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ABSTRACT

Motivation: In recent years, several methods have been proposed
for determining metabolic pathways in an automated way based
on network topology. The aim of this work is to analyse these
methods by tackling a concrete example relevant in biochemistry.
It concerns the question whether even-chain fatty acids, being the
most important constituents of lipids, can be converted into sugars
at steady state. It was proved five decades ago that this conversion
using the Krebs cycle is impossible unless the enzymes of the
glyoxylate shunt (or alternative bypasses) are present in the system.
Using this example, we can compare the various methods in pathway
analysis.
Results: Elementary modes analysis (EMA) of a set of enzymes
corresponding to the Krebs cycle, glycolysis and gluconeogenesis
supports the scientific evidence showing that there is no pathway
capable of converting acetyl-CoA to glucose at steady state. This
conversion is possible after the addition of isocitrate lyase and malate
synthase (forming the glyoxylate shunt) to the system. Dealing with
the same example, we compare EMA with two tools based on graph
theory available online, PathFinding and Pathway Hunter Tool. These
automated network generating tools do not succeed in predicting
the conversions known from experiment. They sometimes generate
unbalanced paths and reveal problems identifying side metabolites
that are not responsible for the carbon net flux. This shows that, for
metabolic pathway analysis, it is important to consider the topology
(including bimolecular reactions) and stoichiometry of metabolic
systems, as is done in EMA.
Contact: ldpf@minet.uni-jena.de; schuster@minet.uni-jena.de
Supplementary information: Supplementary data are available at
Bioinformatics online.

1 INTRODUCTION
While the conversion of carbohydrates into fatty acids is
experimentally well established, the existence of the converse
transformation has long been discussed in biochemistry. This
question was posed around the turn of the 19th century by Chaveau.
While Pflüger stated that fat was the main source of sugar in diabetes,
Lusk wrote that this was a figment of imagination (cf. Weinman

∗To whom correspondence should be addressed.

et al., 1957). This controversy intensified in 1922 with the discovery
of insulin and the extended work on diabetes.

In the 1950s, experiments using a new method involving
isotopically labelled compounds started to reveal the mechanism
by which carbons of fatty acids are incorporated in carbohydrates.
Experiments showed that labelled carbons arrived at glucose when
the system was supplied with 14C-labelled fatty acids. The Krebs
cycle (tricarboxylic acid cycle) seemed to play a key role in this
process (Weinman et al., 1957). Nevertheless, these experiments
were not conclusive because the Krebs cycle, as other metabolic
pathways, does not operate alone and the net synthesis was yet to
be proved.

In 1957, the question around the net synthesis of carbohydrates
from fatty acids being the most important constituents of lipids
started being answered by Weinman et al., who formulated an
algebraical treatment of the problem and proved that fatty acids
cannot give rise to a net gain of carbohydrate running along the
Krebs cycle. The main conclusions from their work was that fatty
acids can enter in the metabolite pool of the Krebs cycle but the
net synthesis of glucose is due to an influx of other intermediates in
the Krebs cycle, such as amino acids or lactic acid (Weinman et al.,
1957).

Since fatty acids in living organisms usually contain an even
number of carbon atoms with the most common numbers being
16 and 18 (cf. Stryer, 1995), Weinman only analysed that case.
Here, we will do the same, by considering acetyl-CoA (AcCoA)
as the initial substrate. AcCoA results from the degradation of even-
chain fatty acids and ketogenic amino acids (cf. Stryer, 1995). In the
case where odd-chain fatty acids occur, such as in some plants and
marine organisms (cf. Voet and Voet, 2004), a minor fraction of the
products of β-oxidation of these acids is propionyl-CoA, which can,
via succinyl-CoA, be converted to pyruvate and, thus, to glucose.
Moreover, for both chain lengths, glucose can be produced from
glycerol, which is part of phospholipids and triglycerides.

Also in 1957, Kornberg and Madsen (1957) published a paper
describing the discovery of the ‘glyoxylate bypass’, an alternative
route from isocitrate to malate. The key enzymes in this pathway
are isocitrate lyase (formerly called isocitritase), which cleaves
isocitrate, and malate synthase (formerly called malate synthetase),
which catalyzes the condensation of AcCoA and glyoxylate to
malate. This new route enables the conversion of acetate—and
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therefore fatty acids—to carbohydrates with a stoichiometry of 1 mol
of oxaloacetate (OAA) per 2 mol of AcCoA.

This discovery reopened the question about the possibility of
transforming fatty acids into sugars, though in another perspective. It
was connected to the new question of whether the glyoxylate cycle
is present in humans. The first experiments showed the presence
of the glyoxylate cycle in microbes and plants (Kornberg and
Beevers, 1957; Kornberg and Madsen, 1957). Madsen was the
first to report that the glyoxylate cycle is not present in animal
tissue even under conditions in which one might expect it to
occur like hibernating mammals and chick embryos because these
must use their fat reservoirs (Madsen, 1958). The only clade of
animals where the glyoxylate shunt was detected is that of the
nematodes, where a bifunctional malate synthase/isocitrate lyase
enzyme occurs (Liu et al., 1995). The question around the presence
of the glyoxylate cycle in animal tissues remains open since
some authors claim the presence of isocitrate lyase and malate
synthase (Davis and Goodman, 1992; Ganguli and Chakraverty,
1961; Goodman et al., 1980; Jones, 1980; Morgunov et al., 2005;
Popov et al., 2005) although the coding sequence of these enzymes
in humans remains unknown and there is no homology with
known sequences. Kondrashov et al. (2006) found the sequence of
malate synthase, but not isocitrate lyase, in some animals besides
nematodes.

Today, there is increased knowledge of biochemical networks,
and genome-scale metabolic models have been established. But are
we able to really handle such networks? Researchers pay special
attention to topological properties of the metabolic model in order
to redefine what metabolic pathways are. Recently, several methods
have been proposed for determining metabolic pathways in an
automated way based on network topology (Beasley and Planes,
2007; Croes et al., 2005, 2006; Rahman et al., 2005; Schuster et al.,
1999, 2000). It is of interest to see whether these methods can
help answering the question posed in the title of this article and,
in particular for didactic purposes in biochemistry, to revisit the
study by Weinman et al. (1957).

The term ‘elementary flux mode’ refers to a minimal group of
enzymes that can operate at steady state with all the irreversible
reactions used in the right direction (Schuster et al., 1999, 2000).
If only the enzymes belonging to one elementary mode (EM)
are operative and, thereafter, one of the enzymes is inhibited,
then the remaining enzymes can no longer be operational because
the system cannot any longer maintain a steady state. Several
software tools were established for computing EMs, for example,
METATOOL 5.0 (von Kamp and Schuster, 2006). Elementary
modes analysis (EMA) has been applied to various systems (Cakir
et al., 2004; Carlson and Srienc, 2004; Poolman et al., 2003;
Schwartz et al., 2007; Stelling et al., 2002; Wilhelm et al., 2004).
Also the Krebs cycle, glyoxylate shunt and adjacent reactions have
been analysed by that method earlier, though not with the objective
of the present article (Schuster et al., 1999). A concept related to
that of EMs is that of extreme pathways (Schilling et al., 2000).
A comparison of the two concepts was made by Klamt and Stelling
(2003).

Any stationary flux distribution in the living cell is a linear
combination of EMs (Schuster et al., 1999). Therefore, if there is no
EM consuming a given substrate or synthesizing a desired product,
then we can conclude that there is no stationary flux distribution that
would be able to consume that substrate or leading to that product.

Graph theory is another approach to studying metabolic networks
based on the concept that these networks can be described as a
simple graph (where nodes and edges represent metabolites and
reactions, respectively) or as a bipartite graph (where two or more
nodes, metabolites, connect to a common node of a second type,
representing a reaction/enzyme). While EMA and graph-theoretical
analyses of metabolic networks use the same input information, they
usually produce different, complementary outputs (which should be
consistent, though). A general comparison between the two methods
can be found in Planes and Beasley (2008).

Based on graph-theoretical approaches, several computer
programs have been presented. Pathway Hunter Tool (PHT; Rahman
et al., 2005) and PathFinding (Croes et al., 2005, 2006) are freely
available web tools, which can be used to reconstruct and analyse
the shortest path connecting two metabolites. PHT uses a fingerprint
algorithm to calculate the similarity between two molecules and
in this way automatically assigns side metabolites (like ATP, ADP,
water). Then a breadth-first-search algorithm calculates the shortest
path between the seed and sink metabolites.

The approach underlying PathFinding (Croes et al., 2005, 2006)
is based on the connectivity of metabolites which is used to calculate
the weight of paths between two metabolites or two reactions.
Metabolites with a high connectivity will reduce the score of
the path. The reason is that cofactors such as ATP are usually
highly connected and should not be considered as intermediates on
metabolic paths.

Here, we compare different tools for pathway finding, Metatool,
PHT and PathFinding, by applying them to carbon metabolism
in view of the question whether sugars can be produced from
even-chain fatty acids. In Section 2, the reaction scheme to be
analysed will be outlined. In Section 3, the results of the various
tools will be presented and compared. The EMA of the lipid–
sugar system considerably extends a preliminary analysis presented
recently (Schuster and Fell, 2007). A final conclusion will be given
in Section 4.

2 METHODS
The system under study is composed of reactions present in the Krebs
cycle, which is the pathway for the oxidation of AcCoA and, thus, even-
chain fatty acids, and the reactions in glycolysis and gluconeogenesis,
responsible for the catabolism and anabolism, respectively, of glucose. The
initial model draft was reconstructed on the basis of the human model
present in the KEGG database (Aoki-Kinoshita, 2006). The model was
refined and completed with some anaplerotic reactions using biochemistry
textbooks (Michal, 1999; Nelson and Cox, 2000; Voet and Voet, 2004).
The hypothesis of a carbon net flux using amino acids was also tested
and external reactions were added to the first model enabling the influx
of glutamate, aspartate and alanine. Using the first model as a template, a
second model was generated by adding reactions catalyzed by isocitrate lyase
and malate synthase to test the hypothesis that the glyoxylate cycle enables
a net flux of carbons from AcCoA to α-D-glucose-6-phosphate (G6P), see
Figure 1.

For the methods of EMs, the reader is referred to Schuster et al.
(1999, 2000) and Gagneur and Klamt (2004). For computing EMs, we
used the program METATOOL 5.0 (von Kamp and Schuster, 2006), which
implements an algorithm proposed by Urbanczik and Wagner (2005). The
reaction list of the complete model containing the glyoxylate cycle is
represented in the Supplementary Material.

In order to study automated pathway generating tools, we queried
PathFinding (Croes et al., 2005, 2006) and PHT (Rahman et al., 2005)
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Fig. 1. Complete model of human glycolysis/gluconeogenesis and Krebs
cycle, containing reactions of the glyoxylate cycle. For abbreviations
of metabolites, see Supplementary Material. Enzyme abbreviations are
according to the database ExPASy. When separated by commas or slashes,
they correspond to isoenzymes or multi-enzyme complexes, respectively.
The external metabolites, that is, the source and sink metabolites are
represented in bold-face or are omitted (e.g. the cofactors such as ATP, ADP
and NAD). Reactions between PEP and G3P are lumped into one reaction.

for a possible connection between AcCoA (KEGG entry C00024) and G6P
(KEGG entry C00668).

3 RESULTS AND DISCUSSION

3.1 EMs analysis
The first model containing no glyoxylate cycle, and with no influx
of amino acids, resulted in six EMs. None of these produces G6P.
Two of these consume AcCoA, go along the Krebs cycle, produce
GTP, NADH and CO2 (Fig. 2). The absence of EMs producing G6P
and, thus, of an enzyme set able to synthesize G6P from AcCoA at
steady state supports the hypothesis that it is impossible to synthesize
glucose from fatty acids using the Krebs cycle and the gluconeogenic
reactions only. This can be understood by inspecting Figure 2. To
consume 1 mol of AcCoA, 1 mol of OAA is needed. Going around
the Krebs cycle, this produces 1 mol of OAA. To produce G6P
via PEP, one more mole of OAA would be needed. This cannot
be formed at steady state, though. Another explanation is that two
carbons enter the Krebs cycle by AcCoA and two leave it in the form
of CO2 (not shown in the Figures). Therefore, no carbon net flux
can go to glucose. Nevertheless, if AcCoA is radioactively labeled,
some of the labeled carbons flow to G6P because there is a connected
route linking AcCoA with G6P and because some carbon atoms are
actually transferred along the entire route. For example, if carbon 1
in acetate is labelled, then tracer is detected at carbons 3 and 4 in
glucose (Weinman et al., 1957).

Then, we allowed for a carbon influx into the Krebs cycle from
an additional source, for example, amino acids because this had also
been analysed in Weinman et al. (1957). To simulate this, we added
external reactions that enable the influx of the glucogenic amino
acids glutamate, aspartate or alanine into the system (extended first
model). This increased the number of EMs to 18. Among these,

Fig. 2. Two EMs of the model without glyoxylate cycle and no entry of
external amino acids, where AcCoA is consumed (empty and full dashed
arrows). The mode shown in full dashed arrows is the usual Krebs cycle.

Fig. 3. Two EMs of the model with glyoxylate cycle and no external reaction
of amino acids, where AcCoA is consumed (empty and full dashed arrows)
and G6P produced. The mode shown in full dashed arrows is the usual
glyoxylate cycle.

five modes connect one of the amino acids each to G6P using
at least OAA or 2-oxoglutarate as intermediaries (Supplementary
Material). Thus, glucogenic amino acids can really generate a carbon
flux towards G6P synthesis. The number of modes using an influx
of AcCoA remained the same and none of those modes could
synthesize G6P.

The second model contains the glyoxylate cycle, yet no influx
from amino acids. This model gives rise to 11 EMs, two of which
convert AcCoA to G6P, using isocitrate lyase and malate synthase
in the glyoxylate shunt. Moreover, these two modes use part of
the Krebs cycle (Fig. 3). The two modes differ in the use of the
malic enzyme (ME1) and pyruvate carboxylase (PC) versus malate
dehydrogenase (MDH). These results reinforce the hypothesis that
the synthesis of glucose from fatty acids through the Krebs cycle is
possible in the presence of enzymes from the glyoxylate cycle.
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Fig. 4. Best scored path obtained from PathFinding with query 1. It involves
part of the phosphotransferase system (PTS) present in bacteria only and is,
thus, not relevant for humans. Moreover, no atom is transferred from AcCoA
to G6P on that route. Weight = 178.0.

3.2 Graph-theoretical analysis
PathFinding at first glance has one major disadvantage when
compared with PHT because it does not have an option to choose
between different organisms. Therefore, we filtered the results by
choosing, from the output, those enzymes that are present in humans.
That information can easily be obtained from KEGG.

We queried PathFinding (April, 2008) to indicate 50 paths leading
from AcCoA to G6P, and PathFinding is indeed able to detect that
many. Figure 4 shows the path with the best score. However, from the
molecular point of view, this path is not valid because it consumes
D-glucose to produce G6P and, in the second and third reactions,
only orthophosphate is transferred. In fact, not a single atom from
AcCoA is transferred to G6P on that route. All of the paths generated
for the first query are not present in humans, as results from a check
with KEGG data.

Now we tried to find paths present in humans by splitting the path
into two, choosing an intermediary metabolite that would connect
both paths. The first metabolite chosen was (s)-malate (KEGG
entry C00149) which takes part in the Krebs cycle and in the
malate–aspartate shuttle as a precursor of OAA. Other metabolites
chosen were phosphoenolpyruvate (PEP, KEGG entry C00074) and
pyruvate (KEGG entry C00022) which are central metabolites in
glycolysis and gluconeogenesis (Table 1). The only query that did
not output any result was query 6 (data not shown). The number of
the paths (within the output list) present in human is represented in
Table 1. The only paths connecting AcCoA to G6P were obtained
combining query 4 with query 5, using PEP as intermediary.

Regarding the weight range of the paths, the lower the weight
is, the more significant should be the path. For the paths shown
in Table 1, the weight range seems to be in an acceptable range
because the weights of the two paths resulting from query 7, which
correspond to gluconeogenesis, are 210 and 211.

In the results of PathFinding, the connection between different
reactions is established by cofactors, such as ITP, IDP, dATP and
dADP. However, these compounds are not responsible for the carbon
net flux. Figure 5 represents one of the possible connections between
AcCoAto G6P when PEP is predefined as an obligatory intermediate.
All the other possible paths are combinations between paths of
queries 4 and 5. Additionally, it can be noted in Figure 5 that neither
of the depicted paths is balanced at steady state.

PHT is easier to handle due to the organism selection option
which enables one to choose only paths present in humans. Two
other features of this algorithm are ‘Atom Mapper’ (molecular
local similarity) and ‘Atom Tracer’ (molecular global similarity),
which can be used to improve the results quality though they

Table 1. Queries of PathFinding and retrieved paths present in humans

Paths present in humans

Query Start Stop Number Weight Range

1 AcCoA G6P — (178–203)

2 AcCoA Mal — (85–204)
3 Mal G6P 43 101

4 AcCoA PEP 2; 16; 17 199–206
5 PEP G6P 6; 16; 17; 35 78–87

6 AcCoA Pyr — —
7 Pyr G6P 44; 47 210–211

Weight ranges of paths not present in humans are given in parentheses. Tool options:
Maximum weight = 2500; Maximum metabolic steps = 50; Mode = Weighted; Number
of pathways = 50.

(a) (b)

Fig. 5. (a) Path 2 from the results of PathFinding query 4; (b) Path 16
from the results of PathFinding query 5. Grey ellipses, external metabolites;
white ellipses, internal metabolites; grey diamonds, irreversible reactions;
white diamonds, reversible reactions. External reactions ex_AcCoA, ex_PEP,
ex_G6P added a posteriori for EMA.

may not work properly when metabolites do not have a defined
structure, like macromolecules. In our analysis, activating both
features simultaneously did not produce any paths. For this reason,
we tested different combinations of these molecular similarity
options (Supplementary Material). In Figure 6, the results obtained
with PHT (April, 2008) by switching the ‘Atom Mapper’ on and
leaving ‘Atom Tracer’ switched off and by switching both options
off are shown.

The results from PHT are better regarding side metabolites
because the chemical structure information is used to identify them
(Fig. 6). The results of this algorithm were analysed by EMs.
However, no such mode could be found, that is, there is no enzyme
set capable of converting AcCoA to G6P. The path in Figure 6a
resembles gluconeogenesis but is not balanced at steady state. This
can clearly be seen in the figure because glycerone phosphate (GP)
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(a) (b)

(c)

Fig. 6. (a) First result obtained by PHT for the conversion of AcCoA to G6P,
with the features ‘Atom Mapper’ and ‘Atom Tracer’ switched off. (b) Result
for the same query with the features ‘Atom Mapper’ and ‘Atom Tracer’
switched on and off, respectively. Grey ellipses, external metabolites; white
ellipses, internal metabolites; grey diamonds, irreversible reactions, white
diamonds, reversible reactions. External reactions ex_AcCoA and ex_G6P
added a posteriori for EMA. (c) Scheme of part of the path shown in (b).
There is no steady-state conversion of AcCoA to GlcN6P. For simplicity, the
external metabolites were removed and reactions R00227 and R00235 were
combined into one.

would be consumed in that path but not replenished. This imbalance
can be resolved by including triose-phosphate isomerase, which
interconverts G3P and GP. However, EMA shows that even in that
case, transforming AcCoA to G6P is impossible at steady state
because OAA is not balanced.

The path in Figure 6b can be shortened if we take into
account the different levels of specificity at which substances are
indicated in the KEGG database. In reaction R01067, generic
D-fructose 6-phosphate (F6P) is indicated, while in reactions R01830
and R02740, β-D-fructose 6-phosphate (bF6P) is given. Even if
reaction R01067 uses both the α and β forms of F6P, the detour via
reactions R01067 and R01830 (both of which refer to transketolase,

EC 2.2.1.1) is unnecessary, since bF6P spontaneously anomerises to
a mixture of α and β F6P (cf. Stryer, 1995). That means, F6P could
be converted directly to G6P by phosphogluco-isomerase (R02740).
Moreover, from the structure of the path in Figure 6b, it is possible
to identify the cycle schematically represented in Figure 6c . Equal
amounts of D-glucosamine 6-phosphate (GlcN6P) are produced and
consumed in the cycle, so that no drain to synthesize F6P is possible.
Therefore, it cannot function as a pathway at steady state because
GlcN6P cannot be balanced.

Looking carefully at the metabolite chemical structure in the cycle
shown in Figures 6b and c, it can be seen that the atoms from the
acetyl group transferred from AcCoA are not present in GlcN6P,
which is connected to the rest of the path linking to G6P.

To demonstrate the generality of our results, we have
checked another example, which concerns the question whether
a pathway connecting G6P with pyruvate in bacteria lacking
phosphofructokinase and G6P dehydrogenase exists. Pollack et al.
(1997) proposed that such a pathway would exist in Mycoplasma
hominis. Since M.hominis is not completely sequenced, its
metabolism is not available from KEGG or similar databases.
However, the completely sequenced Bordetella pertussis is
comparable because in its genome, genes for phosphofructokinase
and for the enzymes of the oxidative pentose pathway were not found
(Armstrong and Gross, 2007). For (whatever) bacteria lacking the
above-mentioned enzymes, an EMA had been performed in Schuster
et al. (1999). It shows that G6P cannot then be converted to G3P
at steady state by the glycolysis/pentose phosphate pathway system
and, thus, neither to pyruvate, although there is a connected route
between them via the non-oxidative pentose phosphate pathway.
Interestingly, both PHT and PathFinding output such a route (results
given in the Supplementary Material).

4 CONCLUSIONS
It has long been considered that given an input of AcCoA
from the breakdown of fatty acids or ketogenic amino acids,
it is impossible for animals (except nematodes) to achieve net
synthesis of glucose from this precursor by the Krebs cycle
and gluconeogenesis. Although 14C-labelled isotopes can pass
along this apparent pathway, animals cannot make glucose from
two-carbon precursors in substantial amounts at a sustained
steady state.

By applying the method of EMs, we have here substantiated this
fact and that, when the set of enzymes involved in the glyoxylate
shunt are added, the system can synthesize glucose out of AcCoA.
Green plants, many bacteria (cf. Stryer, 1995) and fungi (cf. Deacon,
2006) harbour that shunt and are indeed capable of converting
AcCoA into glucose at steady state.

We have elaborated on an earlier sketch of a pathway analysis of
the lipid-to-sugar transformation (Schuster and Fell, 2007). Among
other extensions, we have here studied the possibility of amino acid
consumption, have compared several path finding methods and have
given a historical review of the subject. It should be noted that we
have restricted our analysis to the Krebs cycle (optionally allowing
the influx of amino acids), glyoxylate shunt and gluconeogenesis.
It cannot be excluded that a conversion of fatty acids into sugars
is found when larger (perhaps genome-scale) metabolic networks
in animals are studied. Indeed, already Weinman et al. (1957)

2619

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

atics/article/24/22/2615/185366 by guest on 16 August 2022



L.F.de Figueiredo et al.

mentioned the possibility of a conversion via acetone or acetoacetyl-
CoA (see below), and this has been supported by subsequent studies
(Hetenyi and Ferrarotto, 1985; Reichard et al., 1979).

Moreover, there appear to be various pathways alternative to
the glyoxylate shunt or even the Krebs cycle in some bacteria (cf.
Ensign, 2006). For example, in Rhodobacter sphaeroides, 2 mol of
AcCoA can be condensed to acetoacetyl-CoA and converted further
to malate and succinate in a series of condensation, rearrangement
and carboxylation reactions (cf. Ensign, 2006). In some Archaeans,
such as Ignicoccus hospitalis, AcCoA can be carboxylated by
pyruvate synthase to give pyruvate (Jahn et al., 2007).

The stoichiometry plays an important role in the question under
study putting in evidence a molecular constraint. The acetyl group,
which is a two-carbon group, enters the Krebs cycle as AcCoA and
in two successive reactions, catalyzed by isocitrate dehydrogenase
and α-ketoglutarate dehydrogenase, two carbons are converted into
carbon dioxide and leave the cycle, although these are not the same
atoms (Weinman et al., 1957). Thus, the net carbon balance of an
entire turn of the Krebs cycle is zero and the only way to synthesize
glucose is to circumvent these decarboxylations or add a carbon
source other than AcCoA. Another explanation of the role of the
glyoxylate shunt is that it balances synthesis and use of OAA (see
Section 3.1). In the absence of the glyoxylate shunt, a net flux of
carbons from other carbon sources, like glucogenic amino acids, to
G6P via the Krebs cycle is possible, in agreement with the work by
Weinman et al. (1957).

The results presented above also indicate that automated pathway
analysis is difficult. This is due to errors in metabolic databases
(Poolman et al., 2006), to ontological problems such as pointed
out in Section 3.2 for the α and β forms of F6P, and to
combinatorial explosion in large networks (Klamt and Stelling,
2002). Therefore, we advocate that, at the present stage, metabolic
networks constructed by extraction from databases should be
checked carefully.

The information about network properties obtained by EMA is
complementary to that derived from graph theory-based methods
because of the high frequency of reactions with more than one
substrate or product (e.g. bimolecular reactions) in metabolic
networks. Due to the presence of such reactions, connectedness of
a network does not necessarily imply a steady-state flow. Metabolic
networks are more complicated than graphs in the sense of graph
theory. Mathematically, they are hypergraphs.

Several authors have used graph-theoretical concepts to define
metabolic pathways (Croes et al., 2005, 2006; Jeong et al., 2000;
Ma and Zeng, 2003; Ma et al., 2004; Rahman et al., 2005; Seo et al.,
2001). In large-scale networks, these methods are indeed easier to
apply than stoichiometric methods. However, paths traced on graphs
may not be competent metabolic pathways. This is illustrated by
the example of conversion of fatty acids into sugars. To make a
distinction between (a) connected routes in the sense of graph theory
and (b) pathways that are able to carry a net flux at steady state, a
distinction in terminology appears to be necessary and helpful. The
terms path and pathway could be used for (a) and (b), respectively
(cf. Beasley and Planes, 2007; Planes and Beasley, 2008). Routes
detected by graph theory are of interest, for example, for the flow
of radioactive tracer.

We here critically examined two tools for finding paths,
PathFinding and PHT. They did succeed in finding paths connecting
AcCoA to glucose. However, none of them is a biochemically

relevant pathway. Though the paths generated by these algorithms
are connected they cannot, at steady state, synthesize G6P out of
AcCoA and some do not even realize an overall transfer of carbon
atoms. This example illustrates that if only the connectedness of the
graph is considered and the stoichiometric constraints are neglected,
then it is likely that non-functional pathways will be postulated.
Another example is monosaccharide metabolism in M. hominis
and B. pertussis, for which graph-theoretical methods again predict
invalid pathways from G6P to pyruvate.

Another drawback of the graph-theoretical approaches mentioned
above (methods using bipartite graphs excepted) is that cycles cannot
be easily obtained because they search for linear paths that connect
metabolite A to metabolite B not taking into account metabolites that
are not synthesized by the path. Nevertheless, as the paths found in
the results of PathFinding and PHT (see Section 3.2) show, certain
types of cycles can be obtained. One type can occur where there is
more than one reaction synthesizing the same product using the same
substrate (like the reaction converting 3PGP into G3P in Fig. 6a).
Another type can be obtained when one of the substrates in a path
(such as GlcNAc6P in Fig. 6b) occurs as a product of a reaction
further down in the path. As observed in the above results of the
programs PHT and PathFinding, it is not possible to obtain a non-
trivial cycle or cyclic pathways like the Krebs cycle using these
algorithms, probably also due to the fact that they search for the
shortest pathway or the pathway with the lowest weight. It is a well-
known biochemical fact that complex metabolisms involve cyclic
pathways, such as the Krebs cycle or the urea cycle. Therefore,
algorithms for detecting them are useful.

One option for using graph-theoretical methods also for detecting
pathways is to use the theory of Petri nets, which are bipartite graphs.
Metabolites and reactions are then represented by two different
types of nodes (cf. Koch et al., 2005; Zevedei-Oancea and Schuster,
2003). Another option (used here) is to choose an algebraic treatment
such as in EMA, which properly takes into account stoichiometry.
The problem of combinatorial explosion in large networks could
be solved by using linear programming approaches, by which only
specific pathways are computed (Beasley and Planes, 2007; Feist and
Palsson, 2008; Fell and Small, 1986). However, a fully automated
solution cannot easily be achieved by such approaches either because
the proper definition of side metabolites is context dependent.
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