
Differential utilisation of dissolved organic matter compound fractions by different

biofilter microbial communities

Marta Vignola a,*,†, Jeanine Lenselinka,†, Dominic Quinna, Umer Zeeshan Ijaz a, Ryan Pereira b,
William T. Sloan a, Stephanie Connelly a, Graeme Moorec, Caroline Gauchotte-Lindsay a

and Cindy J. Smith a

a James Watt School of Engineering, University of Glasgow, Glasgow G12 8LT, United Kingdom
b The Lyell Centre, Heriot-Watt University, Edinburgh EH14 4AP, United Kingdom
c Scottish Water, 6 Castle Drive, Dunfermline KY11 8GG, United Kingdom
*Corresponding author. E-mail: marta.vignola@glasgow.ac.uk
†Joint first author.

MV, 0000-0002-3457-5748; UZI, 0000-0001-5780-8551; RP, 0000-0001-6492-7874; WTS, 0000-0002-9450-7384; SC, 0000-0001-5261-2090;
CG-L, 0000-0002-4970-5031; CJS, 0000-0003-4905-0730

ABSTRACT

Dissolved organic matter (DOM) is a complex mixture of carbon-based compounds present in natural aquatic systems, which significantly

affects drinking water treatment processes. Biofiltration, utilising biologically active beds of porous medium, offers a low-energy and low-

chemical solution for controlling bioavailable DOM. However, the impact of microbial community composition on DOM degradation in bio-

filters remains poorly understood. This study aimed to explore the abilities of microbial communities from the top, middle, and bottom

(TOP, MID, and BOT) of a biofilter to process DOM. We showed varying growth rates on the DOM, with bottom community exhibiting the high-

est cell abundance at the end of the experiment (1.83� 106+ 9� 103; 2.06� 106+ 1� 104; 2.15� 106+ 7� 103 cells/mL for the TOP, MID,

and BOT, respectively). The three communities showed different preferences for utilising specific DOM fractions, with the bottom community

targeting more complex ones. The microbial communities from the bottom of the biofilter had a higher relative abundance of the Curvibacter

genus, suggesting it could play a crucial role in degrading complex DOM fractions. These findings highlight the influence of microbial com-

munity composition on DOM degradation in biofilters, providing valuable insights for optimising their performance.
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HIGHLIGHTS

• Communities were extracted from three different depths of a biofilter (TOP, MID, and BOT).

• Communities differed in growth kinetics, with BOT showing the greatest growth.

• The TOP and MID communities preferentially used the smaller fractions of DOM.

• The BOT community used the more complex DOM fraction of humic substances.

• Microbial communities from different depths of a biofilter exhibit distinct abilities to degrade DOM.
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GRAPHICAL ABSTRACT

INTRODUCTION

Dissolved organic matter (DOM) is a heterogeneous blend of carbon-based compounds ubiquitous in natural aquatic systems
such as surface waters and deep or shallow groundwater, many of which serve as sources of drinking water (Leenheer &

Croué 2003). DOM is a complex mixture of proteins, carbohydrates, humic substances, and other molecules, which must
be significantly reduced during water treatment to provide potable water. This can be challenging as DOM composition
and concentration in freshwater can significantly impact the efficacy of treatment in a drinking water treatment plant
(DWTP) as well as the quality of the potable water produced (Matilainen et al. 2011; Terry & Summers 2018). DOM is

the main precursor of carcinogenic disinfection by-products (Gang et al. 2003), and the prime contributor to regrowth of het-
erotrophic bacteria in the distribution network (Prévost et al. 1998). Therefore, the effective reduction of DOM levels in the
source water, prior to disinfection and distribution, is essential to produce safe and high-quality drinking water.

Biofiltration, the process whereby water is passed through a biologically active bed of porous medium, is a very appealing
technology for the control of bioavailable DOM in DWTPs as it is characterised by low-energy requirements, low chemical
consumption, and ease of construction (Urfer et al. 1997; Basu et al. 2016). As such biofiltration is an ideal sustainable sol-

ution for DOM reduction and understanding the key biological mechanisms underpinning the process could further enhance
its performance.

Several studies have started to investigate the transformation and the removal of different DOM fractions through a DWTP

(Baghoth et al. 2011; Lautenschlager et al. 2014) and in biofiltration processes (Boon et al. 2011; Chen et al. 2016; Peleato
et al. 2016; Moona et al. 2021). These studies have shown that biofilters are generally effective in removing labile and highly
bioavailable fractions of DOM. However, the removal efficiency of the more recalcitrant DOM fractions varied across the
types of biofilter investigated (Peleato et al. 2016; Moona et al. 2021). In some cases, authors speculated that these differences

could be attributed to variations in the composition of the microbial communities inhabiting the biofilters (Peleato et al.
2016). While there has been much focus on the composition of biofilter communities (Lautenschlager et al. 2014; Palomo
et al. 2016; Oh et al. 2018; Hu et al. 2020) through depth, and work towards linking their key role in the treatment process

(Pinto et al. 2012; Bai et al. 2013), there remains a knowledge gap on the link between microbial community structure and
function. This is particularly true in relation to the processing of DOM fractions and on understanding the underlying eco-
logical mechanisms that drive community assembly and structure in a filter.
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While this link, between microbial community structure and the degradation of DOM fractions, in biofilters is a relatively

poorly explored area, in recent years, there have been several published studies examining this topic in various other natural
environments, including marine (Cottrell & Kirchman 2000; Rocker et al. 2012; Chen et al. 2022), coastal (Broman et al.
2019), sediment (Wu et al. 2018) and freshwater (Logue et al. 2016). Notably, Logue et al. (2016) were able to successfully

demonstrate a direct link between microbial communities’ composition in freshwater environments and their ability to
degrade different DOM fractions. Yet, in biofilters, despite being a key process for the removal of DOM only a few studies
to date have focused on DOM fractions removal and associated microbial community composition within biofilters (Boon
et al. 2011; Lautenschlager et al. 2014). One of these studies by Boon et al. (2011) identified gradients of nutrient concen-

trations through a granular activated carbon (GAC) biofilter as a driver for the establishment of different environmental
niches at the different depths of the filter bed which, in turn, selected communities differing in their composition. Further-
more, they were able to associate different DOM removal efficiencies with communities present at different filter depths,

with the communities in the lower filter sections showing the highest removal efficiencies. The authors suggested that the
different functionalities shown by the communities at different biofilter sections could be the result of their different struc-
tures, concluding that microbial community composition drives biological DOM removal efficiencies in a biofilter. What

is still unknown is how the composition of the communities colonising different depths of a biofilter affect their ability to
degrade different fractions of DOM and how this impacts their growth patterns.

In this study, we further explore the ability of communities from different depths of a biofilter to process DOM. Specifi-

cally, we asked if different microbial communities, collected from various depths within a biofilter, degraded different
fractions of the DOM in the water. We hypothesised that, as the water flows through the filter, the microbial communities
and the fraction of DOM they use to support growth at a given depth of the filter are intimately linked with processes hap-
pening above, analogously to the river continuum concept theory developed by Vannote et al. (1980). Similarly, to what

happens in a river, the communities at the top of the filter receive water rich in heterogeneous assemblages of labile
and refractory DOM. These communities have the luxury of choosing which compounds to use; the labile compounds
are used first, as also observed by Wu et al. (2018) while the more refractory compounds are left in the stream for use

by the communities at the bottom. Hence, the communities at the bottom of the filter are forced to adapt and survive
on what is left, resulting in the enrichment of microorganisms capable of growing on more complex DOM compounds.
This should result in a stratification of the composition of filter communities as well as a stratification of their ability to

process the different DOM fractions.
To test our hypothesis, we conducted a batch experiment where bacterial communities extracted from the top, middle, and

bottom sections of a laboratory-scale biofilter were inoculated with DOMwithin raw surface water. Communities’ growth and
the transformation of DOM were measured over time using Flow cytometry and Liquid Chromatography techniques. By

employing this approach, we were able to study the growth patterns of the different bacterial communities and their abilities
to degrade specific DOM fractions, providing insights into the processes occurring within the biofilter.

METHODS

Biofilter and water collection

Three 90-cm laboratory-scale GAC filters were operated for 12 weeks in a down-flow mode. Water for the experiment was

collected from Pateshill Water Treatment Works, Scottish Water (hereafter called freshwater), and filtered on site through
10-μm polypropylene cartridge filters and stored in plastic jerrycans at room temperature prior to its use. A schematic rep-
resentation of the filters is shown in Figure 1; operational parameters are presented in Table 1.

Glassware preparation

All glasswares were prepared following the protocol of Hammes & Egli (2005) to reduce the Available Organic Carbon
(AOC) contamination. In short, all glasswares and screw caps were washed with a common detergent and rinsed three

times in 18.2 M Ohm deionsed carbon-free water (Milli-Q) water and then submerged overnight in 0.2 M HCl and again
rinsed three times with Milli-Q water. Borosilicate vials were subsequently heated in a Muffle oven to 550 °C for at least 6 h.

AOC-free inocula preparation

Three inocula (TOP, MID, and BOT) were created starting from the biofilters replicates at the end of the 12-week period:
500 mg of GAC was collected from each section of the first 10 cm of the filter at 0–2, 2–4, 4–6, 6–8, 8–10 cm depths, and
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transferred to sterile 5-mL containers (TOP); 2,500 mg of GAC was collected in sterile 5-mL containers from 30–50 cm (MID)

and 60–80 cm depths (BOT). 3 mL of filtered (0.22 μm filter) Milli-Q water was added to all the GAC samples and vortexed
for 5 s to detach biofilm. A higher GAC to Milli-Q water ratio was chosen for the MID and BOT sections to take into account
lower biomass concentration. 500 μL were withdrawn from each of the five extractions of 0–10 cm and combined, while 1 mL

was withdrawn from the 30–50 and 60–80 samples. This procedure was repeated for each of the three biofilters; extracts of the
same depth (0–10, 30–50, or 60–80) from the three reactors were pooled together in 15-mL sterile polypropylene tubes stored
in the dark at 4 °C and used within 4 h to prepare three (TOP, MID, and BOT) AOC-free inocula as described in Hammes &
Egli (2005). For this, 200 μL from each pooled extract was added to 50-mL filtered (0.1 μm, Millex-GP, Millipore) freshwater

in 100-mL AOC-free borosilicate vials. Vials were incubated without further amendments at 30 °C for 14 days. At the end of
the 14 days of incubation, the content of the vials was transferred to 50-mL sterile polypropylene centrifuge tubes. The cells
were harvested by centrifugation (10 min, 3,000 g), resuspended in Milli-Q water amended with a mineral buffer, as described

by LeChevallier et al. (1993) and then poured into fresh 100-mL AOC-free borosilicate vials. Finally, the vials were incubated
for a further 7 days to ensure that all residual organic was depleted. Inocula were kept in the dark and at 4 °C until their use
for the following experiment.

Figure 1 | Schematic representation biofilter.

Table 1 | GAC filter and water quality parameters

GAC depth cm 90

Column diameter cm 2.6

Filter volume cm3 478

GAC apparent density Kg/m2 500

GAC type – Norit® GAC 1240 W

Flowrate mL/min 1.06

Empty bed contact time h 7.5

Run period h 1,968

DOC IN mg/L 11.4+ 1.4

pH – 8.0+ 0.1

Conductivity S/m 118.0+ 3.9

Temperature °C 22 °C
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Experimental set-up

The experiment was performed applying a batch culture approach in which the same filtered fresh water was inoculated inde-
pendently with each of the three AOC-free inocula (TOP, MID and BOT); cell growth and associated degradation of DOM

were measured as described below. Also, DNA was extracted for further 16S rRNA gene sequencing.

Cell abundance and specific growth rate

For cell abundance, 100-mL AOC-free glass vials, sealed with Teflon-coated screw caps (Fisherbrand™ with PTFE liner

material) were prepared in triplicate. Vials were filled with 60 mL of 0.1-μm filtered freshwater (0.1 μm, Merck™ Stericup™)
to remove autochthonous microorganisms. Water was inoculated with either TOP, MID, or BOT inoculum to a similar con-
centration of cells (4.35� 103þ�2� 102 cells/mL). Alongside the three experimental treatments, a negative control, filtered

fresh water only with no added inocula, was incubated. All the vials were incubated at 30 °C, in the dark. Samples were col-
lected from triplicates at 0, 10, 12, 14, 16, 18, 20, 22, 23, 36 h (negative controls were measured at 0 and 23 h only). At each
timepoint, vials were opened, and 1 mL of sample was withdrawn using a sterile pipette; the samples were immediately fixed

with 1 mL of 1% v/v Glutaraldehyde, stored at 4 °C in the dark and measured within 2 h by flow cytometry using a BD Accuri
C6 Plus flow cytometer equipped with a laser emitting at 488 nm (66 μL min–1 flowrate; 50 μL sample analysed). Samples
(1 mL) were stained with 10 μL/mL SYBR Green I (1:100 dilution in Tris-EDTA buffer solution, pH 8.0) and incubated in
the dark at 37 °C for at least 13 min before measurement (Hammes et al. 2008; Vignola et al. 2018).

The specific growth in each sample was determined as follows:

m ¼ (ln (xT18)� ln (xT10))
Dt

where xT18 and xT10 are the concentrations measured after 18 and 10 h of incubation and Dt is the time interval between the
two points.

DNA extraction and 16S rRNA gene sequencing

At the end of the 36 h of incubation, replicates from each depth treatment (TOP, MID, or BOT) were pooled, and cells filtered
onto 0.2-μmmembrane filters (Whatmann) and frozen at�80 °C until DNA extraction. DNAwas extracted with the FastDNA

Spin Kit for soil kit (MP Biomedicals) following the manufacturer’s protocol. Extracted DNA was quantified using the Qubit
dsDNA HS Assay Kit (Life Technologies, Eugene, OR, United States) with a Qubit fluorometer (Invitrogen, Eugene, OR,
United States). V3-V4 regions of 16S rRNA gene was amplified for sequencing using the Illumina MiSeq (at GENEWIZ,
Inc, South Plainfield, NJ, USA) (details are given in Supplementary material).

16S rRNA gene sequencing analyses

Raw sequence data were analysed using QIIME2 pipeline and Deblur algorithm (Caporaso et al. 2010). The Deblur algorithm

was used to facilitate better discrimination as it is an overlap free algorithm allowing only one set of reads, either forward or
reverse reads. The reverse reads were of low quality and therefore were discarded from the analyses. Additionally, while
selecting trim length for Deblur, we have used https://qiita.ucsd.edu/static/doc/html/deblur_quality.html for their sugges-

tions and as such reads were trimmed using the recommendations. The sequences were then trimmed above a Phred
Quality score of 20 using qiime2. Amplicon sequence variants (ASVs) were produced using Deblur against SILVA v138
gene reference database. Qiime’s align-to-tree-mafft-fasttree was then used to generate the rooted phylogenetic tree. The repre-

sentative sequences were taxonomically classified using TaxAss workflow (https://github.com/McMahonLab/TaxAss) which
uses an additional database formatted in the same format as SILVA v138 database to resolve ASVs that are not resolved by
standard Naïve Bayesian Classifier using the standard database. The biom file for the ASVs was generated by combining the
abundance table with taxonomy information using biom utility available in Qiime2 workflow.

Further analyses on the ASVs table were performed using R (version 4.0.2). Taxonomic alpha diversity indexes – Richness,
Shannon and Fisher Alpha – were estimated after rarefying at the lowest sequencing depth of 53,948. These indexes are
employed to describe the microbial biodiversity of the communities in terms of richness, as the number of different species

present in the samples, and evenness as a distribution of species abundances. While Richness and Fisher Alpha indexes relate
to richness only, Shannon relates to both. The abundance table was then normalised using TSSþCLR (Total Sum Scaling
followed by Centred Log Ratio) normalisation at the Genus level as per recommendations by Rohart et al. (2017).

AQUA — Water Infrastructure, Ecosystems and Society Vol 72 No 10, 1841

Downloaded from http://iwaponline.com/aqua/article-pdf/doi/10.2166/aqua.2023.036/1311630/jws0721837.pdf
by guest
on 30 October 2023

https://qiita.ucsd.edu/static/doc/html/deblur_quality.html
https://github.com/McMahonLab/TaxAss


LC-OCD-UVD-OND sample preparation

DOM compound groups were analysed using liquid chromatography-organic carbon detection-ultraviolet detection-organic
nitrogen detection (LC-OCD-UVD-OND Huber et al. 2011). For LC-OCD-UVD-OND analyses, 250 mL of AOC-free serum

bottles were prepared as described above, with the ratio medium/headspace kept the same as the 100 mL glass vials. The
amount of inoculum added was changed to have the same initial concentration of cells. Bottles were capped with metal
crimp and silicone septa. All the vials were incubated at 30 °C, in the dark.

At T0, 50-mL medium was poured into a 60-mL carbon-free glass vial; at T23, incubated bottles were decapped, and 50-mL

sample was poured into a 60-mL carbon-free glass vial. For the two time points, the samples were stored at room temperature
in the dark, transported to the Lyell Centre, Edinburgh and measured (three technical replicates per sample) within 24 h.

The LC-OCD-UVD-OND separates DOM without prior modification by injecting ∼1 mL of water onto a size exclusion

column (SEC; 2 mL min�1; HW50S, Tosoh, Japan) with a phosphate buffer (potassium dihydrogen phosphate 1.2 g L�1

plus 2 g L�1 di-sodium hydrogen phosphate� 2 H2O, pH 6.58) to identify five different DOM classes. These classes include
(i) biopolymers that are likely hydrophobic, high molecular weight (10,000 g mol�1 or higher), largely non-UV-absorbing

extracellular polymers with saturated structures, polysaccharides and some contribution of proteins or amino sugars;
(Huber et al. 2011) (ii) ‘humic substances’ (HS; with higher molecular weight at ∼1,000 g mol�1 with UV-absorbing aromatic
molecular aggregates of relatively small molecules, stabilised by the hydrophobic effect and hydrogen bonds); (Gerke 2018)
(iii) ‘building blocks’ (BB) that are UV-absorbing humics of lower-molecular-weight (300–500 g mol�1) that have been shown

to include microbial breakdown products of HS; (Huber et al. 2011; Velten et al. 2011) (iv) low-molecular-weight ‘neutrals’
(LMWN; 350 g mol�1) characterised as non-UV-absorbing, weakly or uncharged hydrophilic or amphophilic compounds that
can include alcohols, aldehydes, ketones, and amino acids hydrophilic; and (v) low-molecular-weight acids (LMWA; 350 g mol�1).

All carbon pools were quantified and molecularity (nominal molecular weight (NMW)) (Huber et al. 2011) given.
The limit of detection (LOD) of the OND and OCD were calculated as three times the standard deviation of the mean area

of the noise for six blank injections (Milli-Q water), and the values were converted to concentration units using calibration

curves. The limit of quantification (LOQ) was calculated as 10 times the standard deviation of the mean area of the noise for
six blank injections. The LOD for OCD and OND were 82 ppb/C and 53 ppb/N, respectively. The corresponding LOQ were
273 ppb/C and 176 ppb/N, respectively. The reproducibility of the OCD and OND was tested by injecting 0.4 μg of Inter-

national Humic Substances Society (IHSS) Humic Acid Standard (HS3S10H) in triplicate. For the OCD, the relative
standard deviations (RSDs) were lower than 2.2%. For the OND, the RSDs of Humic Substances was lower than 1.6%.

Statistical analysis

All statistical analyses were carried out using R (version 4.0.2). For cell abundances and growth rates significant differences

were ascertained by one-way analysis of variance (ANOVA) with data being normal and homogeneously distributed, followed
by the Tukey post hoc test (equal variances, and equal group sizes) to discriminate between treatments with a 95% confidence
level. For the LC-OCD-UVD-OND compound groups significant differences were ascertained by a Kruskal–Wallis H test as

the data were not normally and homogeneously distributed, followed by the Dunn’s post hoc test (equal variances, unequal
group sizes) to examine the pairwise comparison with p-values adjusted by the Bonferroni method. For both methods, the
results were expressed by the mean for each group together with its variance (expressed by the standard error).

RESULTS

Increase in cell abundance

Over the course of the experiment, cell abundances increased in all three treatments (Figure 2(a)). Cell concentrations
increased from an average of 4.35� 103+ 2� 102 cells/mL at T0 for all three inocula (n¼ 9) to 1.83� 106+ 9� 103 (n¼ 2
due to a problem with FCM analyses on one replicate); 2.06� 106+ 1� 104 (n¼ 3); 2.15� 106+ 7� 103 (n¼ 3) cells/mL

for TOP, MID and BOT inoculum, respectively, after 36 h of incubation. The total amount of cells harvested differed signifi-
cantly between BOT and the other two treatments after only 10 h of incubation (BOT. TOP-MID, Tukey’s post hoc test on
ANOVA; p.adj, 0.05); while after 20 h all the treatments differed between each other (BOT.MID. TOP, Tukey’s post hoc
test on ANOVA; p.adj, 0.05 per each pairwise comparison). Despite an apparent trend of specific growth rate increasing
from TOP to BOT, only TOP’s specific growth rate was significantly lower than the other two treatments (Tukey’s post
hoc test on ANOVA; p.adj, 0.05) (Figure 2(b)). A greater within-group variation was observed for the MID treatment.
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Microbial community structure

A total of 180,300 high-quality reads were obtained through sequencing, and 1,127 ASVs were detected in this study. Of these,
166 were shared between the three communities (Figure 3(b)); 305 were only found in the TOP, 199 only in the MID and 190
only present in the BOT. The remaining 267 ASVs were either shared between TOP-MID (81), or TOP-BOT (58) or MID-BOT

(128). In terms of alpha biodiversity, the TOP community had the highest observed Richness, Shannon and Fisher Alpha
indexes compared to BOT and MID communities (Table 2). The genera Ralstonia and Pandoraea were the most abundant
in all the three communities accounting for 62 and 15% of the TOP community: 66 and 16% of the MID community and 62

and 16% of the BOT community, respectively.
The lineage betI-B of Burkolederiales and the genus Curvibacter were one to two orders of magnitude more abundant in the

BOT and MID community (11 and 1% for BOT; 7% and 0.6% for MID) than in the TOP one (0.08% and 0.01%). The Genus

Sphingobium and the lineage alfIV alfIV-B of Sphingomonadales were highly abundant in the TOP (5 and 8%, respectively),
but almost absent in the other two treatments (0.0% and 0.002% for BOT; 0.003% and 0.0% for MID) (Figure 3(a)).

DOC concentration

DOC concentration before inoculation was 12.19+ 0.04mgC/L (n¼ 3); after 23 h of incubation, 12.35+ 0.04, 12.34+ 0.04,
12.18+ 0.08 mgC/L were measured in the TOP, MID and BOT treatments, respectively. Only the TOP DOC was statistically

different from T0 (Dunn’s post hoc test on Kruskal–WallisH test; p.adj, 0.05), but no significant difference between final DOC
treatments was observed (Figure 4). Again, within-group variation was noticeable, especially for the TOP and BOT treatments.

DOM degradation

The initial DOC was mainly composed of humic substances (83+ 0.4%), but the compound groups BB (8.0+ 0.2%), LMWN
(5.7+ 0.2%), LMWA (0.1+ 0.02%), and BP (3.3+ 0.73%) were also found. This DOM composition changed slightly in all

the samples during the incubation period. While no significant differences were observed among the three treatments at the
end of the experiment regarding the different DOM fractions concentrations (Dunn’s post hoc test on Kruskal–Wallis H test;
p.adj, 0.05), significant differences were observed between T0 and the three treatments after 23 h incubation.

Figure 2 | Trends of cell abundances (a) and growth rates (b). Abundances were measured over the course of the experiment for the three
treatments (mean+ s.e., n¼ 3 replicates). Letters (a,b,c) in (a) denote significant differences between treatments with regard to cell
abundances at the beginning of incubation (0 h) and after 10, 20 and 36 h assessed by Tukey’s post hoc test on ANOVA. Letters (a,b) in (b)
denote significant differences with regard to growth rates between treatments assessed by Tukey’s post hoc test on ANOVA. Same letters
denote no significant difference, different letters denote significant differences between treatments.
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Figure 3 | Heatmap of the communities in the three treatments at genus level with both rows and columns ordered using hierarchical
(average linkage) clustering (a). Venn diagram of the ASVs found in the treatments (b).

Table 2 | Alpha diversity parameters for the pooled triplicates

Sample Number of high-quality reads Richness Fisher Alpha Shannon

TOP 53,948 610 96 4.13

MID 71,954 547 85 3.99

BOT 54,398 541 84 4.10

Figure 4 | Boxplot of the DOC concentration at T¼ 0 and the three treatments (TOP, MID, BOT) after 23 h incubation. Letters (a,b,c) denote
significant differences with regard to DOC concentration in the different treatments assessed by Dunn’s post hoc test on Kruskal–Wallis H
test. Same letters denote no significant difference, different letters denote significant differences between treatments.
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Although no reduction in HS (Figure 5(a)) concentration was observed in TOP and MID from T0 to T23, BOT exhibited a

significant decrease in HS content compared to T0 and significant increase in both BB content and molecularity (Figure 5(c)).
Throughout incubation, the LMWN carbon fraction did not change (Figure 6(a)). The LMWA concentration, on the

other hand, decreased in the TOP and MID treatments. However, the difference between T0 and T23 was only statistically

Figure 5 | Boxplots of HS concentration (a), BB concentration (b), and molecularity of the HS pool (c) at T¼ 0 and in the three treatments
(TOP, MID, BOT) at T¼ 23. Letters (a,b,c) in a, b, and c denote significant differences in concentration between the different treatments
assessed by Dunn’s post hoc test on Kruskal–Wallis H test. Same letters denote no significant difference, different letters denote significant
differences between treatments.
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significant for MID (Dunn’s post hoc test on Kruskal–Wallis H test; p.adj, 0.05); the concentration of LMWA in TOP fell

below the LOD (Figure 6(b)). Finally, the BP concentration increased significantly only in MID at the end of the exper-
iment (Dunn’s post hoc test on Kruskal–Wallis H test; p.adj, 0.05) (Figure 6(c)). T0 showed a larger variance, while
TOP had a significant outlier.

Figure 6 | Boxplots of the LMWN (a), LMWA (b), and BP (c) at T¼ 0 and (TOP, MID, and BOT) at T¼ 23 h. Letters (a,b,c) in a, b, and c denote
significant differences in concentration between the different treatments assessed by Dunn’s post hoc test on Kruskal–Wallis H test. Same
letters denote no significant difference, different letters denote significant differences between treatments.
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DISCUSSION

The aim of this study was to explore the ability of microbial communities extracted from different depths of a biofilter to
degrade DOM fractions. Understanding this is essential to improve biofilter performances and DOM removal in drinking
water treatments.

First, our results showed that the microbial communities enriched from three different depths of a biofilter (extracted and
transformed into three inocula: TOP, MID, BOT) varied in their growth rate. While they were exposed to the same DOM
composition and incubated under the same controlled conditions, the MID and BOT communities showed faster growth

rates than the TOP and, consequently, a higher abundance of cells at the end of the experiment. Although a difference
between MID and BOT growth rates was detectable (Figure 2(b)), it was not statistically significant (P. 0.05). This outcome
is highly likely a result of high within-group variation of MID treatment presented by the wider error of the boxplot.

Assuming an average content of organic carbon per cell equal to 1.5� 10�13 g of C/cell (as suggested by Vrede et al. (2002)
and Pick et al. (2019)), the total net growth of cells at the end of the 23 h incubation accounted for the 1.31% and 1.36% of the
total initial DOC content in the TOP and MID treatment, respectively, and for the 1.53% of the BOT treatment. Therefore, we

expected to see a similar percentage decrease in the DOC concentration values; however, we did not observe a decrease in
DOC concentration for any of the treatments. The expected change in DOC concentration might have fallen within the instru-
ment’s error.

Our results showed that the three microbial communities differed in the type of DOM compound group utilised during the

incubation process. This assumes that the change in DOM distribution at the end of the incubation reflects the utilisation of
DOM fractions (as identified by the LC-OCD-UVD-OND) by the three different communities. The TOP and MID treatments
removed compounds belonging to the fraction of DOM with a low molecular weight – LMWA (Figure 6(b)). The BOT com-

munity, on the other hand, used the complex and the most abundant fraction of HS (Figure 5(a)). The metabolism of the
different DOM fractions by heterotrophic bacteria is a complex and controversial subject (Amon & Benner 1996). The tra-
ditional view is that small molecules present in the DOM pool (up to ∼600 Da) are also the most labile (Weiss et al. 1991),
since they can be readily taken up by microorganisms across their cell membrane, and they are the C-source preferentially
chosen by microorganisms (Münster & Chróst 1990). Bigger and more complex molecules (greater than 600 Da) would
require extracellular enzymes for the conversion into smaller and more easily degradable compounds; therefore, they are con-

sidered more recalcitrant to microbial activity. Although biologically more recalcitrant than LMWA and LMWN, several
studies have shown that a portion of humic substances is biologically degradable; this has been observed both in natural
(Moran & Hodson 1990; Volk et al. 1997), and engineered environments (Hammes et al. 2011; Lautenschlager et al.
2014). The HS fraction was the most abundant DOM fraction in our experiment, accounting for 82.7% of the total dissolved

organic carbon present in water. The high concentration of such compounds in freshwater compensates for their slower rates
of utilisation (Volk et al. 1997). Our results suggest that only BOT was able to degrade the widely abundant HS fractions,
which could explain the higher growth rate observed in the BOT community, as compared to TOP and MID.

Along with a decrease of HS in BOT treatment, we also observed an increase in its molecularity. On the other hand, the
TOP and MID treatments demonstrated no removal of HS and no change in the molecularity of the HS pool. The detailed
composition of the HS structure is unknown. However, it has been suggested that they are composed of low-molecular-weight

compounds weakly attached to a larger refractory core (Gerke 2018; Finkbeiner et al. 2020). The BOT community showed
microbial degradation of the HS fraction as suggested by the significant decrease in its concentration. However, it seems that
only the small HS molecules were degraded by microorganisms since a decrease of the HS concentration fraction corre-
sponded to an increase of its molecularity. The microbial activity in the BOT treatment removed the small HS molecules

leaving the big ones in the DOM pool.
Our study reports no removal of the LMWN and BB, although these fractions are generally considered microbially labile

and their biological removal has been reported in several studies (Boon et al. 2011; Krzeminski et al. 2019). However, these

studies used ozonated waters, in which DOM is oxidised and broken down into smaller (more bioavailable) components. In
our study, we used non-ozonated surface water where these compounds are presumed to be more refractory to biological
degradation (Amon & Benner 1996; Vasyukova et al. 2014; Chen et al. 2016). The refractory nature of BB as well as the

fact that BB are the product of HS breakdown (Huber et al. 2011), caused the BB concentration to increase in the BOT treat-
ment during incubation. Our study also reports no removal of BP while these fractions are generally considered easily
available for microbial degradation (Vasyukova et al. 2014; Chen et al. 2016). On the contrary, here we observed an increase
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in the BP concentrations during incubation in all treatments, with only the MID treatment being statistically significant (due

to high variances). BP could have been formed by the microbial cells during their growth. Lautenschlager et al. (2014) also
observed a slight increase of the BP concentrations in their reservoir with treated drinking water, where the presence of cells
was also reported.

The three treatment communities also showed different compositions, with TOP sharing the lowest similarity with the
other two. The structure of a microbial community impacts its ability to degrade the different DOM fractions (Logue et al.
2016). While the degradation of low-molecular-weight DOM is believed to be a functional trait common to many microbial
communities, the ability to utilise more recalcitrant DOM (such as HS and BP with greater molecular weight) is considered a

trait less widely distributed (Logue et al. 2016), which would require either that the microbes in the community act in concert
with each other or the presence of key taxa capable of facilitating the overall degradation process. Therefore, the different
structure of the three communities might have influenced their ability to degrade the DOM pool, with the BOT community

possessing the rarer ability to degrade complex organic carbon molecules such as the HS fraction. The genus Curvibacter,
which was more abundant in the BOT and MID communities, has been thought to play an important role in the DOM
degradation of freshwater since it seems to possess the ability to utilise specific types of carbon source (Wu et al. 2018).
Hence, our results seem to suggest that some of the taxa in the Curvibacter genus could play an important role in the degra-
dation of the HS fraction, which was significant in the BOT treatment. However, it is unclear why we did not observe a
similar reduction in the MID community. The short duration of our experiment (hours vs days), compared to others

(Logue et al. 2016; Wu et al. 2018) could also explain the lack of more significant differences between the treatments.
However, it is important to acknowledge that the duration of our experiment (23 h) exceeded both the Empty Bed Contact
Time (EBCT) (7.5 h) of the laboratory-scale biofilter that generated the communities and the average EBCT of full-scale bio-
filters (which ranges between few minutes for rapid gravity filters to a few hours for slow sand filters). Choosing longer

incubation times would have enabled us to observe the degradation of more complex organic carbon compounds (Wu
et al. 2018) and assess microbial succession; however these mechanisms are unlikely to occur within the timeframe operation
of a biofilter.

Our experimental findings provide additional confirmation that microbial communities developed at different depths of a
biofilter exhibit distinct abilities to degrade DOM fractions, as previously observed by Boon et al. However, our study goes
beyond the findings of Boon et al. by explicitly demonstrating that these differences can be attributed to the specific microbial

communities present at each depth since this was the only factor differing among treatments in our experiment. This could
only be suggested in Boon’s work. Indeed, Boon et al. identified residual ozone at the top of the filters as an additional co-
factor potentially influencing the observed differences.

The extent to which our results can be interpreted as a generalised model of DOM degradation in biofilters is limited. We

acknowledge the fact that for our study, we did not employ the original biofilter communities, but enriched inocula instead.
However, the original biofilter communities showed a distinct separation in terms of composition and diversity from top to
bottom (Supplementary material, Figure S1). Therefore, we can assume that the differences observed in the three inocula’s
abilities to degrade DOM, as well as their composition studied after 36 h of incubation, are the consequence of the initial
compositional difference of the biofilter communities from which they were derived (Logue et al. 2016). We can speculate
that such differences are a consequence of the adaptation of the original biofilter communities to the different environmental

niches developing at different depths of a biofilter (as also suggested by Boon et al. (2011)) and that lower depths might select
for communities capable of degrading more complex DOM compounds. However, whether this results from their continued
exposure to such DOM compound groups during the biofilter operation needs further investigation.

CONCLUSIONS

We have shown that microbial communities from different depths of the biofilter had different patterns of DOM utilisation

with the bottom communities growing fastest, preferring different DOM fractions, and showing significantly different commu-
nity compositions. We speculated that such differences resulted from the adaptation of the original biofilter communities to
the environmental niches developing at different depths of a biofilter and that lower depths might select for communities

capable of degrading more complex DOM compounds. While our experiment provides valuable initial understanding, further
studies are needed to explore the relationship between microbial communities at different depths of a biofilter and their
specific abilities to degrade DOM fractions. Future work should be conducted on the original biofilter communities and
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should employ comprehensive analytical approaches beyond 16S rRNA sequencing. Techniques such as metagenomics or

metabolomics would provide deeper insights into the functional potential and metabolic pathways of these microbial com-
munities which is essential to identify and understand the underlying mechanisms driving the degradation of DOM
fractions within biofilters. This comprehensive approach will enhance our knowledge of the intricate interplay between

microbial communities and DOM processing, ultimately improving the design and optimisation of biofilter systems for effi-
cient water treatment.
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