HAB and 0.71 for the mild HAB, 

respectively.

4. Discussion

4.1. Bacterial community dynamics of BAF media during HABs

In this study, we observed a gradual decrease of bacterial community diversity in BAFs 

during the severe HAB, while no significant reduction was found in the mild HAB (Fig. 2D). 

Specifically, we found that the severe HAB significantly influenced the bacterial community 

composition in BAFs through the enrichment of bloom-associated taxa. For example, 
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Sphingopyxis accounted for 33% of the community composition in the August sample under 

the severe HAB (Fig. 2C). Several species within this genus become dominant by degrading 

MC-LR during a bloom event (Zhang et al., 2020b). In this respect, they proliferated rapidly 

due to a high concentration of MCs in August, leading to the accumulation of the genus 

in BAFs. Later, however, the relative abundance of Sphingopyxis significantly decreased to 

3.3% in September. This may be because the nutrients for the genus were limited in both 

source water and BAFs. It should be noted that MCs were not detected in filter influent 

during the mild and severe HAB (Table 1).

Meanwhile, Porphyrobacter was dominant (59.9% and 20% at 2 in. and 6 in., respectively) 

in September 2017 when the bloom was severe and fully developed. Porphyrobacter 
has been suggested to stimulate Microcystis aeruginosa to release extracellular polymeric 

substances, which make cyanobacteria aggregated with heterotrophic bacterial cells by 

forming colonies (Yan et al., 2021). Thus, the predominance of Porphyrobacter indicates that 

a more condensed bloom was formed by cyanobacterial colonies in September compared 

to August. These results were validated by the data obtained from NOAA which indicated 

that in 2017, the severe bloom continued from late August to mid-September. In addition, 

the relative abundance of Sphingomonas also significantly increased from September to 

October (7.9±4.2% to 25.8±0.8%) during the severe HAB. Compared to Sphingopyxis and 

Porphyrobacter, the genus was dominant in BAFs even after the end of blooms. Since 

the genus Sphingomonas has abilities like assimilating various complex organic carbons 

in low-nutrient conditions and forming biofilms (Jeong et al., 2016; Sun et al., 2013), its 

predominance indicates that the genus survives in conditions where biotic (e.g., competition 

for nutrient acquisition) and abiotic stresses (e.g., regular backwashing with chlorinated 

water for BAFs) coexist. While the dominance of these genera, including Porphyrobacter, 
was temporary, they are known to possess the ability to degrade MCs (McCartney et al., 

2020). Consequently, future BAF studies should investigate their potential as biomarkers for 

HABs and their role in degrading secondary metabolites, including MCs.

4.2. Functional pathways of BAF bacterial community during HABs

Environmental factors such as source water quality, process configurations, and filter media 

type are known to influence the bacterial community structure and function in BAFs (Hu 

et al., 2020; Vignola et al., 2018). In this study, we demonstrated that the severe HAB 

event creates circumstances where the portion of AOM-related compounds increases in filter 

influent. Further analyses by PICRUST2 revealed that the severe HAB affected the bacterial 

community function, which possibly corresponded to the utilization of AOM in BAFs (Fig. 

3). For example, gene proportions for lipid metabolism (the fatty acids degradation and the 

synthesis and degradation of ketone bodies) in the severe HAB were higher than in the mild 

HAB. Generally, fatty acids are converted to acetyl-coenzyme A (CoA) by β-oxidation and 

then the produced acetyl-CoA is used to synthesize ketone bodies, which are one of the 

vital energy sources for all domains (i.e. Archaea, Eukarya, and Bacteria) (Puchalska and 

Crawford, 2017). It should be noted that fatty acids and nitrogen-containing compounds 

are abundant in DOM from lysed Microcystis sp. (Gonsior et al., 2019). Therefore, it can 

be inferred that the increased lipid metabolism in the severe HAB may be linked to the 

production of fatty acids from Microcystis sp.
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In addition, a noticeable increase in functional abundance during the severe HAB was 

observed in amino acid degradation and tryptophan metabolism. Within intracellular AOM 

of Microcystis sp., tryptophan-like fluorophores constitute >70% of total component 

fraction, followed by approximately 20% of terrestrial humic-like material (Lee et al., 2018). 

In this study, we observed the high intensity of C3 (tryptophan-like substances) in the severe 

HAB (especially in August), but no distinctive increase of C2 (humic-like substances) was 

not detected (Fig. 1). The major reason for the low C2 may be because large carbonaceous 

organic compounds such as humic-like and fulvic-like substances are efficiently removed by 

C/F process, while low molecular weight substances (<1 kDa) remain during the process 

(Lin et al., 2018; Yang et al., 2019). Furthermore, considering that lysine, arginine, valine, 

and glutamine are major amino acids in the cellular organic matter of Microcystis sp., we 

conclude that the enhanced metabolisms at the severe HAB are closely correlated with 

intracellular AOM uptake by BAF bacterial community (Wang et al., 2023).

4.3. BAF community assembly and bacterial interactions during HABs

Our results revealed that community assembly in BAFs was mostly driven by stochastic 

processes in the period of HABs (Fig. 5). These are in line with a recent study demonstrating 

that stochastic processes were more closely associated with BAF bacterial community 

dynamics and assembly than deterministic processes throughout the annual monitoring 

period (Li et al., 2021). In addition, compared to the mild HAB, stochastic processes 

significantly increased from August to September at the severe HAB. There are several 

possible reasons for the high contribution of stochastic processes during the severe HAB. 

Firstly, nutrient input is believed to generate stochastic variations by increasing ecological 

drift while weakening niche-selection (deterministic) (Chase and Myers, 2011). Given that 

the fraction of AOM-associated substances in source water was relatively high during the 

severe HAB, it is presumed that the presence of AOM, an easily biodegraded substrate, 

contributed to the increase of stochasticity by enhancing ecological drift (via stimulating the 

growth of various bacteria) and undermining niche selection (via reducing competitions for 

resources). Another reason is the influence of taxa arriving randomly via dispersal on the 

BAF bacterial community. Previous studies showed that sudden changes in environmental 

conditions, such as river water intrusion into an aquifer, can be a factor in opening new 

niches by hindering or erasing resident taxa, and thus randomly arrived taxa can fill the 

niches, promoting the relative contribution of stochastic processes (Fillinger et al., 2021; 

Shade et al., 2012). Accordingly, the massive appearance of various bloom-associated 

bacteria (e.g., Spingopyxis, Porphyrobacter, and Sphingomonas) accompanying with the 

decrease of alpha diversity is undoubtedly deemed as the sudden changes in bacterial 

community composition. This may lead to increasing the influence of stochastic processes 

during the severe HAB. Lastly, the network developed during the mild HAB exhibited 

a more clustered distribution than that formed during the severe HAB (Fig. 4). This 

indicates that deterministic processes contributed more to the network established in the 

mild HAB, compared to the severe HAB (Xu et al., 2019). Moreover, the analysis results 

(higher modularity with lower average degree and clustering coefficient) in the severe 

HAB implies the creation of high niche differentiation, which occurs in weaker interactions 

among microorganisms (Lin et al., 2017). It is noteworthy that direct (e.g., competition 

and mutualism) and indirect (e.g., shared niches) interactions between species represent 
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deterministic processes, rather than stochastic processes (Barberan et al., 2012´ ). As a 

result, deterministic processes are expected to contribute more to community assembly than 

stochastic processes during the mild HAB in BAFs.

The network structure from communities with the severe HAB had smaller, but more 

numerous modules, while communities with the mild HAB had more complex, but fewer 

modules (Table 3). When the environment is harsh and nutrient availability is limited, 

microorganisms tend to have complex interactions because they are likely to be dependent 

on nutrient acquisition (Zhang et al., 2020a, 2020b). Nutrient availability especially becomes 

a more important driving force affecting the community network structure than other 

physicochemical parameters (e.g., temperature) of filter influent in summer (Li et al., 2021). 

Therefore, our result could be interpreted as that more nutrient availability during the severe 

HAB resulted in the formation of less complex networks.

5. Engineering implications

With an annual reoccurrence of HABs in aquatic ecosystems worldwide, there are still 

no standard guidelines for DWTPs utilizing the conventional treatment train to control 

cyanobacterial cells and cyanotoxins. Our findings can offer insight into understanding the 

ecological effects of severe HABs on BAF community structure and function, and can 

help optimize BAF-based treatment processes for DWTPs impacted by HABs. While the 

severe HAB significantly decreased bacterial community diversity of BAFs, we identified 

various bloom-associated bacteria, including potential MC-degraders that colonized the 

GAC filter media. A previous study on cyanotoxin removal in BAFs showed that initial 

breakthrough of MC-LR occurred right after the injection of 5 μg/L of MC-LR at a slow 

filtration condition (Jeon et al., 2020). Similarly, it took approximately 7 days (including 

3 days of lag time) to completely remove 20 μg/L of MC-LR in a sand filter (Ho et al., 

2006). These results indicate that indigenous bacterial communities in BAFs may require 

adaptation time for MC removal. In this study, we showed that potential MC-degrading 

bacteria, such as Sphingopyxis sp. and Sphingomonas sp., can be enriched in BAFs. Thus, 

a bioaugmentation approach can be considered to prevent the initial outbreak of MCs in the 

early stage of HABs. However, more studies focused on elucidating the relationship between 

the abundance of immigrated MC-degraders from source water and MC-LR removal, and 

the effect of operational conditions (e.g., backwashing and flow rate) on their adaptability in 

BAFs are required in the future.

In general, taxonomically diverse communities comprising unique members are functionally 

redundant but they are critical to maintain system function and stability against 

environmental stress (e.g., pH, substrate, and temperature) (Xue et al., 2018). In this work, 

bacterial diversity in BAFs significantly decreased during the severe bloom by stochastic 

events such as immigration. This may negatively affect treatability of AOM by decreasing 

the system function and stability (Zhang et al., 2020a, 2020b). The PICRUST result revealed 

that that microorganisms in BAFs can utilize AOM-associated compounds, but further 

studies focusing on how the diversity and functional stability in BAF bacterial communities 

are correlated with the performance of BAFs for AOM removal during HABs are required.
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The major shift in physiochemical and community structures of biofilms may occur when 

the bacteria in the BAFs are introduced to a new nutrient source, AOM (Li et al., 2019, 

2021). This alteration is anticipated to intensify biological activity, resulting in increased 

biofilm formation in BAF (Jeon et al., 2020; Li et al., 2019). Extracellular polymeric 

substances (EPS), comprising approximately 90% of the biofilm, primarily consist of 

proteins, polysaccharides, and nucleic acids, which can provide a protective barrier against 

disinfection Previously, BAFs have been linked to the release of EPS and other biofilm 

compounds, such as detached biofilm clusters, into the effluent, impacting both biological 

and chemical stability in drinking water distribution systems (DWDSs) (Pinto et al., 2012; 

Li et al., 2020; Wang et al., 2021; Xue et al., 2014). During disinfection, released EPS and 

biofilm components may consume disinfectants and act as precursors for the formation of 

carbonaceous DBP (C-DBP) and N-DBP (Wang et al., 2012, 2013). Studies have indicated 

that a higher organic nitrogen content within biofilms tends to promote the formation of N-

DBPs, which are significantly more toxic than C-DBPs (Pérez and Susa, 2017; Wang et al., 

2021). Additionally, more recent studies reported that unremoved AOM could contribute to 

the formation of DBPs and microbial biofilms in DWDSs (Li et al., 2019, 2020). Therefore, 

characterizing BAF communities and functions during the HABs would assist the DWTP 

operator in predicting the performance of BAF and effluent water quality. Furthermore, 

careful monitoring of the water quality of BAF effluent, along with the optimization of BAF 

operation, will be crucial for the DWTP to minimize the release of biofilms and potential 

DBP formation while complying with current regulatory requirements for BAF systems 

(Korotta-Gamage and Sathasivan, 2017; Liu et al., 2017).

6. Conclusions

The main conclusions of this study are as follows:

• Bacterial community structure in BAFs was closely linked to the bloom severity 

level and bloom progression. Accordingly, bacterial diversity in BAFs decreased 

with selective enrichment of bloom-associated bacteria (e.g., Spingopyxis, 

Porphyrobacter, and Sphingomonas) during the severe HAB, while it was stable 

under the mild HAB.

• The severe HAB increased the portion of protein-like substances in filter 

influent. In addition, metabolism associated with the utilization of lipids and 

amino acids in BAF community function was more enriched at the severe HAB 

compared to the mild HAB.

• Stochastic processes played more important roles in driving the community 

assembly in BAFs and the relative contribution of stochastic processes 

significantly increased during the severe HAB.

• The severe HAB lead to the development of less complex networks from the 

BAF communities by providing more nutrients associated with AOM, compared 

to the mild HAB.
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HIGHLIGHTS

• Effects of HAB severity on bacterial community structure in BAFs were 

examined.

• Dominance of bloom-associated bacteria was observed in BAFs during the 

severe HAB.

• Severe HAB led to increased metabolism of bacteria related to AOM 

utilization.

• Community assembly processes were mainly governed by stochastic 

processes in BAFs.

• The relative contribution of stochastic processes increased during the severe 

HAB.
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Fig. 1. 
The Fmax values of C1 (marine humic-like substances) (A), C2 (terrestrial humic-like 

substances) (B), C3 (tryptophan-like substances) (C), and C4 (tyrosine-like substances) (D) 

in filter influent under the severe (blue) and the mild (red) HABs.
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Fig. 2. 
Taxonomic and diversity analysis of bacterial communities at the WTP filtration system 

during the severe and the mild HABs. Relative abundance of bacterial community 

composition at Phylum (A) and Class level (B). The heatmap of genera with relative 

abundances >2% (C) (Both family and genus levels are shown. If the genus level is not 

available, only the family level is displayed). Differences in alpha and beta diversity (D); 

evenness (dot plots, left vertical axis) and Faith’s PD (bar graphs, right vertical axis) (top) 

and plot of principal coordinate analysis (PCoA) of the microbial communities based on the 

weighted Unifrac distance (bottom).
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Fig. 3. 
Comparison of functional pathway abundances in BAFs during the severe (blue) and the 

mild (red) HABs. The left panel indicates the relative abundance of the predicted functional 

pathways, and the right panel shows the mean differences at the 95% confidence interval 

with p-values (<0.01).
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Fig. 4. 
Networks of BAF bacterial communities during the severe (left) and the mild HABs (right). 

Each node represents taxa affiliated at phylum level (based on 16S rRNA), and edges 

between nodes represent a predicted interaction. The size of node is proportional to the 

number of connections (i.e. degree).
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Fig. 5. 
The assembly progresses governing the BAF over the period of severe and mild HABs, 

represented by the estimated NST over examined time points; severe HAB (blue) and mild 

HAB (yellow). A threshold of 0.5 distinguishes between more deterministic (<0.5) and more 

stochastic (>0.5) processes.
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Table 2

Spectral characteristics of the four components obtained by PARAFAC in the study and their comparison with 

previously identified components.

Component Coordinate intervals (ex/em) 
(nm)

Description and source assignment

C1 320/394 Marine humic-like substances (Yamashita et al., 2008)

C2 270 (370)/466 Terrestrial humic substances (Murphy et al., 2008; Stedmon et al., 2003)

C3 280/322 Proteins, tryptophan-like substances including autochthonous protein-like substances (Chen et 
al., 2003; Stedmon and Markager, 2005a,b)

C4 250/308 Protein, Tyrosine-like substances (Murphy et al., 2011)
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Table 3

Topological properties of WTP filter microbiome networks.

Severe HABs Mild HABs

Number of nodes 157 266

Number of edges 286 1058

Network diameter 5 12

Average path length 1.89 3.03

Average degree 1.81 4.01

Modularity 0.68 0.51

Module number 12 8

Average clustering coefficient 0.20 0.23

Average betweenness 282.32 350.69

Eigenvector centrality distribution 0.033 0.046
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