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Abstract

Background Removal of trace organic chemicals (TOrCs) in aquatic environments has been intensively studied.
Some members of natural microbial communities play a vital role in transforming chemical contaminants, however,
complex microbial interactions impede us from gaining adequate understanding of TOrC biotransformation mecha-
nisms. To simplify, in this study, we propose a strategy of establishing reduced-richness model communities capable
of removing diverse TOrCs via pre-adaptation and dilution-to-extinction.

Results Microbial communities were adapted from tap water, soil, sand, sediment deep and sediment surface

to changing concentrations of 27 TOrCs mixture. After adaptation, the communities were further diluted to reduce
diversity into 96 deep well plates for high-throughput cultivation. After characterizing microbial structure and TOrC
removal performance, thirty taxonomically non-redundant model communities with different removal abilities were
obtained. The pre-adaptation process was found to reduce the microbial richness but to increase the evenness

and phylogenetic diversity of resulting model communities. Moreover, phylogenetic diversity showed a positive effect
on the number of TOrCs that can be transformed simultaneously. Pre-adaptation also improved the overall TOrC
removal rates, which was found to be positively correlated with the growth rates of model communities.

Conclusions This is the first study that investigated a wide range of TOrC biotransformation based on different model
communities derived from varying natural microbial systems. This study provides a standardized workflow of estab-
lishing model communities for different metabolic purposes with changeable inoculum and substrates. The obtained
model communities can be further used to find the driving agents of TOrC biotransformation at the enzyme/gene
level.
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conventional activated sludge and membrane bioreactor
technologies were originally designed to remove organic
carbon, nitrogen, phosphorus and pathogens, TOrCs are
also to some extent removed or transformed [3]. How-
ever, more complete TOrC removal requires additional
treatment processes such as biodegradation, adsorption,
oxidation and ozonation [4—6]. In particular, biodegra-
dation has proven to be a promising approach due to its
high removal efficiencies and low energy demand, which
is achieved by the microbial communities via metabolism
or co-metabolism. For example, TOrCs were degraded
more efficiently in the wastewater treatment processes
with nitrification, which was related to the activity of
ammonia-oxidizing bacteria [7]. Microalgae-bacteria
consortium also exhibit advantages in the energy, econ-
omy, and environment with great potential in removing
various TOrCs [8]. To apply the biodegradation tech-
nology in full-scale in the long term and to improve the
removal efficiencies, a better understanding of TOrC
biotransformation mechanisms is desired. However, the
degradation mechanisms remain elusive due to the com-
plexity of microbial interactions occurring in the whole
community.

In the last decades, cultivation-independent methodol-
ogy using next generation sequencing has been developed
to explore whole microbial systems [9-11]. However,
there are still many challenges with metagenomic analysis
[12] and the high complexity in natural microbial com-
munities still prevents us from detangling all microbial
interactions and potential ecosystem services. To address
this problem, cultivating model microbial communities
with low species richness offers a promising opportu-
nity for uncovering specific functions of interest [13, 14].
Simplified communities have been applied to elucidate
the microbial community functions and behaviors such
as gene regulatory networks, metabolic interactions, and
ecological theory [15-17]. For instance, Kang et al. con-
structed simplified microbial consortia to evaluate kerati-
nous material degradation [18]. The assembled consortia
showed similar keratinolytic efficiency to the initial com-
munity, showing that simplification can be attained with-
out loss of function and efficiency. Gutiérrez and Garrido
determined the key species for the metabolite production
in a synthetic consortium of 14 gut microbes during the
utilization of prebiotic inulin, providing a basis for defin-
ing metabolic roles in the gut microbiome [15].

According to current studies, model communities
can be assigned to the categories of synthetic, semi-nat-
ural and natural, and they might consist of two-species
or higher member complex co-cultures, and enriched
model systems [19]. Model communities are usually only
designed for specific research purposes and their con-
struction methods can vary across studies. For example,
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Kang et al. [18] and Garcia et al. [20] used dilution-to-
extinction approach to construct model communities.
Synthetic communities are often constructed by artifi-
cially assembling isolates with the advantage to investi-
gate emergent features that arise from combinations that
would not co-exist naturally [21]. Another frequently
used method to obtain functional consortia is enrich-
ment that adapt a natural community by exposing it to
specific environment conditions (e.g., microbial fuel cells
[22]). The enrichment usually leads to microbial compo-
sition shift that results from the replacement of sensi-
tive species by tolerant ones upon long-term exposure to
chemical stress [23]. In particular, a community adapted
to contaminants is enriched in degraders that have great
potential in bioremediation [24, 25]. Moreover, synergis-
tic metabolic interactions between species help to stabi-
lize the communities despite fluctuating environmental
conditions or even enhance their functions, and these
interactions become stronger when the species are dis-
tantly related [26]. For example, the interspecies interac-
tions between Acinetobacter strain and Bacillus strain in
a synergistic consortium resulted in higher degradation
efficiency of herbicide bromoxynil octanoate than either
strain individually [27].

In this study, we aim to establish new model commu-
nities that can be applied to mechanistically investigate
biological TOrC transformation processes and to help
improve biotransformation technologies. A combina-
tion of enrichment steps and the dilution-to-extinction
method were tested in order to provide a robust, stand-
ardized protocol for obtaining diverse model communi-
ties that can biotransform TOrCs. We hypothesized that
(i) the pre-adaptation process will benefit the selection
of model communities in terms of diversity, and (ii) the
phylogenetic diversity of the resulting model communi-
ties will influence the TOrC removal rates. We followed
a series of enrichment steps to adapt the inoculum to
TOrC environment and subsequently used the dilution-
to-extinction approach to establish thousands of poten-
tial model communities. We also tested the effects of the
inoculum and its initial diversity on the protocol in order
to provide a universal framework for several starting
communities for TOrC biotransformation research.

Materials and methods

TOrC selection, inocula sampling and growth medium
preparation

A broad range of TOrCs with different properties and
uses are present in WWTP effluents [28]. To adapt
microbial communities to diverse chemicals, 27 TOrCs
were selected for this study based on their uses, occur-
rence and biodegradability. Pharmaceuticals, industrial
chemicals and artificial sweeteners with worldwide high



Cao et al. Microbial Cell Factories (2023) 22:245

consumption rate and frequent detection in aquatic
environment were included. Moreover, the detected
concentrations of TOrCs in water and wastewater was
considered. In addition, the biodegradability indicated
by the biotransformation efficiencies was an important
selection criterion as well as their potential ecological
risks. A complete list of selected compounds includ-
ing the uses, biotransformation efficiencies, occurrence
in aquatic systems, and ecological risks assessed by risk
quotients (RQ) [29] can be found in Additional file 1:
Table S1.

27 TOrCs were prepared as a mixed stock solution at
the concentration of 50 umol/L per compound. Samples
for inoculation were obtained from tap water (Garch-
ing, Germany), technical sand treated with tertiary efflu-
ent (Garching, Germany), soil (Garching, Germany) and
sediment (47° 47" 16" N, 11° 18" 16" E, Osternsee, Ger-
many) on November 2021. Samples were immediately
taken to the lab for storage at 4 °C until usage. Sediment
was collected by a gravity corer and was divided as sedi-
ment surface (0 m) and sediment deep (0.3 m). Growth
medium was prepared with mineral salts (1L: 448 mg
Na,HPO,-2H,0, 746 mg KH,PO,, 70 mg MgSO,, 120 mg
(NH,),SO,, 1 mg Ca(NOs),, 0.1 mg H;BO; 2.5 mg
FeSO,-7H,0, 0.75 mg MnSO,-H,0, 1.3 mg ZnSO,-7H,0,
0.25 mg CuSO,-5H,0, 0.3 mg Co(NO,),-6H,0, 0.15 mg
Na,MoO,2H,0, 0.01 mg NiSO,-7H,0) [30] and addi-
tional TOrCs mixture as the sole carbon source with a
final concentration of 5 nmol/L per compound within
the range of aquatic environmental occurrence [4]. Min-
eral salt medium was sterilized by autoclaving (120 °C,
21 min), and TOrCs solution was filtered twice by
0.22 um Sterivex filter (Millipore).

Pre-adaptation to increasing concentrations of TOrCs

Each sample was used as inoculum (50 g of sediment,
sand and soil, and 50 mL of tap water) and was directly
added into 450 mL growth medium in a 1 L sterile glass
bottle in triplicates, resulting in 15 bottles in total. They
were incubated in stationary in the dark at room tem-
perature for one month. Afterwards, 450 mL suspension
was discarded and replaced by fresh growth medium.
The pre-adaptation process consisted of six phases
which took six months. TOrC concentrations were
adjusted in each phase (P1: 50 nmol/L, P2: 500 nmol/L,
P3: 1000 nmol/L, P4: 1000 nmol/L, P5: 2500 nmol/L,
P6: 50 nmol/L). This process was designed as a selec-
tive enrichment to let microbial communities adapt
increasingly to TOrCs (the sixth phase with 50 nmol/L
for recovery) and to decreasing alternative sources of
carbon. Furthermore, to avoid dramatic environmental
perturbations, TOrC concentrations increased gradually
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from 50 to maximum 2500 nmol/L. Despite the increas-
ing selection pressure brought by TOrCs, the variation of
concentrations was still in the range of real-world condi-
tions (Additional file 1: Table S1). After six passages, the
natural carbon source in PO was diluted 107°, making it
possible to determine the removal of TOrCs as the only
carbon source in P6. In the final step P6, the aim was to
get close-to-natural conditions of TOrC concentrations,
as an adjustment to the final concentration of the degra-
dation assays. The pre-adapted microbial communities
from P6 were used as the inocula for the dilution-to-
extinction steps setting up the model communities.

Cell counting

Cell counts were measured at the end of each phase to
ensure the growth of microorganisms. 50 pL well mixed
cell samples were directly stained with 5 pL of 2.5 uM
nucleic acid stain SYTO 13 (Invitrogen) for 10—15 min
at room temperature in the dark [31]. Samples were then
added into the wells of a 96 flat well plate and loaded
into the flow cytometer (CytoFLEX, Beckman Coulter,
Germany) for counting. Stained bacterial cells excited at
488 nm were enumerated in the FITC channel, and back-
ground noise of both water and particles were gated out.

Dilution-to-extinction

Microbial communities from adapted (P6 community;
triplicates were pooled) or non-adapted (PO commu-
nity; triplicates were pooled) inoculum were serially
diluted to 0, 0.1, 1, 10, 50, 100, 200, 500, 800, 1000, 2500,
5000, 10,000 cells/mL using growth medium spiked
with 5 nmol/L TOrCs mixture in 96 deep well plates to
establish model communities. The P6 inocula were only
diluted from 0 to 1000 cells/mL, since we expected a
more constant initial diversity. 48 wells of a 96 deep well
plate were inoculated with 1 mL suspension from each
dilution, resulting in 4704 wells from all dilutions and all
inocula, and 16 blank wells (without cells) as control. All
plates were incubated in the dark at room temperature
for 21 days, which was shown to reach the stable growth
phase according to our pre-experiment. After 21 days,
cell counting was used to screen the wells for positive
growth defined as a minimum of 1x10° cells/mL (the
ubiquitous density observed in aquatic environment) [20,
32, 33].

TOrC degradation experiment

Microbial communities with different diversity were
diluted to 1000 cells/mL, and then 1 mL suspension was
inoculated in a new plate spiked with 5 nmol/L TOrCs
to investigate their removal rates (i.e., TOrC degradation
percentage) within 21 days. Similarly, all P6 inocula and
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blanks (TOrC medium without cells and with autoclaved
cells) were incubated in the plates for the same period.
Blanks acted as controls to evaluate the abiotic TOrC
degradation. Cell counts were monitored at 2, 5, 7, 8, 12,
14, 16, 19, 21 days to estimate the growth rates and final
cell counts. TOrC concentrations were measured at the
start (0 d) and end (21 d) time point by liquid chromatog-
raphy coupled with tandem mass spectrometry (LC-MS/
MS) following Miiller et al. [34]. Briefly, 200 pL of sam-
ples collected from pre-adaptated P6 were firstly diluted
10 times to meet the requirements for detection limit
(<10 pg/L). 1 mL of samples collected from biodegrada-
tion experiment were diluted 2 times to obtain enough
volume for measurement. 1900 pL of diluted samples
were mixed with 100 pL of internal standard, and then fil-
tered through 0.22 pm polyvinylidene difluoride (PVDF)
membrane filters into 2 mL amber glass vials. Samples
were performed on a PLATINblue UPLC system (Knauer,
Germany) equipped with a Phenomenex Kinetex PFP
100-A chromatographic column (150X3 mm, 2.6 pm).
The mobile phase was composed by a gradient of Milli-
Q water and LC-MS grade methanol (Merck, Germany),
supplemented with 0.1% formic acid. The used mass
spectrometer was a SCIEX triple Quad 6500 equipped
with a Turbo V ion source for electrospray ionization.

DNA extraction, library preparation and sequencing

Samples of the initial inocula PO, adapted inocula P6 and
final model communities were subjected to DNA extrac-
tion by using the DNeasy PowerSoil Pro Kit (QIAGEN)
according to manufacturers’ instruction. Extracted DNA
was quantified using dsDNA Broad Range Assay (DeNo-
vix, USA) in a fluorometer (DeNovix, USA). 16S rRNA
gene was amplified using the 27F (AGAGTTTGATC-
MTGGCTCAG) and 1492R (TACGGYTACCTTGTT
ACGACTT) primers. The PCR mix included 25 pL
2X GoTaq® colorless master mix (Promega), 1 L of each
primer (20 uM), 1 uL DNA template, and 23 uL nuclease-
free water. Thermocycling conditions included an initial
denaturation at 95 °C for 2 min, 30 cycles of denatura-
tion for 1 min, annealing at 56 °C for 1 min and extension
at 72 °C for 2 min, and a final extension for 10 min. The
PCR products were checked for quality by a 1.5% agarose
gel electrophoresis and purified using MagSi-NGSPREP
Plus beads (Steinbrenner, Wiesenbach, Germany) and
AMPure XP beads (Beckman Coulter, Germany) accord-
ing to the manufacturer’s instructions. Library prepa-
ration was performed using native barcoding kit 96
(SQK-NBD112.96, ONT) following the manufacturer’s
instructions. A total of 75 L library pool was loaded
into an Oxford Nanopore R10.4 flow cell and sequenced
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desired number of reads (around 15,000 reads per sam-
ple) were achieved.

Amplicon sequencing data processing

Raw fast5 reads generated by MinlON were basecalled
with high accuracy model and converted to FASTQ files
using Guppy v3.6.0 (https://timkahlke.github.io/LongR
ead_tutorials/BS_G.html). Afterwards we processed
the amplicons following Cuscé et al. [35] and Karst er
al. [36]. Sequencing adapters were removed using Pore-
chop v0.2.4  (https://github.com/rrwick/Porechop).
Sequences were then trimmed using NanoFilt v2.8.0
with the parameters of -q 9 and -1 1000 [37]. Trimmed
FASTQ files were converted to FASTA files using SeqKit
v2.3.0 [38]. Processed reads were clustered into opera-
tional taxonomic units (OTUs) at 90% identity to adjust
for the higher sequencing error of Nanopore reads using
USEARCH v11 [39] and VSEARCH v2.22.1 [40]. To cal-
culate the relative abundances of OTUs, all reads before
quality trimming were mapped to OTU sequences at 90%
identity by VSEARCH. Singleton OTUs with only one
read were discarded. Generated OTU table was further
filtered by a cutoff of 1% read abundance per sample.
Taxonomy assignment of OTUs was performed by USE-
ARCH SINTAX algorithm [41] against the RDP database
v16 [42] with 0.8 similarity cutoff. Phylogenetic tree file
was also generated by USEARCH.

Statistical analysis

Filtered OTU table was imported into R v4.2.1 for alpha
diversity calculation and phylogenetic diversity compari-
son. Reads were rarefied to even depth for calculating
Shannon index, Simpson index and species richness by R
package vegan v2.6.4 [43] and phylogenetic diversity by
R package picante v1.8.2 [44]. We used ¢-test to evaluate
significant differences of microbial diversity between pre-
and non-adaptation groups. Non-metric multidimen-
sional scaling (NMDS) analysis was performed based on
generalized unifrac distance with alpha setting of 0.5 by R
package GuniFrac v1.7 [45]. Significance between groups
was determined by a permutational multivariate analy-
sis of variance (PERMANOVA). Principal coordinate
analysis (PCoA) of TOrC removal performance based on
Euclidean dissimilarities was conducted to find clusters
of similar groups of samples. Ten persistent TOrCs (i.e.,
amisulpride, antipyrine, candesartan, fluconazole, iopro-
mide, primidone, tramadol, trimethoprim, venlafaxine,
4-formylaminoantipyrine) that were not degraded in the
experiment were removed from the dataset prior to the
analysis. Correlations of diversity, cell counts, average
removal with community dissimilarities were performed
by R package vegan using the function Envfit and Adonis.
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The cor.test function in R was used to test the relation-
ship between phylogenetic diversity and TOrC removal
performance in terms of removal rates and removal
diversity (number of TOrCs above 20% simultaneous
removal).
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Results

Overview on the establishment and selection of model
communities

We established model communities that can grow on
TOrCs by standardizing a workflow (Fig. 1) that can
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Fig. 1 Workflow of model communities establishment. There were 3 stages with inoculum pre-adaptation (stage 1), dilution-to-extinction
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provide a basis for similar studies with exchangeable
organic substances. Overall, there were three stages con-
sisting of pre-adaptation, dilution-to-extinction, and bio-
degradation that have been explained in the materials
and methods section. During the pre-adaptation process
(stage 1, Fig. 1), cell densities were measured at the end
of each phase confirming a certain inhibition effect of
TOrCs at concentrations higher than 50 nmol/L on cell
growth by on average one order of magnitude, excluding
tap water and sand communities (Additional file 2: Fig.
S1). Taxonomies were assessed for PO and P6 to monitor
the influence of TOrC selection pressure on the diversity
of the whole community (results were shown in the fol-
lowing section).

After pre-adaptation, TOrC degradation by P6 com-
munities was measured and a dilution-to-extinction
experiment was conducted (stage 2, Fig. 1) in paral-
lel with non-adapted PO communities. There were 4704
incubated wells in total, of which 2658 showed positive
growth (cell densities>1x10° cells/mL) after the first
21 days incubation. The median cell counts of all diluted
communities after 21 days incubation in stage 2 point to
a putative sigmoid-like function that indicates an inocu-
lum type specific threshold (Fig. 2). We used this data
to determine an inoculum specific threshold, which we
defined as the initial inoculated cell number per well that
resulted in nearly 100% wells with positive growth. In the
non-adaptation group, the initial inoculum had largely
varying dilution thresholds. Microbial communities from
tap water, sand, soil, sediment surface and sediment deep
reached 100% growth at the dilution of 100, 10, 500, 1000,
100 cells/mL, respectively (Fig. 2a). In contrast, in the
pre-adapted group, 10 cells/mL dilution led to growth in
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all wells independent from any of the five tested inocula
(Fig. 2b). This result signified a standardization effect of
the pre-adaptation process on initial inoculum with vary-
ing diversity. Among the 2658 positive growth wells, we
selected 45 wells from non-adapted (n=9 per inoculum)
group and 50 wells from pre-adapted group (n=10 per
inoculum). The well selection was based on three criteria.
Firstly, their initial cell numbers were below the above
described dilution threshold. Around 30% of the wells
showed positive growth below the respective inocula spe-
cific dilution thresholds, indicating potential model com-
munities of low complexity (Additional file 2: Fig. S2).
Secondly, the minimum well number was applied to all
inocula in the same treatment group to keep the sample
size identical for statistics. Thirdly, when there were more
than the minimum number of positive growth wells, we
selected the highest cell density wells evenly from differ-
ent initial cell numbers (e.g., 1, 10, 50, 100 cells/mL) to
include potentially diverse richness communities.

In the next step (stage 3, Fig. 1), we characterized
the 95 selected communities by using DNA based
amplicon sequencing, which allowed us to screen
for taxonomic redundancies. The taxonomic clas-
sification based on the 16S rRNA gene resulted in
259 filtered OTUs across all 95 communities. The 95
microbial communities exhibited a median richness
of 10, spanning 2-32 OTUs. From these communities,
we identified 30 taxonomically non-redundant model
communities (15 from non-adapted PO and 15 from
pre-adapted P6), which we subjected to a biodegrada-
tion experiment to test the influence of the taxonomic
composition in the TOrC biotransformation and to
assess their overall removal performance. Finally, 19
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Fig. 2 Median cell counts of microbial communities growing from different diluted cell numbers of (a) non-adapted PO and (b) pre-adapted P6
inocula after 21 days incubation, n=48. Grey dash lines represent the value of 1x 10° cells/mL
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communities degraded one to four compounds by
20-100% (atenolol, ibuprofen, hydrochlorothiazide,
gemfibrozil, climbazole, sulfamethoxazole), the other
11 communities achieved better removal performance
on 5 to 9 compounds by above 20% (atenolol, ibupro-
fen, hydrochlorothiazide, gemfibrozil, climbazole,
sulfamethoxazole, benzotriazole, caffeine, carbamaze-
pine, diclofenac, gabapentin, 4/5-methylbenzotriazole)
(Additional file 2: Fig. S3). These 11 communities were
regarded as model communities of interest for future
research, which grew well, had low but different tax-
onomic diversity with two to eleven genera per com-
munity, and removed diverse TOrCs (Additional file 2:
Fig. S4).
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Pre-adaptation affected the diversity of whole community
and model communities

From the dilution-to-extinction experiment, we could
clearly observe differences in the initial cell numbers
per well that leads to successful growth of the model
communities in the presence of TOrCs (Fig. 2). One
explanation is that the different microbial communities
from different environments have varying diversity, and
different number of taxa that can grow on or survive
the concentrations of TOrCs tested. When analyzing
the taxonomic composition of PO and P6 communities,
we could clearly notice a reduction in diversity in terms
of phylogenetic diversity (Fig. 3a), Shannon diversity
(Fig. 3b), and observed richness (Fig. 3c). For instance,
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Fig. 3 Diversity of pre- and non-adapted inocula in respect of (a) phylogenetic diversity, (b) Shannon index, (c) observed species and (d)

Gini-Simpson index
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the observed species for the pre-adapted P6 inocula
ranged from 86 to 112 species, while the original PO
inocula contained 163-214 species (Fig. 3c). An excep-
tion was observed for the sand inoculum (shown as an
outliner), where the adapted community diversity was
similar to the non-adapted community diversity. PO and
P6 had no significant difference of evenness (Fig. 3d),
indicating the microbial communities still distributed
evenly after pre-adaptation.

On the contrary, the observed reduced richness of P6
inocula had an opposite effect on the resulting model
communities, i.e., the model communities from the
pre-adapted inocula had greater richness in respect of
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Shannon diversity (Fig. 4a) and phylogenetic diversity
(Fig. 4b) than the model communities derived from non-
adapted inocula.

A closer look at the microbial community structure
of the 95 microbial communities revealed that com-
munities from pre- and non-adaptation groups were
differently structured according to Unifrac distance
(PERMANOVA, R*=0.075, p=0.01) (Fig. 4c). Micro-
bial communities from non-adapted tap water inocu-
lum (n=9) together with several communities from
non-adapted and pre-adapted sand (n=5) were most
distinct in relation to the other communities. The
observed grouping of model communities belonging to
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Fig. 4 Diversity of 95 microbial communities derived from pre- and non-adapted inocula. (@) Shannon index, (b) phylogenetic diversity, (c) NMDS

plot showing beta diversity based on GUniFrac with alpha 0.5
with alpha 0, GUniFrac with alpha 0.5 and weighted UniFrac

(stress value=0.21). PERMANOVA test was performed on combined GUniFrac
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pre- and non-adapted inocula was also reflected in the
taxonomy at the family level (Fig. 5). In the non-adapta-
tion group, most model communities were dominated
by one or two families (e.g., non-adapted sediment
deep communities were dominated by 91% Pseudomon-
adaceae in average). In the pre-adapted group, spe-
cies distributed more evenly (e.g., Bradyrhizobiaceae,
Nocardiaceae, Pseudomonadaceae and Comamona-
daceae composed the communities from pre-adapted
sediment deep by 34%, 28%, 25%, and 11% on average,
respectively) while maintaining some of the taxa that
were also dominant in the model communities from
the non-adapted inocula (e.g., Pseudomonadaceae,
Nocardiaceae, Comamonadaceae). Some rare taxa
e.g., Caulobacteraceae and Micrococcaceae occupying
less than 2% in all inocula were abundant in the pre-
and non-adapted model communities (18% and 73%
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of Caulobacteraceae in two model communities from
adapted sand; 14-100% Micrococcaceae in all model
communities from non-adapted soil).

We hypothesized that exposing whole communities to
TOrCs allows the microbial community to go through
a succession. In this succession, naturally abundant but
vulnerable to TOrCs microorganisms reduce in numbers
while allowing rarer microorganisms to slowly increase
in numbers accompanied by members of the community
that could act as cornerstones of resilience (i.e., the key
taxa that maintain the stability and recover the functions
of a community). Hence, pre-adaptation resulted in an
overall reduced richness of the whole community while
having a positive effect on the species that can grow on
or survive TOrCs and could then thrive in the model
communities.
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Fig. 5 Comparison of microbial structure of 95 potential model communities derived from pre- and non-adapted inocula at the family level
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TOrC removal performance by model communities

Overall, the thirty selected model communities in stage
3 were able to transform 17 of the 27 TOrCs. Ten resid-
ual TOrCs remained unchanged within the microbial
model communities. Most of the communities could
effectively degrade three to six TOrCs simultaneously
(range: 1-9; 20% cutoff of removal rate), but to dif-
ferent degrees (Additional file 2: Fig. S6). Moreover,
only model communities from pre-adapted communi-
ties exhibited transformation for more than six com-
pounds. Specifically, the average removal of 17 TOrCs
by 15 communities from the pre-adaptation group was
30.1%, and the percentage in the non-adaptation group
was 22.4% (t-test, p=0.16). There were more TOrCs
degraded after pre-adaptation (n=17), including some
persistent compounds such as carbamazepine (46.5%)
and gabapentin (25.2%), which were removed below
20% in the communities from the non-adaptation
group (n=10) (Fig. 6). Comparing the removal pattern
of pre-adapted consortia and the subsequent model
communities, we could observe that some model com-
munities had similar removal on for example hydro-
chlorothiazide, ibuprofen and caffeine, some had higher
removal than the whole community on sulfamethozax-
ole, gemfibrozil, climbazole and atenolol. There were
even unchanged compounds by pre-adapted inocula
that exhibited degradation by model communities (i.e.,
carbamazepine, diclofenac, gabapentin, citalopram,

Pre-adapted model community

Non-adapted model community
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4/5-methylbenzotriazole). The reduction of these 17
TOrCs was attributed to biodegradation as there was
almost no abiotic degradation indicating by controls
(<3.5%).

Relationship between TOrC removal performance

and microbial traits

The relationships between 17 TOrC removal perfor-
mance and potential microbial traits were investigated
by principal coordinate analysis (PCoA) across microbial
communities in the pre- and non-adaptation groups. The
two main axes explained 41.4% and 16.8% of the variance,
respectively (Fig. 7). A weak separation was observed
between pre- and non-adaptation groups (Adonis,
R?=0.095, p=0.019) regarding their TOrC removal pat-
terns. We hypothesized that phylogenetic diversity of
model communities will influence TOrC removal rates,
which could explain the dissimilarity between groups.
However, the envfit analysis showed that the variation
was not correlated with phylogenetic diversity (Adonis,
R?=0.089, p=0.3). We also tested the correlation with
other variables, i.e., Shannon diversity, estimated growth
rate, final cell counts (cell counts at d21), 27 TOrCs
average removal rate and removal diversity (number of
TOrCs above 20% simultaneous removal). We found that
only average removal rate (Adonis, R*=0.82, p=0.001)
and estimated growth rate (Adonis, R*=0.20, p=0.046)
exhibited significant correlation with the variance,

Pre-adapted inoculum
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Fig. 6 TOrC removal by 15 model communities derived from pre-adapted inoculum (left), 15 model communities from non-adapted inoculum
(middle), and 5 pre-adapted inocula (right). TOrCs with below 20% removal in all communities were excluded
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indicating the positive effect of model communities’
growth rates on the overall TOrC removal performance.
Although phylogenetic diversity was not related to TOrC
removal rates, it was found to have a positive correla-
tion with removed TOrC numbers (cor.test, R2=0.39,
p=0.03).

Discussion

In the absence of mechanisms of TOrC biotransforma-
tion by microbiome in the aquatic systems, it is often
difficult to develop high-efficiency TOrC-specific bio-
logical treatment technologies in the engineering field.
Deciphering the complexity of microbial functions can
be achieved by starting with simplified systems, which
relies on controllable bottom-up experiments with a few
species [46]. In this study, by growing serially diluted tap

water, sediment, sand, and soil under oligotrophic con-
dition with TOrCs as the sole carbon source to generate
self-assembled model communities, we investigated how
the pre-adaptation of inoculum could impact the diver-
sity of model communities and their removal on TOrCs.
We found that while pre-adaptation process reduced the
overall richness and diversity of inoculum, it resulted in
greater diversity of model communities that can survive
or degrade TOrCs. Pre-adaptation also enhanced TOrC
removal performance in terms of overall removal rates
and degradable TOrC numbers. Our hypothesis of phy-
logentic diversity’s influences on TOrC removal rates
was rejected, as no significant correlation was identified.
However, higher phylogenetic diversity in terms of e.g.
phyla of model communities will require further investi-
gations and could lead to more removed TOrCs.
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Advantages of the model community establishment
workflow

There have been a variety of microbial model com-
munities developed for different purposes by different
approaches. They can be mutant-based communities,
the multispecies synthetic communities and the (semi-)
natural communities as Bengtsson-Palme [14] suggested.
Compared with those reported model communities
[47-49], our workflow (Fig. 1) has the strong advantages
of, firstly, high-throughput cultivation under highly con-
trolled and well-understood conditions which allows
large numbers of varying diversity communities provid-
ing a more reliable reflection of natural microbial eco-
systems. We started with 4707 diluted communities in
stage 2 and 2658 of them showed successful growth. In
addition to our selection of 95 communities and result-
ing 30 taxonomically non-redundant ones, it is possi-
ble to enlarge the scale with changeable inoculum and
synthetic media for different purposes [18, 20, 50]. Sec-
ondly, addressing the defects of conventional isolation
and artificial assembly, our method has the potential to
study uncultured microorganisms or strains that cannot
survive individually, as well as the rare species which usu-
ally account for less than 5% of the community but can
contribute disproportionately to the microbial functions
[51]. For example, Micrococcaceae dominant in model
communities were diluted from the non-adapted soil
inoculum (Fig. 5), whereas it is only present as 0.3% in
the initial soil communities.

Standardization effect of pre-adaptation on the microbial
diversity

Pre-adaptation has been proven to be a key step in our
method. It serves as a selective enrichment and a stand-
ardization process reducing and normalizing microbial
diversity of varying inocula and further facilitating the
species distribution in model communities. It is widely
accepted that assessing the diversity of different microbes
requires standardization [52], similarly, to establish
model communities from various natural microbial sys-
tems via a common workflow, standardized initial sam-
ples are necessary. The pre-adaptation step offered an
opportunity to scale down the species richness of vary-
ing communities to similar ranges and of the same dilu-
tion thresholds (e.g., 10 cells/mL), which made the
subsequent model communities more comparable and
adaptable for many different approaches (Fig. 2). In our
study, the species richness and phylogenetic diversity of
pre-adapted consortia decreased significantly, indicat-
ing an initial filtering effect of pre-adaptation resulted
in microbial structure shifts and biodiversity loss in
response to environmental stress [53]. The most notice-
able change was the 59% to 8% reduction on rare taxa
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(£2% abundance) (Additional file 2: Fig. S4), which
appeared to be more sensitive to environmental pressure
(in our case is increasing concentrations of TOrCs) than
abundant species. The sensitivity of rare taxa is also sup-
ported by other studies [54—56], for example, Yi et al. [57]
found that abundant microbes established cooperative
interactions and competed for resources and ecological
niches with rare species under the stress of benzo[a]pyr-
ene. Different explanations have been proposed that rare
taxa have the ability to become dominant in the commu-
nity and with the increased abundance, they could have
higher functional importance than the other abundant
species, the so called “insurance effect” help microbial
systems maintain their functions under environmental
changes [54, 58]. This phenomenon was also observed in
our experiments that Nocardiaceae developed from rarity
to dominance after pre-adaptation (Additional file 2: Fig.
S5). Interestingly, the loss of biodiversity in pre-adapted
inocula did not lead to low diversity of model commu-
nities, in contrast, the species distribution evenness and
phylogenetic diversity were notably higher in model
communities derived from pre-adaptation than that from
non-adaptation (Fig. 4). One explanation could be the
TOrC stress acting as an environmental filter during the
pre-adaptation process induced stable TOrC-degrader
communities (specialists), while the non-adapted inocu-
lum contained mostly taxa adapted to other environmen-
tal niches or generalists. Therefore, when we diluted the
inoculum, with the reduction of microbial populations
specialists had higher chances to co-exist due to their
cooperation effect and maintain the functional stability
[59]. However, the non-adapted microbes could compete
for resources and niches, thus leading to diversity loss in
model communities when facing sudden environmen-
tal fluctuations (similar with the non-adaptation to pre-
adaptation trend). The microbial responses to TOrCs
could be further studied at higher temporal resolution
within the pre-adaptation period in terms of composi-
tional and functional changes.

Phylogenetic diversity and microbial growth rates
facilitated TOrC removal

Pre-adaptation also has positive effects on TOrC removal
performance in terms of removal rates and degrada-
ble TOrC number. The necessity of adaptation ranging
from several months to years of microbial communities
for removing trace pollutants has been suggested pre-
viously [34, 60-62]. In these studies, some reported
microbial adaptation resulted in the enhancement of
TOrC degradation, whereas opposite results were found
that pre-adaptation did not affect their attenuation. Our
findings supported the former, in general, the overall
17 TOrCs removal rates were increased by pre-adapted
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model communities (30.1% vs. 22.4%). In addition, there
were more TOrCs that could be transformed by adapted
model communities (n=17) than non-adapted model
communities (n=10). The other ten unchanged TOrCs in
our experiments i.e., amisulpride, antipyrine, candesar-
tan, fluconazole, primidone, sotalol, tramadol, trimetho-
prim, venlafaxin, 4-formylaminoantipyrine, have been
reported as persistent compounds with very low removal
in biological treatment (Additional file 1: Table S1). Inter-
estingly, the TOrC removal diversity rather than the
removal rates was found to be positively related to phylo-
genetic diversity of model communities.

Microbial diversity is considered to be essential for
facilitating ecosystem functions via niche partitioning
effects and interaction effects [63, 64]. Although we did
not identify the diversity enhancement on overall TOrC
removal rates, which is still in accordance with other
studies [65, 66], the benefits from phylogenetic diversity
were revealed by more degradable TOrCs. A possible
explanation of this could be that the niche space over-
lap of more distantly related species is expected to be
less than closer species, thus potentially favoring niche
expansion to utilize more resources [26]. This niche
expansion is even stronger when partners are metabolic
specialists rather than generalists, and it allows the pair-
ing of auxotrophic taxa with metabolic dependencies that
could add additional functional genes [67]. For example,
one of our model communities harbored a Phenylobac-
terium (Additional file 2: Fig. S4), which is the single
described species lacks the vitamin B;, pathway and
requires a B;, producer in its community, but poten-
tially adds pathways related to chloridazon, antipyrin
and pyramidon degradation [68]. As we discussed above,
pre-adaptation could facilitate specialists for TOrC deg-
radation, therefore, model communities have more pos-
sibilities to transform a wider range of compounds. In
our case, pre-adapted model communities growing in the
medium containing 27 mixed TOrCs can only remove
nine compounds above 20%. This maximum number may
be limited by their diauxic growth pattern (i.e., TOrCs
are consumed sequentially or selectively) rather than
co-utilization when faced with multiple carbon sources,
especially when the carbons sources are toxic and refrac-
tory chemicals [69, 70]. The variance of TOrC removal
rates between pre- and non-adaptation groups was found
to be related to the estimated growth rate, indicating that
the faster growth of model communities could predict
the better removal of TOrCs. This could also be sup-
ported by the diauxic growth as the order of substrates
consumption is determined by the biomass and growth
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rate when the same compounds are served as sole carbon
sources [71]. More researches can be done by monitoring
the TOrC biotransformation kinetics (in stage 3) which
better indicates the relationship between cell growth and
TOrC removal.

To our best knowledge, this is the first study that inves-
tigated a wide range of TOrC biotransformation based
on different model communities derived from varying
natural microbial systems. Although there have been
previous attempts addressing TOrC biotransformation
mechanisms [18, 49], they have limitations that either the
systems themselves are too complex (e.g., soil and sludge)
to characterize the key players and microbial functions,
or too simplified (e.g., isolates degrading specific com-
pound) to be applicable under environment conditions.
Our method with reduced richness model communities
serves as a compromise, which scales down the complex
microbial interactions but their diverse combinations are
still reflective of the actual environmental communities.
This robust and standardized protocol can also provide
a basis for studies interested in specific or diverse TOrCs
(or other pollutants) biotransformation, as the inoculum
and the identity of the chemical filters (in our case, the 27
TOrCs) are exchangeable. In future research, we can use
these model communities to identify key driving agents
of biotransformation (i.e., relevant microbes and their
interactions, metabolic pathways down to the enzyme/
gene level, and roles of co-substrates and cofactors) at a
well-defined and standardized community level.

Conclusion

Complete understanding of TOrC biotransformation
is essential for the development of biological treatment
methods in aquatic environment. This study set up a
robust and standardized workflow for establishing low
complexity model communities to investigate TOrC bio-
transformation mechanisms driven by interacting taxa.
Our experimental results demonstrated that the pre-
adaptation of natural communities to TOrC environ-
ment reduced and standardized the diversity of varying
inocula. In contrast, the pre-adaptation step improved
the diversity of resulting model communities in terms of
species distribution evenness and phylogenetic diversity
as well as the average TOrC removal rates. The phyloge-
netic diversity was further found to be positively related
to number of TOrCs that can be biodegraded simultane-
ously. However, the average TOrC removal was not well
correlated to the observed changes in phylogenetic diver-
sity but to the growth rates of model communities.



Cao et al. Microbial Cell Factories

(2023) 22:245

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-023-02252-6.

Additional file 1: Table S1. The names, structure, uses, occurrence, RQ
values and biotransformation efficiencies of 27 TOrCs used in this study.

Additional file 2: Figure S1. Cell counts after 21 days incubation in six
stages. Figure S2. Cell counts of communities growing from different
diluted cell numbers (below growth threshold) in the (a) pre-adaptation
and (b) non-adaptation group after 21 days incubation, n=48. Figure
S3. Heatmap illustrating 27 TOrCs removal efficiencies by thirty microbial
communities. The color legend represents the removal percentage. Fig-
ure S4. Taxonomic composition of 11 model communities selected after
TOrC removal performance assessment at the genus level. Numbers in the
pie chart represent the OTUs belonging to each genus. Figure S5. Com-
parison of microbial structure between pre- and non-adapted inocula

at the family level. Figure S6. Thirty model communities' frequency on
simultaneously removed TOrC number. The removal cutoff is 20%.

Additional file 3. OTU tables and metadata: otu_tab_95_model_commu-
nities.csv, otu_tab_inocula.csv, metadata.csv.

Acknowledgements

We would like to acknowledge the Leibniz-Rechenzentrum for providing
computational support. Daniel Nief3 is thanked for developing the dilution-
to-extinction methods prior to this study. Uta Raeder and Stefan Ossyssek are
thanked for assisting with the sediment sampling.

Author contributions
LC and CW designed and performed the experiments and data analysis. SL
assisted with the dilution-to-extinction experiment. LC drafted the first manu-

script. All authors edited the manuscript and approved the submitted version.

Funding

Open Access funding enabled and organized by Projekt DEAL. This study was
financed by TUM Junior Fellow Fund (CW), LC was supported by the China
Scholarship Council.

Availability of data and materials

Amplicon sequencing data has been deposited at INSDC (with ENA: https://
www.ebiac.uk/ena) under the project accession number PRJEB63566. The
OTU tables are deposited as csv files (see Additional file 3).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 31 July 2023 Accepted: 16 November 2023
Published online: 02 December 2023

References

1.

Tran NH, Reinhard M, Gin KYH. Occurrence and fate of emerging
contaminants in municipal wastewater treatment plants from different
geographical regions-a review. Water Res. 2018;133:182-207.
Kellerman AM, Kothawala DN, Dittmar T, Tranvik LJ. Persistence of dis-
solved organic matter in lakes related to its molecular characteristics.
Nature Geosci. 2015;8:454-7.

22.

23.

24.

25.

26.

Page 14 of 15

Zhang Z, Pan S, Huang F, Li X, Shang J, Lai J, et al. Nitrogen and phos-
phorus removal by activated sludge process: a review. Mini-Rev Organic
Chem. 2017;14:99-106.

Coday BD, Yaffe BGM, Xu P, Cath TY. Rejection of trace organic com-
pounds by forward osmosis membranes: a literature review. Environ Sci
Technol. 2014;48:3612-24.

Nihemaiti M, Miklos DB, Hubner U, Linden KG, Drewes JE, Croué J-P.
Removal of trace organic chemicals in wastewater effluent by UV/H202
and UV/PDS. Water Res. 2018;145:487-97.

Liu Z, Demeestere K, Hulle SV. Comparison and performance assessment
of ozone-based AOPs in view of trace organic contaminants abatement
in water and wastewater: a review. J Environ Chem Eng. 2021;9: 105599.
Nsenga Kumwimba M, Meng F. Roles of ammonia-oxidizing bacteria in
improving metabolism and cometabolism of trace organic chemicals in
biological wastewater treatment processes: a review. Sci Total Environ.
2019;659:419-41.

Chan SS, Khoo KS, Chew KW, Ling TC, Show PL. Recent advances bio-
degradation and biosorption of organic compounds from wastewater:
Microalgae-bacteria consortium-a review. Biores Technol. 2022,344: 126159.
Tyson GW, Chapman J, Hugenholtz P, Allen EE, Ram RJ, Richardson PM,
et al. Community structure and metabolism through reconstruction of
microbial genomes from the environment. Nature. 2004;428:37-43.

. Brockhurst MA, Colegrave N, Rozen DE. Next-generation sequencing as a

tool to study microbial evolution. Mol Ecol. 2011;20:972-80.

. Chen G, Bai R, Zhang Y, Zhao B, Xiao Y. Application of metagenomics to

biological wastewater treatment. Sci Total Environ. 2022;807: 150737.

. Ghurye JS, Cepeda-Espinoza V, Pop M. Metagenomic assembly: overview,

challenges and applications. Yale J Biol Med. 2016;89:353-62.

. Garcia SL. Mixed cultures as model communities: hunting for ubiquitous

microorganisms, their partners, and interactions. Aquat Microb Ecol.
2016;77:79-85.

. Bengtsson-Palme J. Microbial model communities: to understand

complexity, harness the power of simplicity. Comput Struct Biotechnol J.
2020;18:3987-4001.

. Gutiérrez N, Garrido D. Species deletions from microbiome consortia

reveal key metabolic interactions between gut microbes. Systems. 2019.
https://doi.org/10.1128/msystems.00185-19.

McCarty NS, Ledesma-Amaro R. Synthetic biology tools to engi-

neer microbial communities for biotechnology. Trends Biotechnol.
2019;37:181-97.

Kant Bhatia S, Ahuja V, Chandel N, Mehariya S, Kumar P, Vinayak V, et al. An
overview on microalgal-bacterial granular consortia for resource recovery
and wastewater treatment. Biores Technol. 2022;351: 127028.

Kang D, Jacquiod S, Herschend J, Wei S, Nesme J, Serensen SJ. Construc-
tion of simplified microbial consortia to degrade recalcitrant materials
based on enrichment and dilution-to-extinction cultures. Front Microbio.
2020. https://doi.org/10.3389/fmich.2019.03010.

Blasche S, Kim Y, Oliveira AP, Patil KR. Model microbial communities for
ecosystems biology. Current Opin Syst Bio. 2017;,6:51-7.

Garcia SL, Buck M, Hamilton JJ, Wurzbacher C, Grossart H-P, McMahon

KD, et al. Model communities hint at promiscuous metabolic linkages
between ubiquitous free-living freshwater bacteria. mSphere. 2018.
https://doi.org/10.1128/msphere.00202-18.

. Eng A, Borenstein E. Microbial community design: methods, applications,

and opportunities. Curr Opin Biotechnol. 2019;58:117-28.

Lefebvre O, ShenY, Tan Z, Uzabiaga A, Chang IS, Ng HY. A comparison

of membranes and enrichment strategies for microbial fuel cells. Biores
Technol. 2011;102:6291-4.

Millward RN, Klerks PL. Contaminant-adaptation and community toler-
ance in ecological risk assessment: introduction. Hum Ecol Risk Assess Int
1.2002;8:921-32.

Bacosa HP, Inoue C. Polycyclic aromatic hydrocarbons (PAHs) biodegrada-
tion potential and diversity of microbial consortia enriched from tsunami
sediments in Miyagi. Jpn J Hazardous Mater. 2015;283:689-97.

Bidja Abena MT, Chen G, Chen Z, Zheng X, Li S, Li T, et al. Microbial
diversity changes and enrichment of potential petroleum hydrocarbon
degraders in crude oil-, diesel-, and gasoline-contaminated soil. Biotech.
2020;10:42.

Ona L, Giri S, Avermann N, Kreienbaum M, Thormann KM, Kost C. Obligate
cross-feeding expands the metabolic niche of bacteria. Nat Ecol Evol.
2021;5:1224-32.


https://doi.org/10.1186/s12934-023-02252-6
https://doi.org/10.1186/s12934-023-02252-6
https://www.ebi.ac.uk/ena
https://www.ebi.ac.uk/ena
https://doi.org/10.1128/msystems.00185-19
https://doi.org/10.3389/fmicb.2019.03010
https://doi.org/10.1128/msphere.00202-18

Cao et al. Microbial Cell Factories (2023) 22:245

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Ruan Z, Xu M, Xing Y, Jiang Q, Yang B, Jiang J, et al. Interspecies metabolic
interactions in a synergistic consortium drive efficient degradation of the
herbicide bromoxynil octanoate. J Agric Food Chem. 2022;70:11613-22.
Hermes N, Jewell KS, Schulz M, et al. Elucidation of removal processes in
sequential biofiltration (SBF) and soil aquifer treatment (SAT) by analysis
of a broad range of trace organic chemicals (TOrCs) and their transforma-
tion products (TPs). Water Res. 2019;163:114857.

Backhaus T, Faust M. Predictive environmental risk assessment of
chemical mixtures: a conceptual framework. Environ Sci Technol.
2012;46:2564-73.

Helbling DE, Hammes F, Egli T, Kohler H-PE. Kinetics and yields of
pesticide biodegradation at low substrate concentrations and under
conditions restricting assimilable organic carbon. Appl Environ Microbio.
2014;80:1306-13.

Andrade L, Gonzalez AM, Araujo FV, Paranhos R. Flow cytometry assess-
ment of bacterioplankton in tropical marine environments. J Microbiol
Methods. 2003;55:841-50.

Prest El, Hammes F, Van Loosdrecht MCM, Vrouwenvelder JS. Biological
stability of drinking water: controlling factors, methods, and challenges.
Front Microbiol. 2016. https://doi.org/10.3389/fmicb.2016.00045.
Sawvichev AS, Kadnikov VV, Rusanov I, Beletsky AV, Krasnova ED, Voronov
DA, et al. Microbial processes and microbial communities in the water
column of the polar meromictic lake Bol'shie Khruslomeny at the white
sea coast. Front Microbiol. 2020;11:1945.

Mdller J, Drewes JE, Hibner U. Sequential biofiltration—a novel approach
for enhanced biological removal of trace organic chemicals from waste-
water treatment plant effluent. Water Res. 2017;127:127-38.

Cuscé A, Pérez D, Vifies J, Fabregas N, Francino O. Long-read metagen-
omics retrieves complete single-contig bacterial genomes from canine
feces. BMC Genomics. 2021;22:330.

Karst SM, Ziels RM, Kirkegaard RH, Serensen EA, McDonald D, Zhu

Q, et al. High-accuracy long-read amplicon sequences using unique
molecular identifiers with Nanopore or PacBio sequencing. Nat Methods.
2021;18:165-9.

De Coster W, D'Hert S, Schultz DT, Cruts M, Van Broeckhoven C. NanoPack:

visualizing and processing long-read sequencing data. Bioinformatics.
2018,34:2666-9.

ShenW, Le S, LiY, Hu F. SegKit: a cross-platform and ultrafast toolkit for
FASTA/Q file manipulation. PLoS ONE. 2016;11: e0163962.

Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26:2460—-1.

Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: a versatile open
source tool for metagenomics. Peer). 2016;4: €2584.

Edgar RC. SINTAX: a simple non-Bayesian taxonomy classifier for 16S and
ITS sequences. BioRxiv. 2016. https:.//doi.org/10.1101/074161v1.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73:5261-7.

Dixon P.VEGAN, a package of R functions for community ecology. J Veg
Sci. 2003;14:927-30.

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD,
et al. Picante: R tools for integrating phylogenies and ecology. Bioinfor-
matics. 2010;26:1463-4.

Chen J, Bittinger K, Charlson ES, Hoffmann C, Lewis J, Wu GD, et al. Asso-
ciating microbiome composition with environmental covariates using
generalized UniFrac distances. Bioinformatics. 2012,28:2106-13.
Goldford JE, Lu N, Baji¢ D, Estrela S, Tikhonov M, Sanchez-Gorostiaga A,
et al. Emergent simplicity in microbial community assembly. Science.
2018;361:469-74.

Klumper U, Recker M, Zhang L, Yin X, Zhang T, Buckling A, et al. Selection
for antimicrobial resistance is reduced when embedded in a natural
microbial community. ISME J. 2019;13:2927-37.

Xu X, Zarecki R, Medina S, Ofaim S, Liu X, Chen C, et al. Modeling
microbial communities from atrazine contaminated soils promotes the
development of biostimulation solutions. ISME J. 2019;13:494-508.
Zhang J, Li X, Klimper U, Lei H, Berendonk TU, Guo F, et al. Deciphering
chloramphenicol biotransformation mechanisms and microbial interac-
tions via integrated multi-omics and cultivation-dependent approaches.
Microbiome. 2022;10:180.

Yu X, Polz MF, Alm EJ. Interactions in self-assembled microbial communi-
ties saturate with diversity. ISME J. 2019;13:1602-17.

Page 15 of 15

51. Chen Q-L, Ding J, Zhu D, Hu H-W, Delgado-Baquerizo M, Ma Y-B, et al.
Rare microbial taxa as the major drivers of ecosystem multifunctionality
in long-term fertilized soils. Soil Biol Biochem. 2020;141: 107686.

52. Kim B-R, Shin J, Guevarra R, Lee JH, Kim DW, Seol K-H, et al. Deciphering
diversity indices for a better understanding of microbial communities. J
Microbiol Biotechnol. 2017;27:2089-93.

53. Hernandez DJ, David AS, Menges ES, Searcy CA, Afkhami ME. Environ-
mental stress destabilizes microbial networks. ISME J. 2021;15:1722-34.

54. KurmV, Geisen S, Gera Hol WH. A low proportion of rare bacterial taxa
responds to abiotic changes compared with dominant taxa. Environ
Microbiol. 2019;21:750-8.

55. Zhou Z,Wang C, Luo Y. Meta-analysis of the impacts of global change
factors on soil microbial diversity and functionality. Nat Commun.
2020;11:3072.

56. Zhang S, Zhang L, Chen P, Rong H, Li S. Deciphering the microbial pat-
terns of anammox process under hexavalent chromium stress: abundant
and rare subcommunity respond differently. J Hazard Mater. 2021;416:
125850.

57. YiM, Zhang L, LiY, Qian Y. Structural, metabolic, and functional character-
istics of soil microbial communities in response to benzo[alpyrene stress.
J Hazard Mater. 2022;431: 128632.

58. Kearns PJ, Holloway D, Angell JH, Feinman SG, Bowen JL. Effect of short-
term, diel changes in environmental conditions on active microbial
communities in a salt marsh pond. Aquat Microb Ecol. 2017;80:29-41.

59. TardyV, Mathieu O, Lévéque J, Terrat S, Chabbi A, Lemanceau P, et al.
Stability of soil microbial structure and activity depends on microbial
diversity. Environ Microbio Rep. 2014;6:173-83.

60. Baumgarten B, Jahrig J, Reemtsma T, Jekel M. Long term laboratory col-
umn experiments to simulate bank filtration: factors controlling removal
of sulfamethoxazole. Water Res. 2011;45:211-20.

61. Alidina M, Li D, Drewes JE. Investigating the role for adaptation of the
microbial community to transform trace organic chemicals during man-
aged aquifer recharge. Water Res. 2014;56:172-80.

62. Bertelkamp C, Verliefde ARD, Schoutteten K, Vanhaecke L, Vanden
Bussche J, Singhal N, et al. The effect of redox conditions and adaptation
time on organic micropollutant removal during river bank filtration: a
laboratory-scale column study. Sci Total Environ. 2016;544:309-18.

63. Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P, et al.
Biodiversity loss and its impact on humanity. Nature. 2012;486:59-67.

64. Hernandez-Raquet G, Durand E, Braun F, Cravo-Laureau C, Godon J-J.
Impact of microbial diversity depletion on xenobiotic degradation by
sewage-activated sludge. Environ Microbio Reports. 2013;5:588-94.

65. Johnson DR, Helbling DE, Lee TK, Park J, Fenner K, Kohler HE, et al. Asso-
ciation of biodiversity with the rates of micropollutant biotransformations
among full-scale wastewater treatment plant communities. Appl Environ
Microbio. 2015;81:666—75.

66. Carles L, Wullschleger S, Joss A, Eggen RIL, Schirmer K, Schuwirth N, et al.
Impact of wastewater on the microbial diversity of periphyton and its
tolerance to micropollutants in an engineered flow-through channel
system. Water Res. 2021;203: 117486.

67. Garcia SL, Buck M, McMahon KD, Grossart H-P, Eiler A, Warnecke F.
Auxotrophy and intrapopulation complementary in the interactome’of a
cultivated freshwater model community. Mol Ecol. 2015;24:4449-59.

68. LiX, YuY,Choil, SongY, Wu M, Wang G, et al. Phenylobacterium soli sp.
nov., isolated from arsenic and cadmium contaminated farmland soil. Int
J Syst Evol Microbio. 2019;69:1398-403.

69. Reis PJM, Reis AC, Ricken B, Kolvenbach BA, Manaia CM, Corvini PFX, et al.
Biodegradation of sulfamethoxazole and other sulfonamides by Achro-
mobacter denitrificans PR1. J Hazard Mater. 2014;280:741-9.

70. Nguyen PY, Carvalho G, Reis MAM, Oehmen A. A review of the biotrans-
formations of priority pharmaceuticals in biological wastewater treat-
ment processes. Water Res. 2021;188: 116446.

71. Perrin E, GhiniV, Giovannini M, Di Patti F, Cardazzo B, Carraro L, et al.
Diauxie and co-utilization of carbon sources can coexist during bacte-
rial growth in nutritionally complex environments. Nat Commun.
2020;11:3135.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3389/fmicb.2016.00045
https://doi.org/10.1101/074161v1

	Establishment of microbial model communities capable of removing trace organic chemicals for biotransformation mechanisms research
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	TOrC selection, inocula sampling and growth medium preparation
	Pre-adaptation to increasing concentrations of TOrCs
	Cell counting
	Dilution-to-extinction
	TOrC degradation experiment
	DNA extraction, library preparation and sequencing
	Amplicon sequencing data processing
	Statistical analysis

	Results
	Overview on the establishment and selection of model communities
	Pre-adaptation affected the diversity of whole community and model communities
	TOrC removal performance by model communities
	Relationship between TOrC removal performance and microbial traits

	Discussion
	Advantages of the model community establishment workflow
	Standardization effect of pre-adaptation on the microbial diversity
	Phylogenetic diversity and microbial growth rates facilitated TOrC removal

	Conclusion
	Anchor 26
	Acknowledgements
	References


