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With the rapid growing availability of metagenome assembled genomes (MAGs) and associated metabolic
models, the identification of metabolic potential in individual community members has become possible.
However, the field still lacks an unbiassed systematic evaluation of the generated metagenomic information to
uncover not only metabolic potential, but also feasibilities of these models under specific environmental con-
ditions. In this study, we present a systematic analysis of the metabolic potential in species of "Candidatus
Accumulibacter”, a group of polyphosphate-accumulating organisms (PAOs). We constructed a metabolic model
of the central carbon metabolism and compared the metabolic potential among available MAGs for “Ca. Accu-
mulibacter” species. By combining Elementary Flux Modes Analysis (EFMA) with max-min driving force (MDF)
optimization, we obtained all possible flux distributions of the metabolic network and calculated their individual
thermodynamic feasibility. Our findings reveal significant variations in the metabolic potential among “Ca.
Accumulibacter” MAGs, particularly in the presence of anaplerotic reactions. EFMA revealed 700 unique flux
distributions in the complete metabolic model that enable the anaerobic uptake of acetate and its conversion into
polyhydroxyalkanoates (PHAs), a well-known phenotype of “Ca. Accumulibacter”. However, thermodynamic
constraints narrowed down this solution space to 146 models that were stoichiometrically and thermodynami-
cally feasible (MDF > 0 kJ/mol), of which only 8 were strongly feasible (MDF > 7 kJ/mol). Notably, several
novel flux distributions for the metabolic model were identified, suggesting putative, yet unreported, functions
within the PAO communities. Overall, this work provides valuable insights into the metabolic variability among
"Ca. Accumulibacter" species and redefines the anaerobic metabolic potential in the context of phosphate
removal. More generally, the integrated workflow presented in this paper can be applied to any metabolic model
obtained from a MAG generated from microbial communities to objectively narrow the expected phenotypes
from community members.

1. Introduction

Microbial ecology research strongly relies on cultivation indepen-
dent approaches since most bacterial species are, to date, unculturable
(Steen et al., 2019). Instead, data is generated from analysing microbial
communities directly in their natural environments, often through
metagenome analysis. The rapid development of high throughput
sequencing technologies has resulted in a growing number of
metagenome-assembled genomes (MAGs) representing members from
various microbial communities (for example Singleton et al. (2021)).
Over the years, MAGs generated from ecological samples have been
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linked to potential functional guilds in microbial communities based on
the presence of specific genes (Wrighton et al., 2012; Anantharaman
et al., 2016). Particularly in the context of water engineering, MAG’s
metabolic potentials encompass functions like exopolysaccharide syn-
thesis (Dueholm et al., 2023), nitrogen, phosphorus and iron removal
(Kristensen et al., 2021) and even mutualistic interactions amongst
species (Fujii et al., 2022).

The metabolic potential derived from MAGs is the initial step to-
wards attaining a mechanistic understanding of the physiology of
community members-i.e., what they actually do within the community.
Constraint based methods like flux balance analysis (FBA), provide tools
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to predict metabolic functions and have been successfully applied to
study monocultures (Famili et al., 2003; O’Brien et al., 2015). Efforts
have been made to extend their applications towards understanding
metabolic interactions (Du et al., 2022; Kuppa et al., 2023), resource
allocation (Sharma and Steuer 2019), microbial biosynthesis
(Paez-Watson et al., 2023), or even inferring functional guilds (Muller
et al., 2018) from microbial communities in ecology (Dillard et al.
(2021) explain and discuss the available methods more in depth).

Transitioning from a metabolic network to metabolic flux pre-
dictions requires addressing key assumptions regarding (i) objective
functions of the cells, (ii) considered constraints (or limits) on intra-
cellular reactions and (iii) the chosen environmental conditions for the
simulations (Kim et al., 2022). As the number of high-quality MAGs
continues to grow, so does the number of metabolic models aiming at
predicting community functions. However, critically evaluating the
feasibility of metabolic pathways in the specific environmental context
is crucial for accurately defining constraints on intracellular reactions,
thereby addressing assumptions ii and iii. In this work we propose an
integrated workflow that integrates existing methodologies in
constraint-based modelling and pathway thermodynamics to address
these assumptions. As a case study, we apply this workflow to critically
assess the anaerobic metabolic capabilities of the well-studied commu-
nity of Phosphate Accumulating Organisms (PAOs).

PAOs are considered the main microbial group contributing to the
enhanced biological phosphorus removal (EBPR) process and have been
extensively studied for many decades (Mino et al., 1987; Van Loosdrecht
etal. 1997; Oehmen et al., 2007; Nielsen et al., 2019). Among the PAOs,
"Ca. Accumulibacter" has emerged as a highly studied genus due to its
complex metabolism and role in the EBPR cycle. “Ca. Accumulibacter”
thrives by utilizing a dynamic interplay of storage polymers, including
polyphosphate, glycogen, and polyhydroxyalkanoates (PHAs), in the
alternating anaerobic/aerobic cycles of the EBPR ecosystem (Mino et al.,
1998). Despite numerous attempts, pure cultures of this organism are
still lacking, emphasizing the critical importance of studying their MAGs
for gaining insights into their contribution to the EBPR process.

Several groups have proposed different biochemical models that
could explain the internal metabolism of “Ca. Accumulibacter”. Each of
these models suggests uniquely different ways as to how “Ca. Accumu-
libacter” obtains the reducing equivalents (NADH) required for storage
of fatty acids as PHAs during anaerobic periods. Comeau et al. (1986)
proposed that the complete tricarboxylic acid (TCA) cycle is active
anaerobically as a source of NADH for the accumulation of
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polyhydroxybutyrate (PHB) (Fig. 1A). Mino et al. (1987) demonstrated
anaerobic depletion of glycogen and suggested it as the source of NADH
by means of glycolysis (Fig. 1B). Pereira et al. (1996) measured poly-
hydroxyvalerate (PHV) as well as PHB in EBPR sludge and proposed a
mechanism for its accumulation using both glycolysis and the TCA cycle,
albeit with a secondary back-flux through the ‘left’ branch of the TCA
cycle to balance NADH production (Fig. 1C). Conversely, Hesselmann
et al. (2000) suggested a model including glycolysis and a split TCA
cycle (Fig. 1D), introducing the use of one of the anaplerotic reactions
(catalysing the conversion from pyruvate to oxaloacetate) while Yagci
et al. (2003) introduced the concept of the glyoxylate shunt to bypass
certain reactions within the TCA cycle (Fig. 1E). Burow et al. (2008)
provided experimental evidence of the functioning of the glyoxylate
shunt during the anaerobic phase of EBPR by using enzymatic inhibitors
supporting the model from Yagci et al. (2003). Conversely, Zhou et al.
(2009) provide evidence for acetate uptake without glycogen use sup-
porting a full anaerobic TCA cycle. Modelling approaches such as flux
balance analysis (FBA) on PAOs have proposed so-called varying stoi-
chiometry (or metabolic flexibility) which could explain the lack of
consensus over all these proposed stoichiometries (da Silva et al. 2020).

This apparent complexity (and hence lack of consensus) for under-
standing the transformations in central carbon metabolism during the
anaerobic uptake of acetate showcases the need for systematic re-
evaluation of potential stoichiometries and reaction limitations within
a given environmental context. Furthermore, the newly available MAGs
associated to individual species of “Ca. Accumulibacter” (Petriglieri
et al., 2022) represent a great opportunity to study potential differences
amongst species from this complex genus. In their research, numerous
species of the genus “Ca. Accumulibacter” were assigned, and a general
comparison was made on the difference in potential metabolic guilds
harvested in these newly available MAGs.

Stoichiometric modelling simply calculates the stoichiometries of a
network while balancing the production and consumption of metabo-
lites — i.e., maintaining steady state. While FBA requires an optimization
objective to identify stoichiometries (Orth et al., 2010), elementary flux
mode analysis (EFMA) is a powerful tool that offers a systematic
approach to assess all minimal combinations possible in a given meta-
bolic network (Terzer and Stelling 2008; Maarleveld et al., 2013). Flux
modes can be especially strong when dealing with highly interwoven
metabolic networks (such as central carbon metabolism) and has been
famously applied to understand the TCA cycle as much more than just
energy generation (Sweetlove et al., 2010). The high number of flux
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Fig. 1. Schematic representation of the proposed metabolic transformations in PAOs during the anaerobic uptake of acetate over time (Comeau et al., 1986; Mino

et al., 1987; Pereira et al., 1996; Hesselmann et al., 2000; Yagci et al., 2003).
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modes possible from a metabolic network (due to its combinatorial ef-
fect) severely limits its application.

Approaches to filter (or minimize) flux modes from a network are
based on supposed irreversibilities from individual reactions (Gerstl
et al., 2016; Peres et al., 2017). Nevertheless, the ad hoc definition of
reaction irreversibilities neglects the context of the given reaction - i.e.,
the metabolic conditions in which it is happening and its relative
contribution to the overall pathway stoichiometry. In contrast, methods
such as the max-min driving force (MDF) optimize the overall thermo-
dynamics driving force of a pathway (Noor et al., 2014) without pre-
sumptions on the reaction irreversibilities. Thus, its combination with
EFMA could hold the key for the identification of the most probably
stoichiometries from a pathway given a specific environmental context.

In this work, we analysed the anaerobic metabolism of PAOs to
illustrate a systematic methodology for deriving consistent metabolic
insights from MAGs. We assess the metabolic potential in central carbon
metabolism of nineteen high quality MAGs of “Ca. Accumulibacter”
species by employing EFMA and highlight differences amongst these
species. Further, we determine which potential metabolic flux models
contribute to the most feasible model solutions during the anaerobic
uptake and storage of acetate into PHAs.

2. Materials and methods
2.1. Model construction

A metabolic model was built to represents reactions from glycolysis,
TCA cycle, anaplerotic reactions, PHA synthesis reactions, and glycogen
degradation pathways. The stoichiometry of each reaction was obtained
from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database,
using the available MAGs for “Ca. Accumulibacter” as the reference.
Specific network reactions and stoichiometry is detailed in Supplemen-
tary materials (Table S1). The chosen pathways to be incorporated in this
metabolic model were focused on substrate uptake and the model was
utilized to test current hypothetical operations of metabolism to uptake
acetate into PHAs (as summarized in Fig. 1). For building more complex
metabolic models, we recommend the user to apply available methods
for model construction such as gapseq (Zimmermann et al.,, 2021),
CarveMe (Machado et al., 2018), amongst others.

The model, consisting of 45 metabolites connected by 43 reactions
includes exchange reactions for metabolites such as PHA, glycogen,
polyphosphate, CO2, and Hy0. Model reactions were formulated and
implemented in Excel in the form of a stoichiometric matrix S, in which
the rows and columns signify the metabolites and the reactions respec-
tively. All metabolites in the S matrix are considered to be in steady state
by the relation:

Sv=0

where v represents a vector containing the fluxes of each reaction (col-
umn in S) (Orth et al., 2010). We did not explicitly model FADH,, all
electron transporters were modelled as NADH. Similarly, all reactions
were considered to be reversible at this early stage of the model. PHAs
are modelled as poly-hydroxybutyrate (PHB) and hydroxy 2-methyl-val-
erate (PH2MV) as a proxy to distinguish PHAs resulting from either
acetyl CoA or propionyl CoA as done previously (Paez-Watson et al.,
2023).

2.2. Enzyme and gene annotation

Genome analysis was conducted to investigate the presence of genes
in species of "Ca. Accumulibacter" related to the reactions from the
metabolic model. The MAG sequences of 19 species of "Ca. Accumu-
libacter" were obtained from the European Nucleotide Archive and
downloaded when available in the format WGS Set EMBL. Standard
genome annotations from the database was used to verify the presence
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of the genes related to our metabolic network. In case these genes were
not annotated in all genomes, a set of proteins from Escherichia coli K12
for catalysing the reactions in the network was used as a reference (see
Supplementary materials, Table S3). BLAST analysis was then performed
(min_identity 30 %, evalue e-12) to compare these protein sequences
with the reference set, and sequence alignment was used to assess
conservation and identify potential orthologs or homologs.

2.3. Elementary flux mode analysis

The metabolic network was subjected to elementary flux mode
(EFM) analysis using the efm MATLAB tool developed by Terzer and
Stelling (2008). For the analysis, reactions for glycogen and poly-
phosphate degradation, PHA synthesis and acetate consumption were
set as irreversible since this is the observed phenotype from the anaer-
obic phase of EBPR. This approach aimed to systematically evaluate the
model’s capabilities so no further reactions were set as irreversible. The
resulting elementary flux modes (EFM) were all normalized to 1 mol of
acetate uptake. Variables of interest, including glycogen degradation,
PHB and PH2MYV synthesis, polyphosphate degradation, and CO; export,
were examined for their distribution among the EFMs using Python and
visualized with violin plots. Relevant EFMs matching the stoichiometry
proposed in the literature (specifically the proposed models from
Comeau et al. (1986), Mino et al. (1987), Pereira et al. (1996), Hessel-
mann et al. (2000) and Yagci et al. (2003)) were manually filtered based
on the presence and direction of their active reactions within the EFMs.

2.4. MDF calculations and normalization

We evaluated the thermodynamic feasibility of each solution to the
metabolic model (i.e. an individual EFM) using the concept of Minimum
Driving Force (MDF) (Noor et al., 2014). For a reaction to be considered
feasible, a negative value for the Gibbs free energy (A,G’) is required.
The Gibbs free energy of each reaction is determined by the (optimized)
concentration of the metabolites in a given range and thus depends on
the context of that reaction within the model solution (i.e. which and
how many reactions are active in the current EFM). For each EFM, the
resulting MDF is obtained from the reaction with the lowest thermo-
dynamic driving force (i.e. the lowest — A,G’). If this MDF (- A,G") is > 0,
it indicates that all the reactions can operate and the EFM is considered
feasible. Hence, maximization of the driving force of an EFM can be
achieved by the following linear optimization problem:

Maximize B
x, B
Subject to — (A,G° + RT-S"x) > B
IN(Chin) < x < In(Cpax)

where B represents the minimum driving force of all reactions in the
EFM, x a vector containing the molar concentrations of the metabolites
in S within a range of concentrations (Cpi, and Cpax). Important to note
is that the MDF is influenced by the presence/absence of reactions and
their direction, but not affected by the flux that each reaction could
carry.

For the MDF analysis of each EFM, a custom stoichiometric matrix
(S_adjusted) was generated by modifying the S matrix as follows. Re-
actions involving metabolites for which the estimation of A¢G* is highly
uncertain were removed (reactions of glycogen and polyphosphate
degradation, PHB and PH2MV polymerization) as well as all external
reactions from the model. Furthermore, the reaction definitions were
adjusted to fit the directionalities of each EFM (either positive or
negative fluxes). Reactions carrying no flux (zero values) were removed.
The resulting matrix was converted into a tab-separated value (tsv)
format for further calculations. MDF calculations were performed using
the Equilibrator pathway tool (version 0.4.7) developed by Noor et al.
(2014) in the Equilibrator package. As settings for these calculations, we
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used default conditions such as a pMg (potential of magnesium) of 3, an allowed to vary within the default physiologically expected ranges
ionic strength of 250 mM, a cytosolic pH (potential of hydrogen) of 7.5, (0.001 to 10 mM), except for phosphate (10 mM), and CO5 (0.01 mM).
and a degree of confidence of 0.95. Simulations varying this degree of The MDF and optimized A;G’ values for each reaction in the models
confidence were also performed, but the outcome of the model did not were determined and stored. The MDF distribution of all solutions was
affect the results (data not shown). Metabolites in the optimizer were visualized using a swarm plot to identify subsets of models that were
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thermodynamically feasible. Feasible reactions were manually selected,
and a stoichiometry scheme derived. The achieved optimized A,G’
values for each reaction in all the solutions were used to create a bar plot
in Python, representing the distribution of A,G’.

To simulate anaerobic conditions, the additional constraint to limit
the range of concentrations of NADH and of NAD™ (0.1 - 10 mM and
0.001 — 0.01 mM respectively) was added to reflect known increase of
NADH/NAD™ up to 10 fold from aerobic to anaerobic conditions (Bek-
ers et al., 2015). MDF optimization was then performed on all EFMs with
these conditions and resulting MDF and A;G’ where analysed in a similar
fashion using Python.

2.5. Code availability

The code utilized in this study together with all the data required to
adapt or reproduce the simulations is available at GitLab Project ID:
48,899,967 (https://gitlab.com/delft_paos/from-metagenomes-to
-metabolism-paos).

3. Results

3.1. The core metabolic model of “Ca. Accumulibacter” is not conserved
amongst species

We built a metabolic model based on all previous reports on the
metabolism of PAOs. This model included all the reactions involved in
polyphosphate and glycogen degradation, PHA synthesis, glycolysis,
TCA cycle, glyoxylate shunt and anaplerotic reactions (Fig. 2A). PHAs
are modelled as poly-hydroxybutyrate (PHB) and hydroxy 2-methyl-
valerate (PH2MV) as a proxy to distinguish PHAs resulting from either
acetyl CoA or propionyl CoA.

We confirmed the presence of the genes related to the model in the
available MAGs for “Ca. Accumulibacter” species (species considered in
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Table S2). The analysis revealed the absence of genes associated with the
glyoxylate shunt and anaplerotic reactions in some species (Fig. 2B.).
Specifically, the majority of MAGs analysed lacked the gene coding for
malic enzyme (malE). Additionally, while all analysed MAGs possessed
the gene for phosphoenolpyruvate carboxykinase (pepck), some MAGs
did not contain the gene for phosphoenolpyruvate carboxylase (pepc). In
other words, some species of “Ca. Accumulibacter” lack the pair pepc/
pepck, and the majority lack the enzyme malE.

3.2. Elementary flux modes analysis (EFMA) reveals more than 700
possible metabolic model solutions to explain the anaerobic metabolism of
“Ca. Accumulibacter”

We conducted EFMA on the metabolic model of PAOs. This resulted
in individual, elementary flux modes (EFM), each of which contains the
fluxes for every reaction such that metabolites are balanced. Thus, each
EFM is a unique metabolic model solution that represents a specific,
balanced phenotype. Here, we narrowed the EFMs to only solutions that
encompassed both acetate uptake and PHA accumulation since this
represents the observed metabolism during the anaerobic phase of
EBPR. This selection resulted in 700 unique metabolic model solutions.
With these 700 solutions, 700 sets of yield coefficients are obtained
(Fig. 3).

Among these solutions, we identified flux distributions that have
been previously proposed in the literature, including studies by Comeau
et al. (1986), Mino et al. (1998), Hesselmann et al. (2000) and Yagci
et al. (2003) (highlighted in Fig. 3). The solution corresponding to the
model proposed by Pereira et al. (1996) could not be identified since the
double net flux of reactions in the TCA cycle is mathematically not
possible. Notably, the range of solutions obtained with EFMA is much
wider than that of the proposed models alone, suggesting a potentially
greater flexibility in terms of polyphosphate/glycogen utilization, PHA
accumulation, and even CO; incorporation.
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Fig. 3. Model yields of glycogen and polyphosphate use, CO, production and PHB and PH2MV synthesis (mole) per mole of acetate consumed in the metabolic model
of PAOs.The violin plots illustrate the distribution of stoichiometric values based on 700 unique solutions. Published solutions from previous studies by Comeau et al.,
(1986); Mino et al., (1998); Hesselmann et al., (2000) and Yagci et al., (2003) are indicated by differently coloured circles and lines. Negative stoichiometries indicate
the reverse direction of the proposed reactions, such as the production or consumption of CO, within the different solutions.
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3.3. A small subset of the metabolic model solutions are
thermodynamically feasible

To further reduce the 700 metabolic model solutions, the thermo-
dynamic feasibility of each solution was evaluated by means of calcu-
lating the MDF. The MDF algorithm maximizes the driving force
(defined as the maximum - A;G’ for each reaction) of a given metabolic
model solution (Noor et al., 2014) (see Materials and Methods). MDF
suggests that only 20.9 % of the 700 metabolic model solutions result in
a thermodynamically feasible pathway, i.e. all individual metabolic re-
actions proceed in the required direction with a negative A,G’ (Fig. 4A).
The models proposed by Mino et al. (1998), Hesselmann et al. (2000)
and Yagci et al. (2003) are within the feasible solutions. Nevertheless,
these proposed models show an MDF value close to equilibrium (MDF of
1.18, 1.8 and 0.14 kJ/mol,cetate respectively). In contrast, for the model
proposed by Comeau et al. (1986) no thermodynamically feasible so-
lution (MDF = -4.06 kJ/mol,cetate) Was found.

The obtained 146 thermodynamically feasible metabolic model so-
lutions can be further reduced considering that a significant dissipation
of energy is required to obtain a significant reaction rate. From the
current solutions, 6 metabolic models indicated the highest energy
dissipation with MDF values above 7 kJ/molacetate (Fig. 4A and B for
model operations with an MDF of 7.46 kJ/mol,cetate)- All these solutions
include either the combination of pepc/pepck or the combination of pepc
with malE. Notably, all these metabolic model solutions result in the
same yield coefficients for glycogen degradation matching that of
PH2MV accumulation and no PHB accumulation.

3.4. Dependency of reaction feasibility on the NADH/NAD" ratio

The thermodynamic driving force of each metabolic model solution
was the result of a combination of the individual reaction’s A,G’.
Depending on the set of active reactions in each EFM, a specific reaction
can either be thermodynamically feasible or infeasible. The reason for
this observation is coupling of reactions via shared metabolites, which
make the system more or less constrained depending on the EFM. Spe-
cific reactions consistently exhibited high infeasibilities (A,G’ > 0)
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across multiple EFMs. Fig. 5 represents an overview of the achieved A,G’
values for each reaction on both the forward and, when applicable,
reverse directions in all 700 EFMs (see also Table S1 for detailed infor-
mation on stoichiometry of each reaction and the forward and reverse
operation).

Reactions that consistently displayed thermodynamic infeasibilities
include glc5, glc6, tca7, tca9, pepc, phal and pha4 in the forward direction
(Fig. 5A) and glc10, tcal, tca2, tca3, tca4, tcas, pepck, icl, mls and malE in
the reverse direction (Fig. 5B). Thus, these reactions (in the indicated
direction) contribute to the infeasibility of the solutions where these
reactions are included. Conversely, reactions that consistently exhibited
negative A,G’values include tcal, tca2, pepck, mls, MalE, pha3, pha5 and
pha6 in the forward direction and tca7, tca9 and pepc in the reverse di-
rection; indicating their strong contribution to feasible networks.

The MDF optimization was further constrained to reflect expected
changes in the ratio of NADH/NAD" when considering anaerobic vs
aerobic conditions (Bekers et al., 2015) to showcase the limitations
posed under anaerobic conditions. For this analysis, we fixed the
NADH/NAD" ratio to be 0.1 and 10 which reflects the change in this
ratio between aerobic and anaerobic conditions. With these fixed values,
we performed MDF and represented the distribution of A;G” under each
condition (Fig. 5). This modification led to changed A.G’ distributions
for reactions involving oxidation or reduction of NAD(H). Specifically,
reactions generating NADH resulted in higher A,G’ values leading to
potential infeasibilities. Notably, reactions glc6, tca7 and tca9 running in
forward direction (Fig. 5A) were the strongest affected by the change in
the NADH/NAD since their A,G’ became more positive at a higher ratio
potentially indicating their (even stronger) infeasibility under anaerobic
conditions.

4. Discussion
4.1. Bridging metagenomics with metabolic function predictions
This research paper presents an integrated workflow designed to

extract feasible metabolic predictions within a specific environmental
context from a MAG’s metabolic model. This systematic analysis serves
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Fig. 5. Boxplot distribution of the calculated A,G’ for each reaction based on the 700 Elementary Flux Modes (EMF) solutions and respective Minimal Driving Force
(MDF) optimization. Dark and light blue indicate different NADH/NAD™ ratios that were fixed for the MDF analysis simulating changes from aerobic to anaerobic
conditions respectively. Distribution of the reactions in (A) forward or (B) reverse operation. Absent boxplot indicates that the reaction in its given operation does not

contribute to the solution space of the model.

as a crucial step towards transitioning from descriptive studies in
microbiome research towards more mechanistic and predictive studies,
also called eco-systems frameworks (Lawson et al., 2019; McDaniel
et al., 2021). With the increasing availability of high quality MAGs,
research has rapidly focused on assigning metabolic functions to given
species based on gene presence/absence (Singleton et al., 2021; Wood-
croft et al., 2018; Aalismail et al., 2019; Kristensen et al., 2021; Qiu
et al., 2019; Singleton et al., 2022) and, in limited cases, integrating
multi-omic data (McDaniel et al., 2021; Ishii et al., 2013; Camejo et al.,
2019; Roume et al., 2015; Scarborough et al., 2020). We emphasize the
importance of subjecting metabolic networks to critical examination
within the specific environmental context of the community, aided by
modelling tools like those presented in this work, to evaluate all po-
tential functionalities of community members in a consistent manner.
This essential step precedes the integration of multi-species metabolic
models aimed at predicting (or even engineering) microbial
communities.

Generating metabolic models from MAGs is becoming easier; more
advanced, automated tools are developed and support model

construction from metagenomes (Bekiaris and Klamt 2020; Zimmer-
mann et al., 2021; Machado et al., 2018). However, caution must be
taken when performing simulations on metabolism. We have showcased
just how diverse the possible solutions to a simple metabolic model can
be (by employing EFMA) and more importantly how many of these
potential solutions represent thermodynamic infeasibilities (by using
MDF analysis). Our approach adds a general/universal test on the stoi-
chiometric solutions — universal as thermodynamics are calculated for
all possible network solutions (reaction combinations) and do not rely
on a specific assumptions on one reaction or only on energy generation
cycles (Fritzemeier et al., 2017) as done with tools such as gap-seq or
CarveMe.

The analysis presented in this paper faces two limitations related to
input data. Firstly, meta-omic data from environmental samples (due to
its inherent complexity) poses challenges on sequence completeness.
Even assuming complete MAGs, we are limited to studying metabolic
reactions with documented descriptions, leaving out many potential
genes/enzymes not catalogued in databases. For instance, it is estimated
that in the genome of E. coli the function of 35 % of coding sequences is
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unknown (Ghatak et al., 2019)). The former is a technical limitation that
can be overcome with better quality data. Thus we recommend the
application of this workflow with confidence on MAGs generated
combining both short and long read sequencing data (as demonstrated
in Singleton et al. (2021)). Conversely, the latter limitation persists
beyond the advancements of current omic-techniques. Metagenomics,
metatranscriptomics and metaproteomics are insufficient to address
functionality of coding sequences. To uncover novel functions within
organisms, a different approach must be taken. The combination of
metabolic modelling predictions with experimental validation could be
powerful in indicating how incomplete our state-of-art knowledge on
metabolism is.

4.2. Physiological differences amongst “Ca. Accumulibacter” species

We applied our workflow to “Ca. Accumulibacter” species since these
organisms have been vastly studied and recently an exponential growth
in the available genomes has become available (Petriglieri et al., 2022).
In contrast to previous studies, which focused on finding ‘the correct’
stoichiometry for anaerobic acetate uptake in PAOs, our analysis pro-
vides a holistic analysis of underlying metabolic potential within a basic
model of central carbon metabolism. Building upon the concept of
‘metabolic flexibility’ proposed by da Silva et al. (2020) for PAQOs, we
emphasize the idea of understanding metabolism in a non-linear
manner, where multiple metabolic branches (here seen as nodes) can
coexist. However, the absence of essential genes in a network can limit
this ‘flexibility’ and may indicate differences in the ecological niches of
individual “Ca. Accumulibacter” species.

One notable observation when comparing the MAGs of “Ca Accu-
mulibacter” species was the absence of the anaplerotic route enzyme
malE in almost all studied species, and the pepc/pepck pair in certain
species (Fig. 2B). We found that the presence of these reactions (espe-
cially their combination) contributed to the highest driving forces of the
metabolic models (Fig. 4B). This suggests that the species lacking malE
and/or the pair pepck/pepc may be more thermodynamically limited and
would exhibit a considerably lower flexibility during anaerobic sub-
strate uptake. On the other hand, the species “Ca. Accumulibacter cog-
natus”, “Ca. Accumulibacter propinquus”, “Ca. Accumulibacter regalis”
and “Ca. Accumulibacter appositus” exhibited the complete genetic
potential for the model studied, indicating both stoichiometric and
thermodynamic flexibility during anaerobic substrate uptake.

Furthermore, it is important to note that malE and pepc/pepck play
crucial roles in controlling flux from the TCA cycle towards gluconeo-
genesis, replenishing bacterial glycogen reserves (Sauer and Eikmanns
2005). Therefore, while our research focused on the anaerobic uptake of
acetate, the absence of these enzymes could have broader consequences
during aerobic conversions of “Ca. Accumulibacter” that have not been
assessed. Previous studies have shown that the lack of malE leads to
imbalanced metabolic rates, altered storage reserves (Zhang et al., 2016)
and substantial reduction of growth yields (Netzer et al., 2004). Simi-
larly, the pepc/pepck pair has been shown to participate in futile cycles in
E. coli (Hua et al., 2003). Overall, a better understanding of the absence
of these genes through the complete EBPR anaerobic/aerobic cycle is
needed.

4.3. Redefining the anaerobic metabolic potential of “Ca.
Accumulibacter”

Decades of research into PAO biochemistry have led to the pro-
gressive proposition of individual models to explain the anaerobic up-
take of acetate. Here we examine individual model operations proposed
over the years in the context of our results and propose an updated
metabolic model for the anaerobic uptake of acetate in “Ca.
Accumulibacter”.

Firstly, the stoichiometric analysis aided by EFMA resulted in 700
possible unique metabolic model solutions to the model (Fig. 3). This
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number of possible stoichiometries explains the lack of consensus on the
proposed model operations over the years. We found that the suggested
operations by Comeau et al. (1986), Mino et al. (1998), Hesselmann
et al. (2000) and Yagci et al. (2003) are indeed stoichiometrically
possible. However, the model proposed by (Pereira et al., 1996) did not
appear in these solutions; since this model suggests the simultaneous
operation of the forward and reverse direction of a portion of the TCA
cycle (see Fig. 1), which as a net flux is impossible. EFMA can therefore
aid to identify first-hand the possible operations of a metabolic model,
without depending on experimental observations.

EFMA generated 700 metabolic model solutions, of which 21 % were
also thermodynamically feasible. Many of these solutions, however,
operate close to thermodynamic equilibrium. The model solutions with
the highest thermodynamic feasibility made use of a split TCA cycle
together with an additional cycle using either pepc/pepck or pepc/malE
(Fig. 4B). These solutions result in an MDF of more than 7 kJ/molacetate,
by means of converting all the carbon from acetate to CO5, leading to the
high energy dissipation of the system. By integrating the distribution of
each individual reaction’s AG’ values under anaerobic conditions
(Fig. 5), we outline the metabolic model for “Ca. Accumulibacter” in
Fig. 6, highlighting reactions that represent strong thermodynamic in-
feasibilities. Below we discuss on the implications of specific reactions
on the model for “Ca. Accumulibacter”.

The notion that the full anaerobic TCA cycle can occur to generate
enough NADH for the accumulation of PHAs is highly debated in liter-
ature. At the centre of this debate lies succinate dehydrogenase (reaction
tca5 in our network), a membrane bound enzyme that transfers the
electrons from succinate to FADH. In the absence of a strong electron
acceptor (like oxygen), it’s thermodynamically impossible to transfer
these electrons to NADH. We modelled this reaction with NADH rather
than FADH, lumping the overall transfer of electrons from succinate to
FADH, to the quinone pool and finally to NADH, and confirm the ther-
modynamic impossibility of this reaction (Fig. 5). Some theories suggest
succinate-to-fumarate conversion could occur through a novel cyto-
chrome b/b6 fusion protein (Martin et al., 2006) or electron bifurcation
mechanisms (Oyserman et al., 2016). However, attempts at assessing
this activity have failed (Gabriel Guedes da Silva, 2021). Future work
could be done using this model framework to study these alternative
routes and its effects on changing the thermodynamics and yields of the
anaroibc stoichiometry. We conclude that, given the current evidence,
the conventional succinate dehydrogenase reaction cannot occur under
anaerobic conditions.

We further add to the notion that the full TCA cycle cannot occur
anaerobically since malate dehydrogenase (tca9 in our network) repre-
sents a thermodynamically infeasible reaction in anaerobic conditions.
This reaction has been known to have very high energy requirements
(Miller and Smith-Magowan 1990) thus several hypotheses exist to
explain the function of the full TCA cycle. One argument is that the
concentration of oxaloacetate is extremely low in cells (below the used
lower bound concentration in the MDF analysis = 1 uM), although this
could result in other reactions that utilize oxaloacetate to become
infeasible (Noor et al., 2014). Assuming this is the case, the redox state
of the cell (i.e. NADH/NAD") would be a major determinant of the
feasibility of this reaction. Although not measured in “Ca. Accumu-
libacter” (nor in any microbial community of this kind), the
NADH/NAD™ ratios of bacteria and yeast when changing from aerobic
to anaerobic conditions increases as much as 10 fold (Wimpenny and
Firth 1972; Bekers et al., 2015; Liu et al., 2019), which would pull this
reaction towards the infeasibility region. Further, van der Rest, Frank,
and Molenaar (2000) described that this reaction could also be catalysed
by a membrane bound enzyme that reduces a quinone pool, thus making
the reaction more thermodynamically favourable. However, da Silva
et al. (2020) found a high preference of malate dehydrogenase for
NADH. Altogether the evidence shows that malate dehydrogenase
cannot operate towards generating oxaloacetate and NADH under
anaerobic conditions and instead is more likely to operate under
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Fig. 6. Redefinition of the PAOs metabolic model for anaerobic uptake of ac-
etate and accumulation of PHAs. Scheme represents the reactions (grey arrows)
connecting metabolites participating in central carbon metabolism. Based on
thermodynamic analysis, each reaction of the pathway has been defined as
feasible (when A;G’ < 0 kJ/mol,cetate), irreversible (when the reverse reaction
could contribute to the stoichiometry, but it’'s A,G’ > 0 kJ/molacetate) or
bottleneck (when A;G’ > 0 kJ/mol,cetate but no other alternatives are possible).

anaerobic conditions in the opposite reaction, a phenomenon previously
observed in E. coli cells (Chen et al., 2011).

Finally, we represent three reactions of the metabolic model to be
thermodynamically infeasible albeit necessary to obtain the observed
phenotype of “Ca. Accumulibacter”. The reactions are glyceraldehyde 3-
phosphate dehydrogenase (glc6 in our network), acetoacetyl CoA syn-
thase (phal in our network) and methylmalonyl CoA mutase (pha4 in
our network). Firstly, glc6 is a well-known thermodynamic bottleneck
reaction (Noor et al., 2014). To overcome this bottleneck, alternative
glycolytic pathways exist such as the Entner-Doudoroff glycolysis (ED)
or the pentose phosphate pathway (PPP) that bypass this reaction.
However, genomic (Martin et al., 2006), proteomic (Wilmes et al., 2008)
and enzymatic (Guedes da Silva et al. 2019) evidence support the notion
that both ED and the complete PPP do not operate in “Ca. Accumu-
libacter”. Hence, the reaction glc6 is the only alternative in the current
metabolic model to carry flux from glucose towards lower glycolysis.
Further research must be done to explore weather thermodynamic
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‘tricks’ exist to enable this reaction to occur or even if different, yet
unknown, glycolytic routes are active in PAOs anaerobically. On the
other hand, the reactions phal and pha4 involved in the synthesis of
PHAs are immediately followed by two reactions (pha2 and pha3 for
PHB and pha5 and pha6 for PH2MV) with very high thermodynamic
driving force (Fig. 5). Although this process has not been studied for
PHA synthesis, a very similar set of reactions to phal in archaea (ace-
toacetyl-CoA thiolase) catalyze a similarly thermodynamically ‘uphill’
reaction connected to ‘downhill’ reactions. Vogeli et al. (2018) found
evidence that substrate channeling via enzyme complexes exists and
could explain the pathway to occur despite this bottleneck. A similar
mechanism could be at play in “Ca. Accumulibacter” since PHA syn-
thesis is observed anaerobically.

It is important to note that our thermodynamic analysis only con-
siders intracellular metabolic reactions and excludes exchange reactions
and reactions involved in polymeric synthesis or degradation. The
thermodynamics of exchange reactions (for example, acetate uptake,
phosphate export, etc.) not dependent on metabolic network control. On
the other hand, polymers are substances that are not completely in
aqueous solution as a typical metabolite is (hence they can be accumu-
lated to extremely high amounts). Thus, the incorporation of polymers
and their concentration’s contribution to a reaction’s thermodynamic
driving force requires a deeper physical understanding of polymers as a
whole. Further research should be done to understand the complexity
that different kinds of polymers contribute to metabolic reactions.

4.4. Trade-offs between stoichiometric yield and thermodynamic
feasibility

The metabolic model solutions that resulted in the highest MDF
(Fig. 4.B) released the carbon from acetate as CO3 and formed the more
reduced form of PHA (i.e. PH2MV). The PH2MV accumulated in these
solutions came directly from the amount of glycogen degraded.
Although these solutions are thermodynamically the most feasible, they
will result in very poor growth yields since none of the acetate accu-
mulates as PHAs. This leads to an interesting relationship between
thermodynamic efficiency (proportional to the rate) vs the stoichio-
metric efficiency (i.e. yield). This apparent relationship stems from the
trade-off between either converting acetate into CO, to gain driving
force (and thus uptake rates) against conserving the acetate into PHB
that later can be used to grow more efficiently (improve biomass yields).
Such trade-off between rate and yield has been described previously for
growth rate (Pfeiffer et al., 2001; Lipson 2015), but since PAOs grow in a
cyclic environment, such relationship has not been previously described
and represent an interesting research potential.

In this context, long term enrichments under fast vs slow feeding
rates could offer insights into microbial communities prioritizing uptake
rates or efficiencies. Similarly, applying a substrate mix that alleviate
kinetic bottlenecks in substrate uptake rates (as demonstrated in (Qiu
et al.,, 2019)) may enhance uptake rates, revealing previously unex-
plored metabolic strategies. The integration of such experimental find-
ings with metabolic modelling can illuminate key aspects for metabolic
control, fostering hypothesis generation to improve or select microbial
communities functions.

5. Conclusions

- Metabolic potential inferred from MAGs-only is misleading since
many potential reactions from a metabolic model can be thermo-
dynamically infeasible under specific environmental conditions.

- In the current post-genomic era, we should not predefine reaction
directions based on presence of marker genes, but rather systemati-
cally evaluate their potential given metabolic and environmental
context.
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- The combination of EFMA with MDF calculations provides a suitable
framework for the assessment of metabolic pathway feasibility given
a MAG-derived metabolic model.

- Species of “Ca. Accumulibacter” possess different potential in their
central carbon metabolism specifically related to anaplerotic
reactions.

- The full operation of a classical TCA cycle (oxidating direction) is,
according to current knowledge, not possible under anaerobic ace-
tate uptake due to thermodynamic infeasibilities in succinate dehy-
drogenase and malate dehydrogenase.

- Anaerobic PHA accumulation in “Ca. Accumulibacter” results from a
trade-off between thermodynamic feasibility and stoichiometric
yield.
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