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ABSTRACT

Slow sand filters (SSFs) are widely applied to treat potable water; the removal of contaminants (e.g.,
particles, organic matter, and microorganism) occurs primarily in the top layer. However, the develop-
ment of the microbial community and its metabolic function is still poorly understood. In the present
study, we analyzed the microbial quantity and community of the influents sampled from the effluent of
the last step (rapid sand filtration) and of the top layers of SSFs (Schmutzdecke, 0—2 cm, 4—6 cm, 8
—10 cm) sampled near terminal head loss when the Schmutzdecke (SCM) was most developed in two
full-scale drinking water treatment plants (DWTPs). The two DWTPs use the same artificially recharged
groundwater source. The biomass in the filter, quantified by flow cytometric intact cell counts (ICC) and
adenosine triphosphate (ATP), decreased rapidly along the depth till 8—10 cm (>1 log TCC; >75% ATP);
the decrease was most pronounced from the SCM to the surface sand layer (0—2 cm), after which the
biomass stabilized quickly at lower depths (2—10 cm). Remarkably, beta diversity showed that SSFs layers
of the same depth in two DWTPs with distinctive filter age and plant location clustered together, which
indicated their insignificant effects in shaping microbial communities in SSFs. The alpha diversity indices
followed the trend of the biomass, suggesting more active and diverse communities in SCM layer.
PICRUSt-based function prediction revealed significant over-representation of metabolism and degra-
dation of complex organic matters (e.g., butanoate, propanoate, xenobiotic, D-Alanine, chloroalkene, and
bisphenol) in SCM layer, the functional importance of which was confirmed by the co-occurrence pat-
terns of the dominant taxa and metabolic functions. Using an island biogeography model, we found that
microbial communities in SSFs were strongly assembled by selection (68 OTUs, 50.0% sequences), rather
than by simple accumulation of the microbial communities in the influents (120 OTUs, 44.8% sequences).
Our findings enhance the understanding of microbial community assembly and of metabolic function in
the top layers of SSFs, and constitute a valuable contribution to optimizing the design and operation of
biofilters in full-scale DWTPs.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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water flows through, particles, organic matter, and microbes pre-
sent in the source water are removed by physicochemical and
microbiological processes in the sand bed (Haig et al., 2011, 2014).
Previous studies have demonstrated that the high purification ef-
ficiency of SSFs was principally related to the biodegradation of
organic contaminants (Haig et al., 2016; Prenafeta-Boldu et al.,
2017; Oh et al., 2018), which has been attributed mostly to the
Schmutzdecke (SCM) layer (surface and top 1—1.5 cm) in the sand
filters (Campos et al., 2002; Nitzsche et al., 2015). However, the lack
of a fundamental understanding of the biological processes in SSFs
has held back the further optimization and promotion of the
technology.

Efforts have been made to increase understanding of the mi-
crobial ecology and biological processes in SSFs. For example, pre-
vious studies have found that the diversity and function of
microbial communities in such engineered systems are closely
related to treatment performances (Oh et al., 2018; Zhang et al.,
2018; Haig et al., 2015). Moreover, a number of studies have
attempted to link the purification mechanisms and the associated
responsible populations (Wang et al., 2010; Martineau et al., 2015;
Li et al., 2013). However, such studies focused mainly on specific
purification mechanisms, like nitrogen removal by nitrification and
denitrification (Aslan and Cakici, 2007), and Mn-oxidization by
certain bacteria (i.e., Leptothix, Gallionella, Siderocapsa, Crenothix,
Hyphomicrobium, and Metalloaenium) (Nitzsche et al., 2015; Li et al.,
2013; Abu Hasan et al., 2012). Most of the available research was
performed on lab-scale microcosms (Manav Demir et al., 2018;
Seeger et al., 2016; Grace et al., 2016), which were established
under certain controlled parameters, but not in field. To date,
studies addressing the microbial communities and their metabolic
capacities in SSFs are still limited, which is attributed to the limi-
tations on the application of advanced molecular technologies to
conventional biological processes in the field and on the accessi-
bility of full-scale filters. Oh et al. (2018) reported a metagenomic
characterization of biofilters in a full-scale drinking water treat-
ment plant, which included a rapid sand filter, a granular activated
carbon filter, and a SSF, and provided valuable insights into the
microbial community phylogenetic structure, colonization pattern,
and metabolic capacity (Oh et al., 2018). However, only the SCM
from each type of biofilter in a single plant was sampled and
analyzed. Studies of the vertical distribution of the top layers, and
multiple-plant studies, which are important for understanding the
development of microbial communities in SSFs, are still lacking.

Beyond scanning the microbial communities to determine “who
is present” and “how the composition changes spatially or
temporally”, it is critical that we understand the rules governing
community assembly in SSFs. Previous studies focused mainly on
how deterministic factors (i.e., taxa competition and niche differ-
entiation) affect the target communities (Nair et al., 2014; Pompei
et al., 2017). Using a neutral community model and a column
simulation system, Vignola et al. (2018) found both niche and
neutral factors acted on microbial community assembly in sand
filters (Vignola et al., 2018). Multi-layer sampling from full-scale
operational sand filters is still needed to study the development
and assembly of microbial communities in SSFs and its metabolic
functions.

The present study targets the SCM-10 cm top layers of SSFs in
two full-scale DWTPs that use the same artificial recharged
groundwater as a source. The objective is to investigate the vertical
distribution of the quantity and communities of microbes in the top
layers, and to explore the assembly of the microbial communities
and their metabolic functions. The biomass was quantified by ATP
and intact cell counts (ICC), and 16S rRNA sequencing (Illumina
MiSeq) combined with a modified neutral community model
(NCM) was performed to investigate the microbial community
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assembly. Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States (PICRUSt) based on 16S rRNA
sequencing data was used to predict the metabolic functions.

2. Material and methods
2.1. Description of SSFs

The study was performed on two full-scale SSFs at Dunea
DWTPs, referred as DWTP-1 and DWTP-2. The two SSFs receive
water from the same source after the same pre-treatment pro-
cesses. Generally, the raw water, withdrawn from the river near
Brakel and purified through sand filters, is transported through two
pipes to the dunes located between DWTP-1 and DWTP-2. After the
infiltration in the dunes and an average residence time of two
months, the water is pumped up for a series of post-treatment steps
before being transported to customers; these steps include soft-
ening, aeration with preliminary dosing of powdered activated
carbon, dual media rapid filtration, and SSF. During the operation,
the top layers of SSFs are removed to control the head loss over the
filters. Typically, the top ~10 cm of filter material, including the SCM
layer, are removed. Subsequently, the scrapped sand is washed,
dried, and then reused. The two dimensionally distinct SSFs have
been used for drinking water production at DWTP-1 and DWTP-2
since 2006 and 1999. Both of the SSFs are covered. The character-
istics of the SSFs are shown in Table S1.

2.2. Sample collection

The schematic representation of the sampling of the SSFs is
shown in Figure S1. Both of the SSFs were sampled near terminal
head loss when the SCMs were most developed. All of the samples
taken were stored in sterile plastic containers on ice and analyzed
within 24 h.

For biomass quantification, triplicate samples from the SCM-10
cm top layers of SSFs were collected immediately after the SSFs
were drained out. The SCM layers (dark black) were distinguishable
from the sand bed (dark brown) by their color, which were biofilm-
like layers accumulated on the top of sand filter bed (Campos et al.,
2002). Specifically, a hole was dug for sample collection. The SCM
samples were collected first; then, sequentially, sand samples were
collected from the depth 0—2 cm (Dg—2 ¢m), 4—6 cm (D4—g cm), and
8—10 cm (Dg_19 cm) Of the sand beds, using a sterile spatula (n = 24,
triplicate samples, 4 layers, 2 filters).

The microbial community assembly study was focus on the SSF
in DWTP-1, where three influent samples were collected for DNA
extraction and sequencing once per week in three successive weeks
(water samples, n = 3) before taking filter samples, and triplicate
samples from each filter layer were collected for DNA extraction
and sequencing (SCM and sand samples, n = 12, triplicate samples,
4 layers). To assess the similarity and variation of the microbial
community between the two full scale SSFs in two treatment
plants, 2 layers rather than all 4 layers were randomly chosen and
sampled from SSF in DWTP-2 (Dg—2 ¢m and D4—g ¢m, duplicate sand
samples, n = 4) to be compared with that of the same depth in
DWTP-1. Generally, the influent water samples (2 L per sample)
were filtrated with 0.2 um filters for DNA extraction. While, sus-
pensions of all the SCM and sand samples, which were obtained by
ultrasonification for three time periods of 2 min each at 42 KHz,
were used for further microbiological analysis (Liu et al., 2018).

2.3. Active biomass concentration measurements

The active biomass concentration was determined by measuring
the Adenosine triphosphate (ATP) content and intact cell counts
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(ICC) in the suspensions of all the SCM and sand samples. The ATP
content was measured using the Luciferene Luciferase method. In
short, the obtained suspensions were warmed to 30 °C in a sterile
Eppendorf tube, while the ATP reagent was simultaneously
warmed. The sample and the reagent were mixed with an equal
volume after 2 min at 30 °C and then the luminescence was
measured directly. The data were collected as relative light units
and converted to ATP by means of a calibration curve made with a
known ATP standard (BactTiter kit, Promega, method detection
limit 0.5 ng/L). Total intact cell counts were determined through
flow cytometry (FCM, BD Accuri C6® FCM, BD Biosciences,
Belgium). SYBR Green I and Propidium lodide was used to distin-
guish living and dead cells (Chan et al., 2018). In detail, bacterial
cells in the suspensions (500 pL per sample) were stained with 5 uL
of the mixture of SYBR® Green I and propidium iodide stains and
incubated for 15 min in the dark before measurement.

2.4. DNA extraction and illumina sequencing

The DNA was extracted from the water samples and the sus-
pensions of all the SCM and sand samples using the FastDNA Spin
Kit for Soil (Q-Biogene/MP Biomedicals, Solon, OH, USA), following
the manufacturer’s instructions (Hwang et al., 2011; Tamaki et al.,
2011). The 16S rRNA gene amplification was carried out as previ-
ously described (Kozich et al., 2013). The hypervariable V3—V4
region of the 16S rRNA gene was amplified with the bacterium-
specific forward primer 341F (5-CCTACGGGNGGCWGCAG-3’) and
the reverse primer 805R (5-GACTACHVGGGTATCTAATCC-3'). The
sequencing was performed on the Illumina Life Sciences GS FLX
series genome sequencer (Roche, Switzerland). The obtained DNA
sequences were deposited in the DDBJ] sequence read archive
(Accession Number: PRJNA643380).

2.5. Statistical analysis

The raw reads generated were filtered, clustered, and aligned
using the Quantitative Insights Into Microbial Ecology (QIIME2)
pipeline with default settings (Kuczynski et al., 2011). Taxonomy
assignment against the bacterial SILVA database were performed.
Additionally, all samples were rarefied to the lowest read number
within the data set (7,000) for the downstream alpha and beta
diversity analysis. Dissimilarity across samples was calculated by
using unweighted UniFrac distance matrices, which were con-
structed from the phylogenetic tree and exhibited by the principal
coordinate analysis (PCoA) plot. The significance of beta diversity
differences among different sample categories was determined by
the PERMANOVA test in QIIME2. Differences were considered sig-
nificant when the p-value was lower than 0.05 (p < 0.05). Venn
diagrams exhibiting the similarity of the microbial populations
among distinct sample categories were drawn with VennDiagram
package in R (3.5.3). The least discriminant analysis (LDA) effect size
(LEfSe) was performed to distinguish biomarker taxa with signifi-
cantly different relative abundances (P < 0.05, LDA score > 2) in
each group.

To explore the contribution of neutral processes and environ-
mental selection on community assembly of the filter communities,
an evolved NCM following null hypothesis was performed (Morris
et al,, 2013). Specifically, the influent water sample was consid-
ered to be the source community, whereas the filter media samples,
including the SCM layer and sand samples, were the local target
communities. The empirically observed frequency of detection was
expressed as the number of filter media samples, in which a target
OTU was detected over the total number of filter media samples. In
the implementation of this model, only shared OTUs between
target and source communities were employed. Consequently, the
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expected frequency of detection in the target communities, which
were present via dispersal and ecological drift, was calculated
following a beta probability distribution (Sloan et al., 2006). The
probability distribution was estimated by the coupled parameter
Ntm and the relative abundance of the OTU in the source com-
munity. Wherein, Nt represents the total number of individuals in
the local community, and m is the immigration rate. The fitting
parameter Npm, which reflects the dispersal of microbes from the
source community to the target community, was optimized by
minimizing the sum of squares of errors. Ultimately, the neutral
model was constructed by 95% binomial confidence intervals based
on the Wilson method with the Hmisc package in R (Morris et al.,
2013). Theoretically, OTUs that fell between the confidence in-
tervals were considered to be a result of neutral dynamics of sto-
chastic births and deaths within the local communities and
stochastic immigration from the source communities, according to
the neutrality assumption. OTUs falling outside the upper or lower
bound of the confidence interval were detected at disproportion-
ately higher or less frequencies in the local communities than
predicted by the neutral model, based on their relative abundance
in the source communities, which are advantaged or disadvantaged
by the local environment (Vignola et al., 2018).

2.6. Functional assignment and analysis

The functional potential of prokaryotic communities in all
samples was predicted using Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States (PICRUSt) v1.0.0
pipeline. Sequences used for PICRUSt were clustered at 97% simi-
larity using the pick_closed_reference_otus.py script against the 13.5
Greengenes database on QIIME platform (Langille et al., 2013;
Wang et al., 2016). The OTU table normalized by 16S rRNA gene
copy number was used for metagenome functional prediction,
generating a table of Kyoto Encyclopedia of Genes and Genomes
(KEGG) Orthologs (KOs). Ultimately, the predicted functions were
categorized at KO level 2 and 3 within the pathway hierarchy of
KEGG. The Nearest Sequenced Taxon Index (NSTI) score, an indi-
cator for the accuracy of PICURSt, was generated by using default
settings (Langille et al., 2013). The comparison of potential func-
tions among different sample categories were completed using
statistical analysis of metagenomic profiles (STAMP). All possible
pairwise Spearman’s rank correlations between bacterial taxa and
predicted metabolic sub-pathways were calculated, and a correla-
tion matrix was constructed in R environment using psych package.
A valid co-occurrence event was considered to be a robust corre-
lation if the Spearman’s correlation coefficient (p) was >0.7 and
statistically significant (P-value <0.01) (Barberan et al., 2012).
Gephi 0.9.1 was used for network visualization (Bastian et al,,
2009).

3. Results
3.1. Biomass distribution along filter depth

As quantified by ATP and ICC, the SCM harbored the highest
active biomass (1.1-1.9 x 10° cells g~, 80.1-154.1 ng ATP g~ 1). For
both DWTPs, the biomass distribution showed the same trend
along depth; the biomass decreased sharply from the SCM to Dg_;
em» then gradually to D4 ¢ and Dg_1g ¢m. In the SSF of DWTP-1,
ATP decreased by 50%, 67%, and 75%, and ICC decreased by 91%,
96%, and 97%, from the SCM to Dg_2 cm, D4—6 cm» and Dg_10 cm,
respectively (Fig. 1). For DWTP-2, ATP decreased by 85%, 91%, 94%,
and ICC decreased by 90%, 94%, 95%, from the SCM to Do—2 ¢m, D4—6
em» and Dg_10 cm, respectively (Fig. 1). It is interesting to observe that
with a ~200 days longer filter-run time (450 vs. 243 days), the SCM
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Fig. 1. The variations of ATP and intact cell counts (ICC) in Schmutzdecke (SCM, red), and sand samples with different depth (Do—3 ¢m, orange; D4—¢ ¢m, Yellow; Dg_10 ¢m, green) in

DWTP-1 and DWTP-2.

from DWTP-2 harbored much higher active biomass than that of
DWTP-1 (ATP, 154.1 vs. 80.1 ng/g). While going deeper into the sand
bed, the ATP of DWTP-2 became lower than that of DWTP-1 at the
same depth, with much smaller differences (10—20 ng/g) compared
to the differences between the SCMs.

3.2. Microbial community distribution along filter depth

In total, 263,185 sequences were obtained from 19 samples,
including water samples, SCM, Dg-2 ¢m, D4—6 cm, and Dg—19 ¢m Sand
samples in triplicates (n = 15) from DWTP-1, and selective sand
samples from Dg_3 ¢m and D4—g ¢m in duplicate (n = 4) from DWTP-
2, with an average number of about 13,000 reads/sample, which
assigned as 1110 OTUs. The comparison of the microbial community
of the different layers is based on DWTP-1, while the comparison of
the two sand filters is based on Dg_3 ¢m and D4_g cm. The rarefaction
curve reached a plateau after 5000 sequence reads were obtained,
indicating that enough sample coverage was obtained for all the
samples (Figure S2). All samples were rarefied to the lowest read
number within the data set (7,000) for the downstream alpha and
beta diversity analysis.

3.2.1. The diversity of microbial communities

Alpha diversity. On average, 404—528 OTUs were observed
across all samples (Table S2). When the two treatment plants were
compared, similar levels of OTUs were observed at Dg_3 ¢ and D4—g
«m between the SSFs. For the distribution of OTUs along depth, the
same trend as that of the biomass distribution was observed for the
number of observed OTUs, which decreased from 528 at the SCM to
502, 470, and 404 at Dg_2 ¢m, D4—6 cm» and Dg_19 cm, respectively.
The same trend was observed for the indices of Shannon and Chao
1, while no clear differences were found regarding the evenness.

Beta diversity. PCoA plot based on UniFrac distance showed three

clusters, namely: water samples, the SCM, and other layers, indi-
cating the high reproducibility of the obtained results (replicates),
and the clear differences among sample groups of water, the SCM,
and the sands (PERMANOVA, p < 0.01) (Fig. 2). Remarkably, the sand
samples from layers of Dg_3 ¢m and Dg—g ¢ Of the two treatment
plants clustered closely together (PERMANOVA, p > 0.05), suggesting
identical bacterial community formation in the SSFs, despite the
differences of the locations and operational conditions of the two
treatment plants. Considering the microbial community distribution
along depth, the SCM formed a different cluster from all other sand
samples (PERMANOVA, p < 0.01). One of the sand samples from Dg_3
cm in DWTP-1 showed bigger variations among the triplicate samples
than did all the others; the sample was taken from the upper part of
the sand connecting to the SCM as reflected by a closer distance to
the cluster of SCM in the PCoA plot.

3.2.2. The composition of the microbial communities

The taxonomy assignment showed that at the phylum level,
Proteobacteria (22.2—34.5%) and Planctomycetes (14.1—18.3%) were
highly abundant in filter samples, while Patescibacteria (36.0%),
Proteobacteria (20.2%) and Omnitrophicaeota (14.0%) dominated in
water samples (Figure S3). Not all OTUs were able to be assigned
into known general taxonomy information due to the complexity in
the microbial community within this oligotrophic environment. As
shown in Fig. 3A and Figure S4, OTU52 (c_Subgroup 6, 3.1—4.1%),
OTU607 (f_Gemmataceae, 2.6—3.6%), and OTU859 (o_PLTA13,
2.1-3.8%) were the most abundant taxa in the sand samples of the
top layers, followed by OTU860 (Pseudomonas spp., 0—3.0%),
OTU820 (MND1 spp., 0.9—2.8%), OTU668 (Pedomicrobium spp.,
0.7—2.4%), OTU357 (Nitrospira spp., 1.2—2.1%), OTU613 (f_Pir-
ellulacea, 1.3—2.5%), OTU873 (Methylomirabilis spp., 0.9—1.8%),
OTU575 (c_OM190, 1.0—1.8%), OTU610 (Pir4 lineage spp., 1.3—1.7%),
OTU827 (f_TRA3-20, 0.4—-1.7%), OTU223 (0_S085, 0.9-1.3%),
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Fig. 2. PCoA plot generated using unweighted UniFrac distance matrix showing the microbial community distribution of different sample categories.

OTU850 (Legionella spp., 0.3—1.3%), OTU247 (c_TK10, 0.2—1.3%), and
OTU667 (Hyphomicrobium spp., 0—1.3%), OTU611 (Pirellula spp.,
0.8—1.2%), OTU732 (o_MBNT15, 0.7—1.2%), OTU680 (f_Xantho-
bacteraceae, 0—1.2%), 0TU196 (Anaerolineaceae spp., 0.1-1.1%), and
OTU130 (f_Saprospiraceae, 0.3—1.1%).

Along the depth of the filter bed, there were 66 dominant OTUs
(>1%) shared by all layers (93 dominant OTUs), of which OTU52,
0OTU607, OTU859, and OTU613 accounted for the highest abun-
dances in the SCM, Do-2 cm, D4—6 cm» and Dg—10 cm, respectively
(Figure S5). In addition, significantly different dominant OTUs be-
tween the SCM and other top sand layers were observed (Fig. 3B).
For example, 9 dominant OTUs (>1%) were discriminatively
dominant in SCM (Welch’s t-test, two-sided, Bonferroni method,
95% confidence interval, p < 0.05), namely, OTU668, OTU873,
0TU667, OTU850, OTU680, 0TU196, 0TU130, OTU645 and OTUG66
in descending order, while for the top 10 cm of the sand layers,
0TU820, OTU613, OTU357, OTU860, OTU827, OTU732, OTU61],
0TU247, OTU711, OTU235, OTU184, OTU178, and OTU561 were
discriminatively dominant (Welch’s t-test, two-sided, Bonferroni
method, 95% confidence interval, p < 0.05) (Fig. 3B). However,
among the three studied top sand layers (Dg—2 ¢m, D4—6 cm and Dg—1o
em), hardly any discriminative dominant OTUs were found
(Figure S6). The detailed taxonomy information of above-
mentioned OTUs was shown in Figure S4.

In the water phase, OTU372 (f_Omnitrophicaeota, 6.4%) was the
most abundant taxa, followed by OTU446 (o_JGI 0000069-P22,
3.2%), OTU552 (c_Parcubacteria, 2.2%), OTU879 (o_Rokubacteriales,
2.0%), OTU365 (Candidatus Omnitrophus spp., 2.0%), OTU52 (1.3%),
and OTU827 (1.1%).

3.3. Effects of neutral processes on filter microbial community
assembly

According to modified NCM, there was a weak correlation

between the neutral model prediction and the empirical observa-
tions (Spearman rank correlation coefficient = 0.15, p < 0.05, Fig. 4).
Among the 248 shared OTUs between microbes in the influents and
the filter bed, 48.4% of OTUs can be explained by neutral process,
while 51.6% OTUs were either more frequent (27.4%) or less
frequent (24.2%) than would be expected by their relative abun-
dances if neutral processes dominated microbial community as-
sembly. When the weight of sequences for each OTU was taken into
consideration, the neutral process still explained about 44.8% of the
sequences, but the enriched OTUs’ contribution increased to 50%,
and the disadvantaged OTUs’ contribution decreased to 5.2%
(Table S3). When zooming into different layers along the depth
(Table S4 and Figure S7), the neutral model failed to explain mi-
crobial community assembly in the layers of the SCM, Dg—3 ¢, and
D4 cm, While weak correlation was observed for Dg_1g ¢m, indi-
cating that environmental selection influences the top sand layers.

The OTUs with observed frequencies above, below, or within
95% confidence intervals of NCM prediction, were identified and
defined as enriched, disadvantaged, and neutral OTUs, respectively.
Thirteen dominant OTUs (>1%) fell into the category of enriched
OTUs, including OTU820, OTU613, OTU610, OTU575, OTU611,
0TU645, 0TU142, 0TU711, 0TU247, OTU235, 0TU178, OTU561, and
0OTU130, in descending order. Among the 60 disadvantaged OTUs,
the relative abundance of dominant OTUs decreased significantly
(i.e., OTU372, OTU552, OTU369, 0TU444, 0TU549, OTU365, and
OTU879) (decreased by 88%—99%). For the neutral developed
groups, there were 11 dominant OTUs (i.e., OTU52, OTU607,
OTU357, OTU668, OTU873, OTU827, OTU184, OTU850, OTU196,
0OTU667, and OTU680). It should also be mentioned that the unique
OTUs observed in filter communities but not in the influents
accounted for an unignored abundance (356 OTUs, 42%), which
were dominated by OTU859, OTU860, 0TU223, 0TU679, 0TU732,
and OTU666 (>1%). The taxonomic information of above-
mentioned OTUs was given in Figure S4.
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Fig. 3. A) Heatmap showing the core OTUs (relative abundance >2%) and their relative abundance in all samples. The complete list of dominant OTUs (relative abundance >1%) and
their relative abundance in all samples was shown in Figure S3. B) Extended error bar plot identifying significant differences between mean proportions of dominant OTUs in SCM
(red) and sand bed (0—2 c¢m, 4—6 cm, 8—10 cm of the sand, gray) samples. The plot was generated in STAMP (Welch'’s t-test, two-sided, Bonferroni method, 95% confidence interval,

p < 0.05).

3.4. The distribution of predicted metabolic functions along depth

In total, PICRUSt generated 5938 predicted metagenomes based
on 16S rRNA gene amplicon data sets, which collapsed into 41 and
234 functional pathways at levels 2 and 3 using KEGG pathway
metadata. With NSTI scores of 0.23 + 0.02, the predicted functional
pathways are authentic (Table S5). Specifically, membrane trans-
port affiliated to environmental information processing, amino acid
metabolism, and carbohydrate metabolism were the most abun-
dant pathways (>10%) at level 2 in the studied top layers (Fig. 5). At

level 3, there were 35 dominant predicted functions (>1%), among
which transporters and ABC transporters affiliated to membrane
transport accounted for the highest abundances (Figure S8).
When the predicted functions between the SCM and the other
top sand layers were compared, significant differences were
observed (Figure S9 and S10). In the SCM, a broad range of me-
tabolisms were significantly more abundant than in the top sand
layers, such as genes related to the metabolism of porphyrin,
chlorophyll, butanoate, propanoate, nitrogen, linoleic acid, cyto-
chrome P450, xenobiotic, D-Alanine, the degradation of
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metabolic functions at KEGG level 2. The thickness of each ribbon represents the abundance of each metabolic functions.

chloroalkane, chloroalkene, and bisphenol, and the photosynthesis
of proteins (p < 0.01) (Figure S10). For the top sand layers, genes
associated with the metabolism of carbohydrate, nicotinate, nico-
tinamide, glycosaminoglycan, glycerophospholipid, and arach-
idonic acid, the biosynthesis of penicillin and cephalosporin, and
the degradation of xylene were significantly more abundant
(p < 0.01). While going deeper into the sand, genes linked to the
metabolism of amino acid, nicotinate, nicotinamide, and phos-
phonate, the degradation of glycosaminoglycan, the biosynthesis of
phenylalanine, tyrosine and tryptophan, DNA repair and recombi-
nation proteins were most abundant in Dsg m (p < 0.01)

(Figure S11B); while genes related to fructose and mannose meta-
bolism and other transporters were most abundant in Dg_3 ¢m and
Dg—10 em (p < 0.01) (Figure S11A and S11C).

3.5. The co-occurrence patterns between dominant OTUs and
predicted functions

Co-network analysis visualized the co-occurrence patterns of
dominant OTUs (>1%) that colonized the filter and predicted
functions at Level 3 in all samples (Figure S12). 67 positive corre-
lations were established among 18 OTUs and 44 metabolic
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functions. The 18 dominant OTUs (>1%) involved in the network
analysis were composed of 7 enriched OTUs according to NCM (i.e.,
0TUS820, 0TU613, OTU611, OTU711, OTU247, OTU561, and OTU130),
6 neutral OTUs (i.e., OTU607, OTU357, OTU184, OTU850, OTU667,
0TU680), and 5 unique OTUs (i.e.,, OTU859, OTU860, OTU666,
0OTU679, OTU732). Detailed correlations between predicted func-
tions and bacterial taxa were provided in Table S6.

4. Discussion

We studied the top 10 cm of full-scale SSFs layer by layer (every
~2 cm) in two drinking water treatment plants that received the
same artificial recharged groundwater as source water. The tripli-
cate samples from each full-scale filter bed and the replicated filter
beds from the two treatment plants confirmed the high repro-
ducibility and reliability of the obtained results. Though SSFs have
been widely documented, this work sheds new light on the dif-
ferences in active biomass, the assembly of communities, and the
shifts of metabolic functions from the SCM to 10 cm below the
surface of the sand beds. To the best of our knowledge, this is the
first study to integrate quantity, community, and metabolic func-
tion datasets, providing details of variations at centimeter level to
reveal the microbial ecology of full-scale SSFs for drinking water
purification.

4.1. Bioactive top layers of SSFs for drinking water purification

As revealed by ICC and ATP results, both the biomass and
bioactivity decreased as the depth increased, from the SCM to the
sand beds, in both of the treatment plants. This agrees with the
general trends reported previously for rapid and SSFs (Campos
et al., 2002; Nitzsche et al., 2015; Carpenter and Helbling, 2017).
For example, using untreated reservoir water as a source and
treating it for irrigation purposes, Calvo-Bado et al. observed similar
levels of ATP (129 ng/g) on the surface of the sand bed, which
decreased to 3.6 ng/g and remained stable at 3.8 ng/g at the middle
(50 cm) and bottom (100 cm) of a 1-m deep simulated slow sand
filter bed (Calvo-Bado et al., 2003). In a similar sampling program of
every 2 cm for the top 10 cm, Campos et al. observed a different
trend, in which, after 69 days operation, the biomass differences
between the layers in the SSFs not exposed to sunlight were not
significant; this was quantified by extractable organic carbon
fraction released from the lysis of microbial cells by chloroform
fumigation (Campos et al., 2002). The different trends between the
observations of Campos et al. and other studies (including the
present one) might be caused by a short operation time (69 vs. 243,
450 days), or the different ways of quantifying the biomass (chlo-
roform fumigation vs. cells, ATP). It has been reported that chlo-
roform gas may adsorb significantly to some fractions of soil
causing uncertainties, which could be the case for EPS and other
components in the SSFs (Alessi et al., 2011).

Remarkably, the layer-by-layer, centimeter-scale analysis of the
SSFs in both treatment plants highlighted that the sharpest
decrease in active biomass occurred between the SCM and the sand
bed, where ATP decreased by 50—85% and ICC decreased by >90%.
There was only a slight additional decrease in the top 4 cm of the
sand bed, and ATP and ICC remained stable deeper into the sand
bed. This indicates that the SCM is a very bioactive layer for
contaminant degradation, which echoes previous studies that
attributed the biological removal of a wide range of organic matter
to the SCM (Oh et al., 2018). When the two SSFs were compared, the
ATP in the SCMs was positively correlated with operation time, that
is, the SCM is more bioactive for organic nutrient and contaminant
degradation after 450 days than after 243 days. The higher ATP can
be attributed to its longer operation time and more flux, during the
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period of which the filtrated water kept delivering nutrients to SCM
for microbial growth.

Moreover, it is interesting to observe that the higher ATP in the
SCM after 450 days’ operation decreased more sharply to sand bed
than that of the 243 days’ operation (85% vs. 50%), which, on the
contrary, resulted in lower ATP in all layers in the longer operated
sand bed. This observation is a direct proof that the more bioactive
SCM degraded more organic matter (better purification perfor-
mance), leading to the lower ATP downstream deeper in the sand
bed. However, the SCM is also responsible for the head loss over
sand filters (Campos et al., 2002). To achieve the optimized per-
formance of SSFs, the activity for biodegradation and the level of
head loss should be balanced.

4.2. Microbial community and metabolic functions

Despite differences in operation time and treatment plant
location, the microbial communities of the SSFs top layers in the
two treatment plants were very similar, suggesting the minor in-
fluence of these factors (operation time and plant location) on
shaping matured microbial communities in SSFs. Similarly, Haig
et al. found that the type and location of filters was not significant
in explaining microbial community variations, when assessing
mature samples in industrial or laboratory-scale SSFs that received
the same source water (Haig et al., 2014). This might be because the
microbial community in filters depends on the nutrient composi-
tion of water flowing through the filters (Pinto et al., 2012); in both
the present study and Haig et al., the different filters received the
same water and had similar established microbial communities.
Within the top layers, the high abundance of Pedomicrobium spp.
and Pseudomonas spp. suggested the occurrence of mineral
biodegradation (Wang et al., 2010). Besides, the co-presence of
MND1 spp. that oxidize ammonia to nitrite (Prosser et al., 2014) and
the nitrifying bacteria Nitrospira spp.(Lucker et al., 2010) indicated
that the process of nitrification/denitrification took place in the top
layers, which agrees with previous studies (Oh et al., 2018; Aslan
and Cakici, 2007).

When the SCM and other layers of the sand bed were compared,
the same trend as ATP and ICC was observed for alpha diversity
indices, suggesting the highest microbial diversity in the SCM,
which can be explained by the higher level of retention of both cells
and organic matter. It has been reported that the higher community
diversity could promote ecosystem services (Maron et al., 2018) and
enhance the adaptability to water quality changes (Wittebolle et al.,
2009), which indicates the high metabolic versatility and functional
stability of the SCM (Haig et al., 2015), and agrees with a previous
conclusion that the SCM layer is the most effective water purifi-
cation compartment (Wakelin et al., 2011).

With regard to the microbial community composition, the
genera Candidatus Methylomirebilis spp. (1.8%) and Hyphomi-
crobium spp. (1.3%) were highly enriched in the SCM, indicating the
occurrence of biological denitrification within the SCM (Wang et al.,
2010; Luesken et al., 2012). Moreover, other amino acids (D-Alanine
metabolism) related metabolic capacities were also enriched in the
SCM. In contrast, high abundance of Pseudomonas spp. (0.5%—3.0%)
was observed in sand samples; these were able to oxidize carbo-
hydrates (e.g. glucose) to produce exopolysaccharides for biofilm
formation, and oxidize minerals (e.g. iron) (White et al., 2015; Bai
et al., 2016). This is consistent with the presence of enriched car-
bohydrate metabolism in the sand bed.

4.3. Microbial community assembly in the top layers of SSFs

Taking influent as the source metacommunity, it was observed
that the filter communities were not strongly assembled by neutral
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processes, and the filter environment provided a selective envi-
ronment, facilitating deterministic selection forces to overcome
stochastic ones during the operation (Dini-Andreote et al., 2015).
This is consistent with the previous lab study that investigated
neutral and deterministic factors in the assembly of rapid sand and
granular carbon filter microbial communities, and the study on
microbial wastewater treatment communities (Vignola et al., 2018;
Hou et al., 2019; Ofiteru et al., 2010). Moreover, when one zooms
into the SCM and the different top layers in the sand bed, the
communities of all other layers above were governed by environ-
mental selection pressure, only a small portion of the community of
Ds—10 em layer can be weakly explained by neutral process
(P <0.01).

NCM categorized the community members as enriched or
disadvantaged by the selection of filtration processes. In the case of
filter microbial communities, the enriched taxa might be strong
competitors adapting for growth in the niche of filter bed, and were
most likely to be responsible for water purification. For example,
the enriched OTUs (i.e., OTU610, OTU611, OTU613) assigned to the
family of Pirellulaceae can use a wide variety of carbon sources
(Zhang et al., 2019; Clum et al., 2009), which was confirmed by the
co-occurrence patterns between these taxa and the predicted
functional pathways for amino acids, carbohydrate metabolism,
glycan biosynthesis, and metabolism (Figure S12). In contrast, the
disadvantaged taxa are probably the ones that cannot easily form
biofilm on sand surfaces, or the weak competitors in the biofilm
passed through the filter, or the ones predated by eukaryotic bac-
terivores (Langenheder and Jurgens, 2001).

The presence of the neutrally distributed taxa depended largely
on the corresponding relative abundance in the source meta-
community, which does not mean that the functions of these taxa
are insignificant. The highly abundant neutral distributors (e.g.
OTU357, assigned as Nitrospira spp.; OTU667, assigned as Hypho-
microbium spp.) could be the colonizers, which are able to easily
adhere and multiply on the filter medium, forming a dense biofilm
structure (Luhrig et al.,, 2015). This hypothesis was directly evi-
denced by the observation of high correlations between the
dominant neutrally distributed taxa (OTU357) and the predicted
functional pathways related to cell motility (e.g. bacterial motility
proteins, flagellar assembly) (Figure S12) (Picioreanu et al., 2007).
Together with extracellular polymeric substance, biofilm developed
in the filter is responsible for biotransformation and removal of
contaminants (e.g. assimilation, oxidization, and degradation)
(Vries et al., 2017).

In addition, there is another group of non-negligible microbial
consortia with a considerable abundance, which was only detected
in the filter communities, but not in the influent. These unique
OTUs could be derived from the growth of inherent inhabitants in
the filter medium. Alternatively, those OTUs might present in the
previous water samples which were not collected in the sampling
period, or present in exceptionally low numbers that cannot be
detected but find a niche in the filters to settle and multiply. The
former case can be investigated by higher resolution water sam-
pling, while the latter case will require attention on the function of
rare groups in the development of filter microbial ecology.

4.4. Practical implications

The centimeter-resolution data revealed the distribution of
microbial quantity, community, and function within the SCM and
the top 10 cm of the SSFs. There is clearly an overwhelming supe-
riority of the SCM compared to the other top layers, even to the
0—2 cm sand bed, regarding its highest microbial abundance, di-
versity, and broad range of functions. This confirmed the clearly
essential role of the SCM in the water purification. Typically, the
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SCM and the top centimeters of the sand bed are removed when the
bed resistance (head loss) becomes too high. Afterwards, a ripening
period has to be respected to allow the SCM to re-establish; it may
take up to 6—8 weeks to “culture” the new SCM and restore per-
formance (Joubert and Pillay, 2008). The significant differences in
the microbial communities in the SCM and in the top sand layers
suggest that the microbes in the remaining sand bed (new surface)
may not be very helpful in accelerating the formation of the new
SCM. It is therefore recommended that the old SCM not be
completely removed, or be partly returned to the sand filter, in
order to accelerate the ripening process.

Moreover, layer by layer, we found that environmental selection
governed the SCM and top sand layers to a depth of 6 cm, while
neutral processes could only explain a small portion of commu-
nities at 8—10 cm. When one considers that the communities found
in the same layers of the two full-scale filters from the two treat-
ment plants were almost identical, one can conclude that the mi-
crobial communities in the filters are reproduceable, and very likely
manageable. We have shown that the operation time and treat-
ment plant location do not change the microbial communities. It
would be interesting to investigate which environmental or oper-
ational parameters might drive the microbial community assembly
differently. For instance, it is indicated that the existed variations
within microbial communities were driven by environmental and
chemical gradients (e.g., DOC, NHZ) (Haig et al., 2015; Boon et al.,
2011). Therefore, it is possible that the dissimilarity among the
communities within SCM and sand bed layers was attributed to the
differences in chemical gradient distribution along with depth.
Nevertheless, more efforts should be made to explore the secrets.
Culturing the microbes that are key purifiers, such as those that can
metabolize complex and persistent organic matter, would be
helpful with a view to optimizing contaminant removal. This would
be all the more meaningful given that microbes harbored by bio-
filters strongly contribute to the drinking water microbiome (Pinto
et al,, 2012).

In summary, the biomass in the filer decreased rapidly along the
depth, which was most pronounced from the SCM to the surface
sand layer (0—2 cm). The alpha diversity indices followed the same
trend with active biomass results, suggesting more active and
diverse communities in SCM. The beta diversity results concluded
that the filter communities at the same depth below the sand
surface in the two DWTPs clustered closely together. The SCM
community was significantly different from the sand bed commu-
nity, with significant over-representation of metabolism and
degradation of complex organic matters (e.g., butanoate, prop-
anoate, and bisphenol). Functional importance of SCM was further
confirmed by the co-occurrence patterns of the dominant taxa/
OTUs and metabolic functions. Using an island biogeography
model, we found that microbial communities in SSFs were strongly
assembled by selection rather than by neutral processes (e.g.
mitigating from the microbial communities in the influents). We
strongly recommend the environmental parameters that drive fil-
ter community assembly, especially in the SCM, to be identified in
order to optimize the performance of SSFs through engineering
measures.
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