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Abstract

Genome-scale metabolic modeling is an important tool in the study of metabolism by
enhancing the collation of knowledge, interpretation of data, and prediction of metabolic
capabilities. A frequent assumption in the use of genome-scale models is that the in vivo
organism is evolved for optimal growth, where growth is represented by flux through a bio-
mass objective function (BOF). While the specific composition of the BOF is crucial, its for-
mulation is often inherited from similar organisms due to the experimental challenges
associated with its proper determination.

A cell’s macro-molecular composition is not fixed and it responds to changes in environ-
mental conditions. As a consequence, initiatives for the high-fidelity determination of cellular
biomass composition have been launched. Thus, there is a need for a mathematical and
computational framework capable of using multiple measurements of cellular biomass com-
position in different environments. Here, we propose two different computational
approaches for directly addressing this challenge: Biomass Trade-off Weighting (BTW) and
Higher-dimensional-plane InterPolation (HIP).

In lieu of experimental data on biomass composition-variation in response to changing
nutrient environment, we assess the properties of BTW and HIP using three hypothetical,
yet biologically plausible, BOFs for the Escherichia coli genome-scale metabolic model
ML1515. We find that the BTW and HIP formulations have a significant impact on model
performance and phenotypes. Furthermore, the BTW method generates larger growth rates
in all environments when compared to HIP. Using acetate secretion and the respiratory quo-
tient as proxies for phenotypic changes, we find marked differences between the methods
as HIP generates BOFs more similar to a reference BOF than BTW. We conclude that the
presented methods constitute a conceptual step in developing genome-scale metabolic
modelling approaches capable of addressing the inherent dependence of cellular biomass
composition on nutrient environments.
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Author summary

Changes in the environment promote changes in an organism’s metabolism. To achieve
balanced growth states for near-optimal function, cells respond through metabolic rear-
rangements, which may influence the biosynthesis of metabolic precursors for building a
cell’s molecular constituents. Therefore, it is necessary to take the dependence of biomass
composition on environmental conditions into consideration. While measuring the bio-
mass composition for some environments is possible, and should be done, it cannot be

completed for all possible environments.
In this work, we propose two main approaches, BTW and HIP, for addressing the chal-

lenge of estimating biomass composition in response to environmental changes. We eval-
uate the phenotypic consequences of BTW and HIP by characterizing their effect on

growth, secretion potential, respiratory efficiency, and gene essentiality of a cell.
Our work constitutes a first conceptual step in accounting for the influence of growth

conditions on biomass composition, and in turn the biomass composition’s effect on met-
abolic phenotypic traits, within constraint-based modelling. As such, we believe it will
improve the relevance of constraint-based methods in metabolic engineering and drug
discovery, since the biosynthetic potential of microbes for generating industrially relevant
products or drugs often is closely linked to their biomass composition.

Introduction

The constraint-based reconstruction and analysis (COBRA) framework allows for the system-
level analysis of genome-scale metabolism in microbes [1]. This framework has been used to
construct metabolic models and knowledge bases for a large number of microorganisms with
industrial and medical applications [2, 3]. Despite the premise of COBRA being relatively sim-
ple, the methodology is able to capture essential parts of the vast complexity of a full metabo-
lism. In its simplest formulations, a COBRA approach such as flux balance analysis (FBA) is
based on a set of linear equations corresponding to biochemical reactions, for which reason-
able biological constraints are applied. This set of mathematical relations is subsequently con-
verted into a linear program that is optimized with regards to a biologically plausible objective
[1]. Typically, this objective is chosen to be the biomass objective function (BOF); a pseudo-
reaction that utilizes the cellular metabolic network to consume nutrient resources. The output
of the BOF is intended as a stoichiometrically balanced representation of the organism’s in
vivo biomass composition for a given nutrient environment. The use of BOF as a cellular
objective is a reasonable assumption for many microbes, as an organism’s ability to quickly
replicate is a property that often provides a fitness benefit [4, 5].

Given the widely accepted use of the BOF as an objective for genome-scale constraint-
based metabolic modelling [3, 6, 7], relatively little attention has been given from this research
field to exactly what the detailed composition of a cell is. In many cases, the formulation of a
BOF is based on assumptions of similarity to related organisms; a chain of similarity that in
many cases goes back to early model generations [8-16]. This has been an approach born out
of necessity, as high-quality experimental determination of the detailed biomass composition
of an organism is far from a trivial exercise [17, 18]. However, the detailed formulation of the
BOF will affect phenotypic predictions [16, 19, 20].

The composition of the biomass closely reflects the metabolic state of the cell [7]. Changes
in the environment will trigger changes in gene expression that eventually adjust or radically
change the production of certain compounds, which over time will result in a different
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biomass composition [21]. In metabolism and macro-molecular expression models (ME-
model), a stable structural composition is assumed where the (biomass) composition of pro-
teins and transcripts are dependent on the nutrient environment [22-24], and these models
typically contain tens of thousands of reactions. In contrast, the metabolic model (M-model,
hereafter simply referred to as model) usually assumes a constant biomass composition. With
typically just a few thousand reactions, this model type is significantly smaller and depend on
accurate laboratory biomass component determination. These biomass components include
precursor metabolites [25], DNA, RNA, proteins, lipids, coenzymes and cofactors, solutes, and
more [7, 9, 20, 25-27]. During certain forms of starvation, the cell might also elect to accumu-
late some compounds for later use. An example of this is poly(3-hydroxybutyrate) (PHB)
which can accumulate up to 87% of dry weight in Alcaligenes latus in a nitrogen limited envi-
ronment [28].

Naturally, a range of important metabolic phenotypic traits change with biomass composi-
tion, such as growth rate, knock-out predictions, secretion rates, biosynthetic potential of
industrially relevant products, or drug sensitivity [7, 16, 29, 30]. Based on this, one would also
expect variations in nutrient environment to affect metabolic phenotypes due to their depen-
dence on biomass composition. Therefore, measuring the biomass composition of an organ-
ism, not just once, but for a range of conditions relevant for the task at hand, has the potential
to significantly improving modeling predictions.

However, measuring the biomass composition for every relevant combination of environ-
mental parameters is unrealistic: there is a limit to the range of environmental or genetic con-
ditions for which experimental measurements can be taken, which is an important reason for
the popularity of GSMs. This raises the questions: How does one select among potentially mul-
tiple BOFs when modelling, and how can a limited number of experimentally determined
BOFs be used to improve modelling predictions?

In this study, we propose two approaches to generate biomass compositions for a GSM that
respond to changes in the nutrient environment based on linear combinations of available
data. These methods, intended to be simple in both implementation and interpretation, are
BTW (Biomass Tradeoff Weighting) and HIP (Higher-dimensional-plane InterPolation).
They are based on the two assumptions that (i) the biomass composition depends on the nutri-
ent environment, and (ii) similar environments yield similar biomass compositions. We
explore the ramifications of BTW and HIP using the Escherichia coli model iML1515 [20] with
three artificial, yet biologically plausible, biomass compositions across varying glucose and
ammonium uptake rates. Finally, we assess the impact of BTW and HIP on a set of key model
characteristics, such as growth and acetate secretion potential, the respiratory state of the cell,
and gene essentiality.

Results and discussion

The environment encoded in a GSM is solely incorporated in the bounds of the nutrient
uptake rates. A typical minimal medium contains sources for carbon, nitrogen, phosphate,
and sulphate, as well as some additional essential nutrients which depend on the organism.
However, the particulars of a nutrient environment directly affects an organism’s macro-
molecular composition [21], and we may thus consider the process of growth as a mapping
between two sub-spaces: An environmental space where each uptake rate corresponds to a
dimension, and the biomass space, where each biomass compound BC; corresponds to a
dimension (see Materials and methods for details). In this work, we limit our discussion to the
case of only two uptake reactions, glucose and ammonium, for reasons of simplicity of
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presentation. Note however, the considerations presented in this work are also valid in higher-
dimensional situations and are indeed motivated by such cases.

The glucose and ammonium uptake reactions generate a 2-dimensional environment space
that represents all combinations of their flux uptake rates for the given ranges. We envision
that for any given point in this 2-dimensional space, the biomass components of the cell would
trend towards some ideal composition given enough time. This process would be guided by
regulatory mechanisms responding directly to the metabolite concentrations and/or down-
stream consequences. Any point in this environment space should therefore have a corre-
sponding point in biomass composition space. Note that, the mapping between the nutrient-
and biomass component spaces is not necessarily a one-to-one mapping: Various environ-
ments could result in the same/similar biomass composition if, e.g the biomass composition is
not monotonically dependent on one of the environment variables, and multiple points in the
nutrient space could thus be mapped to a single point in the biomass component space. In lieu
of high-quality data, however, we will make the simplifying assumption in the following dis-
cussion that the chosen uptake reactions (environmental dimensions) give rise to a 1-to-1
mapping between the two spaces.

In addition to metabolic uptake rates, other data sources relevant for any constraint-based
modelling approach could be included as well. This includes experimentally determined
growth rates or exchange rates of CO, or acetate. All these data, as well as the BOF, are linked
to a specific environment determined by the uptake reaction flux values.

In this work, we proceed by using a set of three artificial biomass compositions assumed to
be measured for the same organism in three different environments: The first environment is
characterized by nitrogen starvation (nitrogen limited—NL), the second by carbon starvation
(carbon limited—CL), and the last is an environment where neither of these two elements are
limiting (unlimited—UL). We will assume that the carbon source is glucose and the nitrogen
source is ammonium, and the environments are specified by the uptake rates of the respective
compounds (see Materials and methods for details).

Properties of the artificial BOFs for iML1515

The BOF for the artificial nutrient-rich environment UL was based on the BOFs available in
the iML1515 model. The core BOF contains 31 compounds less than the WT BOF, and both
contain the compound adocbl. In the standard minimal medium that is given in the model
SBML-file, this compound prevents growth. Since a detailed curation of the model is beyond
the scope of this work, we solved the discrepancy by simply removing this compound. We
combined the two BOFs by taking the arithmetic mean of their respective biomass coefficients,
and thereafter, scaled the resulting BOF to 1 g gCDW . This step was implemented to assure
a reliable generic BOF to imitate an environment with high availability of glucose and ammo-
nium. Starting from this BOF, we generated the two artificial BOFs for nitrogen and carbon
limited environments.

Briefly, we sorted the BOF compounds into groups, such as DNA, RNA, and protein. For
the limited environments CL and NL, the relative amounts of the compounds in these groups
were all scaled in a biologically inspired manner: For instance, we increased the relative frac-
tion of compounds in the carbohydrate group in the nitrogen limited NL environment, and
reduced it in the carbon limited CL environment. The details of the scaling are provided in S1
Table and in Table 2 in the Materials and Methods section.

The three environments as defined by the specific maximum uptake flux rates for carbon
and nitrogen are detailed in Table 1. The CL environment emulates a low uptake rate of glu-
cose, while the NL environment emulates a low uptake rate of ammonia. The uptake rates
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Table 1. The artificial BOFs used in this model. CL is the carbon limited biomass, NL nitrogen limitation, and UL is
the unlimited environment. The assumed maximum uptake flux rates are detailed for the respective environments.
The growth rates are given in units of h™, while the flux bound on the uptake rates are given in mmol gCDW ™" h™".

C/N uptake CL NL UL
“in vivo” uptake carbon/nitrogen 1.5/0.68 13.5/1.5 18/8.5
in silico Growth rate 2/15 0.40 0.09 0.18
in silico Growth rate 15/2 0.32 0.42 0.22
in silico Growth rate 15/15 2.42 0.79 1.57

https://doi.org/10.1371/journal.pcbi.1008528.t001

Table 2. The table shows the three environments defined by carbon (C) and nitrogen (N) uptake and the scaling of
biomass groups. The groupings are used to scale the containing compounds for the creation of the BOF [17, 21, 39—
45]. For example, we define that protein is scaled by 0.2 in a nitrogen limited environment. Consequently, the factor
for each compounds in the protein group is multiplied by the corresponding factor for the new BOF.

Uptake rates UL NL CL
CIS) N8.5 C13.5) N1.5 Cl.S) N0.68

DNA 1 1.1 1.9
RNA 1 0.86 1.6
Protein 1 0.2 3.5
Lipid 1 20 0.26
Carbohydrates 1 15 0.2
Energy 1 4 0.5
Co-factors 1 4 3

Ions 1 1 1.1
Others 1 3 2

https://doi.org/10.1371/journal.pcbi.1008528.t002

shown in Table 1 are the upper bounds, with corresponding excretion rates being uncon-
strained. Note that, the BOFs and environments are created with the sole purpose of evaluating
the methods for constraint-based simulations with multiple BOFs. Therefore, the defined
uptake rates were chosen to be within the capabilities of a genome-scale model, not chosen to
mirror physiolgical capabilities of E. coli in detail.

The CL and NL BOFs provide the largest growth rates within their respective environment
when compared with each other. However, the UL BOF outperforms only the NL BOF in a
rich environment. Carbon (glucose) may be a growth-limiting compound, and the carbon-
starvation biomass composition is created to survive with as little carbon as possible. Conse-
quently, in an unconstrained environment, this BOF can generate more flux with the same car-
bon uptake rate, thus outperforming the UL BOF, as demonstrated in Fig 1A-1C. If more
biologically plausible constraints were imposed on the uptake reactions based on the available
biomass composition, we are of the opinion that the CL biomass would not perform as well.

Next, we explore the phenotypic properties of the three different BOFs. This is important to
understand the impact of their formulation on the model and its phenotype predictions. To
that end, we display key metabolic traits of the generated BOFs in Fig 1. Fig 1A-1C show the
2-D phenotype phase-planes of glucose against ammonium, where the calculated growth rate
is represented by the color code. Note that all other uptake rates of the specified environment
are unlimited. Furthermore, we draw the attention to the fact that the shown phenotype
phase-planes are for the uptake of glucose plotted against ammonium, and should not be
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Fig 1. Comparison of the phenotypic properties of the three BOFs. In all panels, we vary the (fixed) glucose and ammonium uptake rates in units of mmol gCDW ™"
h™! along the horizontal and vertical axes, respectively. Non-growth areas are shown in light grey, and relative values of unity are represented by pink. Panels A-C show
the growth phenotype phase-planes with coloring according to growth rate. Maximal acetate secretion rates are shown in panels D-F. In panels G-I, we plot the
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https://doi.org/10.1371/journal.pcbi.1008528.g001
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mistaken for the common plots of oxygen versus carbon source. We highlight that we only
scaled the BOF compound coefficients; no compounds were added or removed, which is
something one would expect to observe in an experimental BOF determination.

Not surprisingly, these panels show that the biomass composition affects the growth rate of
cells in response to environmental changes. The CL biomass composition (with a reduced frac-
tion of carbohydrates) generates a high growth rate in nitrogen and carbon rich environments,
shown in Fig 1C. In fact, the growth rate in a nutrient rich environment is even higher than
the UL biomass, comparing Fig 1A and 1C. This contrasts what one might expect to observe
experimentally, as the UL BOF is constructed for a nutrient rich environment, whereas both
limited BOFs are constructed for starving environments. However, as the ratio of carbon to
nitrogen is CL < UL < NL, the CL BOF outperforms the other BOFs in the same environment,
due to the fact that the same amount of carbon generates more flux through the BOF.

Acetate is the only byproduct that is secreted in both phenotypic states (respiration and fer-
mentation), although the abundance of acetate secretion is higher in the fermentation state
than in the respiratory state [25, 31]. Thus, the production of acetate is maximal at low oxygen
availability, or low concentrations of other respiratory electron-chain acceptors, but non-zero
in the presence of oxygen [32]. Fig 1D-1F show the secretion potential profile of acetate with
respect to the biomass composition. In these calculations, we have maximized acetate produc-
tion subject to optimal growth constraint. Large parts of the profile are in black, in areas of lim-
ited acetate production. This indicates the metabolism’s tendency towards a respiratory state.
Note that, the maximal acetate production is in areas of a low nitrogen uptake or a high C/N
ratio. Especially for the NL BOF, the acetate production phase is small, however, the phase
transition gradient is very sharp. Acetate secretion is associated with lower growth [25, 31].
The model shows this behaviour in Fig 1A-1F, where low nitrogen-carbon rich environments
generate higher acetate secretion, which corresponds to low growth rates.

The respiration potential is measured by the respiratory quotient RQ and shown in Fig 1G-
11. RQ is defined as the ratio between secreted carbon dioxide and absorbed oxygen v(CO,)/v
(O,). To reasonably calculate RQ, we perform a multi-level optimization: First, we maximize
growth using the respective BOF. Second, we maximize for acetate secretion subject to growth
fixed at the maximal value. Finally, using a parsimonious FBA implementation, we minimize
all reaction fluxes, including oxygen uptake and CO, excretion, while keeping the BOF and the
acetate fluxes at their previously determined (maximal) values.

RQ is another central phenotypic descriptor that one would expect it to be profoundly
affected by the biomass composition, as it is connected to the the respiratory state of the cell
[33]. Asis evident from Fig 1, the dependence of the RQ on the environmental parameters
changes drastically with the different biomass compositions: RQ ~ 1 is associated with fully
oxidative respiratory metabolism, which is indicated by pink color in Fig 1G-1I. In the respira-
tory state, the cell is able to fully oxidize glucose and produce flux through the TCA cycle and
electron transport chain [25, 34]. RQ < 1 represents fermentation, where pyruvate, as CO,
producing precursor of acetate formation, is excreted in vivo. In contrast, an RQ > 1 represents
oxidative fermentation, where glycolytic activity with redox NAD"/NADH potential is
enhanced and oxidative phosphorylation is impaired with the underlying decoupling of glycol-
ysis and TCA cycle from oxidative phosphorylation [34]. This metabolic state is generally
referred to as “overflow metabolism” [33]. All three metabolic states can be seen in the plots.
Especially the NL BOF generates large areas where RQ > 1 for low ammonium uptakes; areas
for which the CL and UL BOFs have an RQ = 1. The area for RQ < 1, indicating a fermentative
metabolism, is similar for the NL and CL BOFs, and larger for the UL BOF.

In sum, Fig 1 shows how the chosen BOF formulations impact the performance of the
iML1515 genome-scale metabolic model using standard flux-balance analysis. Note that a

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008528 May 24, 2021 7/22


https://doi.org/10.1371/journal.pcbi.1008528

PLOS COMPUTATIONAL BIOLOGY Genome-scale modelling when changes in environmental conditions affect biomass composition

detailed analysis of respiration and secretion profiles was not the focus of this work, instead
carried out as a proxy for flux distribution changes while varying environment and biomass
composition. This knowledge leads us to the main focus of this work: Given the availability of
multiple BOF formulations, how may we use this knowledge in a flux-balance analysis formu-
lation? Since it is only reasonable to assume that one may perform high-fidelity determination
of a BOF for a limited set of conditions, we believe it is necessary to develop heuristics that are
capable of bridging this knowledge gap.

Approaches to leverage multiple biomass composition data

Consider a situation where multiple BOFs are provided, and they are presumed to be clearly
connected with (measured) environmental information. Each BOF is associated with a map-
ping from an n-dimensional environmental space onto an m-dimensional biomass component
space. Here n corresponds to the number of relevant environmental parameters, and for rea-
sons of simplicity, we will explore the case of # = 2 using carbon and nitrogen uptake as the
environmental variables. The m dimensions correspond to the different possible molecular
components in the BOF. The respective BOFs are constructed for different points in the envi-
ronmental space, and we imagine them as resulting from measurements during those condi-
tions in the wet lab. For instance, the biomass composition could have been determined for
the two cases of 100% and 0% dissolved oxygen in the medium. However, in order to make the
organism produce a particular compound, an intermediate level of dissolved oxygen of 40%
may be required. The challenge is then: If the metabolic behavior is of interest at locations in
environment space that are between experimentally determined points, how does one combine
the existing knowledge to infer relevant BOF composition?

In the following, we propose the two approaches of Biomass Tradoff Weighting (BTW) and
Higher-dimensional-plane InterPolation (HIP). While they are both applicable to any value of
n, we provide a visual presentation of their guiding principle in Fig 2 using n = 1 for simplicity.
Further details are provided in the Materials and Methods section. Simply put, the BTW
approach allows a linear optimization algorithm to select the optimal combination of relevant
(available) BOFs by setting their weights to unity in the objective vector ¢ (Fig 2A). The HIP
algorithm (Fig 2B) interpolates between BOF compounds in biomass composition space by
spanning the experimentally measured points with a linear plane. Additionally, in order to
demonstrate an example of how these methods can be altered for greater utility and/or realism,
we introduce an extended version of HIP, the Higher-dimensional-plane InterPolation-Itera-
tion (HIP-I). HIP-I generates a BOF for a given environment using the HIP algorithm, after
which the model is optimized without fixed uptake rates. The optimization step will oftentimes
result in an optimal set of uptake flux rates that are not consistent with the coordinates for the
BOF composition that was used. The new set of uptake rates is subsequently used to query the
HIP algorithm for a new BOF. This procedure is iterated until it converges on a self-consistent
point in nutrient and environment space.

Since the genome-scale models of interest for computational analyses and biotechnological
applications consist of a few to tens of thousands of reactions [23, 24], it is important to assess
the computational efficiency of the proposed methods. The BTW approach only requires the
time to add multiple biomasses once, and then setting each of their coefficients in the objective
vector c to 1, also once. The model can be tested for any range of environments. The HIP
approach requires the generation of a new BOF for the query point in nutrient space, which in
our tests for the iML1515 model and the two-dimensional environment space mentioned
above, increased the mean compute time relative to just solving a standard FBA problem in
the COBRA Toolbox, by 28.6% + 1.2% over 10* runs. Here, we have used the standard
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https://doi.org/10.1371/journal.pchi.1008528.g002
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COBRA Toolbox functions for adding a reaction and changing the objective function. The
time used for the model optimization itself does not change measurably in either of the two
approaches.

Another point to consider is the “data hunger” of the different methods: BTW works with
as little as one BOF (in the limit of one BOF, it reduces to regular single-BOF FBA), whereas
interpolation requires measurements that span relevant environmental parameters: for a single
environmental parameter, glucose for example, at least two measurements are required. Note
however, for improved accuracy in a given environment, multiple measurements are required
as a basis for the linear interpolation. Additionally, when increasing the number of dimensions
(not only carbon, but also e.g. nitrogen, oxygen, and phosphate) the need for empirical data
will increase for both proposed methods to assure high-quality and accuracy of predictions.
Interpolation is also applied assuming local linearity, and the reference mapping from environ-
ment to biomass composition should therefore have a certain level of resolution (in terms of
the density of measurement points) for the assumption of linearity to hold.

For the HIP method, one could also envision non-linear interpolation functions between
the experimentally determined BOF-points in biomass component space, but fitting these
would require both a higher density of data points and additional biological insight into the
mapping between environment-biomass component spaces. Consequently, the assumption of
linearity is the simplest, and therefore the most prudent, given our current knowledge and lack
of high-resolution biomass-composition data available.

While the HIP method is designed to interpolate between measurement points, its formula-
tion also allows the extrapolation outside. Such extrapolation might in many cases be reason-
able, for example close proximity to the measurement points, but extra care must then be
taken. The evidence-base becomes shakier and extrapolation past a line drawn from a positive
coefficient to a zero will result in a negative coefficient. This equates a forced infusion of a
given biomass component into the metabolism, coupled to growth. In such cases, this phe-
nomenon should be handled. For some compounds, such as glycogen or PHB, it is expected
that they would be present in infinitesimal amounts in a given environment: For example, a
carbon storage compound such as glycogen will not be formed in appreciable amounts during
carbon starvation. Other compounds, say for example alanine, are essential for an organism
and should not become zero. Consequently, in order to extrapolate to a BOF outside the region
spanned by the experimentally determined biomass coordinates, one must classify such com-
pounds and include a scale for returning a non-negative coefficient. Here, for simplicity, we
used 1% of the respective UL coefficient, though alternative approaches are possible, and
indeed highly required. In the following, we explore the phenotypic consequences of BTW and
HIP/HIP-I when using the set of three artificial BOFs as input for the approaches.

Comparing the multiple-biomass analysis methods

While determining one method as being strictly “better” than another is not meaningful with-
out high-resolution empirical data, some comparisons are still in order, and we conducted a
direct comparison for the three methods. In the standard phenotype phase-plane mapping,
one uses fixed values for the tested uptake fluxes, which is not commensurable with the HIP-I
iterative framework. Thus, we may only directly compare BTW and HIP. However, given the
way HIP-I is defined as an iterative process, its zero’th iteration is identical to HIP. Also, envi-
ronmental uptake flux values that correspond to the self-consistent HIP-I solutions (fixed
points) are identical to the HIP results in these points.

In Fig 3, we calculate several phenotype phase-planes by varying the two environmental
variables of glucose and ammonium (using the same approach and values as in Fig 1), and plot
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Fig 3. Side-by-side comparison of the BTW and HIP method, panels C-H are relative to the respective panels (and uptake rates therein) in Fig 1 of the unlimited
environment UL. Glucose and nitrogen were fixed to the given uptake rates, all other uptakes are unconstrained. Note that a specific BOF for each coordinate was
generated using HIP, as it in contrast to BTW depends on the environment. Non-growth areas are in light grey, a value of unity is indicated by pink. Panels A and B
show growth phenotype phase-planes, panels C and D show relative growth phenotype phase-planes with the UL BOF as reference. Panels E and F show acetate
secretion flux rates relative to those of the UL BOF, and G and H show the respiratory quotient RQ relative to the UL BOF RQ. The white area in the relative acetate
secretion plot for the HIP method indicates a small acetate production in HIP, and zero acetate production in the UL BOF. Note that the growth rates are in h™
gCDW ', the relative panels are unitless.

https://doi.org/10.1371/journal.pcbi.1008528.9003

these relative to the values presented in the UL column of Fig 1. The absolute plots for HIP
and BTW can be found in Fig A in SI Text. The phenotype profiles shown are growth (Fig 1A
and 1B), growth relative to UL (Fig 1C and 1D), acetate secretion relative to UL (Fig 1E and
1F) and respiratory quotient RQ relative to UL (Fig 1G and 1H).

We first generated phenotypic phase-planes in response to varying glucose and ammonium
uptake rates for the two approaches, as shown in Fig 3A and 3B. If BTW and HIP returned the
same results as the UL BOF with standard FBA calculations, the plots in Fig 3C-3H would
only be pink. The growth rate is clearly affected by the chosen method: BTW displays higher
growth rate compared to the HIP approach. This is to be expected since the BTW methods
chooses the combination of available BOFs that maximizes the objective function; in this case
total growth. Next, we evaluated the growth rate of the methods relative to the original UL
BOF, as seen in Fig 3C and 3D. The BTW strategy generates the highest relative growth rate,
which is as expected due to its definition. The values are consistently larger than the UL refer-
ence BOF. In contrast, HIP generates some areas (shown in pink, Fig 3D) with similar growth
as the UL BOF. The smallest pink region around coordinate (8.5, 18) is expected, since this is
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Fig 4. Panel A shows the growth phenotype phase-plane of the HIP-I method. A white area indicates no stable HIP-I
solution. Gray color indicates a non-growing region in the UL. The remainder of the plot consists of stable HIP-I solutions, i.e.
points that have the same growth phenotype as HIP. The arrow between the green and the blue X shows the transition from an
unstable HIP-I point to a stable one. Panel B illustrates the HIP-I algorithm: The starting constraint indicated by the dashed line,
here being ammonium uptake, generates a new BOF for the next iteration. This process is repeated iteratively until a stable uptake
(within a given tolerance) is found, indicated here by the blue cross. Note that the growth rate is given in h™' gCDW ™",

https://doi.org/10.1371/journal.pchi.1008528.g004

the region in which UL is defined to be the experimental BOF. Similarly, we observe pink at
and near this coordinate in both Fig 3F and 3H.

The relative RQ profiles are shown in Fig 3G and 3H. BTW generates a higher RQ than the
UL BOF. In the areas for which RQ < 1 when using the UL BOF, both methods perform simi-
lar as indicated by the color. The HIP method therefore generates a BOF biased more towards
fermentative states and consequently towards higher acetate secretion rates than BTW does
(Fig 3E and 3F). The relative acetate secretion of BTW shows similar phases as the NL BOF. In
fact, the absolute acetate secretion, shown in Fig A in S1 Text, indicate a high similarity
between the BTW and NL BOFs.

Since fixing uptakes is inconsistent with the definition of HIP-I, we scanned the space of
glucose and ammonium uptake fluxes in a different manner. Instead of fixing the uptake
fluxes, we enforced an upper bound on their value (and zero as lower bound), at which the
HIP-I method was initiated. The resulting growth phenotype phase-plane is shown in Fig 4A.
When using a discrete mapping such as HIP-I, it is to be expected that the queried flux values
give rise to two categorically different types of solutions: Either the flux coordinate is a fixed
point, for which the HIP-I produces a self-consistent solution without any iteration (i.e. the
HIP solution), or it is an unstable point. In the latter case, HIP-I will iterate through a sequence
of such points until a fixed point is encountered. Fig 4B shows one such transition correspond-
ing to the indicated starting and end point in Fig 4A.

As expected, a high-ammonium and low-glucose environment is not beneficial for the
model and consequently, the uptake is iteratively adjusted to reach a lower nitrogen uptake.
Hence, we find that the transition line between the unstable and stable HIP-I coordinates
serves as an attractor for the unstable region.

Gene essentiality is an important phenotype in a genome-scale metabolic model [29, 35,
36]. To assess the consequence of the three different BOF formulations and the methods BTW,
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HIP and HIP-I on gene-essentiality predictions, we conducted a full single-gene knockout
screen at 10 different coordinates in the environmental space. For the three different BOF for-
mulations, we used standard FBA calculations to calculate mutant growth rates. Note that,
while Fig 4 shows that HIP-I fixed-point regions show the same growth characteristics (and
also other phenotypes) as HIP, their evaluations of knockouts differ. The reason for this is that
each mutant genome-scale metabolic network will have a different topology for its fixed-point
region. Consequently, a given (C/N) flux coordinate point that is a HIP-I fixed point in the
wild-type model, may become HIP-I unstable in a knockout mutant model. Due to the need to
run HIP-I through multiple iterations, computational run-times required for a full single-gene

knockout screen increase significantly.

The results of the knockout study are shown in Fig 5, and a depiction of the chosen glucose
and ammonium (C/N) coordinates is given in Fig B in S1 Text. A table summarizing the
knockout data is to be found in Table A in S1 Text. Note that, while the exact numerical values
in the panels of Fig 5 are challenging to read, this figure is intended to show relative changes in
gene knockout distributions and their relation to the reduced growth potential across various
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Fig 5. Single gene knockouts at 10 different environments using FBA with the biomass functions being UL, NL, or CL, and for the methods BTW, HIP
and HIP-I. The environments are defined by their carbon and nitrogen uptake fluxes, where the flux value represents the maximum uptake limit. The genes
are sorted according to mutant growth rate relative to the wild type, sorted into the following intervals: [0, 0.01) / [0.01, 0.50] / (0.50, 0.88] / (0.88, 0.98] / (0.98,
1]. These intervals are reflected in the width of each bar in the histograms, while the heights are the log base 2 of the number of genes falling within the
respective interval. We define an essential gene as reducing the growth rate by 99% or more, hence they are represented in the first interval of [0, 0.01).

https://doi.org/10.1371/journal.pchi.1008528.g005
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environmental coordinates. When comparing the UL, NL, and CL BOF:s for the given environ-
ment, the number of essential genes show small variations in a range from 240 to 250. The
effect of gene knockouts in the CL BOF fall into only two categories: Either the gene is essential
or it will not affect the growth rate. For the NL BOF, which has the largest carbohydrate frac-
tion, we find the largest fraction of genes with slight to moderate reduction of relative growth,
within the relative growth range (0.5, 0.98] in all the selected environments. Additionally, in 7
out of 10 knockout environments, eight genes reduce growth to [0.01, 0.50] of the WT growth
rate. In summary, the NL BOF demonstrates more genes with effects on growth than the UL
and CL BOFs.

Comparing the three methodologies BTW, HIP, and HIP-I, the numbers of essential genes
show the largest variation with BTW BOFs: They range from 233 to 250, whereas for HIP we
find values from 239 to 250. We define genes within the first interval in all histograms in Fig 5
as essential, as they reduce the growth rate by 99% or more. In 9 out of 10 environments, the
model with the HIP-I BOFs contain 250 essential genes. The BTW is the only method where
genes with a low relative growth reduction (0.88, 0.98] are found in 9 out of 10 environments.
In contrast, the HIP algorithm finds eight genes with intermediate effect in the range (0.5,
0.88] in 8 out of 10 environments, BTW in 4 out of 10 environments. Note that, the number of
genes varying in the range of [0.01, 0.88] is same (eight) the for all three methods. These eight
genes display a significant reduction of relative growth (down to [0.01, 0.50]) for 5 out of 10
knockouts environments for a HIP-I BOF, similar to the NL BOF. None of the other methods
or BOFs contain these genes with a significant reduction.

In addition, we performed a semi-quantitative comparison with experimental gene knock-
out data of E. coli K12 MG1655 [37] in three different nutrient environments. The approach is
described in Materials and Methods with resulting data in Fig C in S1 Text. For example, the
gene essentiality analysis of the UL BOF with the environment coordinate (18, 8.5) generates a
similarity score of 0.1052, 0.1111, and 0.0504 for comparisons with experimental knockout
data in rich (LB—Lysogeny Broth), gut microbiota, and minimal medium, respectively. The
best similarity score of 0.0151 is found for the NL BOF with the environment coordinate of
(6.91, 2.09).

In summary, the BTW BOFs show a larger variation in genes with little phenotypic effects,
HIP-I demonstrates more genes with significant growth reductions and more stable number
(upper limit) of essential genes.

Conclusion and outlook

We implemented three different BOFs in the iML1515 genome-scale metabolic model for E.
coli. These gave rise to different phenotype profiles for growth rate, acetate secretion potential,
gene essentiality, and respiratory quotient. The underlying reason for these changes are meta-
bolic rearrangements necessitated by the different drain on resources imposed by the changes
in biomass compositions.

Using this basis, we investigated the challenge of how to implement and combine several
different BOFs in a genome-scale model. The approaches presented lead to different formula-
tions of the biomass function, which cause distinctly different phenotypic responses to changes
in the nutrient environment. We have proposed two basic methodologies, BTW and HIP, with
an iterative extension of the latter in the form of HIP-I. The proposed methods are merely a
first line of suggestions to initiate the exploration of this important extension to constraint-
based analyses, since high-quality experimental data do not yet exist to evaluate their efficacy.
The chosen methods are therefore designed to be fast and easy to apply and interpret, while at
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the same time having a simple and sensible, appealing heuristic basis. We foresee possible
future expansions of these methods or altogether completely different approaches.

Given enough data, one can imagine the development of a range of methods, based on
methodologies such as advanced statistical regression analyses, or other machine learning
approaches, and mechanistic models involving the specific topology of the metabolic net-
works. In that respect, non-uniform mapping between nutrient- and biomass space could be
considered within the range of perturbed environmental variables. We are aware that there are
multiple options to be explored and validated when in vivo data become available. The experi-
mental data might not be as linear as we have assumed in this manuscript; non-linear surfaces
or step-wise variations are possible consequences of gene-regulatory effects. Further, biomass
compositions can change not only in coefficients, but also in compounds, which in turn is a
change of a compound coefficient between non-zero and zero value. With multiple measure-
ment data points across environments, we can potentially generate accurate predictions of
appearance and disappearance of compounds in the BOF for specific environments, and thus,
improve the modelling predictions significantly. Additionally, it is not a given that the mea-
surements will fit on a plane due to uncertainties in biomass-component measurements. The
HIP and HIP-I methods may easily be extended to this case by generating a best-fit plane
using simple linear regression. However, with the presented work, we open a direction for fur-
ther interdisciplinary discussion on this matter.

Furthermore, it seems reasonable to assume that, for some organisms, the biomass compo-
sition could change significantly between quite similar nutrient conditions. An example of this
could be a carbon-limiting minimal medium with different carbon sources, such as glucose or
lactate. As the biomass composition depends on the environment, detailed and accurate
knowledge of environmental conditions is crucial when using multiple BOFs.

We propose that next-generation GSMs should contain (hard-coded) laboratory data about
their included BOF(s). Community-driven adjustments to the current version of the SBML
format might be required, as has recently happened for a different challenge [38]. Including
additional fields in the SBML format regarding the BOF offers the possibility of a diverse range
of methods for BOF combinations, whether based on the methods presented here, or some-
thing completely different. Functions for correct BOF selection, automatic BOF selection
based on environmental similarity, or even generation of more suitable BOFs based on a
mechanistic understanding of the relationship between environment and biomass composi-
tion are all possibilities. We believe that adjustment and combination of BOFs as presented
here will also be instrumental in attaining an increased level of mechanistic knowledge of the
relationship between environment, metabolism, and biomass composition.

Materials and methods

In this manuscript, we consider the biomass objective function (BOF) for an organism as fol-
lows:

o,BC, +a,BC,+ ...+ 0,BC, — o, ,BC, . +...+0,BC, (1)

m+1

Each compound in the BOF corresponds to a dimension in an n-dimensional biomass compo-
nent space, where the coefficients @; may vary in response to changes in the organism’s nutri-
ent environment. Note that, in the biomass component space, one particular value for the
different ; corresponds to a single point.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008528 May 24, 2021 15/22


https://doi.org/10.1371/journal.pcbi.1008528

PLOS COMPUTATIONAL BIOLOGY Genome-scale modelling when changes in environmental conditions affect biomass composition

Generation of artificial biomass functions

In order to test the effects of combining BOFs in multiple ways, different BOFs are needed.
The reconstruction iML1515 includes two separate biomass functions with reaction codes
2669 (BIOMASS_Ec_iML1515_core_75p37M) and 2670 (BIOMASS_E-
c_iML1515_WT_75p37M). In order to create a single reference biomass, we took the arithme-
tic mean for each biomass component in the two to generate a new BOF. In S1 Table we listed
the coefficients ¢; of the two BOFs, and the WT version contains 31 compounds more than
core. The new, nutrient-rich BOF is listed as Mean and was scaled to 1 gh™' gCDW ™" based on
the given molecular weights. We use this BOF as our reference biomass, and we refer to it as
the unlimited (UL) environment composition, as the original BOF is based on experimental
measurements generated during the exponential growth phase in a defined minimal medium
[9]. Note that, the compound adocbl (adenosylcobalamin) is present in the WT BOF (BIO-
MASS_Ec_iML1515_WT_75p37M) but needed to be removed since it inhibits model growth.

Also shown in S1 Table is the group we used for each compound. For example, we catego-
rize the compound arg_L[c] arginine in the group protein in Table 2. Subsequently, all com-
pounds were scaled according to their listed group to generate the nitrogen limited (NL) and
carbon limited (CL) environment BOFs. The BOF was scaled so that consumed metabolites
for a unit flux through it sums to 1 g gCDW " h™" based on the compounds’ molecular weight
in the model.

Since the existing knowledge of biomass composition as a function of microbial growth
environment is somewhat limited, we generated artificial biomass functions for three different
environments, all of which are under aerobic conditions in a minimal mineral medium: (1) CL
—carbon limitation (glucose), (2) NL—nitrogen limitation (ammonia), and (3) UL—an envi-
ronment without any nutrient limitation. These three artificial BOFs contain distinct and bio-
logically plausible differences in the amounts of the five major groups of macromolecules:
DNA, RNA, proteins, lipids, and carbohydrates. All compounds appear in all environments,
and we assume no abrupt change in the presence of a single compound, such as the poly
(3-hydroxybutyrate) in A. latus [28].

We define measured uptake rates for glucose and ammonium, the other uptake rates
required for growth in a minimal medium are set to be non-limiting. Specifically, this refers to
the uptake rates of oxygen and the other compounds set to ~1000 mmol gCDW " h™', which
is also their default values included in the original genome-scale model. In Table 2, the chosen
environments are defined by the carbon (C) and nitrogen (N) uptake rates and their scaling of
the macromolecular groups in the BOF is presented. The scaling of the respective groups is
inferred from experimental data such as metabolomics and proteomics. For example, Brauer
et al. [43] generated time-resolved metabolomics data in a nitrogen- and carbon starvation
conditions, indicating a fold-change in metabolites relative to exponentially growing cells. The
amino acid precursor a-ketoglutarate is accumulated in the cytosol, and the transamination
due to the nitrogen limitation leads to a decrease in amino acids: The amino acids are mostly
in reduced abundance (up to 256 fold), whereas trehalose is more abundant (64 fold). Folsom
et al. [45] provide elemental biomass analysis for glucose and nitrogen limited media as well as
proteomic analysis. Their data show reduced abundance of key tricarboxylic acid cycle
enzymes and increased abundance of glycolysis enzymes in a nitrogen limited environment,
indicating increased lipid production. Yuan et al. [44] analyze metabolomics in ammonia
assimilation in E. coli, and we used their data as an indication for a minor increase in deoxyno-
cleotides. In addition we used the data by Beck et al. [17], Neidhart et al. [21, 40] and Wanner
et al. [41] as indications for E. coli growth in defined media compositions and implications of
varying growth conditions. Based on these data, we will for example assume that RNA is 1.6
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times higher in a carbon starvation (CL) environment (C; 5, Ny ¢s), and 0.86 times less abun-
dant in a nitrogen starvation (NL) environment (Ci3 5, Ny 5), than in the unlimited (UL) envi-
ronment (Cyg, Ng 5). The scaling applies equally to all compounds within a defined group,
details of which can be found in S1 Table. The relative placement of the three biomass func-
tions in the considered 2-dimensional (ammonium, glucose) nutrient space is depicted in Fig
Bin S1 Text.

Method 1: Biomass Tradeoff Weighting (BTW)

The standard flux balance analysis (FBA) problem can be stated as the following linear pro-
gram [1]:

max X = E oV

where s;; is the stoichiometric coefficient of metabolite i in reaction j, v; is the flux through
reaction j, v]’.” and vJ‘.‘b are respectively the lower and upper bounds on reaction j. Here, ¢; is the
objective function coefficient of reaction j, typically chosen such that the only non-zero coeffi-
cient corresponds to the reaction flux of the BOF.

The BTW method is based on the assumption that, given enough time, bacteria will obtain
a biomass composition most optimal for their growth circumstances: If a bacterium in a popu-
lation shifts its composition slightly to attain a higher growth rate without impeding any other
functions or utility, then with time, this adaptation will be propagated by natural selection. As
bacteria grow and produce copies of themselves, they use the resources available to the best of
their evolved ability. It is therefore possible that, given some limiting nutritional factor on
growth, the biomass composition would adapt to use as little as possible of that limiting factor.

While conceptually simple, this method is even simpler in implementation: several biomass
compositions for the organism are acquired, then implemented in the standard FBA formula-
tion. All the different biomass functions are included in the objective function by assigning
their objective function coefficients ¢; = 1, with all other entries being zero. This allows the lin-
ear optimization procedure to distribute the optimal flux simultaneously among the multiple
BOFs in order to produce the objective value. An illustration of this method for a simple case
in 1 dimension is displayed in Fig 2A. The figure shows the BTW BOF as a solid blue line,
whereas the contributions of the individual BOFs (green and red) at BTW optimality are
shown as dotted lines. The use of either as a single BOF is shown as a solid line with corre-
sponding color. Note that, the BTW BOF generates a higher growth rate than each of the single
BOFs can achieve by themselves. Thus, there is no explicit dependence of the BTW biomass
objective function coefficients on the nutrient uptake fluxes.

Method 2: Higher-dimensional-plane InterPolation (HIP)

This approach is based on assuming the existence of a stable, linear mapping between the
nutrient environment space and the biomass coefficient space. This is conditional on similar
nutrient environment conditions generating similar values for the organism’s biomass compo-
sition. When this assumption holds, it is possible to infer the biomass composition for an
organism growing under specified growth conditions if one knows the biomass composition
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when the organism grows under similar conditions. From this line of thought stems the
Higher-dimensional-plane InterPolation (HIP) method.

We hypothesize that the assumption of linearity in the biomass component space will be
reasonable if the points in the uptake rate space are close together. We illustrate HIP for a sim-
ple case of mapping from one environmental parameter to the amount of one biomass coeffi-
cient, see Fig 2.

In this paper, we have implemented and tested the HIP approach for the hypothetical case
of only two nutrient uptake fluxes, those of glucose and ammonium, affecting the biomass
composition of the model iML1515 for Eschericha coli. In order to uniquely determine the
HIP linear mapping between this (2-dimensional) nutrient environment space and the bio-
mass component space, we need to have three points in nutrient environment space (that are
not in a line) and their corresponding mappings in biomass component space. For this, we use
the UL, CL and NL BOFs and their corresponding location in nutrient environment space.

We implement HIP by using either the upper bounds or fixed values of the nutrient envi-
ronment uptake fluxes to determine the relevant BOF composition. Subsequently, we perform
a standard FBA analysis using this BOF.

Higher-dimensional-plane InterPolation-Iteratively (HIP-I). As the name would
imply, this is an iterative extension of the HIP method that originates from the fact that the
optimal solution to HIP may consist of nutrient environment space uptake fluxes that are
inconsistent with the values used for determining the HIP biomass function: For a HIP simula-
tion mirroring standard FBA, we constrain the problem using upper bounds on the nutrient
environment uptake fluxes. The nutrient environment space coordinates corresponding to
these upper bounds are used to determine the specific biomass composition in HIP. If the opti-
mal solution has determined values for these nutrient uptake fluxes that are different from the
upper bounds, the solution is not self-consistent. In such a case, the new fluxes through the
uptake reactions are used as a new input to the HIP function, and the process is then repeated
iteratively until a self-consistent solution is determined, as illustrated in Fig 4B.

We implement HIP-I as follows. First, we define u as the vector of upper bounds for the
nutrient environment uptake fluxes, and v, as the optimal flux solution after the k-th iteration
of HIP-I. Note that vy is not based on minimized fluxes but on maximizing of the BOF for the
given environment. The fluxes obtained for this solution are considered the optimal fluxes and
are implemented as vy into the HIP-I algorithm. The initial step of HIP-I (k = 0) uses u to
determine the BOF (B,). Running HIP with these inputs results in an optimal uptake flux vec-
tor vy. If [v; — u| < ¢, the algorithm terminates, and the HIP-I solution for u will equal the HIP
solution for u. Instead, if |v; — u| > €, we use v; and its corresponding biomass composition B;
as input for the next (k = 1) HIP execution. This is iterated until |vx — v _ 1| < € or until we
reach k,,, a predetermined maximum number of iterations. For the current simulations, we
used € = 10> and k,,, = 100. Note that k,,, was never reached in any of the iterations, in HIP
areas k,,, was k,,, = 0 and in other areas k,,, ~ 2.5.

Modeling and plotting

All simulation analyses have been implemented using the COBRA Toolbox 3.0 [46] in Matlab
2019b [47], and we used the genome-scale metabolic reconstruction iML1515 for Eschericha
coli. The COBRA Toolbox function optimizeCbModel was used in combination with the solver
gurobi [48]. The code used for the HIP and HIP-I methods can be found at figshare [49]. The
settings feasTol and optTol were changed from 107 to 10~ to resolve numerical issues for all
calculations. For knockouts, we used the COBRA toolbox function singleGeneDeletion with
the data output grRatio. The threshold for a knockout was 1072, The RQ determinations were
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performed with parsimonious FBA [50]. The result of the first optimization for the BOF was
fixed. Afterwards, the optimized acetate production flux was also fixed. Then, the parsimoni-
ous FBA minimizes all fluxes in the (irreversible) model. This allows for stable, minimal
required fluxes of oxygen and CO, to determine RQ. The plots were created with Matplotlib
[51]. Values are for the most part represented exactly as they are in the colormaps, with the
exception that the values for relative acetate are capped at 10, due to some values being divided
by very low ones.

Gene essentiality analysis

We compared the computational single-gene knockout phenotype predictions for the different
biomass compositions with experimental data from Rousset et al. [37] for E. coli K12 MG1655
grown in three different media: minimal, rich, and gut microbiota. We divided the experimen-
tal data into three groupings based on the given scores: The first group consisted of genes with
score s < —3, where the gene knockout could be considered essential. Gene knockouts with a
score of s € [-3, —1) were considered to have intermediate effect, and knockouts with a score
of s > —1 to have no effect. For the computational predictions, we translated these three groups
to mean a relative fitness of either [0, 0.01), [0.01, 0.98], or (0.98, 1]. For the UL BOF in the
environment coordinate (18, 8.5), this tallies to (237, 8, 1054) genes in the respective groups.
For the experimental minimal medium we find (226, 60, 1013). For a semi-quantitative gene
knockout phenotype analysis, we calculated the angle 6 between the two vectors i =
[237,8,1054] and ¥ = [226, 60, 1013] as

0 = acos <ﬂ> (3)

|l - V]

with the result of a single scalar score of 0.0504. Note that a perfect alignment of both vectors
results in a score of zero, whereas a score of 7 indicates reversed vectors. This analysis was
repeated for all pair-wise combinations of experimental and computational knockout predic-
tions and is reported in Fig C in S1 Text.

Supporting information

S1 Text. This supporting information text contains the numbers for single-gene knockout
results (Table A in S1 Text), presents non-relative heatmaps (cf. Fig 3; Fig A in S1 Text) and
provides a visual mapping of environmental space coordinates used in the single-gene knock-
out analysis (Fig B in S1 Text). In Fig C in S1 Text, we show the gene essentiality similarity of
the model predictions in relation to experimental data by Rousset et al. [37], the raw data is
shown in S2 Table.

(PDF)

S1 Table. This table lists the three BOFs for the nitrogen- and carbon-limitation, as well as
the unlimited function. Note, that these BOFs are artificial and not based on measurements.
Additionally we list the groups used in the manuscript for scaling shown in Table 2.

(XLSX)

S2 Table. This table lists the experimental knockout data from Rousset et al. [37] and cor-
responding computational single-gene knockout results for the 3 artificial BOFs and the
BTW, HIP, and HIP-I method for all the coordinate points used in the knockout analysis
of Fig C in S1 Text.

(XLSX)
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