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Highlights 

 Microbial communities at the opposite ends of a biofilter are compositionally different  

 The bottom community shows greater network complexity  

 Both communities can rapidly degrade labile carbon fractions 

 Complex, refractory carbon degradation is exclusive to the bottom community 
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ABBREVIATIONS 

DOM: Dissolved Organic Matter 

DOC: Dissolved Organic Carbon 

DON: Dissolved Organic Nitrogen 

BP: Biopolymer 

HS: Humic Substances 

BB: Building Blocks 

LMWN: Low Molecular Weight Neutrals 

LMWA: Low Molecular Weight Acid 

GAC: Granular Activated Carbon 

LC-OCD: Liquid Chromatography-Organic Carbon Detector 

TOC: Total Organic Carbon 

NTI: Nearest Taxon Index 

PBS: Phosphate Buffer Saline 

PES: Polyethersulfone 
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HSD: honestly significant difference 

PCoA: Principal Coordinates Analyses 

ABSTRACT 

Biofiltration is a low-cost, low-energy technology that employs a biologically activated bed of 

porous medium to reduce the biodegradable fraction of the dissolved organic matter (DOM) pool 

in source water, resulting in the production of drinking water. Microbial communities at different 

bed depths within the biofilter play crucial roles in the degradation and removal of dissolved 

organic carbon (DOC), ultimately impacting its performance. However, the relationships between 

the composition of microbial communities inhabiting different biofilter depths and their utilisation 

of various DOC fractions remain poorly understood. To address this knowledge gap, we conducted 

an experimental study where microbial communities from the upper (i.e., top 10 cm) and lower 

(i.e., bottom 10 cm) sections of a 30-cm long laboratory-scale biofilter were recovered. These 

communities were then individually incubated for 10 days using the same source water as the 

biofilter influent. Our study revealed that the bottom microbial community exhibited lower 

diversity yet had a co-occurrence network with a higher degree of interconnections among its 

members compared to the top microbial community. Moreover, we established a direct correlation 

between the composition and network structure of the microbial communities and their ability to 

utilise various DOM compounds within a DOM pool. Interestingly, although the bottom microbial 

community had only 20% of the total cell abundance compared to the top community at the 

beginning of the incubation, it utilised and hence removed approximately 60% more total DOC 

from the DOM pool than the top community. While both communities rapidly utilised labile 

carbon fractions, such as low-molecular-weight neutrals, the utilisation of more refractory carbon 

fractions, like high-molecular-weight humic substances with an average molecular weight of more 

than ca. 1451 g/mol, was exclusive to the bottom microbial community. By employing techniques 
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that capture microbial diversity (i.e., flow cytometry and 16S rRNA amplicon sequencing) and 

considering the complexities of DOM (i.e., LC-OCD), our study provides novel insights into how 

microbial community structure could influence the microbial-mediated processes of engineering 

significance in drinking water production. Finally, our findings could offer the opportunity to 

improve biofilter performances via engineering interventions that shape the compositions of 

biofilter microbial communities and enhance their utilisation and removal of DOM, most notably 

the more classically humified and refractory DOM compound groups.  

 

INTRODUCTION  

Dissolved organic matter (DOM) is a complex mixture of organic compounds derived from diverse 

biological and physical processes (McDowell, 2022). DOM in water is commonly quantified using 

the elemental content of its collective components, for example, in the form of dissolved organic 

carbon (DOC) or dissolved organic nitrogen (DON) concentrations (Yates et al., 2019). DOM is 

ubiquitous at measurable concentrations in both groundwater and surface water, which are the 

main sources of drinking water. DOM reduces the biostability of drinking water, promotes the 

growth of microorganisms within water distribution systems, and leads to the formation of 

undesired disinfection by-products (DBP) during disinfection (Kaarela et al., 2021; Park et al., 

2016). Effective reduction of DOM concentration early in the drinking water treatment train is of 

paramount importance.  

Biofilters are widely used to remove DOM from the source water before the final stages of 

disinfection and distribution. These systems do not uniformly eliminate all DOM compound 

groups within the DOM pool. While certain compounds, such as sugars, amino acids, and organic 

acids, prove easily usable by microbial communities, the larger polymeric compounds are typically 
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more resistant to biological degradation, thus potentially requiring the participation of diverse 

microbial populations and complex enzymatic hydrolysis for their breakdown (Chróst and Rai, 

1993). Studies focusing on both surface water and groundwater microbial communities have 

established direct relationships between the compositions of a microbial community and its ability 

to utilise distinct compounds within the DOM pool (Logue et al., 2016; Wu et al., 2018). While 

the various populations within a given microbial community might exhibit preferences for utilising 

specific DOM compounds (Chen et al., 2023), from a collective standpoint, microbial communities 

tend to initially prioritise the utilisation of relatively labile DOM only to turn towards more 

refractory DOM when the labile reservoirs are depleted (Vignola et al., 2023; Wu et al., 2018). 

The (bio)transformation of DOM imposes a selective pressure upon microbial communities, 

prompting adaptive responses that drive the succession of the microbial community towards a 

composition capable of utilising a wide spectrum of DOM fractions encompassing both labile and 

refractory constituents (Ortega-Retuerta et al., 2021; Wu et al., 2018). In the context of biofilters, 

although direct evidence may be limited, prior investigations have postulated a discernible link 

between the compositions of the biofilter microbial community and its ability to preferentially 

utilise specific DOM fractions (e.g., specific trihalomethane precursors) and adapt to changing 

constituents present within the DOM pool (Vignola et al., 2018b).  

In recent years, great efforts have been undertaken to study the complex compositions of 

the biofilter microbial community and its assembly processes throughout the operational lifespan 

of biofilters (Chen et al., 2021a; Li et al., 2021), as well as to elucidate the influential engineering 

factors shaping their assembly (Ma et al., 2020; Moona et al., 2021). While the biofilter microbial 

community compositions and taxa distributions tend to be site- and study-specific, many have 

shown a ubiquitous ecological pattern characterised by a distinct stratification of the microbial 
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community within the biofilter along the bed depth that encompasses variations in microbial 

abundance, diversity, and composition (Boon et al., 2011; Chen et al., 2021b). However, to our 

knowledge, no explicit investigations have yet discerned a direct association between the stratified 

compositions of microbial communities at distinct biofilter bed depths and their capability to utilise 

specific DOM compound groups. A better understanding of the complex and dynamic interplay 

between the biofilter bed depths, the compositions of microbial communities inhabiting these 

niches, and their functional traits to selective and preferential use  diverse DOM compounds holds 

the key to designing innovative and more efficient biofilters and improving the current practices 

for DOM management in safe drinking water production. 

To fill this knowledge gap, the research here aims to determine if and how the 

compositional stratification of the microbial communities over the depth of a biofilter correlates 

to their functional traits of utilising different DOM fractions within a given DOM pool. We 

collected GAC material colonised by microbial communities from the upper (top 10 cm) and lower 

(bottom 10 cm) segments of laboratory-scale GAC biofilters (30 cm) that had been in continuous 

down-flow operation for a period of 12 weeks. We incubated the recovered GAC material from 

the two sections in separate batch-mode incubation lasting 10 days. During the incubation, we 

analysed the two different microbial communities by comparing their composition and co-

occurrence networks. This allowed us to identify differences in diversity, composition, and co-

occurrence network structure, leading to implications about their respective functionality in 

utilising different DOM fractions. Additionally, we monitored cell abundance on the GAC surface 

and changes in the concentrations of various DOM fractions. This provided direct evidence of the 

two communities’ contrasting behaviour in utilising different DOM fractions, validating the 

functionality implications drawn from our microbial community analysis. 
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MATERIAL AND METHODS 

Laboratory-scale biofilter operation and GAC collection 

Three laboratory-scale biofilters packed with GAC (Norit® GAC 1240), each with a length of 30 

cm and 2.6 cm internal diameter, were operated in a down-flow mode for 12 weeks at room 

temperature with an empty bed contact time (EBCT) of 3 hours. The water used for the biofilter 

operation was sourced from a local freshwater reservoir (Pateshill Water Treatment Works, 

Scottish Water, United Kingdom). Immediately upon collection, the water was filtered through 10 

µm polypropylene cartridge filters (Spectrum, UK) and stored in acid-washed and 18.2 M Ohm 

deionised water rinsed jerry cans at 4 ℃ until its use. Upon the completion of the 12 weeks of 

operation, the biofilters were disassembled, and the GAC from both the upper (0-10 cm) and lower 

(20-30 cm) segments of each biofilter was recovered separately. The recovered GAC was then 

transferred to 15 mL centrifuge tubes and centrifuged at 5000 rpm to remove pore water. Thereafter, 

the GAC from the upper and lower sections of all biofilters were pooled separately into 50 mL 

centrifuge tubes, yielding two separate batches of GAC, herein referred to as “TOP” and “BOT”, 

respectively. To ensure the GAC samples remained adequately hydrated throughout the storage 

process, 5 mL of sterile Phosphate Buffered Saline (PBS; pH=7.2) was added to each 50 mL 

centrifuge tube containing the pooled GAC. The tubes were gently agitated and inverted by hand 

to homogenise the GAC. The homogenised GAC samples were stored at 4 ℃ for approximately 1 

month until further use.  
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Experiment set-up 

The experimental design employed a sacrifice batch incubation approach. The treatment groups, 

referred to as the T groups, were prepared by dispensing 1 g of GAC from TOP or 3.5 g of GAC 

from BOT into 125 mL serum bottles filled with 60 mL of pre-filtered water as the incubation 

medium. The water was obtained from the same reservoir used for the biofilter operation, filtered 

through 10 µm polypropylene cartridge filters on-site, stored at 4 °C in jerry cans, and filtered 

through 0.2 µm polyethersulfone (PES) membrane filters (Fisher brand, UK) before use. The 

medium was further amended with ammonium sulphate ((NH4)2SO4) and PBS to reach a C: N: P 

mass ratio of approximately 100:10:2. This ensures the amount of N, P contents in the medium 

were higher than the required amount to reach an ideal C: N: P mass ratio of 100: 7: 1 (Qin and 

Hammes, 2021), thus avoiding limiting the microorganisms with nitrogen or phosphorus. Different 

weights of GAC were used for TOP and BOT bottles to allow a similar total number of cells 

between the two groups at the beginning of the experiment. This adjustment ensured that any 

observed difference in diversity, composition, and DOM removal efficiency between the TOP and 

BOT batches during the study could not be attributed to disparities in their initial biomass (Cao et 

al., 2022). The serum bottles were sealed with autoclaved butyl rubber stoppers, and a needle was 

pierced through the rubber stopper with a 0.2 µm PES membrane filter installed to allow for air 

exchange between the headspace of the serum bottles and the atmosphere. The serum bottles were 

wrapped in aluminium foil to block light exposure, thus preventing DOM photochemical 

degradation. They were then incubated at 20°C for 10 days on an orbital shaker set to 150 rpm. 

Control groups, referred to as the C1 groups, were set up to account for the effect of DOM 

adsorption to GAC.  C1 groups were set up using the same GAC and water medium in the same 

amount and configuration as their corresponding T groups, i.e. 1 g and 3.5 g of GAC for TOP and 
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BOT, respectively, and 60 mL water medium for both. C1 groups were incubated at 4 °C for 10 

days on an orbital shaker at 150 rpm. On day 0, three bottles from TOP and BOT of the T groups 

were sacrificed immediately after setup, respectively. Subsequently, four TOP and BOT bottles 

from the T groups were sacrificed on days 2, 4, 7, and 10; three TOP and BOT bottles from the C1 

groups were sacrificed on days 2 and 10. Finally, to account for the desorption of DOM from the 

inoculated GAC, additional control groups were set up, referred to as C2 groups. The C2 groups 

were prepared using the same GAC and in the same amount as their corresponding T groups, 

following the same procedure and configuration. The medium for the C2 groups was 60 mL of 

18.2 M Ohm deionised water instead of filtered and amended raw water. The serum bottles were 

incubated at 4 °C for 10 days on an orbital shaker at 150 rpm. Two bottles from TOP and BOT of 

the C2 groups were sacrificed on days 0, 2 and 10, respectively, resulting in biological duplicates 

at each time point. Figure S1 demonstrates the details of the experiment design. 

DNA extraction, 16S rRNA gene amplicon sequencing and sequencing data processing 

Approximately 0.5 g of GAC samples were recovered from all the sacrificed serum bottles; GAC 

samples were gently washed with 2 mL of PBS prior to extraction. Subsequently, 16S rRNA gene 

amplicon sequencing targeting the variable region 4 (V4) was undertaken by NU-OMICS 

(Northumbria University, UK) for all DNA extracts, following the MiSeq procedure described 

elsewhere (Kozich et al., 2013). Refer to supplementary material S1 for the details of the 

sequencing procedure. Raw sequences were processed using the QIIME2 pipeline (Bolyen et al., 

2019) (supplementary material S2). Raw sequences were submitted to the European Nucleotide 

Archive (ENA), accession number PRJEB71363. 
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Microbial community diversity analyses and co-occurrence network analyses 

We conducted microbial community diversity analyses and co-occurrence network analyses by 

including only samples from the T groups with more than 5000 reads. We estimated the 

compositional alpha diversity and phylogenetic alpha diversity within each sample. The 

compositional alpha diversity was quantified through Pielou’s evenness index, Richness index and 

Shannon index. For phylogenetic alpha diversity, we calculated the nearest-taxon-index (NTI) 

index. We evaluated the beta diversity between the TOP and BOT microbial communities as well 

as between each sample combination. Utilising the taxa presence and absence information, we 

computed the number of shared and unique taxa between the TOP and BOT microbial 

communities. Moreover, we quantified the dissimilarity between all sample pairs based on the 

weighted Unifrac distance and visualised the dissimilarity using a Principal Coordinate Analysis 

(PCoA) ordination plot. Refer to supplementary materials S3 and S8 for the details of the microbial 

community diversity analyses and the relevant statistical tests, respectively. Moreover, we 

constructed microbial co-occurrence networks for the TOP and BOT microbial communities at the 

family level for all samples from the T groups and not the control groups (C1 and C2), comprising 

18 samples each. Each dataset was loaded into the MENA tool accessible at 

http://ieg2.ou.edu/MENA for network generation, and the resulting networks were loaded into the 

Cytoscape software (version 3.10.0) for visualisation (Shannon et al., 2003) (supplementary 

material S4).  
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Measuring total DOC concentration, concentrations of various DOC compound groups and cell 

counts 

We measured the total DOC concentration in samples from the T, C1 and C2 groups using a 

combustion technique (TOC-L, Shimadzu, Japan) (supplementary material S5). We used the liquid 

chromatography-organic carbon detection-ultraviolet detection-organic nitrogen detection 

analyser (LC-OCD-UVD-OND, or LC-OCD for short) to identify and quantify different DOC 

compound groups in T, C1 and C2 samples (supplementary material S6). We monitored the 

microbial growth dynamics within the T, C1 and C2 groups by tracking the cell abundance from 

the GAC over time. Cell abundance was determined using a BD AccuriTM C6 Plus flow cytometer 

equipped with a laser emitting at 488 nm (100 µl/min flowrate; 50 µl sample analysed) following 

a procedure detailed elsewhere (Vignola et al., 2018a) (supplementary material S7). Information 

related to relevant statistical tests and glassware preparation procedures are described in 

supplementary materials S8 and S9, respectively.  

 

Calculating the microbial DOM removal efficiency for DOC and various DOM fractions. 

We adopted the parameter of microbial DOM removal efficiency to depict the degree of net DOM 

removal from the medium by microorganisms. Following the similar definition of “removal 

efficiency” as detailed elsewhere (Boon et al., 2011), we defined microbial DOM removal 

efficiency as the decrease in DOM concentration due to microbial utilisation during a given period, 

which is further normalised by the average cell counts for this period. For the TOP and BOT 

microbial communities, we first calculated concentration changes of DOM fractions due to 

microbial utilisation using the following equation for the early stage of the incubation (between 

days 0 and 2) and throughout the entire incubation (between days 0 and 10). 
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𝐷𝑂𝑀𝑏𝑖𝑜(𝑡𝑖) = 𝐷𝑂𝑀_𝐶1𝑡𝑖
− 𝐷𝑂𝑀_𝑇𝑡𝑖

 

Where 𝐷𝑂𝑀𝑏𝑖𝑜(𝑡𝑖) refers to the average microbial utilisation of the DOM fraction between days 

0 and ti; ti refers to the sampling time (i.e., t2 =day 2 or t10=day 10); 𝐷𝑂𝑀_𝐶1𝑡𝑖
 and 𝐷𝑂𝑀_𝑇𝑡𝑖

 refers 

to the average DOM fraction concentration measured in the C1 groups and T groups at ti. The 

comprehensive set of DOM fractions assessed included BP, HS, BB, LMWA, and LMWN, 

hereafter referred to as BP-bio, HS-bio, BB-bio, LMWA-bio and LMWN-bio, and collectively 

referred to as DOM-bio.  

Meanwhile, we calculated the average cell counts for the TOP and BOT microbial 

communities using the following equation: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑠 (𝑡𝑖) =
𝑇𝐶𝐶0 + 𝑇𝐶𝐶𝑡𝑖

2
 

Where 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑠 (𝑡𝑖)  refers to the average total cell counts between days 0 and 

ti; 𝑇𝐶𝐶0 refers to the average total cell counts on day 0 and 𝑇𝐶𝐶𝑡𝑖
 refers to the average total cell 

counts at ti. 

Finally, we normalised the DOM-bio against the average cell counts to obtain the microbial 

DOM removal efficiency between days 0 and ti following the equation: 

𝑚𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 𝐷𝑂𝑀 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑡𝑖) =
𝐷𝑂𝑀𝑏𝑖𝑜(𝑡𝑖)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑠 (𝑡𝑖)
 

The standard deviations of all the derived parameters were obtained through error propagation.  

 

RESULTS 

Microbial communities recovered from various biofilter bed depths differed in their compositions 

and co-occurrence networks. 
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Our analyses revealed a clear distinction in the compositional structure between the TOP 

and BOT microbial communities through compositional and phylogenetic alpha diversity and beta 

diversity analyses. Compared to the BOT microbial community, the TOP microbial community 

exhibited a higher degree of compositional alpha diversity than the BOT community, indicated by 

significantly higher values in Pielou’s evenness, Richness and Shannon indexes (p<0.001 in all 

three cases, t-test; Figure 1A). In contrast to the compositional alpha diversity, the TOP microbial 

community displayed a lower phylogenetic alpha diversity compared to the BOT. The mean NTI 

index among the TOP samples was not significantly different from 0, while it was significantly 

higher than 0 (NTI>0, p<0.001, t-test) among the BOT samples (Figure 1B).  

 
Figure 1. Compositional alpha diversity for TOP and BOT (A), phylogenetic alpha diversity for 

TOP and BOT (B), Venn diagram based on taxa presence/absence at the family level for TOP and 

BOT (C), and PCoA plot based on weighted Unifrac distance (D). Only samples belonging to the 

T groups were analysed. In panel A, the horizontal bars indicate a significant difference in the 

mean index value between TOP and BOT, and *** indicates p<0.001. In panel B, the *** indicates 

the mean NTI is significantly different from 0, p<0.001. In panel C, the sizes of the circles are 

proportional to the number of taxa in TOP and BOT, respectively. In panel D, the dashed lines 
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connect the centroids of points that belong to the same section (TOP or BOT) and sampling day 

(days 0, 2, 4, 7 and 10), and the arrowheads indicate the direction of increasing days.  

Among all the taxa detected (at the family level), approximately 35% (94/264) of families 

were uniquely present in the TOP, while only approximately 10% (19/189) of families were 

uniquely present in the BOT microbial community (Figure 1C). This observation suggests that 

the taxa comprising the BOT community might mostly be seeded from the taxa pool found in the 

TOP community. Additionally, principal coordinate analysis (PCoA) based on weighted Unifrac 

demonstrated distinct clusters for the TOP and BOT microbial communities (p<0.001, 

PERMANOVA test; Figure 1D), further confirming the compositional differences between the two. 

TOP and BOT microbial communities also revealed notable differences in their taxa distribution, 

with the TOP microbial community consistently displayed a lower relative abundance of 

Pseudomonadaceae compared to the BOT for each day (Figure S2). 

We then assessed the potential interactions within the TOP and BOT communities by 

constructing their co-occurrence networks and comparing the key network parameters and features. 

At the family level, a network comprising 109 nodes and 234 links was constructed for the TOP 

microbial community, and a network consisting of 62 nodes and 462 links was constructed for the 

BOT microbial community (Figure 2). The average degree of the TOP network was only one-

third compared to the BOT (4.3 vs. 14.9). The transitivity of the TOP network was considerably 

lower than the BOT (0.25 vs. 0.49). In both the TOP and BOT networks, most correlations 

appeared to be positive, with 228 out of 234 connections being positive for the TOP and 456 out 

of 462 connections being positive for the BOT (Figure 2).  

 

                  



15 

 

 
Figure 2. Co-occurrence networks for TOP and BOT microbial communities at the family level. 

Only samples belonging to the T groups were included in the analysis. Each node represents a 

taxon at the family level within the network.  Node colours indicate the topological module number 

the underlining taxa were assigned to. Each colour represents one module within the TOP or BOT 

networks. The line colour indicates the correlation. Black indicates a positive correlation, and red 

indicates a negative correlation.  

 

BOT microbial community showed higher microbial DOM removal efficiency than the TOP for 

DOM fractions with larger sizes. 

The study of the net DOM removal by the two microbial communities allowed us to obtain direct 

evidence regarding their utilisation of different DOM fractions.  

In the T groups, both TOP and BOT exhibited a decline in DOC concentration during the 

incubation period (Figure 3A). This reduction can be attributed solely to adsorption and microbial 

degradation, as the effects of photochemical and thermal degradation were minimised by the 

incubation conditions—specifically, maintaining the samples in the dark and at a constant 

temperature of 20°C. Specifically, DOC concentrations decreased from ca. 22 ppm on day 0 to ca. 

14 ppm on day 10 in the TOP and from ca. 20.5 ppm on day 0 to ca. 8 ppm on day 10 in the BOT 
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(Figure 3A). Meanwhile, cell abundance increased progressively over time, with the TOP showing 

a rise from ca. 5.7×108 cells/g on day 0 to ca. 8.5×108 cells/g on day 10 and the BOT showing a 

rise from ca. 1.4×108 cells/g on day 0 to ca. 2.9×108 cells/g on day 10 (Figure 3B). Statistical 

analyses confirmed the increase in average cell abundance was statistically significant between 

days 0 and 4 (padj<0.05, Tukey’s HSD test) and between days 0 and 10 (padj<0.001, Tukey’s HSD 

test) for the TOP; and between days 0 and 2 (padj<0.001, Tukey’s HSD test) and between days 0 

and 10 (padj<0.001, Tukey’s HSD test) for the BOT. Therefore, both TOP and BOT microbial 

communities were actively growing, and hence, the decline in DOC concentration could be at least 

partially attributed to microbial utilisation. In comparison, the C1 groups also experienced a 

decrease in DOC concentration over the 10-day incubation, albeit to a lesser degree when 

compared to their corresponding T group samples (Figure 3A). However, the average cell 

abundance in the C1 groups showed no significant difference between days 0 and 10 for both the 

TOP and BOT (Figure 3B), suggesting the decrease in DOC concentrations for the C1 groups was 

probably adsorption mediated.  
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Figure 3. DOC concentration over time (A) and cell count over time (B). In panel A, error bars 

indicate the standard deviation of the measurements from the biological replicates (n=4 for all time 

points except for day 0 of the T group, n=3 for day 0 of the T group and all time points of the C1 

group, n=2 for all time points of the C2 group). 

Next, we examined the concentration change of the five DOM fractions, as characterised 

by LC-OCD. In the T groups, the concentrations of BP exhibited minimal variation, remaining at 

ca. 2 ppm for both TOP and BOT throughout the experiment, which was similar to their 

corresponding C1 groups. This indicates a minimal net removal of BP from the medium. In 

contrast, concentrations of HS, BB, and LMWN in the T groups demonstrated a consistent 

decrease over time for both TOP and BOT. Each of these DOM fractions exhibited a distinctive 

temporal pattern of change in concentrations, both in relation to one another and when compared 

to their respective C1 groups (Figure 4A). Thus, these DOM fractions were removed from the 

medium at different rates in both TOP and BOT, and the removal could be attributed to microbial 

utilisation. Furthermore, we evaluated the microbial DOM removal efficiency during the early 

stage of the incubation (between days 0 and 2) and throughout the entire incubation (between days 

0 and 10), only accounting for microorganism-mediated net DOM removal (see materials and 

methods). As the adsorption of bulk DOM is suggested to be exothermic in nature being favoured 
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at lower temperatures (Moona et al., 2019; Rashed, 2013), we consider the calculated microbial 

DOM removal efficiency a conservative estimation of microbial DOM net utilisation. Furthermore, 

the results from the BOT section should be considered even more conservative than those from 

the TOP due to a significantly larger amount of GAC used -3.5 grams compared to 1 gram in the 

TOP — which likely enhanced the effect of DOM adsorption. During the early stage of the 

incubation, the microbial BB removal efficiency by the BOT community was 5 times greater than 

the TOP (1.2×10-9 ppm·cell-1 vs. 2.4×10-10 ppm·cell-1; Figure 4B). Similarly, the microbial HS 

removal efficiency by the BOT microbial community was ca. 6.9×10-9 ppm·cell-1, approximately 

7 times greater than that of the TOP, calculated at ca. 1.0×10-9 ppm·cell-1 (Figure 4B). Over the 

entire incubation period, microbial BB and HS removal efficiency by the BOT community was 

caught up by the TOP community. Throughout the incubation, the microbial BB removal efficiency 

by the BOT microbial community became 6.1×10-10 ppm·cell-1, only 70% of the TOP microbial 

BB removal efficiency (8.7×10-10 ppm·cell-1; Figure 4B), whereas the microbial HS removal 

efficiency by the BOT microbial community became only 50% greater than the TOP ( 7.5×10-9 

ppm·cell-1 vs. 5.0×10-9 ppm·cell-1; Figure 4B).   
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Figure 4. Concentrations of the DOM fractions over time (A), the microbial DOM removal 

efficiency for the five DOM fractions (i.e. BP, HS, BB, LMWA and LMWN) during the early 

stage of the incubation (between days 0 and 2), and throughout the entire incubation period 

(between days 0 and 10) (B), and the HS diagram showing the average molecular weight and 

aromaticity of the HS fraction within the DOM pool (C). In panels, A and C, the error bars indicate 

the standard deviation of measurements from the biological replicates (n=4 for all time points 

except for day 0 of the T group, n=3 for day 0 of the T group and all time points of the C1 group, 

n=2 for all time points of the C2 group). In panel B, error bars indicate the derived standard 

deviation following error propagation. In panel C, aromaticity was calculated as the ratio between 

the spectral absorption coefficient (SAC) and the organic carbon of the humic fraction (OC). The 

numbers next to the points indicate the days from which the corresponding samples were collected.  

We further examined the changes in the average molecular weight and aromaticity within 

the HS fraction. In the T groups, we observed a shift towards higher average molecular weight 

over time, and this shift was more pronounced in BOT compared to TOP (Figure 4C). For the 

TOP, the average molecular weight increased from ca. 1001 g/mol on day 0 to ca. 1326 g/mol on 

day 10, while for the BOT, it increased from ca. 1024 g/mol on day 0 to 1777 g/mol on day 10 

(Figure 4C). However, a single-time data point on day 7 for the BOT was considered an outlier 
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due to a temporary instrument issue, so it should be interpreted with caution. In the C1 groups, the 

average molecular weight for the TOP reached ca. 1260 g/mol on day 10, approximately 60 g/mol 

lower than its corresponding T groups (ca. 1326 g/mol), whereas the average molecular weight for 

the BOT reached ca. 1451 g/mol which was approximately 320 g/mol lower than its corresponding 

T groups (ca. 1777 g/mol; Figure 4C). Therefore, our results further indicate that microbial 

utilisation resulted in a more notable shift in the average molecular weight of HS in BOT compared 

to TOP.   

DISCUSSION 

In this work, we observed clear differences in the abundance, community richness, evenness and 

compositions between the TOP and BOT microbial communities throughout the incubation period 

(Figure 1; Figure 3B). The PCoA analysis indicated that the difference in biofilter depth explained 

the compositional distinction between the TOP and BOT microbial communities. Conversely, 

incubation time did not emerge as a statistically significant factor in explaining compositional 

variations within both TOP and BOT microbial communities (Figure 1D). This suggests that the 

observed difference in the compositional structure between the TOP and BOT microbial 

communities was mainly introduced by their respective inoculum collected at different depths of 

the biofilters rather than gradually developed over the 10-day incubation. This further indicates 

the existence of stratification within the biofilters in the compositional structure of the microbial 

community, aligning with the abundant observations from other studies (Boon et al., 2011; Chen 

et al., 2021a; Vignola et al., 2018b).  

We observed distinct structures of microbial co-occurrence networks between the TOP and 

BOT microbial communities. The structure of microbial co-occurrence networks has been linked 

to the degree of interactions among the community members and their ability to utilise complex 
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substrates (Chen et al., 2022; Deng and Wang, 2016; Hertkorn et al., 2002; Ostrem Loss et al., 

2023). The ability to utilise large and complex substrates, which often require many different 

enzymes that involve various species (Hertkorn et al., 2002), could be associated with a microbial 

co-occurrence network that is characterised by a high degree of interconnections among the 

constituent taxa within the network (Chen et al., 2022) and a large proportion of positive inter-

species correlations (Chen et al., 2022; Deng and Wang, 2016; Ostrem Loss et al., 2023). These 

positive interactions facilitate synergistic growth and limit competition among community 

members (Deng and Wang, 2016; Ostrem Loss et al., 2023). In our study, both the TOP and BOT 

microbial networks were dominated by positive correlations between the taxa (Figure 2), implying 

the functional traits to utilise large and complex DOM fractions by both microbial communities. 

Moreover, the BOT microbial community exhibited a higher degree of inter-species connections 

within its co-occurrence network than the TOP, as supported by a higher average degree and 

transitivity. This suggests that the BOT microbial community might be more capable of removing 

the recalcitrant DOM fractions compared to the TOP.  

The implications for the functionality of DOM utilisation by both TOP and BOT microbial 

communities, which we inferred from the microbial community analysis, aligned with our 

observations of net DOM removal behaviour. Both TOP and BOT communities demonstrated the 

ability to microbiologically remove the various DOM fractions (Figure 4A, B). The removal of 

LMWN and BB was consistent with expectations, as these DOM fractions are generally considered 

labile and easily utilised by microorganisms (Boon et al., 2011). The BOT microbial community 

exhibited higher microbial BB removal efficiency at the early incubation stage (1.2×10-9 ppm·cell-

1) than the entire incubation (6.1×10-10 ppm·cell-1, Figure 4B), possibly due to a depletion of 

bioavailable BB toward the incubation's end. Conversely, the TOP microbial community showed 
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lower BB removal efficiency at the early stage (2.4×10-10 ppm·cell-1) compared to the entire 

incubation (8.7×10-10 ppm·cell-1, Figure 4B), indicating a need for time to increase its active level 

in BB removal. Interestingly, we did not observe strong evidence of BP utilisation, although BP is 

generally considered labile (Chen et al., 2016). This lack of BP utilisation was also reported in 

other similar studies, and the authors attributed it to the formation of BP by the microorganisms 

during growth. Thus, we speculated that the same reason might apply, and the BP utilisation might 

be offset by its production, rendering it overall undetected (Vignola et al., 2023). 

In our study, HS constituted a substantial proportion of ca. 83% of the total DOC pool, 

which is consistent with previous reports that HS can make up 50% to 85% of the DOC pool in 

natural water (Hertkorn et al., 2002). HS are known for their complex and heterogeneous nature, 

varying widely in sizes and chemical structures. Removing HS has been a major focus in drinking 

water production, as they have the potential to produce carcinogenic substances following chlorine 

disinfection (Hertkorn et al., 2002). Despite HS being more recalcitrant in nature, some degree of 

HS removal was observed by both the TOP and BOT microbial communities (Figure 4B). Within 

the HS pool, the increase in average molecular weight suggests the removal of HS with lower 

molecular weight from water. Although the precise compositions of HS are still not fully 

understood, it is known to consist of small and structurally simple components that can be readily 

utilised by microorganisms such as proteins, polysaccharides, and amino acids, as well as larger 

and more complex cores that are considered biologically refractory (Finkbeiner et al., 2020). 

Additionally, abiotic adsorption of organic macromolecules by GAC is known to decrease with 

increasing molecular sizes (Karanfil et al., 1996). In our study, both microbial utilisation and 

adsorption clearly contributed to HS removal by the BOT community, resulting in a higher final 

average molecular weight in the T groups compared to the C1 groups. The results also indicated 
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that only the BOT microbial community rather than the TOP utilised the HS components with an 

average molecular weight between ca. 1451 g/mol and ca. 1777 g/mol (Figure 4C), thus 

demonstrating its ability to utilise DOM with a wider molecular weight range than the TOP. 

Furthermore, we observed a shift towards higher aromaticity over time, with a similar temporal 

pattern shared between the TOP and BOT samples from both the T and C1 groups, all starting 

from ca. 6.8 L/(mg*m) to ca. 8 L/(mg*m) on day 10 (Figure 4C). This finding suggests that the 

aliphatic or head groups within the HS molecules were probably removed from the water 

preferentially, leaving HS cores consisting of aromatic rings. Our observations align with other 

studies that indicate microbial decomposition of HS more easily occurs for the aliphatic fractions 

of HS (Yanagi et al., 2002) and abiotic removal is also more significant for aliphatic compounds 

than aromatics ones, likely due to the steric conformation of the aromatic compounds, which 

makes affinity to GAC more challenging (Solisio et al., 2001).  

Our results suggested a difference in the microbial DOM removal efficiency between the 

TOP and BOT microbial communities, which is related to the sizes or molecular weights of the 

DOM fractions. DOM fractions with smaller sizes, such as LMWN, were readily utilised by both 

the TOP and BOT microbial communities (Figure 4A). Meanwhile, at the early stage of the 

incubation, the BOT microbial communities demonstrated higher microbial removal efficiency for 

DOM fractions with larger sizes than the TOP, such as BB and HS, particularly the HS components 

with higher average molecular weight (Figure 4B, C). The higher microbial DOM removal 

efficiency by the BOT community aligned with previous research, where the authors investigated 

DOC removal efficiency normalised against ATP concentrations at different bed depths of 

operational biofilters and observed an increase in removal efficiency with increasing bed depths. 

For instance, at 45 cm of the biofilter, the removal efficiency was approximately three times higher 
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compared to that at 10 cm (Boon et al., 2011). Moreover, the impact of organic compound sizes 

on DOM bioavailability has long been recognised. Small and simple organic compounds can be 

easily transported across the cell membranes and rapidly utilised (MS Weiss et al., 1991), and their 

utilisation is considered unspecific and widespread among microbial populations. Large and 

complex organic compounds likely require multiple extracellular cleavages of the individual or 

interacting ectoenzymes (Schulten, 1996) and the expression of transmembrane transport systems 

to enable their uptake (Teeling et al., 2012). The functional traits to utilise large and complex 

organic compounds are more phylogenetically restricted (Renaud and Martiny, 2013). Our results 

suggest that functional traits necessary to efficiently utilise large and complex organic compounds 

might be more prevalent and active in the BOT microbial community at the beginning of the batch 

incubation. This aligns with findings from our previous study, where we incubated cell suspensions 

derived from GAC recovered from different sections of 90-cm down-flow biofilters. In that study, 

the utilisation of complex HS after 23 hours of incubation was restricted to the bottom microbial 

community (Vignola et al., 2023). In our current study, we directly associated the microbial 

removal of DOM fractions with the original GAC microbial communities from different biofilter 

depths, thereby minimising potential biases introduced by derived microbial communities. It is 

noteworthy that the TOP microbial community also utilised and removed BB and HS during the 

early stage of the incubation, albeit with considerably lower microbial DOM removal efficiencies 

compared to the BOT community. This might suggest that the TOP microbial community was less 

equipped with active functional traits for utilising complex DOM fractions than the BOT. 

Furthermore, as our study measured microbial abundance without distinguishing between active 

and inactive cells, it is also possible that a fraction of the TOP microbial community might have 
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been inactive, thus also contributing to its lower microbial DOM removal efficiencies calculated 

during the incubation.  

Finally, the observed divergence in compositions and co-occurrence network 

characteristics between the TOP and BOT microbial communities suggests distinct responses to 

environmental stressors and disparate environmental processes during their respective assemblies 

within the biofilters. Although quantification of substrate concentrations across the biofilter depths, 

from which the TOP and BOT communities originated, was not feasible in our work, based on our 

microbial community analyses and findings in related studies, it is plausible to speculate that 

differential availability of simple and labile organic compounds at varying biofilter depths served 

as at least one of the driving factors for the distinct assemblages of these microbial communities. 

In natural freshwater systems and engineered water systems such as biofilters, depth has been 

linked to chemical gradients, which drive changes in community compositions (Lin et al., 2012; 

Wang et al., 2014). DOM turnover in a biofilter expectedly leads to changing availability of various 

DOM fractions at different bed depths, creating distinct ecological niches (Boon et al., 2011). As 

water passes through the biofilter, we presume that the TOP microbial community has access to a 

wide range of bioavailable organic compounds in the DOM pool. The stochastic processes, mainly 

the dispersal of microorganisms introduced by the influent water, presumably surpass the 

deterministic process in influencing the microbial assemblage. Consequently, when compared to 

the BOT microbial community, the TOP microbial community displays a community NTI index 

that is not significantly different from 0 and exhibits a microbial co-occurrence network with more 

taxa and fewer interspecies interactions among the taxa, as what was observed in this work (Figure 

1B; Figure 2). Since microbial communities prefer labile organic compounds to the refractory 

ones if they have access to both (Wu et al., 2018), we postulate that the TOP microbial community 
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utilises the simple and labile DOM fractions in water, leaving only the larger and refractory 

fractions to the downstream, creating a different niche for the BOT microbial community that is 

limited by the available simple and labile organic compounds. In aquatic ecosystems with a 

scarcity of simple DOM fractions, microbial communities adapt, and functional traits for the 

utilisation of large and complex DOM fractions are promoted and maintained (Chen et al., 2022; 

Ortega-Retuerta et al., 2021). Hence, we hypothesise that the BOT microbial community in the 

biofilters undergoes succession that is driven by the deterministic force posed by the environmental 

stress of available organic compounds scarcity. Therefore, the BOT microbial community displays 

a community NTI index that is significantly different from 0 (Figure 1B), exhibits a microbial co-

occurrence network with fewer taxa and more interspecies interactions among the taxa (Figure 2), 

and demonstrates functional traits that facilitate the utilisation of refractory organic compounds 

that the TOP microbial community might not readily expresses. Subsequently, when provided with 

a fresh DOM pool containing both labile and refractory DOM fractions, only the BOT microbial 

community is able to readily utilise the refractory DOM fractions with a wider size range, as 

indicated by our observations in this work (Figure 4).  

 

CONCLUSION 

By adopting a novel approach of combining microbial community analyses, co-occurrence 

network analysis with detailed analyses of various DOM fractions, which provide direct evidence 

about the DOM utilisation functionality of the microbial community, we demonstrated that 

microbial communities retrieved from the TOP and BOT of a biofilter exhibited differences in 

composition and co-occurrence network structure, and these differences may translate into their 

distinct preference to utilise various DOM fractions and remove those fractions from the DOM 
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pool. Our microbial community analyses unveiled the stratification in the biofilter microbial 

community's compositional structure and the unique interspecies interactions within each 

community. In comparison to the TOP, the BOT microbial community displayed lower diversity 

but higher interactivity among its members, suggesting its functional traits in utilising the 

refractory fractions of a DOM pool with a better DOM removal efficiency. These implications 

aligned with our analyses of the microbial removal of various DOM fractions, which indicated that 

the BOT microbial community exhibited greater microbial removal efficiency for a broader range 

of organic compounds than the TOP. This was particularly evident for refractory DOM fractions 

like HS, both during the early stage (between days 0 and 2) and throughout the 10-day incubation. 

In this study, both the TOP and BOT microbial communities originated from the initial 

seed community introduced by the influent water. Still, they showed contrasting functional traits 

of DOM utilisation during incubation. Our explanation for these differences is grounded in the 

adaptation of the biofilter microbial community to specific environmental niches at different 

biofilter depths, driven by the expected changing availability of DOM fractions. Our findings align 

with the perspective that DOM utilisation functionality is an ongoing interplay between DOM 

composition and the metabolic capacity of the microbial community. For future research, 

validating our proposed assembling process of the TOP and BOT microbial communities in the 

biofilters by describing the concentrations of different DOM fractions over the biofilter bed depths 

and identifying the molecular mechanisms responsible for the differential utilisation of refractory 

DOM by the two communities could be promising avenues. Finally, in drinking water supply 

management, strategies to enhance trace organic chemical removal during aquifer recharge by 

manipulating the availability of biodegradable organic carbons and stimulating the soil microbial 

community have been successfully validated, both in lab-scale and full-scale implementations 
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(Alidina et al., 2014; Regnery et al., 2016). In light of our findings, we propose similar approaches 

to optimise biofilter performance. This involves pre-culturing the inlet biofilter microbial 

community to equip it with the functionality to readily utilise refractory DOM fractions. Exploring 

the feasibility and potential benefits of implementing such strategies could be a compelling 

direction for future investigations, contributing to the development of more efficient biofilters with 

enhanced DOM removal capabilities. 
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