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Co-substrate utilisation in “Candidatus Accumulibacter” enhances 
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A B S T R A C T

Optimizing resource use is essential for the survival and fitness of species in microbial communities ubiquitous in 
natural and engineered ecosystems. These ecosystems are often characterized by the simultaneous presence of 
multiple substrates such as volatile fatty acids, amino acids and sugars. Yet, the evaluation of metabolic potential 
for these microbial community members is predominantly based on single substrate utilisation. Metabolic and 
ecological implications of the interactions of multiple substrates, particularly in environments with changes in 
redox conditions and substrate availability, remain poorly understood. In this study, we investigate the metabolic 
interactions resulting from co-substrate utilization in polyphosphate-accumulating organisms within wastewater 
treatment systems. We combined experimental analysis of highly enriched “Ca. Accumulibacter” mixed cultures 
with genome-resolved metagenomics and conditional flux balance analysis (cFBA) to quantify the physiological 
relevance of co-substrate uptake. We observe that anaerobic co-substrate utilisation of acetate and aspartate 
result in metabolic interactions leading to optimized redox balance, reduced ATP losses and increased biomass 
yields by up to 8% compared to individual substrate use. Metabolic modelling revealed that these benefits 
emerge from the network topology, where the interaction of different metabolic routes gives rise to synergistic 
effects. Extending our analysis to additional substrate pairs, we classify metabolic interactions into three general 
types: (i) neutral, (ii) one-way synergistic and (iii) reciprocal synergistic. Our findings highlight the importance 
of metabolic interactions and cellular resource allocation strategies in dynamic microbial ecosystems. This study 
provides a broader ecological framework for understanding competitive metabolic strategies in environmental 
organisms. Co-substrate utilization can have direct implications for improving the yield or productivity of 
bioprocesses.

1. Introduction

Environments containing only a single substrate are rare in nature, 
and wastewater treatment plants, which harbour natural mixed micro
bial communities, are no exception. Wastewater typically contains a 
mixture of organic substrates, including fatty acids, amino acids, sugars 
and lipids (Huang et al., 2010, Bengtsson et al., 2008, Qiu et al., 2019, 
Carvalheira et al., 2014). Polyphosphate Accumulating Organisms 
(PAOs) are keystone species performing Enhanced Biological Phospho
rous Removal (EBPR) in wastewater treatment plants. EBPR systems are 
complex, dynamic environments dominated by members of the genus 
“Ca. Accumulibacter”, both in terms of biovolume (Lu et al., 2006, 
Páez-Watson et al., 2024) and protein content (Kleikamp et al., 2022, 
Kleikamp et al., 2023), highlighting their key role in the biological 
conversions that drive this process. Their unique metabolic capabilities 

allow them to accumulate large amounts of polyphosphate (PolyP) 
(Mino et al., 1987, Kortstee et al., 1994) under cyclic, dynamic envi
ronments. Understanding co-substrate utilisation in “Ca. Accumu
libacter” and other PAOs is therefore crucial for optimizing EBPR 
processes.

The metabolism of “Ca. Accumulibacter” depends on the cycling of 
polyhydroxyalkanoates (PHAs), PolyP and glycogen during an EBPR 
cycle (Smolders et al., 1994, Smolders et al., 1994, Smolders et al., 
1995). This enables the rapid anaerobic uptake and accumulation of 
volatile fatty acids (VFAs) inside the microbial cells. The stored poly
mers can be subsequently oxidized aerobically, generating enough en
ergy for growth and the accumulation of PolyP. Despite their high 
prevalence in WWTPs, no pure cultures of “Ca. Accumulibacter” are 
available, making research reliant on highly enriched cultures (> 90 % 
biovolume (Lu et al., 2006, Páez-Watson et al., 2024)) for 
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characterization .
Research on this metabolic strategy has predominantly focused on 

feeding single substrates, such as VFAs like acetate (Van Loosdrecht 
et al., 1997, Mino et al., 1998, Welles et al., 2015) and propionate 
(Pijuan et al., 2004), as well as non-VFA substrates like glucose (Elahinik 
et al., 2023, Ziliani et al., 2023), and amino acids like aspartate and 
glutamate (Qiu et al., 2019). Despite the importance of mixed substrate 
in wastewater, studies on the metabolic mechanisms of “Ca. Accumu
libacter” during the simultaneous uptake of two or more substrates are 
very limited. Studies have reported co-consumption of acetate with 
glucose (Ziliani et al., 2023, Gebremariam et al., 2012), acetate with 
propionate and lactate (Rubio-Rincón et al., 2019) and acetate with 
glycerol (Yuan et al., 2010) in enrichment cultures, but the interactions 
between the metabolic strategies for consumption of each substrate re
mains poorly understood. For example, Carvalheira et al. (2014) 
experimentally explored acetate and propionate co-feeding and 
demonstrated substrate competition effects, though without investi
gating synergistic or emergent interactions in detail (Carvalheira et al., 
2014).

A notable study by Qiu et al. (Ziliani et al., 2023) stands out for its 
detailed examination of the concurrent uptake of acetate with either 
aspartate or glutamate. This research identified a potential synergy be
tween acetate and aspartate, where aspartate uptake led to a net energy 
gain (~9 % ATP gain), enhancing acetate uptake. The proposed mech
anism was the operation of fumarate reductase (reducing fumarate to 
succinate) which contributes to the proton motive force (pmf) required for 
acetate transport. More recently, a similar energetic gain was evaluated 
for acetate and succinate co-consumption (Chen et al., 2023), though the 
metabolic entry point of succinate bypasses fumarate reductase, raising 
the question of whether this synergy is indeed driven by pmf or a hith
erto unidentified metabolic interaction. It is thus of particular interest to 
further examine the metabolic interactions underlying the concurrent 
uptake of acetate and aspartate, given their distinct metabolic entry 
points, relevance in wastewater environments, and the previously 
observed energetic synergy.

Understanding the interactions within metabolic networks is chal
lenging due to the complexity and interconnectedness of metabolites, 
especially energy carriers like ATP, NADH, FADH2 (Nielsen, 2017). In 
this regard, metabolic modelling provides valuable tools for studying 
these networks and how interactions emerge from stoichiometric rules. 
Techniques such as Flux Balance Analysis (FBA) can model steady-state 
metabolic operations (Orth et al., 2010), but more advanced methods 
are needed for dynamic systems like EBPR (Mahadevan et al., 2002, 
Sarkar et al., 2019, Liu and Bockmayr, 2020). One such method is 
conditional FBA (cFBA) (Rügen et al., 2015), which has been success
fully used to model “Ca. Accumulibacter” metabolism, where intracel
lular storage polymers cycling emerged as a property of model 
stoichiometry and environmental conditions (Páez-Watson et al., 2023). 
However, how these emergent properties change with co-substrate uti
lisation remains an open question. We hypothesize that co-substrate 
utilization in “Ca. Accumulibacter” will lead to metabolic interactions 
affecting the redox balance and potentially alter the type and level of 
intracellular storage polymer usage. Answering these questions can 
enhance the design and operation of bioprocesses that utilize waste 
streams with diverse organic carbon sources.

To address this, we aimed to understand the metabolic implications 
of co-substrate utilisation in “Ca. Accumulibacter” under the fluctuating 
environmental conditions characteristic of EBPR. We developed and 
tested a metabolic model for the uptake of varying ratios of acetate and 
aspartate to uncover synergistic interactions that improve growth yields. 
These findings were validated with lab-scale enrichments and the 
mechanisms behind the synergy are described. Finally, we extended this 
modelling approach to explore metabolic interactions of acetate with 
other co-substrates, identifying a basic biological principle of metabolic 
interactions. This work lays the groundwork for further exploration of 
co- substrate utilisation, which could potentially lead to increased 

biomass yields compared to individual substrate utilisation.

2. Materials and methods

2.1. “Ca accumulibacter” enrichment

A “Ca. Accumulibacter” enrichment was obtained in a 1.5 L (1 L 
working volume) sequencing batch reactor (SBR), following conditions 
described earlier (Páez-Watson et al., 2024) with some adaptations. The 
reactor was inoculated using enriched sludge from the work of 
Páez-Watson et al. (Páez-Watson et al., 2024), which was previously 
inoculated with activated sludge from a municipal wastewater treat
ment plant (Harnaschpolder, The Netherlands). Each SBR cycle lasted 6 
h, consisting of 30 min of settling, 50 min of effluent removal, 10 min of 
N2 sparging, 30 min of anaerobic feeding, 105 min of anaerobic phase 
and 135 min of aerobic phase. N2 gas and compressed air were sparged 
at 500 ml/min into the reactor broth to maintain anaerobic and aerobic 
conditions respectively. The hydraulic retention time (HRT) was 12 h 
(removal of 500 mL of broth per cycle, each cycle of 6 h). The average 
solids retention time (SRT) was controlled to 9 days by the removal of 
27,7 ml of mixed broth at the end of the mixed aerobic phase in each 
cycle. The pH was controlled at 7.3 ± 0.1 by dosing 0.5 M HCl or 0.5 M 
NaOH. The temperature was maintained at 20 ± 1 ◦C.

The reactor was fed with three separate media components diluted in 
demineralized water: a concentrated COD medium (400 mg COD/L) of 
acetate (13 g/L sodium acetate × 3H2O); a concentrated mineral me
dium (0.69 g/L NH4Cl, 2.16 g/L MgSO4 × 7H2O, 0.54 g/L CaCl2 × 2H2O, 
0.64 KCl, 0.06 g/L N-allylthiourea (ATU), 0.06 g/L yeast extract and 6 
mL/L of trace element solution prepared following Smolders et al. 
(Smolders et al., 1994); and a phosphate solution containing 0.76 g/L 
NaH2PO4 × H2O and 0.8 g/L Na2HPO4 × 2H2O. In each cycle, 75 mL of 
COD medium, 75 ml of mineral medium and 360 mL of phosphate so
lution were added to the reactor during the 30 min of feeding. The final 
feed contained 400 mg COD/L of acetate.

2.2. Batch tests

Batch tests were conducted in the bioreactor on the enriched biomass 
once a pseudo steady state was reached (determined by a constant 
phosphate release and removal over multiple days). For the batch tests, 
400 ml of H2O and 50 ml of mineral media were fed as usual during the 
anaerobic phase. Later, 50 ml of organic substrate (containing either 
acetate, aspartate or a mix) was pulse fed and considered the beginning 
of the anaerobic phase of the cycle. The anaerobic phase on these batch 
tests was extended by 30 min to compensate for the delay in feed. The 
organic media was prepared such that the final feed contained 400 mg 
COD/L of acetate, aspartate or a mix (calculated by using the degree of 
reduction of 8 and 12 e-/mol for acetate and aspartate, respectively). 
Thus, the organic substrate solution for the tests contained only acetate, 
only aspartate or mix of acetate and aspartate as follows: (i) 13.1 g/L 
sodium acetate trihydrate (C₂H₃NaO₂⋅3H₂O), (ii) 19.35 g/L sodium 
aspartate (C₄H₆NNaO₄), or (iii) 5,8 g/L sodium acetate trihydrate with 
9,6 g/L sodium aspartate. For mixed substrates, the net utilisation of 
acetate and aspartate was used to determine the acetate:aspartate up
take ratio.

2.3. Reactor and biomass analyses

Extracellular concentrations of phosphate and ammonium were 
measured with a Gallery Discrete Analyzer (Thermo Fisher Scientific, 
Waltham, MA). Acetate was measured by high performance liquid 
chromatography (HPLC) with an Aminex HPX-87H column (Bio-Rad, 
Hercules, CA), coupled to RI and UV detectors (Waters, Milford, MA), 
using 0.0015 M phosphoric acid as eluent supplied at a flowrate of 1 mL/ 
min.

The biomass concentration (total and volatile suspended solids – TSS 
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and VSS) was measured in accordance with Standard Methods as 
described in Smolders et al. (Smolders et al., 1994) with some modifi
cations: 10 ml of mixed broth were obtained at the end of the aerobic 
phase, centrifuged at 3600*g during 3 min and washed twice with 
demineralized water to remove salts. The sludge was then dried at 100 
◦C for 24 h and weighed on a microbalance to determine the dry content 
– TSS. The ash content was determined by incinerating the dry material 
in an oven at 550 ◦C, and the difference used to calculate the VSS.

For glycogen and PHA determination, biomass samples (10 ml mixed 
broth) were collected throughout the batch test and stored in 15 ml 
conical tubes containing 0.3 ml of 37 % formaldehyde to stop biological 
activity. After each batch test, the biomass tubes were pottered to break 
the granular structure of the biomass, centrifuged at 3700 *g for 5 min 
and washed twice. The pellet was then frozen at − 80 ◦C for at least 3 h 
and freeze dried. For glycogen analysis the method described by Smol
ders et al. (Smolders et al., 1994) was used: 5 mg of dry biomass was 
digested in 0.9 M HCl solutions in glass tubes at 100 ◦C for 5 h. After this 
time, tubes were cooled at room temperature, filtered with 0.45 µm 
Whatman disk filters and neutralized with equal volumes of 0.9 M 
NaOH. The glucose resulting from digestion was quantified using the 
d-Glucose Assay Kit (GOPOD Format) from Megazyme (Bray, Ireland).

PHA extraction, approximately 30 mg of freeze-dried biomass was 
placed in a tube with 1.5 mL of 10 % sulfuric acid in methanol and 1.5 
mL of chloroform. To each tube, 100 μL of an internal standard solution 
(0.01 g/mL benzoic acid in methanol) was added. The samples were 
then hydrolyzed and esterified at 100 ◦C for 5 h with periodic manual 
vortexing. Following this, 3 mL of ultrapure water was added to facili
tate phase separation. The organic phase containing the esters was 
filtered and analyzed using a gas chromatograph (GC 6890 N, Agilent, 
USA). Quantifications of PHB, PH2MV, and PHV were performed using 
commercial standards, including 3-hydroxybutyrate, 2-hydroxyhex
anoate, and a synthetic copolymer of (R)-3-hydroxybutyrate-(R)-3- 
hydroxyvalerate (Sigma-Aldrich, USA).

2.4. Metabolic model and cFBA simulations

The metabolism of “Ca. Accumulibacter” was simulated with cFBA 
using the py_cFBA toolkit implementation (Páez-Watson et al., 2024). A 
basic metabolic model was constructed as a stoichiometric matrix (S), 
representing the relationships between metabolites and reactions. Stoi
chiometries for reactions involved in glycogen degradation, glycolysis, 
the TCA cycle, anaplerotic routes, and PHA synthesis were adapted from 
an earlier study on “Ca. Accumulibacter” (Páez-Watson et al., 2024) in 
which the reactions were built based on available high quality MAGs. 
For this study, the reaction malate decarboxylase (catalysed by the malic 
enzyme MalE) was excluded from the metabolic model since it is only 
present in a few genomes within this genus. Stoichiometries for aspar
tate metabolism were obtained from Qiu et al. (Qiu et al., 2019) and the 
presence of this pathway in our enrichment culture was confirmed with 
metagenomics (see later in this section). A reaction representing syn
thesis of 1 c-mole of biomass was implemented in S following the stoi
chiometry from Loosdrecht et al. (Páez-Watson et al., 2023), which 
combined the energy (ATP) requirements for bacterial growth from 
acetyl-CoA from Gommers et al. (Gommers et al., 1988) and the overall 
stoichiometry of PAOs growth from Smolders et al. (Smolders et al., 
1994, Oehmen et al., 2007).

In the model, selected metabolites were defined as imbalanced, 
allowing their accumulation or depletion over time during simulations. 
These included acetate, aspartate, glycogen, PHB, PH2MV, CO2, polyP, 
and biomass. All other metabolites were balanced, adhering to the 
steady-state assumption of FBA. Biomass was defined as the sole 
contributor to the weights vector (w) in the cFBA formulation. The S 
matrix, together with details on imbalanced metabolites and the weights 
vector, is provided in the supplementary materials.

The model was implemented in Python using the py_cFBA toolkit, 
which generated SBML files for each configuration. Simulations of an 

EBPR cycle consisted of five time points (Δt = 1 hour), with no enzyme 
capacity constraints since this research is not centred on proteome 
constraints. Additionally, enzyme capacity constraints require accurate 
estimation of kinetic parameters for each metabolic enzyme which, for 
microbial communities, is limited.

Anaerobic and aerobic phases were simulated by allowing the re
actions ETC_NADH, ETC_FADH (electron transport chain oxygen con
sumption), and biomass synthesis to occur exclusively in the final two 
time points of each cycle by setting the reaction upper bounds at 0 for 
the first 3 time points of the simulation. Reaction reversibility was 
defined using upper and lower bounds based on a prior thermodynamic 
evaluation (Páez-Watson et al., 2024) (see supplementary information S. 
M. 1 for each reaction definition).

Substrate uptake during the anaerobic phase was enforced using 
quota definitions. An equality-quota at the initial time point specified 
the concentration of substrate fed, followed by a max-quota of zero in 
subsequent time points. Substrate concentrations were normalized to 
provide equivalent degree of reduction (electron equivalents), even for 
substrate mixtures, based on their individual degree of reduction (e.g., 8 
electrons for acetate, 12 electrons for aspartate). All simulations opti
mized biomass synthesis as the global target across the entire cycle, 
rather than at each time step, consistent with cFBA methodology. 
Although the model does not rely on kinetic parameters or fitting, it 
produces quantitative predictions (glycogen, polyphosphate and PHAs 
yields) that were directly compared to experimental results. All SBML 
models, simulation files and results are available at https://github. 
com/TP-Watson/PAOs_co-substrates_cFBA.

2.5. Microbial community characterization

The microbial community of the reactor was characterized at pseudo 
steady state as defined earlier. Two orthogonal approaches were used for 
the community characterization: metagenomics and Fluorescence in- 
situ hybridization (FISH).

For FISH, samples underwent handling, fixation, and staining pro
cedures outlined by Winkler et al. (Winkler et al., 2011). Bacteria were 
selectively identified using a blend of EUB338, EUB338-II, and 
EUB338-III probes labelled with cy5 (Amann et al., 1990, Daims et al., 
1999). "Ca. Accumulibacter" was visualized employing a mixture of 
Acc1011, Acc471, Acc471_2, Acc635, Acc470 probes labelled with cy3 
designed and tested previously for different “Ca. Accumulibacter” line
ages (Petriglieri et al., 2022). Dechloromonas related PAOs were visual
ized employing a mixture of the Dech443 and Bet135 probes labelled 
with FLUOS together with Dech443c1 unlabelled competitive probe 
(Petriglieri et al., 2021, McIlroy et al., 2016). The images were captured 
with an epifluorescence microscope equipped with filter set Cy3 
(ET545/25x ET605/70 m T565LPXR), Cy5 (ET640/30x ET690/50 m 
T660LPXR), and FITC (ET470/40x ET525/50 m T495LPXR) (Axio 
Imager M2, Zeiss, Germany). Quantitative FISH (qFISH) was done as a 
percentage of total biovolume over 12 representative pictures using the 
Daime software (DOME, Vienna, Austria) (Daims et al., 2006).

For metagenomics, DNA from the biomass samples was extracted 
using the DNeasy PowerSoil Pro-Kit (Qiagen, Germany) following the 
manufacturer’s protocol. Shotgun sequencing was performed by Hol
ogenomix (Delft, Netherlands). Paired-end sequencing with a read 
length of 150 bp was conducted using the Illumina NovaSeq X 
sequencing system. Library preparation was carried out using the Nex
tera XT DNA Library Preparation Kit. Approximately 10 Gbp of 
sequencing data were generated per sample.

The quality of raw sequenced reads was assessed using FastQC 
(version 0.11.7) with default parameters (Andrews, 2010), and results 
were visualized with MultiQC (version 1.19). Low-quality paired-end 
reads were trimmed and filtered using Fastp (version 0.23.4) in 
paired-end mode (Chen, 2023). Taxonomic classification of raw reads 
was performed to profile the microbiome in each sample using Kraken2 
(version 2) with the standard database, which includes all complete 
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bacterial, archaeal, and viral genomes in the NCBI RefSeq database, 
complemented by a curated wastewater database (sludgeDB) (Wood 
et al., 2019).

Clean reads were assembled into contigs using MetaSPAdes (version 
3.15.5) with default parameters (Nurk et al., 2017). The resulting con
tigs were binned using MetaBAT (version 2.2.15) to reconstruct 
metagenome-assembled genomes (MAGs) with default parameters 
(Kang et al., 2019). Bin completeness and contamination were assessed 
using CheckM (version 1.2.2) with the “lineage_wf” workflow (Parks 
et al., 2015). A cut-off of ≥90 % completeness and ≤5 % contamination 
was applied for bin selection. Relative abundance of bins with 
contamination below 5 % was determined in each sample using CoverM 
(version 0.7.0, https://github.com/wwood/CoverM) with default 
parameters.

For phylogenetic analysis, bins were classified using GTDB-Tk 
(version 2.4.0) and GTDB release 220 (Chaumeil et al., 2022). The 
ppk1 gene was utilised as a marker in bins identified as Accumulibacter. 
hmmsearch (Johnson et al., 2010) was used with the ppk1.hmm profile, 
taking the best hit as the ppk1 gene. Identified ppk1 genes were com
bined with those in an existing database and aligned with MUSCLE 
(version 5.1) (Edgar, 2004). A phylogenetic tree of these ppk1 sequences 
was generated with RaxML-NG (version 1.2.2) (Kozlov et al., 2019) and 
visualised using iTol (v6) (Letunic and Bork, 2024). Sequencing data 
was deposited under the BioProject no. PRJNA1191880, BioSample 
accession no. SAMN45106973.

3. Results

3.1. Different anaerobic phenotypes are employed for acetate, aspartate 
and combined substrate uptake by “Ca. Accumulibacter”

We expanded a previous metabolic model of “Ca. Accumulibacter” 
(Páez-Watson et al., 2024) to incorporate uptake mechanisms for acetate 
and aspartate (Fig. 1A). Next, we simulated the concurrent uptake of 
both substrates at varying ratios. To normalize the simulations, we 

ensured that both substrates combined provided the same amount of 
electron equivalents (analogous to the chemical oxygen demand, most 
widely used in engineering), meaning the ratios were adjusted to ach
ieve ‘electron equivalence’ rather than molar equivalence (see methods 
for details), since acetate and aspartate at equal molar concentrations 
would contribute unequally to the total electron (COD) load, leading to 
an imbalanced comparison of their metabolic impact.

The predictions indicated that the optimal anaerobic metabolic 
strategies for acetate or aspartate uptake were different, reflecting 
substrate-specific metabolic constraints. Moreover, when both sub
strates were utilised simultaneously, the resulting metabolic strategy 
was not a linear combination of the individual strategies, but rather an 
emergent reconfigured metabolic operation (Fig. 1B).

With acetate as the sole substrate, polyP and glycogen were degraded 
to supply resources for PHA accumulation primarily as acetyl-CoA pre
cursors with a smaller fraction of propionyl-CoA. As the fraction of 
aspartate uptake increased, less glycogen degradation was required and 
larger fraction of PHAs as propionyl-CoA precursors was synthesized. At 
an equal electron equivalence ratio of acetate to aspartate, glycogen 
degradation halted. In scenarios with higher aspartate fractions, 
glycogen degradation was not observed, and the PHA pool showed a 
higher dominance of propionyl-CoA precursors with a higher demand 
for polyphosphate degradation (Fig. 1B).

To validate the modelling results, batch tests were performed on a 
lab reactor enrichment culture. qFISH analysis estimated the biovolume 
abundance of “Ca. Accumulibacter” at 89 ± 3 %., while metagenomics 
analysis revealed the enrichment of a clade I strain closely related to 
“Ca. Accumulibacter regalis”. The enriched genome harboured the 
complete genetic potential required for aspartate metabolism (Fig. 2A).

Substrate compositions were evaluated in batch tests under three 
regimes: acetate, aspartate and a mix that resulted in a ratio of 45:55 
electron equivalence acetate to aspartate uptake (regimes marked in 
Fig. 1B). The experimental results closely matched the predicted stoi
chiometries (Fig. 2B). Specifically, in the acetate-fed regime, PHAs 
accumulated anaerobically mainly as acetyl-CoA precursors, 

Fig. 1. Different anaerobic stoichiometries employed for the uptake of acetate, aspartate and combined substrates. (A) Schematic representation of the metabolic 
model of “Ca. Accumulibacter” used for simulations. Metabolites are represented as filled circles connected via reactions with grey lines. Red arrows indicate the 
entry point for substrate uptake in central carbon metabolism. Intracellular storage polymers are represented as white boxes. (B) Anaerobic conversions during the 
uptake of acetate/aspartate at varying electron equivalent ratios simulated with cFBA. (In blue) PHA accumulation subdivided into PHAs from acetyl-CoA (C2) and 
from propionyl-CoA (C3). (In red) Glycogen and Polyphosphate consumption. Three specific simulations marked with symbols (circle, triangle and square) were 
confirmed experimentally in Fig. 2.
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accompanied by the degradation of polyphosphate and glycogen. In the 
mixed substrate regime, PHAs accumulated as a balanced mixture of 
both acetyl-CoA and propionyl-CoA precursors, with lower glycogen 
degradation per electron equivalent consumed compared to the acetate- 
only regime, consistent with the predictions. Finally, in the aspartate-fed 
regime, PHAs accumulated with a substantial decrease in acetyl-CoA 
precursors. This regime required the highest polyphosphate degrada
tion and no glycogen degradation, aligning with the predictions (See 
Fig. 1B and Fig. 2B for comparison).

3.2. Metabolic and energetic balances reveal complementary strategies for 
the uptake of acetate and aspartate leading to enhanced growth yields

Simulations with varying ratios of acetate and aspartate in the feed 
revealed not only changes in internal storage polymer utilization under 
anaerobic conditions but also predicted maximum growth yields per 
electron equivalents for each cycle (Fig. 3A). Growth on aspartate was 
more efficient than growth on acetate. Notably, the highest growth yield 
was achieved with a combination of both substrates, specifically at a 1:4 
electron equivalent ratio of acetate to aspartate.

During acetate uptake, glycogen was degraded to supply NADH 
necessary for PHA accumulation. The most efficient strategy for PHA 
accumulation reflected in the model involved glycogen degradation via 
glycolysis to phosphoenolpyruvate (PEP), then converting PEP to 
oxaloacetate (OAA) to fuel the TCA cycle. This allowed partial acetate 
oxidation in the right branch of the TCA cycle, producing NADH and 
Propionyl-CoA-type PHAs (Fig. 3B – region I). However, during the 
aerobic phase, this strategy required glycogen replenishment and the 
resulting glycolysis/gluconeogenesis operation over the cycle results in 

a net ATP loss, thus reducing the overall growth yield (Oehmen et al., 
2007).

As the aspartate-to-acetate ratio increased, aspartate metabolism 
generated additional NADH via aspartate oxidase that countered the 
NADH requirement from glycogen degradation (Fig. 3B – region II), thus 
lowering the net ATP loss in the glycolysis/gluconeogenesis cycle, which 
improved growth yields. When the ratio reached 1:1, glycogen degra
dation was no longer necessary. Beyond this point, up to a 1:4 acetate-to- 
aspartate ratio, there were no net ATP losses, resulting in the highest 
growth yields (Fig. 3B – region III). In this range reciprocal benefits were 
observed when aspartate utilisation provided NADH that benefited ac
etate metabolism, while acetate utilisation supplied acetyl-CoA equiv
alents that supported aspartate metabolism (as described below).

At higher aspartate fractions, the metabolic strategy necessitated the 
operation of the right branch of the TCA cycle, which required acetyl- 
CoA equivalents. These equivalents could be supplied through acetate 
uptake. At insufficient acetate fractions, part of the consumed aspartate 
was channelled towards acetyl-CoA generation via PEP carboxykinase 
(PEPCK), raising the demand for ATP (Fig. 3B – region IV). This was met 
with an increased polyphosphate degradation, necessitating increased 
ATP requirements in the aerobic phase to replenish the polyphosphate 
pools resulting in lower growth yields.

3.3. Synergistic effects of co-substrate utilisation vary by metabolic entry 
point and network topology

Several substrates were incorporated into the existing metabolic 
model of “Ca. Accumulibacter”, and their co-utilisation with acetate at 
varying ratios was simulated using cFBA, as described in the previous 

Fig. 2. Lab culture enrichment and experimental validation of the model. (A) Microbial community analysis with metagenomics and FISH. Metagenomics 
revealed the enrichment of an MAG closely associated to Ca. Accumulibacter Clade I “Ca. Accumulibacter regalis” and harbouring all the genes necessary for 
aspartate metabolism. FISH image of the enrichment in which magenta colour represents the overlap of “Ca. Accumulibacter” (red) and eubacteria (blue), cyan 
represents the overlap of Dechloromonas (green) and eubacteria (Supplementary Information S.M.3). Bottom image of phase contrast highlighting typical 
morphology observed from PAOs enrichments. (B) Experimental validation of the anaerobic phase metabolic strategies observed during batch tests for acetate, 
aspartate, and mixed acetate:aspartate (45:55 electron equivalence) regimes. Distinct markers (circles, triangles, and squares) facilitate direct comparison with the 
modelled predictions in Fig. 1.B.
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section. The predictions indicated that multiple substrates could support 
PHA accumulation without relying on reducing equivalents from 
glycogen degradation, which is typically required during anaerobic ac
etate uptake (Fig. 4).

Interestingly, the co-substrate utilisation of these substrates with 
acetate mirrored the reciprocal synergistic effect observed with aspar
tate. Specifically, these combinations led to an enhanced biomass yield 
per electron equivalent compared to the yield of individual substrates. 
We referred to these as reciprocal synergistic interactions. Along with 
acetate, co-substrates exhibiting this behaviour included succinate, 
fumarate, malate, oxaloacetate, and aspartate, all of which enter the 
reducing branch (left-hand side) of the TCA cycle. The co-substrate 
utilisation resulted in sufficient NADH production to alleviate the 
dependence from glycogen degradation, the main limitation during ac
etate uptake. Complementarily, metabolising these substrates benefited 
from the uptake of acetate to feed acetyl-CoA equivalents into the TCA 
cycle, as was the case with aspartate.

In contrast, another class of co-substrates when utilized with acetate 
produced biomass yields greater than the sum of the individual parts but 
did not surpass the yield of the more favourable substrate on its own. 
These substrates were able to generate sufficient reducing power 
(NADH) to alleviate the reliance on glycogen degradation, releasing the 
limitation for acetate metabolism. However, they did not benefit from 
the additional acetate uptake, since their metabolism did not require 

acetyl-CoA to be fed into the TCA cycle using PEPCK or similar reactions. 
We classified these as one-way synergistic interactions, observed for 
butyrate, lactate, pyruvate and citrate.

Finally, certain co-substrates such as propionate and alpha- 
ketoglutarate resulted in biomass yields that closely matched the sum 
of the individual yields, with no additional gain from co-utilisation. We 
classified these as neutral interactions, wherein the metabolic demands 
of these substrates closely resembled that of acetate. These substrates 
required similar resources (NADH and ATP) as acetate, leading to 
overlapping metabolic strategies that did not enhance overall growth 
yield.

To further explore the basis of the observed substrate synergies, we 
repeated the analysis after modifying the metabolic model to relax a few 
thermodynamic constraints (see Supplementary Materials S.M.2). Spe
cifically, we removed the irreversibility of PEPC and PEPCK reactions, 
allowing them to operate as an internal cycle generating ATP – an 
outcome that is thermodynamically infeasible but useful for mechanistic 
exploration. Under these conditions, predicted biomass yields became 
flat across all substrate combinations (unlike the shapes from Fig. 3A 
and Fig. 4B) indicating no gains or losses in growth per electron 
equivalent fed. In other words, having an unlimited source of ATP 
breaks the synergy between substrate pairs, validating our findings that 
these interactions are driven by optimized ATP usage under physiolog
ical constraints.

Fig. 3. (A) Biomass yield is expressed as the percent increase in biomass per EBPR cycle per electron equivalent of substrate fed. The x-axis indicates the fraction of 
aspartate based on electron equivalents (0 = pure acetate, 1 = pure aspartate). (B) Active metabolic operation during anaerobic substrate uptake predicted via the 
cFBA model at each region indicated in (A). Metabolic reactions contributing to a net ATP loss of the system considering the whole EBPR cycle have been highlighted 
in red. Lower thickness in Region II illustrates the lower demand on glycogen degradation than in Region I.
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4. Discussion

This study demonstrates that “Ca. Accumulibacter” exhibits syner
gistic metabolic interactions when co-utilising acetate and aspartate, 
leading to enhanced growth yields and reduced net ATP losses. These 
findings offer new insights into the broader ecological principles of 
microbial resource allocation and competition, where the ability to 
efficiently utilize diverse substrates can confer a selective advantage 
under fluctuating environments. The observed synergy highlights how 
co-substrate utilization can reshape metabolic strategies and is an 
emergent property dictated by network topology and metabolic in
teractions. Below, we contextualize these results within existing 
research on EBPR, biological adaptation, energy cycling, and implica
tions for bioprocess design, while also acknowledging the limitations of 
the predictive models used.

Wastewater typically consists of a mix of organic substrates (Huang 
et al., 2010, Bengtsson et al., 2008, Qiu et al., 2019, Toja Ortega et al., 
2021), and many studies have documented “Ca. Accumulibacter” as 
capable of consuming multiple substrates (Letunic and Bork, 2024), both 
through genomic analysis (Qiu et al., 2019, Oyserman et al., 2016) and 
in situ studies (Kong et al., 2004, Nguyen et al., 2015, Roy et al., 2021). 
In this study, we identified the enrichment of a clade I strain closely 
related to “Candidatus Accumulibacter regalis.” However, genomic an
alyses suggest that key genes involved in aspartate utilization are also 
present in clade II members of Accumulibacter (IIA, IIF) (García Martín 
et al., 2006, Skennerton et al., 2015). Our findings align with these 
observations, showing that co-utilisation of acetate and aspartate not 
only is possible but also results in a metabolic interaction that optimizes 
cellular resource utilization pertaining to maximizing biomass yield. The 
reciprocal synergy observed arises from a two-way release of metabolic 
limitations for each substrate, improving overall biomass yield (Fig. 3). 
Specifically, acetate uptake is typically limited by anaerobic glycogen 
degradation, resulting in net ATP loss (Smolders et al., 1995, Sharma 
et al., 2024), while aspartate uptake requires ATP-consuming conver
sion of acetyl-CoA via PEPCK (Qiu et al., 2019). The combination of both 
substrates alleviates these limitations, leading to improved growth. It is 
noteworthy that the identified release in metabolic limitations were not 

dependent on potential pmf generation as hypothesized by Qiu et al. 
(Qiu et al., 2019) and thus can also explain the results obtained by Chen 
et al. (Chen et al., 2023) which contradicted the former pmf hypothesis. 
Our findings demonstrate clearly that these benefits are emergent 
network properties governed by energy flows and redox balance.

The energy losses associated with glycogen cycling during acetate 
utilisation in “Ca. Accumulibacter” has been well documented (Mino 
et al., 1987, Smolders et al., 1995, Van Loosdrecht et al., 1997, da Silva 
et al., 2020, Brdjanovic et al., 1998, Brdjanovic et al., 1998, Oehmen 
et al., 2010), but their direct impact on microbial fitness and growth 
efficiency has not been fully explored. Research manipulating growth 
rates by adjusting biomass retention time suggest that higher glycogen 
cycling corresponds to lower biomass yields (Rodrigo et al., 1999, 
Whang and Park, 2006, Onnis-Hayden et al., 2020), though the 
connection to energetics and metabolism has not been discussed 
extensively. Our results provide a mechanistic explanation by demon
strating how co-substrate utilisation can alleviate ATP losses. Our find
ings suggest that the energetic cost of glycogen cycling associated with 
acetate metabolism in “Ca. Accumulibacter” can be alleviated through 
co-substrate utilization (e.g. aspartate, butyrate, lactate, pyruvate, cit
rate, oxaloacetate, malate, fumarate and succinate; see Fig. 4). A similar 
advantage has been shown when microbial pure cultures co-utilize 
multiple carbon sources in carbon-limited chemostats, leading to 
greater substrate conversion efficiency and lower residual substrate 
concentrations (Egli et al., 1993), yet to our knowledge this is the first 
report of such effects in a complex dynamic ecosystem.

The energetic cost of glycogen cycling is comparable to “ATP 
demanding yet useful" cycles (Sharma et al., 2024), a broader biological 
phenomenon observed across microbial systems. However, since the 
ATP loss in cycling glycogen is temporally separated, this is not a futile 
cycle sensu stricto. Yet the temporal separation of glycogen degradation 
and replenishment serves an adaptive purpose, allowing organisms to 
maintain metabolic flexibility in response to dynamic environments. 
This flexibility supports survival and growth under fluctuating condi
tions, similarly as that of apparent ATP-demanding pathways (Chitraju 
et al., 2017, Sharma and Wolfrum, 2023, Zhang et al., 2016, Adolfsen 
and Brynildsen, 2015). Further consideration of the metabolic and 

Fig. 4. Co-substrate interactions. (A) Metabolic model of “Ca. Accumulibacter” highlighting the external substrates that were tested and their type of interaction 
when co-fed with acetate. Blue: reciprocal synergistic interaction. Orange: one-way synergistic interaction. Black: neutral interaction. (B) Types of interactions 
(substrate synergy) existing between two substrates. Top shows reciprocal synergy between acetate and aspartate in which the biomass yield can exceed that of the 
sum of parts and the individual maximum biomass yields. Middle panel shows a one-way synergistic interaction between acetate and lactate in which the biomass 
yield can exceed that of the sum of parts but not the individual maximum yield. Bottom panel shows a neutral interaction between acetate and propionate in which 
the biomass yield is similar to the expected from the sum of parts.
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energetic cost/benefit of these temporally separated cycles needs to be 
considered, not only during wastewater treatment but more generally in 
organisms living in fluctuating condition such as oceans (Whitton, 2012, 
Reimers et al., 2017), soils (Wu et al., 2022), and many more dynamic 
environments (Wollmuth and Angert, 2023).

The interaction between the metabolic operations of acetate and 
aspartate is complex, due to the inherent complexity of metabolic net
works (Liu et al., 2020) and the dynamic, cyclic nature of the EBPR 
cycle. The metabolic consequences of anaerobic uptake strategies can 
only be fully understood when considering the entire cycle. Most 
research in EBPR focuses on anaerobic processes, where the cell’s redox 
state is tightly constrained, limiting reaction feasibility (Páez-Watson 
et al., 2024). However, without a holistic perspective on the aerobic 
phase, it is difficult to assess how anaerobic pathways impact overall 
metabolic fitness. The cFBA model employed here provides a tool to 
explore these interconnected processes, revealing metabolic strategies 
that minimize ATP losses as emergent properties of the system rather 
than being predefined a priori. Our experimental results aligned well 
with the model’s predictions, indicating that cFBA model successfully 
captured the key features of substrate interactions and energy flows. The 
strong agreement between model predictions and experimental results 
underscores the power of metabolic modelling, particularly cFBA, in 
dissecting complex metabolic behaviours in dynamic microbial 
ecosystems.

In this research we provide experimental evidence of a positive 
reciprocal synergistic interaction between acetate and aspartate. Similar 
experimental evidence further validating this type of interaction has 
been observed for the concurrent uptake of acetate with aspartate (Qiu 
et al., 2019), succinate and fumarate (Chen et al., 2023). In addition, 
research on the concurrent uptake of acetate and aspartate support our 
concept of a non-synergetic relation between the two substrates due to 
their similar metabolic requirements. Our model could not detect any 
co-substrate combinations with acetate that would lower biomass yields 
(in essence, negative interactions). This limitation stems from the 
model’s focus on global biomass yield optimization. Potential negative 
interactions might arise when dealing with substrates that activate stress 
responses (Blank et al., 2008) or an overproduction of reductive po
tential (Chen and Wu, 2022, Cape et al., 2009) and warrant further 
investigation. Additionally, further validation of these mechanisms 
could involve experiments with isotopically labelled substrates (e.g., 
¹³C-acetate), though such quantitative approaches applied to biofilms 
and microbial communities still require methodological development 
and standardization. More broadly, our findings reinforce the funda
mental advantages of co-substrate metabolism (Liu et al., 2020), which 
have been classified into several key benefits: (i) improved balance of 
biosynthetic precursors, (ii) simultaneous activation of multiple meta
bolic pathways for enhanced carbon conversion, (iii) metabolic short
cuts that bypass regulatory bottlenecks, and (iv) the ability to decouple 
growth from lag-phase constraints. In our system, these benefits mani
fest through reciprocal metabolic synergy, where acetate and aspartate 
co-utilisation reduces ATP losses, enhances redox stability, and im
proves growth efficiency. In wastewater treatment plants, PAO species 
belonging to the genus Tetrasphaera and Azonexus have also been re
ported. Future research is warranted on how co-substrate utilisation can 
influence their metabolism. This mirrors findings in other microbial 
systems, where synergistic co-substrate feeding enhances biosynthesis, 
such as lipid production in yeast and microalgae or mixotrophic fer
mentations to derive net-negative CO2 processes (Park et al., 2019). 
These results highlight that the principles governing co-substrate utili
zation in PAOs extend beyond wastewater treatment, providing a 
generalizable framework for understanding microbial metabolic in
teractions in soils, aquatic ecosystems, and biotechnological applica
tions. Future studies should explore how metabolic flexibility shapes 
microbial competition and community assembly in natural environ
ments, ultimately influencing ecosystem stability and nutrient cycling at 
broader scales.

5. Conclusions

- Co-utilisation of acetate and aspartate by “Ca. Accumulibacter” re
sults in synergistic metabolic interactions that improve biomass yield 
and reduce ATP losses.

- Acetate conversion to PHA benefits from NADH generated during 
aspartate uptake, while aspartate uptake is supported by acetyl-CoA 
produced from acetate uptake.

- Glycogen cycling related to growth on acetate is energy demanding, 
co-utilisation of another substrates (e.g., aspartate, succinate, fuma
rate) derives a source of NADH generation, thereby reducing the 
dependence on glycogen cycling.

- A holistic consideration of the entire EBPR cycle is essential to fully 
understand the metabolic strategies and optimize the performance of 
PAOs.

- Synergistic interactions arising from metabolic optimization present 
an opportunity for co-utilization of carbon substrates that can be 
exploited to enhance the yield of bio-based processes.
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Vázquez, C.M., Brdjanovic, D., van Loosdrecht, M.C., Rubio-Rincón, F.J., 2023. 
Putative metabolism of Ca. Accumulibacter via the utilization of glucose. Water. Res. 
229, 119446.
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