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1. Introduction 

Microbial activity has been identified as the main mechanism for organic 
micropollutants (OMPs) removal in biological treatment technologies such as aquifer 
recharge and induced bank filtration systems (Alidina et al., 2014). In order to improve 
biotransformation in those natural systems, engineered solutions such as sequential 
managed aquifer recharge rechnology (SMART) (Regnery et al., 2016, Hellauer et al., 
2017) and sequential biofiltration (Müller et al., 2017) have been developed to take 
advantage of favorable oxic and carbon limited conditions for OMP biotransformation. 
Even though these systems can provide enhanced removal for many compounds with 
low energy demand and without excessive maintenance for the facilities, it is still 
difficult to reproduce results for some individual substances (Rauch-Williams et al., 
2010; Alidina et al., 2014a; Hellauer et al., 2019). 

Thus, fundamental mechanistic understanding is necessary to identify drivers on OMPs 
biotransformation under these conditions. Both, microbial communities and individual 
metabolisms are shaped by environmental conditions such as available carbon source 
composition (Alidina et al., 2014a) and concentration (Egli, 2010). Experimental 
approaches provided indications on biotransformation mechanisms for individual OMPs, 
but an additional strategy is necessary to guide future experiments. Mechanistic 
modelling can be a useful tool to organize current knowledge and propose new 
hypotheses to be tested with new experiments. 

The project of ESR 3 aims to elucidate metabolic strategies for OMPs degradation in 
biological treatment processes characterized by low carbon conditions. A 
thermodynamic flux balance analysis will be applied to predict OMPs bacterial 
transformation under oligotrophic conditions. The experimental approach will address 
the following objectives: 

1. Adaptation of microbial communities for transformation of trace organic 
chemicals 

2. Determination of the maintenance energy for single energy sources 
3. Co-metabolic degradation of organic micropollutants in presence of a single 

energy source 

Experiments with respect to these hypotheses are carried out under well-defined 
conditions in order to tune and validate the thermodynamic flux balance analysis. This 
deliverable reports initial results from objective 1 and presents experimental design and 
outlook for objectives 2 and 3. 

2. Materials and methods 

2.1. Description and optimization of chemostat and retentostat systems 

In order to perform experiments with non-growing microbial communities at steady-
state, a preexisting chemostat system was adapted as a semi-continuous pulse lab-scale 
membrane bio-reactor system (Figure 1). This set-up represents a retentostat system 
with reduced gradient effects which allows to study microbial activity under oligotrophic 
conditions. With this system six independent reactors can be operated simultaneously. 
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The system is composed of six parallel reactors. Reactor weight is constantly monitored 
with a scale and automated pumps feed microbial medium to the reactor according to 
a defined dilution rate. Scales uncertainty and bacterial culture media containers restrict 
the dilution rate to between 0.01 h-1 and 0.25 h-1. Filtered air (11 μm pore size) was used 
to maintain oxic conditions inside the reactors after its humidity and temperature 
adjustment. 

Figure 1. Schematic representation of the retentostat system. 

While temperature and dissolved oxygen can be monitored inside the reactor with 
sensor in place, samples for chemical and biological analysis should be taken from 
effluent or directly from the reactor during rententostat operation. Chemical analysis 
includes dissolved organic carbon and energy source quantification with LC-MS, samples 
are prepared by filtration (0.45 µm pore size) and stored at -20 °C pending analysis. Cell 
counting is carried with a flow cytometer directly after sampling, and residual samples 
were stored at -20 °C for subsequent DNA extraction. 

Every individual reactor was fed with mineral bacterial culture media adapted from 
Helbling et. al. (2014) and one energy source from Table 1 in maintenance energy 
experiments. Filtered supernatant (1 µm pore size) from the oxic activated sludge basin 
of the Garching WWTP was used as inoculum and fed directly into the reactor.  

2.2. Adaptation of microbial communities to single energy sources 

Different energy sources for maintenance energy determination and co-metabolism 
experiments were selected to represent different functional groups, which are degraded 
by bacteria following different metabolic pathways and represent major structural 
elements of relevant OMPs. Additional criteria were the availability of analytical 
methods for quantification at TUM and the availability of literature data on metabolic 
pathways. Selected substrates are summarized in Table 1 along with structural 
analogous OMPs. While aniline and histidine were selected to represent functional 
groups available in OMPs, sodium acetate was selected as a negative control.  
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Table 1. Selected energy sources for microbial adaptation experiments and OMPs with molecular 
similarities 

Single energy source OMPs with molecular similarities 

Aniline 

 

Sulfamethoxazole 

Diclofenac 

Amisulpride 

Sotalol 

Histidine 

 

Candesartan 

Caffeine 

Irbesartan 

Antipyrine 

Sodium acetate 

 

Negative control 

It is expected for bacterial communities after adaptation to express specific metabolic 
pathways for harvesting energy from the provided source. Because of the aromatic rings 
in aniline and histidine, expression of enzymes with high promiscuity is expected in 
addition to central metabolism such as the Krebs cycle, that will be analyzed with sodium 
acetate. 

2.3. Maintenance energy determination for single energy source 

For determination of maintenance energy, the chemostats were operated with 
membranes as retentostats. As all cells are kept inside the reactors, energy source 
concentration converges to minimal for survival at steady-state (Sr). Once biomass 
density (X) is stable, dilution rate (D) and energy source concentration in feeding 
solution (S) will be changed in order to estimate maintenance energy (m) for the 
microbial community, according to equation (1). 

𝑋 =
1

𝑚
𝐷(𝑆 − 𝑆𝑟)          (1) 

Residual concentration in the reactor (Sr) and biomass density are monitored after every 
change in energy source concentration and dilution rate to determine the maintenance 
energy. 
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A meta-metabolic model with thermodynamic restrictions will be developed by 
combining catabolism for each energy source and a generic complete anabolism, by 
combining the one from every member of the microbial community. Experimental 
estimation for maintenance energy will be normalized as ATP production by using 
degradation pathways stoichiometry. Subsequently, experimental results will be used 
for model validation. 

2.4. Degradation of micropollutants in presence of a single energy source 

Already adapted microbial communities will be used for OMPs co-metabolism 
experiments. 24 OMPs will be added to the bacterial culture media with the single 
energy source from adaptation experiments. Experiments will be conducted in 
triplicates with microbial communities adapted to all three growth substrates. 
Concentration for every OMP will be in environmental ranges (~500 ng/L). Samples from 
the reactors will be taken daily until steady-state is reached again.  

Mixing effects inside the reactor will be analyzed by monitoring carbamazepine and 
primidone as non-biodegradable tracer substances. As experiments will be conducted 
for short periods to avoid adaptation to OMPs, any reduction in concentration for all 
other substances can be attributed to co-metabolic biotransformation. Best 
performance is expected for those substances with molecular similarities to the single 
energy source provided. 

A list of most probable intermediates from degraded OMPs will be determined by 
literature review and model predictions, and used for suspect screening by high 
resolution mass spectroscopy. 

Enzyme promiscuity will be addressed with thermodynamic spontaneity for possible 
reactions with trace organic chemicals based on molecular similarity. Those reactions 
will be integrated into the model and activated depending on the main metabolism 
biotransformation evaluated in the metabolic network. 

3. Current progress and outlook 

3.1. Adaptation of microbial communities to single energy sources 

Microbial adaptation to aniline and sodium acetate in chemostat mode was conducted 
at a dilution rate of 0.09 h-1 at monitored by analysis of substrate and dissolved organic 
carbon (DOC) concentrations as well as cell density in the effluent. Preliminary 
experiments with different dilution rates for the stable microbial community have been 
carry out too. Figure 2 shows the adaptation process for triplicate reactors fed with 
sodium acetate and aniline. After a short lag phase, acetate reactors show a fast increase 
of cell density (exponential phase) followed by decreasing cell counts to a rather low, 
but constant level (steady-state).  
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Figure 2. Microbial adaptation for bacteria from activated sludge to sodium acetate (left) and aniline 
(right). 

As expected, adaptation to the xenobiotic aniline is characterized by longer lag phases 
compared to sodium acetate adaptation. Measurements of cell densities showed strong 
fluctuations and stabilized at highly variable levels among different replicate reactions. 
Unlike cell counting, residual concentration as DOC converged at similar levels for both 
growth substrates. Aniline concentrations in all replicate reactors were reduced below 
limit of detection (1 µg/L).  

Results from microbial community analysis are illustrated in Figure 3. A comparison of 
Figures 2 and 3 indicates that although members identity in the microbial community 
are different, similar metabolic capabilities are selected and preserved during the 
adaptation process. All replicated experiments achieve high energy source removal with 
different microbial communities and different cell densities. Similar removal with 
different cell counting also suggests different yields and high metabolic potential in the 
inocula from activated sludge. 
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Figure 3. Genus level microbial community analysis after adaptation to aniline (top) and sodium 
acetate (bottom) as single energy source. 

Sodium acetate reactors show higher diversity than aniline reactors, likely because 
sodium acetate is more simple and common than the xenobiotic aniline. In comparison 
with the inoculum from activated sludge, however, both cases have a very low diversity. 
This is not necessarily caused by the absence of metabolic capabilities in other bacteria, 
but can also be related to operational conditions and the dilution effects in chemostat 
systems.  

Continuous chemostat culture favors fastest growing bacteria under certain conditions, 
even if those conditions are changing because of adaptation by itself, in a highly 
nonlinear process that drives to chaos. On the other hand, retentostat approach will not 
favor any bacterial group until nutrients availability is stable at final conditions. 

3.2. Maintenance energy determination for single energy source 

Low residual concentration in chemostats pushed improvement of sensitivity in current 
analytical methods, as it is expected to achieve even lower concentrations with 
retentostat operation. Therefore, analytical methods using the LC-MS/MS and isotope 
labelled internal standards are currently developed to quantify growth substrates 
aniline and histidine in retentostat effluents. 
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Based on equation (1), a linear correlation between biomass density and the combined 
parameters dilution rate, initial and residual substrate concentration can be expected 
with its slope characterizing the maintenance energy demand of the microbial 
community. To test the fundamental hypothesis that maintenance energy, expressed as 
ATP, for a microbial community is independent on the energy source, bacteria adapted 
to one substrate (e.g. aniline) will be conducted with other energy sources (i.e., acetate, 
histidine). Therefore, the consumption of the energy sources (information from dilution 
rate and substrate concentrations) will be normalized to ATP production based available 
literature data on metabolic pathways. Figure 4 illustrates expected results from these 
experiments. 

Figure 4. Expected behavior for provided energy and biomass in one retentostat. 

The model in development is planned to reproduce Figure 4. A literature review in 
thermodynamic flux balance analysis was performed for model development. Different 
approximations for Gibbs free energy estimation will be evaluated, and with sequencing 
results from aniline adaptation, a meta-metabolic model is being integrated.  

3.3. Degradation of micropollutants in presence of a single energy source 

Preliminary short-term batch experiments with microbial community pre-adapted to 
aniline were conducted to assess the potential of co-metabolic biotransformation of 
OMPs and results from selected compounds are illustrated in Figure 5. Slightly increased 
removal of amisulpride and sulfamethoxazole, both carrying an aniline moiety, in 
comparison to the highly persistent carbamazepine, indicate co-metabolic 
transformation by aniline degrading enzymes. These initial results were used in order to 
adjust dilution rates for future co-metabolism experiments in retentostat experiments. 
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Figure 5. Transformation of selected OMPs by aniline microbial community. 

Expected results for co-metabolism experiments in the retentostats with aniline and 
histidine microbial communities are illustrated in Figure 6 for aniline as energy source. 
While we expect full breakthrough of persistent OMPs like carbamazepine, 
concentrations of biodegradable compounds will depend on the primary energy source 
for the bacteria. In experiments with aniline degrading bacteria, enhanced removal of 
aniline containing compounds (e.g. sulfamethoxazole) will be favored, whereas histidine 
as primary substrate will support removal of caffeine. In contrast, no effects of acetate 
degrading enzymes are expected for any OMP (full breakthrough). 

Figure 6. Expected behavior for selected OMP in retentostats with aniline (left) and histidine (right) 
microbial communities after change to bacterial culture media with OMPs mixture. 
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