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Abstract

We describe a novel algorithm, ‘LPEM’, that given a steady-state flux vector from a (possibly

genome-scale) metabolic model, decomposes that vector into a set of weighted elementary

modes such that the sum of these elementary modes is equal to the original flux vector.

We apply the algorithm to a genome scale metabolic model of the human pathogen

Campylobacter jejuni. This organism is unusual in that it has an absolute growth requirement

for oxygen, despite being able to operate the electron transport chain anaerobically.

We conclude that 1) Microaerophilly in C. jejuni can be explained by the dependence of

pyridoxine 5′-phosphate oxidase for the synthesis of pyridoxal 5′- phosphate (the biologically

active form of vitamin B6), 2) The LPEM algorithm is capable of determining the elementary

modes of a linear programming solution describing the simultaneous production of 51 biomass

precursors, 3) Elementary modes for the production of individual biomass precursors are

significantly more complex when all others are produced simultaneously than those for the

same product in isolation and 4) The sum of elementary modes for the production of all

precursors in isolation requires a greater number of reactions and overall total flux than the

simultaneous production of all precursors.
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1 Introduction

1.1 Camplylobacter

Campylobacter, a genus of Gram-negative, curved or spiral, highly motile bacilli, are foodborne

pathogens and the leading cause of acute bacterial gastroenteritis worldwide. The most common

routes of human infection is fecal-oral or via contaminated meat, with poultry, in which it is

a common gut commensal, being of particular concern. However, it is also found in the gut of

wild birds, other farmed animals such as pigs and cattle, pets, as well as soil and contaminated

water sources. The ability of this pathogen to persist in the food chain and to contaminate food

products poses a serious challenge for food safety and global health.

Campylobacteriosis presents with typical symptoms of gastrointestinal infection, including

diarrhoea (often bloody), fever, nausea, and abdominal pain. It is a notifiable disease in the

UK with approximately 52,000 cases reported in 20161, with an annual cost estimated as £700

million Daniel et al. [2020]. Although the disease is commonly self-limiting, it can be associated

with a number of serious or life-threatening sequelae including colitis, reactive arthritis, and

Guillain-Barré syndrome (GBS), a neurological autoimmune disorder causing muscle weakness

and even paralysis requiring ventilation in severe cases. The association of Campylobacter spp.

with GBS is assumed to be due to the similarity of a lipopolysaccharide cell wall component

with a human ganglioside Hadden et al. [2002], Poropatich et al. [2010].

1.1.1 Microbiology and biochemistry

Campylobacter jejuni is well known for being microaerophilic, having an absolute requirement for

oxygen and growing optimally at a pO2 of ≈ 50 mbar but is non-viable (or at least unculturable)

at atmospheric pO2. The reason for the requirement for O2 is not well understood, although

as C. jejuni is able to respire anaerobically, it has been proposed that this is a biosynthetic

requirement. It is of note that although the intestinal lumen is generally thought of as an

anaerobic environment, in regions close to the mucosa, pO2 has been reported as being as high

as 60 mbar Albenberg et al. [2014], Zheng et al. [2015].

Another unusual feature of C. jejuni metabolism is that it lacks the enzymes forming the

initial steps of glycolysis (glucokinase and phosphofructokinase) as well as those of oxidative limb

of the oxidative pentose phosphate pathway (glucose-6-phosphate dehydrogenase, phosphoglu-

1https://www.gov.uk/government/publications/campylobacter-infection-annual-data, accessed De-
cember 2022.
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conolactonase and phosphogluconate dehydrogenase) Parkhill et al. [2000], Stahl et al. [2012].

It also lacks the monosaccharide transporters found in most other bacteria, although it has been

suggested that some Campylobacter spp. strains are capable of catabolising fucose (a common

saccharide residue in intestinal mucins), otherwise the preferred carbon sources are pyruvate,

TCA cycle intermediates, and amino acids Hofreuter [2014], Tejera et al. [2020], Wagley et al.

[2014].

C. jejuni possess a branched electron transport chain (ETC) with the flexibility to utilise a

number of substrates as electron donors including H2 and formate (both present in the intestinal

lumen as metabolic by-products of other gut microbes) Bernalier-Donadille [2010], Kelly [2008],

Weerakoon et al. [2009]. O2 can act as the terminal electron acceptor, although NO3, NO2, SO4

and fumarate can also fulfil this function Stoakes et al. [2022], van der Stel and Wösten [2019],

van der Stel et al. [2017], allowing for the anaerobic operation of the ETC. However, despite

this, C. jejuni is unable to grow anaerobically Kaakoush et al. [2007], Sellars et al. [2002]

and this has been proposed to be due the existence of oxygen dependent reactions involved in

the synthesis of one or more biomass components, specifically: 1) coproporphyrinogen oxidase

(EC 1.3.3.3) - a component of heme biosynthesis, and ii) that O2 is required for the post-

translational modification of the enzyme ribonucleotide reductase (RNR) Sellars et al. [2002].

However, as it has also been reported that the C. jejuni genome encodes for the O2 independent

coproporphyrinogen dehydrogenase (EC 1.3.98.3) capable of fulfilling the same physiological role

as its O2 dependent counterpart de Vries et al. [2015], Parkhill et al. [2000], in which case the

latter proposal would appear unlikely to be correct.

In order to further investigate the O2 dependence of Campylobacter spp. we here describe the

analysis of a genome-scale metabolic model (GSM) of C. jejuni in order to investigate oxygen

utilisation for the production of individual biomass precursors whilst growing in a minimal

medium. We also present a novel algorithm to identify the pathways (Elementary Modes - see

below) utilised when all biomass precursors are synthesised simultaneously.

1.2 Modelling Background

GSMs are computational representations of all reactions (assumed to be) present in an organism’s

repertoire, typically derived in the first instance from an annotated genome, with reactions

defined in terms of stoichiometry, directionality and reversibility, but without any information

about reaction kinetics. Such models can be referred to as stoichiometric, or structural models.

The theoretical basis for the analysis of structural models can be divided into two broad
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categories, those derived from null-space analysis, and in particular Elementary Modes Analysis

(EMA) Schuster et al. [1999, 2000], and those derived from linear programming (LP) Fell and

Small [1986], Orth et al. [2010] ; both assume steady-state conditions and both can be regarded

as pathway identification tools. The essential difference between the two is that whilst EMA

identifies all possible independent routes through the network, LP results typically identify

a single (possibly non-unique) pathway through the network that satisfies given optimisation

criteria, and the two can be regarded as complementary approaches.

An Elementary Mode (EM) is a minimal metabolic sub-network capable of sustaining a

steady-state flux whilst respecting reversibility criteria, associated with a net conversion of

substrates into products, and any steady-state flux distribution of the network can be obtained

from a non-negative summation of EMs Schuster and Hilgetag [1994], Schuster et al. [2000].

Given the complete set of EMs for a network and an associated flux vector, it is possible to then

calculate the flux carried by each EM Poolman et al. [2004], Schwartz and Kanehisa [2005].

A well-known draw-back of EMA is the fact that it suffers from combinatorial explosion (is

NP-hard - Acuña et al. [2009], Klamt and Gilles [2004]), and therefore obtaining the complete

set of EMs of a GSM is impractical for most purposes, not only in terms of the computational

resources required but also the unwieldy size of any resultant data-set should such a calculation

be possible.

In contrast, flux vectors (modes which may or may not be elementary) with defined properties

can be obtained very rapidly using LP; methods based on this (such those related to flux balance

analysis (FBA) Orth et al. [2010], Schilling et al. [2000]) are currently the predominant means

of analysing GSMs. One draw-back of using LP in the context of a GSM, and in particular

where the aim of the study is to account for growth (and therefore the production of all biomass

precursors), is that the resulting flux vector still defines a large network that requires further

analysis to be easily understood.

However, the solution to a given linear program applied to a GSM will generally contain

a much smaller number of reactions than the original, and under some circumstances may be

small enough to be treated as a sub-network amenable for EMA [Hartman et al., 2014, Mesfin,

2020].

A number of methods for decomposing flux-vectors into EMs without having previously de-

termined the complete set of EMs have also been described. These utilise LP and/or Mixed

Integer Linear Programming (MILP) as strategies for finding individual EMs that fulfil a set of

desired attributes. Oddsdóttir et al. [2015], obtained EMs that account for a set of observed
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transporter fluxes. Their algorithm starts from a matrix, E, whose columns, Ei, comprise of

a small sub-set of EMs, and a weighting vector, w. Two optimization problems are simulta-

neously solved; a least-squares data fitting master problem that iteratively improves upon the

weighting vector w, aiming to obtain a product, Ew, that is consistent with the external flux

measurements, and an additional sub-problem that after each iteration of the master, obtains a

new EM to be added to the matrix E such that the least-square fit is improved. The algorithm

concludes when the fit can no longer be improved by the addition of more EMs. This strategy

requires solving a quadratic programme at each iteration, which due to being inherently more

computationally costly than LP limits this algorithm’s suitability for large models.

Hung et al. [2011], proposed an algorithm that decomposes a steady-state flux vector, v, in

series of stages. At each stage, a succession of MILPs reduce the number of non-zero fluxes in v

(whilst considering the values of v as an upper-bound) until a solution which cannot be reduced

further (and therefore is an EM) is obtained. The EM is subtracted from v and the process is

repeated until all constituent EMs have been discovered. A drawback of this algorithm is the

heavy use of MILPs, which are more computationally costly then LP.

Jungers et al. [2011], used LP to decompose flux vectors into a minimal number of EMs.

This algorithm extracts EMs from the solution-space generated by combining the network’s

stoichiometry with the steady-state flux-vector, v. The first EM is chosen at random from this

space, whilst subsequent EMs are chosen such that the difference from them and the previous

modes is maximized. This technique reduces the dimension of the solution-space one step at

a time, and, as a consequence has the advantage that the maximum number of EMs obtained

must be equivalent to the dimension of the null-space. However, it is likely to produce different

results each time that it is used, making the replication of findings difficult.

In this work we describe an algorithm (LPEM) which uses LP to extract a set of EMs that

account for a steady-state flux vector (which itself may be an LP solution) from a (possibly

genome-scale) metabolic model and demonstrate its application and utility by investigating the

phenomenon of micro-aerophilly in C. jejuni . The approach is simialr to that described by

Hung et al. [2011] but has the advantage that it requires only LP, and not MILP. This algorithm

is implemented as part of the open-source metabolic modelling software package, ScrumPy

Poolman [2006, 2020].
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2 Methods

2.1 The Model

The model used here is that described by Stoakes et al. [2022] (a revision of that previously

described by Tejera et al. [2020]). As the genome lacks annotation for enzymes involved in

glyoxylate shunt (malate synthase and isocitrate lyase) there is no sink for glycolaldehyde, (a

by-product of folate synthesis) and therefore a corresponding transporter added. The model

consists of 1029 reactions, 92 transporters and 988 metabolites. It is capable of producing

biomass components in a defined media as described in Tejera et al. [2020].

2.2 Model analysis

Initial model analysis was performed using the linear program defined by Eq. (1).

min
∑n

i=1 |wivi|

subject to


Nv = 0 ,

vb = tb, for one or all b ∈ {1, 2, . . . , B},

vO2 = 0 or unconstrained.

(1)

The objective is to determine a flux vector v whose weighted sum of fluxes is minimised.

Each component, vi , i = (1...n), where n is the number of reactions, vi corresponds to the flux

being carried by the ith reaction and wi is the associated weighting coefficient. Except where

specified, weighting coefficients, wi, were set to 1 giving equal weight to the minimisation of flux

carried by each reaction.

This is subject to the steady-state condition Nv = 0 and the production of one or more

biomass components may be taken into account by setting a fixed constraint, vb = tb, where

the suffix b denotes the bth out of B exported biomass components whose transport flux, vb, is

defined by its relative abundance, tb (m.gdw−1) multiplied by the growth-rate which, for the

purposes of this study, was arbitrarily set to unity. In order to investigate the O2 requirement

the associated transport flux, vO2 , was either set to zero or unconstrained and the corresponding

penalty weighting, wO2 , was set either to 1 or 106 as described below.

With vO2 set to zero, in combination with a demand for all biomass components, Eq. (1)

has no feasible solution, demonstrating that at least one biomass component has an absolute

requirement for O2. In order to identify the O2 dependent biomass component(s), Eq. (1)

was solved repeatedly for each biomass component at a time, with the oxygen transport flux
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Panel 1 The five solution sets used to analyse the oxygen requirement of C. jejuni

1. Individual solutions for vb = tb for a given b ∈ {1 . . . B}, vO2 = 0

2. Individual solutions for vb = tb for a given b ∈ {1 . . . B}, wO2 = 1

3. Individual solutions for vb = tb for a given b ∈ {1 . . . B}, wO2 = 106

4. A single solution for vb = tb, for all b ∈ {1 . . . B}, wO2 = 1

5. A single solution for vb = tb, for all b ∈ {1 . . . B}, wO2 = 106

constrained to zero. Obtaining a feasible solution with such a constraint demonstrates that this

component can be produced without oxygen, conversely, failure to obtain a solution demonstrates

that the synthesis of that component has an absolute dependence on oxygen.

In order to identify a solution accounting for all biomass components while minimising vO2 ,

wO2 , was set to an arbitrarily high value of 106 and Eq. (1) re-solved. Thus five sets of flux

distributions were obtained, as shown in Table 1.

2.3 Identifying EMs in a Steady-State Flux Vector

In order to identify individual EMs in LP solutions when all biomass components are produced

simultaneously we developed an algorithm combining LP with null-space as follows.

The algorithm proceeds by iteratively removing one or more reactions at a time from an

initial solution, v, and identifying an associated subsystem, v′, which either contains a single

EM, or can be decomposed into a set of EMs. Then, v′ is subtracted from v and the process

continues until v = 0. We thereby obtain a matrix , E, whose column vectors consist of EMs,

such that:
m∑
i=1

Ei = v,

where m is the number of EMs. Note that, in this case, the EMs are not normalised in order

for the magnitude of each Ei to reflect the contribution of that EM to v.

At each iteration, the reaction to be eliminated, vtarg, is selected as the reaction with the

smallest (absolute) flux in v. The elimination is achieved by obtaining a solution, v′, to the

linear program:
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min
∑n

i=1 |v′
i|

subject to


Nv′ = 0 ,

v′
targ = vtarg ,

|v′
i| ≤ |vi|, sign(v′

i) = sign(vi), for all i ∈ {1, 2, . . . , n} .

(2)

Given these definitions the algorithm can be described by the pseudo-code in presented in

Algorithm 1.

Algorithm 1 : LPEM - Using LP to decompose a steady-state flux vector, v, into a matrix of
EMs, E

1: while v > 0 do
2: vtarg = min(v)
3: solve Eq. (2)
4: if v′ is elementary then
5: add v′ to E
6: else
7: decompose v′ into a set of EMs
8: add these EMs to E
9: end if

10: v← v − v′

11: end while.

Verifying that v′ represents a single EM (step 4) is readily achieved by determining the

dimension of null-space of the subsystem it represents: if it is 1, then v′ is an EM. If not, step 7

decomposes v into EMs using the algorithm by Schuster et al. [1999], and flux assigned to each

EM as described in Poolman et al. [2004]. The constraints defined in Eq. (2) along with the

subtraction in step 10 ensure that the number of non-zero elements in v decrease by at least

one in each iteration of the algorithm, thereby guaranteeing completion.

3 Results

3.1 Model responses penalties and constraints described in Panel 1

No solution exists when attempting to solve Eq. (1) with the oxygen uptake constrained to

zero, demonstrating an absolute requirement for oxygen to account for biomass production in

this model. The results obtained under the different conditions described in Panel 1 were as

follows:

1. Individual biomass components, oxygen uptake set to zero

Solutions could be found for all individual biomass components, with the exception of
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pyridoxal 5′-phosphate (PLP), the active form of vitamin B6 and a co-substrate for many

enzyme catalysed reactions (see discussion).

2. Individual biomass components, with no constraint or penalty on oxygen up-

take

With no constraints on oxygen uptake, the synthesis of 45 of the 51 biomass precursors

utilised oxygen (including PLP synthesis), and all of these used proton translocating ATP

synthase to satisfy some, or all, of their ATP demand; 43 (including PLP) utilised cy-

tochrome oxidase and/or NADH oxidase to generate some or all of the necessary proton

gradient to drive ATP synthesis.

3. Individual biomass components, with imposed oxygen uptake penalty

With the oxygen uptake penalty (weighting factor wO2 in Eq. (1)) set to 106 none of the

biomass precursors, with the exception of PLP, utilised oxygen. 43 of these (including

PLP) utilised the electron transport chain for ATP generation with NO3 or NO2 acting

as the terminal electron acceptor.

4. Simultaneous production of all biomass components, with no oxygen uptake

penalty

When Eq. (1) was solved to account for the simultaneous production of all biomass

components, the resulting solution contained 324 reactions (excluding transport processes).

The major carbon and nitrogen source was glutamine, accounting for 51% and 87% of total

carbon and nitrogen uptake respectively. Most of the remaining carbon uptake was satisfied

by the uptake of pyruvate (39%) with the rest of the carbon and nitrogen demand satisfied

by serine, methionine and cysteine. The latter two amino acids satisfied the demand for

sulphur. Excretion of carbon by-product was mainly in the form of carbon dioxide and

carbonic acid (73%) with the remainder exported as acetate. Excess nitrogen was excreted

in the form of NH4.

5. Simultaneous production of all biomass components, with imposed oxygen up-

take penalty

When the oxygen uptake penalty of 106 was imposed on Eq. (1) with the demand for the

synthesis of all biomass precursors, the resulting solution also contained 324 reactions of

which 320 were common to the solution obtained with no imposed penalty. The fact that
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the two have the same number of reactions is assumed to be coincidence. All changes to

the flux distribution (qualitative and quantitative) were associated with the redirection of

the ETC from aerobic to anaerobic operation.

3.2 EMs of the production of biomass components

When solutions for individual biomass components were generated, no constraint was placed on

the production of other biomass components, thus allowing the potential for the production of

other components as by-products. Nonetheless, each solution resulted in the generation of the

target product only, and represented a single EM (see discussion below). However, the total

number of reactions utilised by all individual solutions was substantially greater than the number

of reactions required to solve Eq. (1) for all components simultaneously (423 vs 397 and 434 vs

395 for penalised and unpenalised O2 uptake respectively). Therefore the solution obtained for

the simultaneous production of all components is not simply the sum of the individual solutions

for each component.

To further investigate this, the LPEM algorithm was used to identify EMs utilised for each

biomass component in whole solutions (Panel 1.4 and 1.5). The sets of EMs thus calculated

comprised a total of 62 EMs for both the penalised and unpenalised solutions. All of the unpe-

nalised EMs utilised oxygen but only one (responsible for PLP synthesis) EM in the penalised

set did so. Although the EM responsible for PLP synthesis with penalised O2 uptake was not

the same as the equivalent LP solution, the rate of O2 uptake was the same for both.

The major difference between the EMs extracted from the whole solution and the individual

LP solutions was that most EMs (all but one) generated more than one product and, conversely,

most end products were generated by more than one EM.

3.3 EMs of PLP production

The solution for the synthesis of PLP in the absence of demand for other products is presented in

Fig. 1 and summarised in Table 1. This is a superset of the the PLP synthesis pathway reported

in metacyc (PYRIDOXSYN-PWY), which in turn is derived from the pathways proposed by

Fitzpatrick et al. [2007] and described as the DXP-dependent and DXP-independent pathways.

The pathway presented here is more complete as it balances all reactions starting from the

external substrates glutamine and pyruvate, as well as generating necessary ATP and reductant.

It is interesting to note that although both utilise the ETC for ATP generation, neither glycolysis

(some reactions of glycolysis are present but run in the reverse, gluconeogenic, direction) nor
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Table 1: Modes of PLP production with or without a background demand for other biomass
components and with or without O2 uptake penalty. The solutions for PLP production are
single EMs.

Penalty +Biomass Reactions Total flux O2 uptake Transporters

No No 46 4.6 ×10−4 2.9×10−5 10
Yes No 47 5.0 ×10−4 3.0×10−6 10
No Yes 140 1.1 ×10−3 3.8×10−5 15
Yes Yes 136 1.3 ×10−3 3.0×10−6 16

the TCA cycle is used; sufficient reductant is generated by the oxidation of other substrates

to satisfy the demand for reductant by the ETC. In fact, there is a slight excess of reductant

generated which is then balanced by the reduction of external NO3 to NH3, which is in turn

simply excreted (reactions R26 and R33 in Fig. 1).

The EM obtained for the synthesis of PLP in the context of simultaneous synthesis of other

biomass components, without imposing a penalty on O2 uptake is considerably more complex

than the solution obtained for PLP as a single product (140 vs 46 reactions). However it does

utilise the majority of the reactions depicted in Fig. 1, with the exception of those associated

with oxidising excess reductant (R7a, R2a, R32, R33, R26 (NADP), R27). The other difference

between this EM and the simple solution is that the EM also produces small amounts of other

biomass components: DTTP, FAD, and valine.

A similar situation was found when comparing the EM producing PLP in the context of

simultaneous synthesis of other biomass components, with the penalty on O2 imposed (136 vs

46 reactions), and contained 41 reactions in common with the simple solutions. Of the those

that were absent, one was associated with the oxidation of excess reductant (nitrate reductase,

R26 in Fig. 1), and two were associated with a move away from the use of membrane bound

electron carriers to nicatinamides (malate oxidoreductase (R7a) and glutamate synthase (R2a)

in Fig. 1). Somewhat unexpectedly, this EM did not utilise transaldolase (R22) or sedoheptulose

7-phosphate transketolase (R23) indicating that this EM has an alternative source of the pentose

phosphate pathway intermediate, X5P. Again this EM also produced a number of other biomass

precursors, in this case histidine, phosphatidyl-serine, FAD and valine.

3.4 Algorithm Performance

The LP solutions for production of all biomass components with free and penalised O2 uptake

were comprised of 390 and 392 reactions respectively, the dimension of null-spaces of the sub-
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Figure 1: PLP synthesis in the Campylobacter spp. model with and without out a penalty
on O2 uptake. Reactions in black are active under both the conditions. Reactions in blue are
active when there is no penalty on O2 uptake and reactions in red are active only when the
penalty is imposed. See key tables 1 and 2 for complete descriptions of reaction and metabolite
abbreviations.
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systems defined by these solutions was 51 in each case. The LPEMs algorithm decomposed

these two solutions into 52 and 55 EMs, remarkably close to the dimension of their respective

null-spaces. Using a commodity desk-top PC with a 2.6 GHz AMD Ryzen processor the deter-

mination of the EMs for both solutions took about 70 seconds and required less than 1 GB of

available memory.

4 Discussion and Conclusion

4.1 Micro-aerophilly in C. jejuni

The results presented above demonstrate that, in this model, O2 is essential for the synthesis

of PLP, the biologically active form of vitamin B6. This is an enzyme bound co-factor for more

than 140 reactions, mainly those involved in amino-acid metabolism and predominantly trans-

ferase and lyase reactions Eliot and Kirsch [2004], Percudani and Peracchi [2003, 2009]. Animals

are unable to synthesise PLP, and it is therefore an essential vitamin. However, plants, fungi and

bacteria are able to synthesize PLP via one of two reported routes: the DXP (deoxy-xylulose

5-phosphate) dependent and DXP independent pathway. In the DXP independent pathway,

PLP is synthesised by single heterodimeric complex from glutamine, ribose 5-phosphate, and

glyceraldehyde 3-phosphate. Organisms lacking this pathway, mainly the proteobacteria, utilise

the DXP dependent pathway, commonly depicted as using erythrose 4-phosphate and glycer-

aldehyde 3-phosphate as the starting point. The pathway depicted in Fig. 1 is in fact a superset

of the DXP dependent pathway.

Many other organisms which use the DXP dependent pathway have additional associated re-

actions and transporters, allowing the uptake of additional precursors as well as greater metabolic

flexibility (Fig. 2), and in particular the potential to bypass the O2 dependent pyridoxine 5′-

phosphate oxidase (R30 in Fig. 1 and 2) step Ito and Downs [2020], Sugimoto et al. [2017].

However, these have not been reported C. jejuni M1cam and therefore O2 is an absolute re-

quirement for PLP synthesis.

4.2 Oxygen dependence of PLP synthesis

That the LP solutions of all biomass precursors individually, with free and restricted O2, were

single EMs is unsurprising as the solutions of linear programs that contain only one non-zero

flux constraint have been shown to always consist of a single EMs Maarleveld [2015]. What is

more relevant is that this allows the unambiguous identification of PLP production as the reason
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Figure 2: Reactions involved in PLP metabolism in Escherichia coli . Reactions in red are
common to C. jejuni , those in green allow for the bypass of of the O2 dependent pyridoxine
5′-phosphate oxidase step (R30). *** Reactions labelled R35a/R37a/R39a are all catalysed by
the same enzyme (similarly for reactions labelled R35b/R37b/R39b and R30/R38). See key
tables 3 for a complete key.

for the absolute dependence on O2 for this model to account for growth, although this does not

unambiguously identify which O2 consuming reactions are responsible for the dependence. The

model contains a total of 27 reactions utilising O2 as a substrate, making it impractical to

identify the essential reactions by a combinatorial search strategy. However the problem may

be readily solved by using the technique of Enzyme Subsets analysis Pfeiffer et al. [1999] which

identifies sets of reactions in a network which must carry flux in a fixed ratio in any steady-state.

A corollary of this is that if any one reaction in a subset carries zero flux at a given steady state,

then every other reaction must also carry zero flux. Determining the enzyme subsets of this

model reveals that pyridoxine (pyridoxamine) 5′-phosphate oxidase (R30 in Fig. 1) is in the

same subset as the PLP transporter and therefore it is the reaction responsible for the absolute

dependency on O2 for the synthesis of PLP. It is interesting to note that, although the model

contains the catalase reaction (R31 in Fig. 1), this cannot be used to generate internal O2 as

a substrate for these reactions, as the generation of hydrogen peroxide itself must ultimately

depend on an exogenous O2 source.
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4.3 Sum of individual solutions compared to the decomposition of the whole

solution

By using LP to identify pathways for precursor synthesis in isolation and applying the LPEM

algorithm to an LP solution accounting for the simultaneous production of all precursors, two

sets of results were obtained. Although it might be intuitively expected that the solution that

accounts for all biomass precursors would be equivalent to the sum of the 51 pathways that

produce each precursor individually, this was not the case: the summation of individual solutions

required more reactions and greater total flux. This suggests that the optimal solution for the

synthesis of a single product in isolation is not necessarily optimal in the presence of demand for

additional products, and that therefore individual solutions must be interpreted with care in the

context of a growing organism. The explanation for this appears to be that optimal individual

solutions also generate by-products, that must then be further metabolised before they can

be exported. However, when multiple products must be synthesised such by-products may be

utilised for the synthesis of other products. For example, the solution for PLP synthesis in

isolation (Fig. 1) generates excess reductant, which is then oxidised by the reduction of NO3 to

NH3 which is subsequently exported. However, when there is a requirement to synthesise other

products, these by-products become useful intermediates. A similar observation was originally

made by Fell and Small [1986] in one of earliest papers describing the application of LP to

metabolic networks.

4.4 Conclusion

The LPEM algorithm provides a relatively simple and computationally efficeint way to leverage

the advantages of FBA and Elementary Modes Analysis. This has shown that the actual modes

utilised by an organism in vivo may be rather more complicated than consideration of individual

FBA solutions would suggest, but that these may nonetheless be more efficeint both in terms of

the total number of reactions required and of the overall flux they carry. Applying the approaches

described here suggests that the reason for micro-aerophilly in the pathogen C. jejuni is the

dependence on oxygen for the production of PLP, although this may not be exclusive.
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Keys to figures

Key 1 Fig. 1 (Reactions)

Label Enzyme Metacyc ID EC number
R1 glutaminase GLUTAMIN-RXN 3.5.1.38

R2a glutamate synthase RXN-12878 1.4.7.1
R2b glutamate dehydrogenase GLUTDEHYD-RXN 1.4.1.4
R3 2-oxoglutarate synthase 2-OXOGLUTARATE-SYNTHASE-RXN 1.2.7.3
R4 succinyl-CoA synthase SUCCCOASYN-RXN 6.2.1.5
R5 succinate dehydrogenase SUCCINATE-DEHYDROGENASE-MENAQUINONE-RXN 1.3.5.1
R6 fumerase FUMHYDR-RXN 4.2.1.2

R7a malate oxidoreductase (quinone) RXNI-3 1.1.5.4
R7b malate dehydrogenase MALATE-DEH-RXN 1.1.1.37
R8 phosphoenolpyruvate carboxykinase PEPCARBOXYKIN-RXN 4.1.1.49
R9 enolase 2PGADEHYDRAT-RXN 4.2.1.11

R10 phosphoglycerate kinase PHOSGLYPHOS-RXN 2.7.2.3
R11 glyceraldehyde 3-phosphate dehydrogenase GAPOXNPHOSPHN-RXN 1.2.1.12
R12 triose-phosphate isomerase TRIOSEPISOMERIZATION-RXN 5.3.1.1
R13 fructose-bisphosphate aldolase F16ALDOLASE-RXN 4.1.2.13
R14 fructose 1,6-bisphosphatase F16BDEPHOS-RXN 3.1.3.11
R15 fructofuranose 6-phosphate transketolase 2TRANSKETO-RXN 2.2.1.1
R16 erythrose 4-phosphate dehydrogenase ERYTH4PDEHYDROG-RXN 1.2.1.72
R17 erythronate 4-phosphate dehydrogenase ERYTHRON4PDEHYDROG-RXN 1.1.1.290
R18 phosphohydroxythreonine aminotransferase PSERTRANSAMPYR-RXN 2.6.1.52
R19 hydroxythreonine 4-phosphate dehydrogenase RXN-13179 1.1.1.262
R20 deoxy-xylulose 5-phosphate synthase DXS-RXN 2.2.1.7
R21 pyridoxine 5′-phosphate synthase PDXJ-RXN 2.6.99.2
R22 transaldolase TRANSALDOL-RXN 2.2.1.2
R23 seduloheptulose 7-phosphate transketolase 1TRANSKETO-RXN 2.2.1.1
R24 ribose 5-phosphate isomerase RIB5PISOM-RXN 5.3.1.6
R25 ribulose phosphate 3-epimerase RIBULP3EPIM-RXN 5.1.3.1
R26 nitrite reductase (NAD) RXN0-6377 1.7.1.4
R27 oxygen reductase (cytochrome) RXN0-5266 7.1.1.7
R28 nitrite reductase (cytochrome) 1.7.2.2-RXN 1.7.2.2
R29 nitrate reductase (cytochrome) NITRATE-REDUCTASE-CYTOCHROME-RXN 1.9.6.1
R30 pyridoxine 5′-phosphate oxidase PNPOXI-RXN 1.4.3.5
R31 catalase CATAL-RXN 1.11.1.6
R32 NADH peroxidase NADH-PEROXIDASE-RXN 1.11.1.1
R33 nitrate reductase (NAD) NITRATE-REDUCTASE-NADPORNOPH-RXN 1.7.99.4
R34 carbonic anhydrase RXN0-5224 4.2.1.1
CV proton translocating ATP synthase ATPSYN-RXN 7.1.2.2
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Key 2 Fig. 1 (Metabolites)

Abbreviation Common Name BioCyc ID
GLN glutamine GLN
GLT glutamate GLT
2KG α-ketoglutarate 2-KETOGLUTARATE

SucCoA succinyl-CoA SUC-COA
SUC succinate SUC

FUM fumarate FUM
MAL malate MAL
OAA oxaloacetate OXALACETIC ACID
PEP phosphoenolpyruvate PHOSPHO-ENOL-PYRUVATE
PGA phospho-glycerate 2-PG

BPGA bisphospho-glycerate DPG
GAP glyceraldehyde 3-phosphate GAP

DHAP glycerone phosphate DIHYDROXY-ACETONE-PHOSPHATE
FBP fructofuranose 1,6-bisphosphate FRUCTOSE-16-DIPHOSPHATE
F6P fructofuranose 6-phosphate FRUCTOSE-6P
E4P erythrose 4-phosphate ERYTHROSE-4P
S7P seduloheptulose 7-phosphate D-SEDOHEPTULOSE-7-P
R5P ribose 5-phosphate RIBOSE-5P
X5P xylulose 5-phosphate XYLULOSE-5-PHOSPHATE

Ru5P ribulose 5-phosphate RIBULOSE-5P
EN4P erythronate 4-phosphate ERYTHRONATE-4P
PAKB hydroxy-2-oxo-4 phosphooxybutanoate 3OH-4P-OH-ALPHA-KETOBUTYRATE

POT phosphooxy-threonine 4-PHOSPHONOOXY-THREONINE
AHAP amino-1-hydroxyacetone 1-phosphate 1-AMINO-PROPAN-2-ONE-3-PHOSPHATE
DX5P deoxy-xylulose 5-phosphate DEOXYXYLULOSE-5P

PNP pyridoxine 5′-phosphate PYRIDOXINE-5P
PLP pyridoxal 5′-phosphate PYRIDOXAL PHOSPHATE
PYR pyruvate PYRUVATE

Mq menaquinol MENAQUINOL
MqH menaquinone MENAQUINONE

Cy-Ox cytochrome c oxidised Cytochromes-C-Oxidized
Cy-Rd cytochrome c reduced Cytochromes-C-Reduced
Fd-Ox oxidised ferredoxin Oxidized-ferredoxins
Fd-Rd reduced ferredoxin Reduced-ferredoxins
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Key 3 Fig. 2

Reactions
Label Enzyme Metacyc ID EC number
R35a pyridoxal kinase PYRIDOXKIN-RXN 2.7.1.35
R35b PLP phosphatase 3.1.3.74-RXN 3.1.3.74
R36 pyridoxal reductase PYRIDOXINE-4-DEHYDROGENASE-RXN 1.1.1.65

R37a pyridoxine kinase PNKIN-RXN 2.7.1.35
R37b PNP phosphatase RXN-14181 3.1.3.74
R38 PMP oxidase PMPOXI-RXN 1.4.3.5

R39a pyridoxamine kinase PYRAMKIN-RXN 2.7.1.35
R39b PMP phosphatase RXN-14046 3.1.3.74
R40 PM–OAA transaminase PYROXALTRANSAM-RXN 2.6.1.31

Metabolites
Abbreviation Common Name BioCyc ID

PN pyridoxine PYRIDOXINE
PL pyridoxal PYRIDOXAL

PM pyridoxamine PYRIDOXAMINE
PMP pyridoxamine 5′-phosphate PYRIDOXAMINE-5P
ASP aspartate L-ASPARTATE
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in campylobacterota: A review. Frontiers in Microbiology, 10, 2019. ISSN 1664-302X. doi:

10.3389/fmicb.2019.01719.

Anne-Xander van der Stel, Fred C. Boogerd, Steven Huynh, Craig T. Parker, Linda van Dijk,

Jos P. M. van Putten, and Marc M. S. M. Wösten. Generation of the membrane potential
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