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ARTICLE INFO ABSTRACT
Keywords: Activated carbon filters are increasingly being installed in sewage treatment plants to adsorb organic micro-
Micropollutants pollutants from purified wastewater. Biodegradation also contributes to micropollutant removal in the filters, but

Activated carbon the respective microorganisms and underlying processes are largely unexplored. Particularly, it is unknown to

leingrizienon which extent active desorption of micropollutants takes place and which molecular mechanisms are involved.
Desorption For addressing these questions microbial model organisms are required. In this study, the prokaryotic micro-

Bacteria biome of a newly installed activated carbon filter in a fourth clarification stage of a municipal wastewater
treatment plant was analyzed over 12 months by 16S rRNA gene amplicon sequencing. Bacterial families with
relative abundancies above 1% stabilized after 2 months and included the potential micropollutant degraders
Hyphomonadaceae and Sphingomonadaceae. Among the latter, members of the genus Novosphingobium were
frequently found and closely related to the type strain N. aromaticivorans DSM 12444, which is known to degrade
synthetic chemicals. Strain DSM 12444 and the Pseudomonadaceae strains Teol5 and Salic, which were isolated
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from enrichment cultures with filter material but not detected in the microbiome, were selected as model or-
ganisms for laboratory growth experiments with granulated activated carbon loaded with benzoate and salicy-
late. Strain DSM 12444 reached a significantly higher final optical density when grown on granular activated
carbon pre-loaded with either benzoate or salicylate compared to strains Teol5 and Salic, respectively.
Extraction of residual benzoate and salicylate from activated carbon granules indicated that >95% of the aro-
matic compounds had been depleted by strain DSM 12444 compared to about 70% and 50% by strains Teol5 and
Salic, respectively. Transcriptomic analysis indicated differential gene expression of strain DSM 12444 during
growth with benzoate in the presence and absence of GAC. These results qualify N. aromaticivorans as a feasible
model organism to study the mechanisms of bacterial growth with organic substrates adsorbed to activated
carbon which could support the design of bioaugmentation strategies for enhancing micropollutant removal.

1. Introduction

Micropollutants are organic compounds that occur at very low con-
centration in the ng to low pg e range in aquatic systems such as
wastewater or runoffs from agriculture and housing estates (Kiimmerer,
2009; Schwarzenbach et al., 2006; von Gunten, 2024). Since many of
these mainly synthetic compounds have been designed to exhibit bio-
logical activity, e.g. pharmaceuticals, hormones and herbicides, their
removal is crucial to protect aquatic life (Gerbersdorf et al., 2015). Mi-
crobial degradation by bacteria and fungi is essential in water purifi-
cation because they can eliminate these undesired substances through
complete mineralization and assimilation. However, many micro-
pollutants have not been reported to be biodegradable to date, most
likely because no natural templates exist (Rios-Miguel et al., 2023). But
even those that are biodegradable are often not efficiently degraded in e.
g. activated sludge, for different reasons including their very low con-
centration, slow turnover rates by (often promiscuous) enzymes or their
low bioavailability (Kolvenbach et al., 2014; Yang et al., 2017). Thus,
advanced water purification by physicochemical methods is increas-
ingly being applied. Among these, water filtration systems based on
activated carbon (AC) in granular or in powdered form (GAC or PAC,
respectively) are used to adsorb micropollutants from purified waste-
water (Gutiérrez et al., 2022), from surface water before its infiltration
for artificial groundwater recharge (Aktas and Cecen, 2007) as well as
during drinking water purification (Bai et al., 2022). Building and
operating the filters is cost- and energy-intensive. As AC-bed capacities
become exhausted over time AC must be regenerated in a very
energy-intensive process or be completely exchanged when the break-
through point of the adsorbing capacity is reached (Nath and Bhakhar,
2011). Therefore, extending the lifetime of AC-filters is economically
and ecologically desirable.

In this respect it has been confirmed that biodegradation also con-
tributes to the removal of organic substances including micropollutants
in AC-filters (Bai et al., 2022; Reungoat et al., 2011; Fundneider et al.,
2021; Zhiteneva et al., 2020; Takman et al., 2024), which can postpone
the breakthrough time of the filters (Nath and Bhakhar, 2011; Simpson,
2008; Piai et al., 2022). Therefore, enhancing biodegradation may be a
way to extend the lifetime of AC-filters, and there are studies aiming at
optimizing the microflora of AC-filters by bioaugmentation, especially
for the elimination of synthetic compounds that are poorly degraded in
activated sludge processes (Benner et al., 2013; Rios Miguel et al., 2020;
Lu et al., 2022).

A prerequisite for enhancing biodegradation in AC-filters is to
explore the involved processes in mechanistic detail (Simpson, 2008;
Gutkoski et al., 2024). Generally, microorganisms can degrade
non-adsorbing organic compounds in the interstitial water phase, while
adsorbing compounds can be degraded before adsorption or after their
(transient) desorption. This provides a sink for adsorbing compounds
and is believed to promote further desorption, which leads to increased
adsorption capacity for non-biodegradable compounds (Putz et al.,
2005). A very useful property would be if microorganisms could actively
desorb compounds from AC because this would regenerate the adsorb-
ing capacity. Studies using '“C-labeled micropollutants have clearly
demonstrated that microbial desorption can contribute to

biodegradation in AC-filters (Betsholtz et al., 2021) but the molecular
mechanisms are not known.

To investigate the mechanisms driving microbial desorption and
biodegradation processes in AC-filters, suitable model organisms are
essential, yet currently not available. Ideal model microorganisms
should be able to acclimatize, survive and grow in AC-filters and to
degrade adsorbing compounds of interest. As many micropollutants
contain aromatic rings, the ability to degrade various aromatic com-
pounds including synthetic ones is crucial. A promising approach to
identify potential model organisms is to explore the indigenous micro-
flora that colonizes operational AC-filters, as these microbes have
already adapted to the filter environment. Since colonization of GAC-
filters is a dynamic process (Takman et al., 2024), bacteria that can
stably establish themselves within the microbiomes of operating
AC-filters and degrade aromatic compounds appear as priority candi-
dates for further investigations. These may later be used to enhance
micropollutant degradation in AC-filters through bioaugmentation.
Evaluating microbiome studies of AC-filters suggests that bacteria from
the families Sphingomonadaceae, Comamondaceae and Hyphomonadaceae
fulfil these requirements (Atasoy et al., 2023; Li et al., 2021; de et al.,
2018). In particular, members of the Sphingomonadaceae do consistently
occur at relative abundances around 2-3% suggesting a certain adap-
tation to AC-filters. Regarding their eco-physiology, Sphingomonadaceae
appear generally very interesting because they are known as degraders
of various synthetic organic chemicals and have a hydrophobic surface
due to their sphingolipids, which might that facilitate physical contact to
AC (Asaf et al., 2020; Kertesz et al., 2018).

Our study was initiated by analyzing the temporal evolution of the
microbiome in a newly installed GAC-filter in a municipal wastewater
treatment plant. Based on the above-mentioned criteria (stable estab-
lishment and metabolic potential) model organisms should be identified
that can be used for the development of GAC microcosm studies for
investigating molecular mechanisms involved in their growth with
adsorbed organic compounds.

2. Material and methods

Additional material and methods can be found in the Supplementary
material.

2.1. GAC sampling

Samples were collected monthly from a newly installed GAC-filter
(without previous ozonation) at the municipal WWTP Giitersloh-Putz-
hagen (Germany, Suppl. Table S1, Suppl. Fig. S1 and supplementary
information) between November 2022 and October 2023 (12 samples in
total; Suppl. Table S2) from the upper GAC layer with a measuring cup
attached to a telescopic rod. Excess liquid, containing purified waste-
water and free-floating biofilm (Schmutzdecke), was decanted, and the
remaining GAC particles were transferred into 50 mL plastic tubes
(Eppendorf, Hamburg, Germany). GAC samples were transported under
constant cooling from Giitersloh to Miinster over approximately two
hours and subsequently stored at —20 °C until DNA extraction.
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2.2. GAC microbiome analysis

DNA sequencing data were processed with RStudio v.4.0.3 (R Core
Team, 2021) using the R packages "phyloseq" v.1.34.0 (Mc Murdie and
Holmes, 2013), "microbiome" v.1.12.0, and "vegan" v.2.6-2 (Oksanen
et al., 2017). These packages were used to convert the microbial com-
munity data from numerical to compositional data by centered log-ratio
(CLR) transformation and for statistical analysis. Taxa with a median
abundance greater than 1% across samples were identified and visual-
ized graphically using the “ggplot2” v.3.5.1 package in R. Taxonomy
was assigned using the reference sequences of the SILVA database 138
(Quast et al., 2013). Sequences were clustered into operational taxo-
nomic units (OTUs) at 97% similarity. To standardize sequencing depth
across samples, rarefaction without replacement was performed using
the rarefy_even_depth function in the “phyloseq” package. The rarefaction
depth was set to 95% of the minimum sample read count to retain as
much data as possible while ensuring comparability across samples.
Alpha-diversity was assessed by calculating the observed species rich-
ness and Shannon diversity indices using the estimate richness function
from the “phyloseq” package.

2.3. ANCOM-BC analysis

Differential abundance analysis was performed using ANCOM-BC
(Lin et al., 2022) at the family level, after filtering low-abundance
taxa (<0.01%) and taxa with >90% zero counts. Pairwise compari-
sons were conducted between t1 and all following time points (Suppl.
dataset 2). Differential abundance analysis was performed using the
ancombc function with the Time variable as the grouping factor. The false
discovery rate (FDR) was controlled using the Holm method (Holm,
1979). Families were ranked based on mean log-fold changes across time
points, and the top 25 families were selected for further analysis.
Heatmaps were generated using the pheatmap function in R.

2.4. Phylogenetic analyses

To analyze the relatedness of Novosphingobium aromaticivorans DSM
12244 to the Sphingomonadaceae OTUs in the microbiome dataset, a
phylogenetic analysis was carried out using representative V4-V5 16S
rRNA sequences of the 17 Sphingomonadaceae OTUs and the corre-
sponding region of the 16S rRNA of strain DSM 12244. Phylogenetic
neighbor-joining analysis was performed using MEGA X v.10.2.2
(Kumar et al., 2018) with 1000 bootstrap replicates to assess branch
support. Multiple sequence alignment was performed using the CLUS-
TAL W method as implemented in MEGA X, with default parameters for
increased sensitivity. Alignment gaps and sites with missing information
were removed using pairwise deletion, and phylogenetic distances were
computed using the maximum composite likelihood (MCL) method
(Tamura et al., 2004). Pairwise sequence similarities were calculated
with MEGA X.

2.5. Adsorption and desorption of aromatic substrates to and from GAC

GAC (Norit PK 1-3), sodium benzoate, and sodium salicylate were
purchased from Merck (Darmstadt, Germany). For acquiring adsorption
isotherms of benzoate and salicylate, different amounts of GAC (0.25,
0.5, 0.75, and 1.0 g) were weighed into Erlenmeyer flasks (100 mL) and
autoclaved. Autoclaved GAC was incubated with 50 mL of sterile ul-
trapure water (Milli-Q, Merck KGaA, Darmstadt, Germany) at room
temperature for at least 30 min to fill the pores of the activated carbon
with water. Subsequently, benzoate or salicylate was added to a final
concentration of 5 mM to start the adsorption experiment. 5 mM sodium
azide was added to prevent bacterial growth. The flasks were incubated
at 30 °C and 200 rpm for 24 h. Samples of the liquid phase were taken to
measure the initial substrate concentration (cg) and the concentration in
equilibrium (ceq) after 24 h. Samples were filtered using cellulose
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acetate membrane filters (0.2 pm pore size, Th. Geyer, Renningen,
Germany) and stored at —20 °C until analysis via high-performance
liquid chromatography (HPLC, see below). Freundlich adsorption iso-
therms were generated according to described procedures (Worch,
2012).

To be able to quantify benzoate and salicylate remaining on the GAC
at the end of bacterial growth experiments, a protocol was developed to
optimize the chemical desorption of these substrates from GAC. For this,
5 mM benzoate or salicylate in 5 mL HEPES-buffered medium B (50 mM,
pH 7.0; 0.01 mM CaCly, 0.15 mM potassium-sodium-phosphate buffer,
trace element solution SL10, (Jagmann et al., 2010)) were pre-adsorbed
to 0.2 g GAC in 10 mL test tubes for 72 h, and the amount of adsorbed
substrate was calculated by subtracting the final substrate concentration
in the medium from the initial concentration (calculated adsorption,
Ccal)- For subsequent desorption testing, the remaining media were
carefully removed from the GAC particles with a pipette. The particles
were washed by adding 1 mL medium B without a carbon source, vor-
texing for 3 s and removing the medium with a pipette. Systematic
testing of desorption parameters (not shown) revealed that the most
efficient desorption was achieved using 5 mL methanol as solvent and
incubation at 42 °C and 200 rpm, followed by exchanging the methanol
with 5 mL fresh solvent after 4, 8, and 24 h. All methanol fractions were
collected and analyzed individually by HPLC. The amount of totally
desorbed substrate was calculated as the sum of substrate present in
these fractions. At the end of bacterial growth experiments, the amount
of substrate that was presumably biologically desorbed from the GAC
during growth was calculated by subtracting the amount of chemically
desorbed substrate from the initial adsorbed substrate concentration.

2.6. HPLC analysis

Benzoate and salicylate concentrations were quantified by HPLC
analysis using a Dionex Ultimate 3000 system (Thermo Scientific, Sun-
nyvale, CA, USA) or an Agilent 1200 system (Agilent Technologies, UK)
each coupled with a diode array detector (DAD). Chromatographic
separation was carried out using reversed-phase C;g columns (Euro-
sphere II RP-C18, 150 x 3 mm, 5 ym on the Dionex system and Infin-
ityLab Poroshell 120 C18, 100 x 2.1 mm, 2.7 um on the Agilent system)
and an isocratic flow (0.3 mL/min) of ammonium acetate buffer (10
mM, pH 3.0, with 0.1% (vol/vol) formic acid) and acetonitrile at a ratio
of 50:50 (vol/vol) for 8 min. Benzoate and salicylate were detected and
quantified at 280 nm UV absorbance using calibration curves with
authentic standards.

2.7. Bacterial strains, growth media, and culturing conditions

The strains used in this study were Novosphingobium aromaticivorans
DSM 12444 (Fredrickson et al., 1991) and two Pseudomonadaceae
strains, Pseudomonas sp. strain Salic and Stutzerimonas degradans Teol5,
which were both isolated from activated carbon filters (Suppl. methods).
All strains were cultivated in medium B with 5 mM sodium benzoate or
sodium salicylate. For maintenance, strains were grown on solid me-
dium B containing 1.5% (wt/vol) Bacto agar (BD, Sparks, USA) with
1 mM cholate (strain DSM 12444), 5 mM benzoate (strain Teol5) or 5
mM salicylate (strain Salic).

All liquid growth cultures were incubated in 10 mL glass test tubes at
30 °C with continuous shaking at 200 rpm (Ecotron, Infors HT, Basel,
Switzerland). For GAC cultures, GAC was washed by immersion in ul-
trapure water (Milli-Q, Merck KGaA, Darmstadt, Germany) in a 200 mL
glass beaker to remove small particles. After drainage through a 2 mm
sieve, 0.2 g of washed GAC particles were weighed into test tubes and
autoclaved before adding 5 mL medium B containing 5 mM benzoate or
salicylate. The tubes were incubated at room temperature for 72 h to
allow benzoate or salicylate adsorption to the GAC. To calculate the
amount of substrate that was adsorbed to GAC, 100 pL samples were
withdrawn from the media before and after the incubation for HPLC
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analysis. HPLC samples were centrifuged at 16,000 x g at ambient
temperature for 5 min, and supernatants were stored at —20 °C and
centrifuged again prior to measurement. Control cultures were set up in
the same way without the addition of GAC. For all growth experiments,
starter cultures were grown with 2.5 mM benzoate without GAC for
about 15 h overnight. Starter cultures were centrifuged at 4000 rpm for
10 min at room temperature, the supernatant was removed, and the
resulting pellets were resuspended in medium B without a carbon
source. Growth cultures were inoculated from washed starter cultures to
an optical density at 600 nm (ODggp) of 0.05, and growth was deter-
mined by measurement of ODggy with a tube spectrophotometer
(Camspec M107, Spectronic Camspec, Leeds, UK). Uninoculated control
cultures were included in every growth experiment. Before, during and
after growth 100 ul samples were withdrawn from the growth media for
HPLC analysis as described above. At the end of the GAC growth ex-
periments, desorption and quantification of benzoate and salicylate
from GAC was carried out as described above.

3. Results

3.1. Analysis of microbiome development in a newly operated activated
carbon filter

The development of the GAC-filter microbiome was characterized by
a major shift in its composition between t0 and t2 on both the family and
on the genus level (Fig. 1AB) accompanied by a strong increase in alpha-
diversity (Fig. S2A). This change was mainly driven by a loss of Beg-
giatoaceae and a strong decrease of the Curvibacter (Comamonadaceae),
concomitant with an abundance increase in many other families e.g.
Chintinophagaceae, Hyphonomonadaceae, Rhizobiaceae, and Sphingomo-
nadaceae. At all sampling dates, genera with sample abundances below
1% accounted for over 50% of the detected genera, suggesting that rare
taxa contributed substantially to the overall diversity. The beta-diversity
showed clustering of community compositions depending on the sam-
pling time point suggesting that the GAC-associated microbial commu-
nity was dynamic (Fig. S2B). Additional filtering of OTUs with relative
sample abundances < 1% did not change the overall structure of the
beta-diversity plot, while the percentage of variation explained by the
first and second principal components increased slightly (Fig. S2C).
After this strong community shift from ty to t;, several families main-
tained an increased abundance after two months of AC-filter operation
(Fig. 2). Apart from several families with scarcely explored physiological
properties such as A0839, Vicinamibacteraceae and Bryobacteraceae, the
families Hyphomonadaceae, Caulobacteraceae, Steroidobactericeae and
Sphingomonadaceae all contain known strains with the ability to degrade
aromatic compounds.
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3.2. Analysis of the development of the Sphingomonadaceae

Based on their aforementioned potential as model organisms for
studying the degradation of aromatic compound adsorbed to GAC, the
Sphingomonadaceae were analyzed in more detail. The genus Sphingo-
pyxis dominated until t3, after which Novospingobium became the
dominant genus among the genera with cultured representatives of this
family (Fig. 3A). This indicates that Novosphingobium bacteria have
certain growth advantages in this environment that allow them to
establish a persistent presence in the GAC-associated community. This
prompted us to investigate the eco-physiology of this genus with regards
to the degradation of aromatic compounds in the presence of GAC.
However, as a method to selectively isolate sphingomonads from envi-
ronmental samples is not available, we performed a 16S rRNA gene
phylogenetic analysis with the Novosphingobium type strain
(N. aromaticivorans DSM 12444) and all 17 Sphingomonadaceae OTUs
present in the GAC microbiome to identify an appropriate model or-
ganism. The similarity ranged from 90.75% to 99.19%, with highest
similarities (>97%) to OTUs that have been annotated as Novos-
phingobium representatives (Suppl. dataset 3, Fig. 3B). This confirms that
strain DSM 12444 is closely related to the Novosphingobium bacteria
present in the GAC microbiome. Because this strain is well-known for its
ability to degrade a large variety of aromatic compounds (Vilbert et al.,
2024), we decided to use strain DSM 12444 as a model organism to
investigate the influence of GAC on the biological degradation of aro-
matic compounds and to analyze its growth with aromatic substrates
adsorbed to GAC.

3.3. Establishment of growth experiments with substrates adsorbed to
GAC

To establish an appropriate model system for studying growth of
strain DSM 12444 with aromatic substrates adsorbed to GAC we selected
the sodium salts of benzoate and salicylate, which have an intermediate
lipophilicity (log Kow 1.88 and 2.23, respectively) and should not fully
adsorb to GAC, as model compounds for aromatic micropollutants. A
pre-experiment confirmed that strain DSM 12444 is able to use both
compounds as growth substrates (not shown).

As a first step, we recorded adsorption isotherms showing that sa-
licylate adsorbed more efficiently to GAC than benzoate (Fig. 4AB).
Based on these results we developed a pre-adsorption protocol for
reaching a stable equilibrium, in which around 80% of benzoate and
90% of salicylate adsorbed to GAC within 72 h (Fig. 4C (a)+(b)). As a
second step, we developed a protocol for quantifying the amount of
residual benzoate and salicylate present on the GAC after bacterial
growth (see Materials and Methods). With this protocol, on average 60%
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Fig. 1. Composition of prokaryotic communities within samples from a GAC-filter of the fourth purification stage of a WWTP in Giitersloh-Putzhagen (Germany) on
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Fig. 2. Heatmap showing changes in abundances for time points t2 to t11 in comparison to t1 of the top 12 families with the highest mean log-fold changes across
time points and relative abundances > 1%. Numbers show log fold changes. Italic numbers indicate samples with p-values > 0.05.

of pre-adsorbed benzoate can be chemically desorbed from GAC (Fig. 4C
(©+(@.

In addition to strain DSM 12444 growth experiments were also
conducted with two Pseudomonadaceae strains, namely Stutzerimonas
degradans Teol5 and Pseudomonas sp. strain Salic, which had been iso-
lated from GAC-filters with tris(hydroxymethyl)aminomethane (TRIS)
and salicylate as growth substrates, respectively. These two strains were
chosen as references because Pseudomonadaceae bacteria were appar-
ently absent in the microbial GAC-filter community (Fig. 1AB), which
suggests that pseudomonads do not significantly benefit from GAC-
adsorbed substrates. Strain Teol5 was used as a reference in growth
experiments with benzoate and strain Salic in growth experiments with
salicylate. As none of the strains showed macroscopic biofilm formation
under the tested conditions, measuring ODgqg in culture supernatants
was used to follow growth.

3.4. Growth experiments

About 80% of benzoate and 90% of salicylate adsorbed to the GAC
within 72 h in all growth experiments (Fig. 5C and F), confirming that
both substrates were available to the bacteria primarily in the adsorbed
state. Strain DSM 12444 showed constant growth in cultures with GAC
with pre-adsorbed benzoate or salicylate and reached final ODgg values
of around 0.5 for benzoate and around 0.4 for salicylate within 30-40 h
(Fig. 5A and D). Without GAC, the same ODg end values were reached
with both substrates, with a prolonged lag phase of approximately 80 h
for benzoate before the growth rate accelerated, and a slight, steady
initial growth before acceleration after approximately 80 h for salicy-
late. In contrast, strains Teol5 and Salic had short lag phases with their
respective substrates in the absence of GAC reaching final ODggg values
of around 0.5 after about 12 h (Fig. 5B and E). In the presence of GAC
with pre-adsorbed benzoate or salicylate, growth ceased at an ODggg of
around 0.2 for both substrates.

At the end of the growth experiments, HPLC analysis showed that
culture supernatants of strain DSM 12444 and strain Teol5 contained
very low concentrations of benzoate while in the respective sterile
controls the concentration was only slightly reduced in comparison to
the values after 72 h of pre-adsorption (Fig. 5C). In contrast, salicylate
was neither detectable in supernatants of the grown cultures of strain
DSM 12444 and strain Salic nor the respective sterile controls (Fig. 5F).
Notably, the sterile controls were analyzed at the end of the respective
growth experiments to account for the different growth kinetics of strain
DSM 12444 and the Pseudomonadacaea strains.

Extraction of residual GAC-adsorbed substrates at the end of the
growth experiments revealed that in cultures of strain DSM 12444 only
about 4-5% of the initially adsorbed benzoate and salicylate could be
chemically desorbed from the GAC particles while almost 60% could be
desorbed from the respective sterile control (Fig. 5C and F). In cultures

of strain Teol5, about 18% of benzoate could be desorbed in comparison
to 64% in the respective sterile control (Fig. 5C), while about 44% of the
initially adsorbed salicylate could be desorbed in cultures of strain Salic
and the respective sterile control (Fig. 5F). In control experiments con-
taining GAC without adsorbed substrates no increase of ODggy was
detected for any of the three strains showing that the GAC-particles did
not contain any growth-supporting compounds (not shown).

Apparently, strain DSM 12444 was able to utilize GAC-adsorbed
benzoate and salicylate as a growth substrate, suggesting that this
strain is able to actively desorb these compounds from the GAC particles,
while this was not the case for the Pseudomonadacaea strains Teol5 and
Salic, respectively, at least not during the time that the cells without
GAC required to reach the stationary growth phase.

3.5. Transcriptome analysis of strain DSM 12444 during growth with
benzoate in the presence and absence of GAC

The apparent desorption and utilization of GAC-adsorbed substrates
prompted us to hypothesize that this is a specific mechanism in strain
DSM 12444 which is induced in the presence of GAC. To investigate this,
we analyzed gene expression of strain DSM 12444 during growth with
benzoate in the presence and absence of GAC by a transcriptome anal-
ysis via RNA sequencing. For this, cultures were harvested during the
active growth phases (Fig. S3A) for extraction of RNA. Transcriptome
analysis revealed that 326 genes were significantly upregulated (logs
fold change > 2, pagjust < 0.005) during growth with GAC-adsorbed
benzoate compared to cultures grown in the absence of GAC (Suppl.
dataset 4., Fig. 6A), while 302 genes were downregulated (logy fold
change < —2, pagjust < 0.005). A set of genes that code for enzymes
involved in the degradation of benzoate via the meta-cleavage pathway
were among the most upregulated genes (Suppl. dataset 4, Fig. 6B),
which are all located on the pNL1 plasmid of strain DSM 12444 (Balkwill
et al.,, 1997; Romine et al., 1999). In contrast, a set of genes located on
the pNL2 plasmid that code for enzymes involved in benzoate degra-
dation via the ortho-cleavage pathway, were among the most down-
regulated genes in the presence of GAC (Suppl. dataset 4, Fig. 6B). Other
highly upregulated genes code for proteins that are related to oxygen
sensing and oxygen stress. Two of the most upregulated genes, RS00895
(log, fold change 4.38) and RS12810 (log, fold change 6.01), are pre-
dicted to code for proteins with hemerythrin domains, which have
originally been found in marine invertebrates and are known to bind
oxygen (Kitanishi, 2022).

To validate the transcriptome data, the expression levels of the key
genes of the meta- and ortho-cleavage pathways (dmpB (RS17909) and
catA (RS20025), respectively) as well as of the two hemerythrin domain-
containing protein coding genes were analyzed by RT-qPCR in the
presence and absence of GAC in early and late growth phases (Fig. S3B).
The RT-qPCR analysis confirmed that catA was downregulated in the
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presence of GAC by a factor of around 2 in the early growth phase and a
factor of 27 in the late growth phase, while dmpB and the two hemer-
ythrin domain-containing protein coding genes were upregulated be-
tween 6- and 103-fold in both growth phases (Fig. 6C). This indicates
that strain DSM 12444 uses different pathways for benzoate degradation
in the presence and absence of GAC and suggests a role of oxygen-
binding proteins during growth with GAC-adsorbed benzoate.

4. Discussion

Our study aimed at identifying model organisms to elucidate the
mechanisms by which bacteria can utilize GAC-adsorbed organic com-
pounds. This was approached by combining the analysis of a GAC-filter
microbiome with the development of growth experiments in which ar-
omatic substrates were provided after their adsorption to GAC. Bio-
informatic analysis of the development of the microbiome in newly
installed GAC-filter brought our focus to the genus Novosphingobium and
more precisely to N. aromaticivorans, which is a well-studied and
genetically accessible model organism for the metabolism of aromatic
compounds (Vilbert et al., 2024). Characterization of N. aromaticivorans
type strain DSM 12444 in GAC-microcosms revealed that this strain was
able to almost completely remove and grow with GAC-adsorbed ben-
zoate and salicylate, respectively, showing differential gene expression
when compared to growth without GAC. The fact that strain DSM 12444

was apparently able to deplete these compounds from GAC particles
much more efficiently than a physicochemical desorption method
strongly suggests a mechanism for actively desorbing aromatic com-
pounds from activated carbon and qualifies this strain as a suitable
model organism.

Microbiome analysis revealed the establishment of a diverse bacte-
rial community within about three months of filter operation, with clear
similarities to other reported GAC-associated communities (Atasoy
et al., 2023; Li et al., 2021; de et al., 2018). Taxa with a stable presence
after timepoint 2 may rely on metabolic processes that allow utilization
of both adsorbed and non-adsorbed organic fraction of the purified
wastewater. The occurrence of potential polysaccharide degraders such
as Terrimonas from the Chitinophagaceae might be caused by poly-
saccharide input from activated sludge (Haberkamp et al., 2008).
Further taxa might therefore recruit from commensal bacteria that feed
on metabolites released during polysaccharide degradation similar to e.
g. chitin-degrading microbial communities (Pontrelli et al., 2022). These
may include the abundant OTUs from the alphaproteobacterial family
A0839 that are predicted as aerobic heterotrophs (Kim et al., 2021).

Apart from the Sphingomonadaceae, some of the stably occurring
families include further potential degraders of aromatic compounds,
namely Hyphomonadaceae (Huang et al., 2023), Caulobacteraceae
(Wilhelm, 2018) and Comamonadaceae, which are also typical members
of the activated sludge microbiome (Saunders et al., 2016). The species
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Comamonas testosteroni is well-known for pollutant degradation (Li
et al., 2024) but could not be found in our microbiome. Similarly, the
genera Pseudomonas and Zoogleoa (Unz and Farrah, 1972), which often
occur in activated sludge (Xia et al., 2018), were absent. The apparent
inability of the two Pseudomonadaceae strains to grow with
GAC-adsorbed compounds may contribute to the fact that pseudomo-
nads are typically not characteristic member of GAC-communities.
Additionally, a low affinity for aromatic substrates may also be
limiting growth of pseudomonads in GAC-filters. Notably, the GAC
microbiome revealed no accumulation of wastewater bacteria with hy-
gienic importance (such as coliforms) that generally occur in the effluent

of WWTPs (Mayer et al., 2015).

The well-known ability of Sphingomonadaceae to degrade highly
water-insoluble polycyclic aromatic hydrocarbons (PAH) (Cunliffe and
Kertesz, 2006) may pose similar challenges as the degradation of aro-
matic substrates adsorbed to GAC. In both settings the driving force for
depleting PAH crystals and GAC-particles is the degradation of the dis-
solved aromatic compounds. The question is whether sphingomonads
harbor mechanisms to support the respective dissolving and desorption
processes. PAH-degrading sphingomonads have not been found to pro-
duce surfactants while chemotaxis and biofilm formation appear to
partly support PAH-degradation (Cunliffe and Kertesz, 2006). In our
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GAC-microcosms, we did not obtain any indications for surfactant pro-
duction and biofilm formation. Among the most upregulated genes in
the presence of GAC were glutathione transferases and proteins with
hemerythrin domains which point at the importance of oxygen stress
and transport, respectively. Interestingly, the degradation of the PAHs
bound to biochar by Sphingobium yanoikuyae B1 was found to involve the
extracellular enzymatic production of hydroxyl radicals (Tao et al.,
2022; Tao et al., 2024). Likewise, reactive oxygen species might be
involved in supporting desorption of the aromatic substrates from GAC
in our microcosms. It can be speculated that the two hemerythrin pro-
teins (SARO_RS12810 and _RS00895) may be required to deliver mo-
lecular oxygen to hypoxic zones at the GAC particles, which would
resemble their function in methanotrophic bacteria (Weiblen et al.,
2025) and Pseudomonas aeruginosa (Clay et al., 2020). Differences in
oxygen availability may also be the reason for the upregulation of the
ortho-cleavage pathway in the presence of GAC. In addition, as the
availability of benzoate is also different in the presence of GAC, the cells
may induce enzymes with a higher affinity for the respective degrada-
tion intermediates. A switch between ortho- and meta-cleavage pathways
has also been described for S. yanoikuyae B1 depending on the respective
aromatic substrate (Song et al., 2000). The reasons for the extended
lag-phase with benzoate and the prolonged growth at low rate with
salicylate in the absence of GAC are unknown. This might have been
caused by toxic effects of the aromatic substrates at high concentrations.
However, strain DSM 12444 and other sphingomonads did not show
retarded growth when incubated with the more toxic bile acids like
cholate (Feller et al., 2021).

4.1. Conclusion

Although the molecular mechanisms underlying the observations of
the transcriptome analysis require further investigation, the differential
gene expression clearly indicates physiological adaptations of strain
DSM 12444 that do apparently enable growth with adsorbed aromatic
substrates. Taken this analysis of the molecular eco-physiology of a
characteristic member of GAC-filter microbial communities and the re-
sults of the microbiome analysis together, our study suggests that GAC-
filters provide ecological niches that are distinct from activated sludge
and are shaped by organic substrates that were either not degraded or
newly formed in the previous purification stages. This conclusion favors
that microbial communities in GAC-filters are shaped according to the
deterministic niche theory rather than the stochastic neutral theory
(Smith et al., 2024). Therefore, studies with model organisms could
deliver important insights into the microbial processes in GAC-filters
with the perspective of enhancing micropollutant biodegradation. Our
current research aims at exploring the molecular mechanisms of
N. aromaticivorans and other sphingomonads during growth with sub-
strates adsorbed to GAC, which will later be addressed in real-world
GAC-filters with meta-omics.
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