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Text S1

Introduction

Attached File S1 (A.aeolicus.xml) describes the whole-genome metabolic model of A. aeolicus, encoded
in the SBML language [1]. To facilitate use and future work, the model is carefully organized by sub-
system, with notes (highlighted with %% signs) added to each sub-system. An initial functional model
was downloaded from the model SEED server [2], which then formed the basis for the subsequent curation
process. The first steps in the curation process were to define the correct inputs (nutrient growth medium)
and outputs (biomass) of the model. Before describing those steps, we first briefly outline Flux Balance
Analysis (FBA), which was used to test the basic capability of the model to transform inputs to outputs.
Finally, we highlight a few aspects of the gap-filling and curation process.

Flux balance analysis

The viability of the metabolic network of A. aeolicus, or its capacity to generate all biomass components
from the nutrient inputs, was tested using Flux Balance Analysis (FBA). FBA has been described in
detail elsewhere [3, 4], and relies on three basic equations:
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S · ν = 0 (2)
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∑
m

cmνm (3)

where X n is the concentration of metabolite n, Smn is the stoichiometry of metabolite n in reaction m,
whose flux in turn is νm. The total metabolic network is thus described as an n × m matrix (S ) of stoi-
chiometries and an m-dimensional vector (ν) of fluxes. Under steady-state growth the network is required
to obey the principles of mass balance, which is expressed as equation (2). Z is an objective function
that is optimized, and consists of a linear combination of individual fluxes weighted by proportionality
constants cm. The objective function Z can be any output of choice, but in our case is the full set of
biomass components of A. aeolicus. FBA was implemented in Matlab using the COBRA toolbox [5]

Growth medium and biomass composition

The total model includes a set of external metabolites that are imported into the model from a null
vector using a set of exchange reactions. These external metabolites include both the nutrients that the
network takes up (the growth medium) and the objective function as well as waste products that form the
output of the network. Modifications of this external pool allows one to test the viability of the organism
model in different growth conditions, or to modify the output biomass, for example to focus on different
sub-systems as part of the curation process.

The initial model obtained from SEED was found to grow as a heterotroph on a range of dipeptides and
other organics, while A. aeolicus is known to grow on inorganic nutrients only. To enforce autotrophy we
therefore eliminated all organics from the growth medium, allowing only uptake of inorganic compounds.
As outlined in the main text, A. aeolicus can use a range of inorganics for its energy metabolism, and
as its sources for cellular nitrogen and sulfur. Thus, in addition to a set of trace minerals, we allowed
environmental exchange of the model with the following compounds whose elements (“CHNOPS”) make
up the bulk of cellular material: H2, O2, H2O, H+, CO2, HCO−

3 , NO−
3 , NO−

2 , NH3, PO−
4 , S0, H2S,

S2O−2
3 , S4O−2

6 , SO−2
4 .
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The internal reactions of the network convert these inorganic nutrients into the components of biomass,
including protein, DNA/RNA, membrane lipids, peptidoglycan and lipopolysaccharide. The relative
composition of the biomass of A. aeolicus has not been as carefully evaluated as other organisms (such as
E. coli) for which well-curated metabolic models exist. We therefore did not adjust the ratios of biomass
components as defined in the initial model obtained from SEED, instead focusing more on getting the
basic presence/absence of biomass components correct and ensuring that internal pathways of the model
are capable of producing them. To use this model to accurately predict growth rate, systematic studies
will be needed to quantify the ratios of the different components of biomass.

Many monomer biomass components (e.g. amino acids, nucleotides) are the same for all life forms,
and most of our efforts in curating the biomass vector thus involved modifying the composition of the
phospholipids, which in A. aeolicus are highly diverse and have distinct characteristics. Most of our
modifications were based on numbers obtained from Ref. [6]. That study quantified in detail the lipids of
A. aeolicus, and showed that in addition to the standard fatty acid ester lipids used by most bacteria, this
species also contains both mono- and di-ether lipids. Table 1 shows the monomer fatty acid composition
of A. aeolicus membranes. Numbers from Ref. [6] were adapted in the following manner to simplify
representation: 1) Fatty acids with concentrations below 0.1% were excluded, 2) fatty acids with unsat-
urated bonds in the same position differing only in their stereo-conformation (cis/trans) were treated as
equivalent, 3) abundances of di-ether lipids were distributed over their monomer components as part of a
single composite di-ether lipid vector (see below), 4) abundances of fatty acids containing a cyclopropane
ring were proportionally distributed over the unsaturated fatty acids from which they could be derived.
This latter re-distribution was done because cyclopropane rings are generally a modification made to
unsaturated fatty acids after their incorporation into the lipid membrane [7]. We leave the capture of
cyclopropane ring generation (and most other such post-biosynthetic modifications of macromolecules)
for future generations of the model.

Table S 1. Fatty acid (FA) composition of the A. aeolicus lipid membrane.

Ester lipids Mono-ether lipids Di-ether lipids
FA monomers∗

14:0 0.001 0 0
16:0 0.010 0 0
16:1∆9 0.001 0 0
16:1∆7 0.004 0 0
18:0 0.141 0.729 0.604
18:1∆11 0.029 0 0
18:1∆9 0.045 0.022 0
19:0 0 0.002 0.013
20:0 0.034 0.103 0.158
20:1∆13 0.084 0 0
20:1∆11 0.647 0.139 0
21:0 0.001 0 0
21:1∆13 0 0.005 0.225
22:1∆13 0.003 0 0
Total 1.000 1.000 1.000
Membrane fraction 0.63 0.35 0.02

Notes: ∗ Saturated FA’s denoted as (:0), unsaturated as (:1), with ∆ denoting the position of the double bond relative to
the carboxyl end of the FA.

Model curation

In generating the putative functional metabolic models it lists online, the SEED server [2] performs
automated gap-filling and curation. However, as noted above, the model we downloaded for A. aeolicus
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was growing under a heterotrophic lifestyle, which imposes very different constraints on the curation
(and thus gap-filling) procedure than a restriction to inorganic nutrients does. Moreover, as discussed
in detail in the main text, we are interested primarily in the evolution of metabolic sub-systems, for
which automated reconstruction is not desirable. Instead, we therefore manually evaluated each gap-fill
required to allow basic autotrophic growth, as well as deciding which pathway represented the correct
completion to a given components of biomass.

The sub-system with the single largest number of gap-fills was the pathway producing lipopolysac-
charide. However, A. aeolicus does possess most of the genes for the standard pathway to Lipid A, all
genes for the synthesis and attachment of KDO (keto-deoxyoctulosonate), and some of the genes for the
synthesis of the heptose precursor for Core assembly [8]. Inner-outer core and O antigen assembly are not
clear from the annotated genome of A. aeolicus, however, and we did’t have a good basis for assessing
which forms are synthesized. We therefore simply left these pathways as they were generated from the
SEED server. Future experimental studies could help provide a solid empirical foundation for this part
of the model.

Many other gap-fills were unambiguous because they involved completion of a pathway for which
most (or all) other enzymes were present and no viable alternative pathways existed to complete a given
sub-system. In a small number of cases we included gap-fills purely to ensure that the model was fully
autotrophic with no organic compounds being exchanged with the environment. These gap-fills generally
involved interconversion between compounds that could be easily explained through promiscuous catal-
ysis by enzyme already being used for a number of similar reactions (for example purine-substitution
interconversions). The lone exception is 5‘-deoxyadenosine, which is produced in a number of cofactor
biosynthetic pathways, and which is the single organic drain reaction in the model because we could find
no plausible reaction or sequence to reincorporate it. A few other cases were more ambiguous, or of
greater interest to us because they were part of a sub-system whose evolution we were investigating. In
those case we relied on phylometabolic analysis (PMA) in the curation process, as detailed extensively
in the main text.

We note one final aspect of the model curation as it relates to the fatty acid biosynthesis network. As
detailed in the previous section here and in the main text, the membrane lipids of A. aeolicus are highly
diverse, which led to a disproportionally large sub-network compared to other parts of the metabolism.
To somewhat limit the ultimate size of this sub-network, while still capturing most of its reality, we used
a few simplifications in the representation of the lipid component of the biomass vector, as outlined in
the previous section. In addition, we used single composite reaction sequences to represent the synthesis
of the di-acyl, mono-alkyl or di-alkyl glycerol moieties that make up the final assembled membrane.
That is, we used reactions involving generic carboxylic acids (R-COOH) or alcohols (R-OH) for synthesis
pathways leading to generic glyceroyl moieties, followed by one single reaction in which the generic R
groups were replaced with acyl or alkyl groups according to the stoichiometry of Table 1. We chose this
representation (fatty acid synthesis explicit, glyceroyl-group assembly implicit) because the key points of
regulation in adapting lipid composition are when to terminate chain length extension, which substitution
patterns to include and whether to transform the carboxylic acid head group into an alcohol group (for
ether lipids) or not. The entire set of fatty acid, regardless of its composition, is then funneled into the
final phospholipid assembly process.
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