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I. Introduction

Sensing, uptake and metabolism of available
nutrients is a prerequisite for all living organ-
isms in order to proliferate, compete and main-
tain in the environment. Besides bacteria, fungi
play a major role in carbon and nitrogen
cycling by utilising plant-derived organic mat-
ter for growth. A large number of fungi are
found as free-living saprophytes in the soil,
and these species are generally able to synthe-

sise all 20 proteinogenic amino acids de novo
and do not depend on the external supply of
vitamins. On the other hand, some fungi have
specifically adapted to a pathogenic lifestyle
infecting plants, insects or mammals. Although
pathogenic adaptations may have led to the
development of specific infection strategies
that are unique to the pathogenic species,
these adaptations can also lead to the loss of
certain metabolic capacities that must be com-
pensated by nutrient acquisition from the
infected host. Extreme examples for such an
adaptation are the Microsporidia, which are
obligate intracellular pathogens that can infect
a wide variety of animals from different phyla
(Cuomo et al. 2012). Microsporidia seem to
form the earliest branching clade within the
sequenced fungi and have adapted to modulate
the infected host cells to provide essential nutri-
ents. These pathogens express specific nucleo-
tide transporters to acquire these essential
components from the host cells, because they
have lost the capacity of de novo nucleotide
synthesis. Additionally, they export hexokinases
to the host cell, which most likely leads to acti-
vation of host storage sugars and increases the
production of building blocks that are used by
the pathogen for rapid proliferation (Cuomo
et al. 2012). Another, but less dramatic form
of adaptation that impacts cata- and anabolism
is the synergism of fungi with phototrophic
organisms such as algae or plants. In case of a
synergism with algae - green algae and/or cya-
nobacteria - the resulting species are called
lichens, which are able to colonise extreme
environments (Stocker-Wörgötter 2008). How-
ever, in contrast to the Microsporidia, several
fungal species identified from lichens can still
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be cultivated without their interacting partner
(Crittenden et al. 1995). Specialised fungi that
grow in synergistic association with plant roots
form a so-called mycorrhiza. Depending on
the mode of interaction with plant roots,
mycorrhizae can be subdivided into endo- or
arbuscular mycorrhizae and the ectomycor-
rhiza (Balestrini and Bonfante 2014). How-
ever, regardless of the detailed interaction,
the common feature is that the fungus obtains
sugars from plant photosynthesis and delivers
inorganic substrates such as nitrogen and
phosphorous to the plant cell (Nehls et al.
2007; Fellbaum et al. 2014). In this respect,
especially those fungi forming an endomycor-
rhiza are frequently unable to proliferate
without the direct interaction with their host
or synergistic partner, which also results in
adapted regulation of fungal metabolism that
changes in contact with the host (Trepanier
et al. 2005).

The way of nutrient acquisition and meta-
bolic properties makes fungi also interesting
for a wide variety of technologic applications.
Small nutritive molecules such as sugars can
easily diffuse through the fungal cell wall and
penetrate the membrane by specific transpor-
ters. In contrast, large and insoluble polymers
cannot be consumed by this uptake mecha-
nism. Thus, fungi that degrade plant material
need to secrete enzymes that decompose poly-
mers like cellulose, pectin or lignin outside the
cell (Hori et al. 2013). The resulting monomers
from these hydrolyses are then taken up and
metabolised. Therefore, fungi are interesting
organisms for the production of cellulases,
xylanase, pectinases, amylases and other
hydrolysing enzymes (Chi et al. 2009; Abdeljalil
et al. 2013; Tiwari et al. 2013; Tu et al. 2013).
Furthermore, besides secreted enzymes some of
the metabolic intermediates that are secreted by
a variety of fungi are of major importance in
our daily life. Yeasts, with the prominent exam-
ple of baker’s yeast Saccharomyces cerevisiae,
tend to rapidly metabolise glucose by fermen-
tation accompanied by the secretion of ethanol,
acetate and glycerol (Woo et al. 2014). In con-
trast to yeasts, filamentous fungi tend to prefer
complete substrate oxidation to carbon diox-
ide. However, under certain conditions some

filamentous fungi secrete large amounts of
organic acids such as the citric acid producer
Aspergillus niger (Papagianni 2007) or the ita-
conic acid producer Aspergillus terreus (Kle-
ment and Buchs 2013).

In conclusion, despite a sometimes very
close phylogenetic relationship, the metabolic
capacities of fungi show great diversity. Even
more, some fungi have developed different
metabolic pathways or strategies to make a
given nutrient available. In this chapter selected
metabolic pathways will be introduced that
provide examples for metabolic diversity in
fungi.

II. Propionyl-CoA, A Common
Metabolic Intermediate

Propionyl-CoA is an activated short-chain fatty
acid that can derive from the direct activation
of propionate, the degradation of odd-chain
fatty acids, the side chain of cholesterol and
some amino acids such as isoleucine, valine
and methionine (Maerker et al. 2005; Ballhau-
sen et al. 2009). Interestingly, propionic acid, its
potassium, calcium and sodium salts are used
as preservatives (Coblentz et al. 2013). Espe-
cially feed of cattle is frequently enriched with
propionate. This has two reasons. First, due to
its ability to reduce growth of fungi, the addi-
tion of propionate prevents feed from getting
mouldy and, thus, reduces the amount of toxins
that is produced by several fungal species
(Marin et al. 1999; Alam et al. 2010). Second,
addition of propionate prevents or reduces
metabolic ketoacidosis in cattle and sheep
(Emmanuel and Kennelly 1984; Bigner et al.
1997). The reason for this is the ability of mam-
mals to convert activated propionate via the
methylmalonyl-CoA pathway into succinyl-
CoA, an intermediate of the citric acid cycle
with its end product oxaloacetate (Aschenbach
et al. 2010). Oxaloacetate is an essential accep-
tor molecule for acetyl-CoA units that derive
from b-oxidation of fatty acids. Additionally,
oxaloacetate is required for gluconeogenesis to
produce sugar molecules and is, thus, removed
from the citric acid cycle and needs to be regen-
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erated. Since mammals cannot produce oxalo-
acetate de novo from acetyl-CoA units, a lack of
oxaloacetate can lead to severe ketoacidosis due
to an arrest of fatty acid oxidation (Aschenbach
et al. 2010). Thus, feeding of propionate can
replenish the pool of oxaloacetate. In the
methylmalonyl-CoA pathway, propionate is first
carboxylated to yield S-methylmalonyl-CoA,
which is subsequently converted into R-methyl-

malonyl-CoA via a specific racemase (Fig. 14.1).
Then, a rearrangement of the carbon skeleton is
required to convert the methylmalonyl-CoA into
succinyl-CoA. This reaction is performed via a
radical mechanism that is catalysed by the
methylmalonyl-CoA mutase in the presence of
the essential cofactor 50deoxyadenosylcobalamin
(coenzyme B12) (Takahashi-Iniguez et al. 2012).
Interestingly, despite the importance of

Fig. 14.1 Scheme of propionyl-CoA degradation path-
ways. Left: the methylmalonyl-CoA pathway leading to
the formation of succinyl-CoA. This pathway is not
present in fungi due to its dependence on coenzyme
B12 as a cofactor in methylmalonyl-CoA mutase. 1
propionyl-CoA carboxylase, 2 methylmalonyl-CoA
racemase, 3 methylmalonyl-CoA mutase. Centre: the
methylcitrate cycle leading to the formation of pyru-
vate. This cycle is the main pathway for propionyl-CoA
degradation in Ascomycetes and Basidiomycetes. 4

methylcitrate synthase, 5 methylcitrate dehydratase, 6
aconitase (methylisocitrate dehydratase), 7 methyliso-
citrate lyase. For details on the de- and rehydration
reactions of (5) and (6), refer to the main text. Right:
the 3-hydroxypropionate pathway leading to acetyl-
CoA. This pathway is present in yeasts of the CUG
clade. 8 acyl-CoA oxidase, 9 enoyl-CoA hydratase,
10 3-hydroxypropionyl-CoA hydrolase, 11 3-
hydroxypropionate dehydrogenase, 12 malonate semi-
aldehyde dehydrogenase
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propionyl-CoA degradation pathways, mammals
do not possess genes to produce the cofactor and
depend on the uptake of vitamin B12 from the
diet (Jiang et al. 2013). Similarly, fungi are unable
to produce coenzyme B12, and a sufficient uptake
from the environment is unlikely. Moreover,
enzymatic activity determinations (Ledley et al.
1991) and genome analyses show that no gene for
a methylmalonyl-CoA mutase is present (Otzen
et al. 2014). Thus, since propionate is an abun-
dant carbon source in the soil environment and
propionyl-CoA is a common metabolic interme-
diate, alternative pathways for propionyl-CoA
degradation need to exist.

The first report for such an alternative
pathway derived from investigations on the
yeast Yarrowia lipolytica that was grown on n-
paraffins (Tabuchi and Hara 1974). A mutant of
this yeast accumulated methylisocitrate in the
growth medium, and the so-called methylci-
trate cycle was postulated. Although enzymatic
activities of some of the enzymes required for a
methylcitrate cycle had been identified (Tabu-
chi and Uchiyama 1975), the genome sequence
of Y. lipolytica was not available, and several
questions on this pathway remained unad-
dressed. However, since this pathway was also
detected in some bacteria, subsequent analyses
on fungi and bacteria led to a more complete
picture on the degradation of propionyl-CoA
via this cycle.

A. Degradation of Propionyl-CoA via the
Methylcitrate Cycle

First, we will start with a short overview of the
reactions of the methylcitrate cycle (Fig. 14.1). It
is now well established that the methylcitrate
cycle starts with the condensation of
propionyl-CoA with oxaloacetate to yield
methylcitrate (Brock et al. 2000; Domin et al.
2009; Chittori et al. 2010; Kobayashi et al. 2013).
This first intermediate undergoes a two-step de-
and rehydration reaction to form methylisoci-
trate (Horswill and Escalante-Semerena 2001;
Brock et al. 2002), which is subsequently cleaved
into succinate and pyruvate and, thus, resem-
bles an a-oxidation of pyruvate (Brock et al.
2001).

In bacteria, genes of the methylcitrate cycle
are organised in a so-called prp operon from
which at least two different main types exist.
The first type is found in bacteria such as
Escherichia coli or Salmonella enterica (Textor
et al. 1997; Tsang et al. 1998). It contains genes
for the regulator PrpR, the methylisocitrate
lyase PrpB, the methylcitrate synthase PrpC,
the methylcitrate dehydratase PrpD and the
propionyl-CoA synthetase PrpE. The second
class of bacterial prp operons contains a gene
substitution in which the prpD gene is replaced
by two other genes called prpF and acnD. This
type is present, for example, in Vibrio cholerae
or Shewanella oneidensis (Grimek and
Escalante-Semerena 2004).

This gene replacement is of interest, because it indi-
cates a special problem in the dehydration reaction of
methylcitrate. Methylcitrate synthase produces (2S,
3S)-2-methylcitrate (Brock et al. 2000) and the product
of an PrpD-catalysed dehydration reaction is cis-2-
methylaconitate (Brock et al. 2002). Thus, a dehydrat-
ing enzyme must perform a syn-elimination of water
for the direct generation of cis-2-methylaconitate
(Fig. 14.1). However, b-eliminations of water, in which
a proton is removed adjacent to a carboxylate anion,
generally follow an antistereochemical mechanism
(Creighton and Murthy 1990; Brock et al. 2000). There-
fore, the methylcitrate dehydratase might catalyse two
reactions: (1) the elimination of water from the C3–C4
bond of (2S, 3S)-2-methylcitrate, leading to g-methyla-
conitate, which is (2) subsequently isomerised via a D-
isomerase activity into cis-2-methylaconitate. Although
experimental evidence for such a mechanism is lacking,
the replacement of the prpD gene by prpF and acnD in
some bacterial prp-operons strongly points to a com-
mon dehydration/isomerisation mechanism. AcnD is
an aconitase like enzyme that performs the dehydration
of (2S, 3S)-2-methylcitrate leading to a methylaconitate
molecule with yet unknown stereochemistry (Grimek
and Escalante-Semerena 2004). However, it is unlikely
that cis-2-methylaconitate is formed by this reaction,
since AcnD alone cannot replace PrpD in S. enterica
and does not generate a product that can be used by a
citric acid cycle aconitase for rehydration. Since PrpF
was shown to isomerise trans-aconitate into cis-aconi-
tate, it can be assumed that PrpF acts as an isomerase
on a trans-methylaconitate isomer that might be pro-
duced by AcnD to yield cis-2-methylaconitate (Garvey
et al. 2007).

In fungi the methylcitrate cycle seems to
follow the E. coli and S. enterica reaction
mechanisms. A methylcitrate synthase
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(McsA) that is specifically induced in the pres-
ence of propionyl-CoA-generating nutrient
sources initially forms methylcitrate from
propionyl-CoA and oxaloacetate as shown for
several fungi such as Aspergillus nidulans (Brock
et al. 2000), Aspergillus fumigatus (Maerker et al.
2005), Fusarium species (Domin et al. 2009) and
Saccharomyces cerevisiae (Graybill et al. 2007).
The methylcitrate stereoisomer formed in this
reaction is (2S, 3S)-2-methylcitrate as determined
for the bacterial pathway. Since a deletion of the
mcsA gene in Aspergillus spp. leads to accumula-
tion of propionyl-CoA with severe disturbance of
primary and secondary metabolism (Brock and
Buckel 2004; Zhang et al. 2004), no alternative
pathways for propionyl-CoA degradation seem
to exist in these fungi. From an evolutionary
point of view, methylcitrate synthases may have
evolved from the citric acid cycle citrate synthase,
because gene and protein alignments reveal>
50 % sequence identity (Brock et al. 2000).

The formation of methylcitrate is followed
by de- and rehydration reactions. Although
hardly investigated in fungi, preliminary ana-
lyses indicate that the dehydration is performed
by a methylcitrate dehydratase (McdA) that
possesses 50–60 % sequence identity to PrpD
from E. coli (unpublished). Interestingly,
except for a few itaconate-producing fungi
such as Aspergillus terreus and Aspergillus ita-
conicus that possess a cis-aconitate decarboxyl-
ase with sequence similarity to methylcitrate
dehydratases (Kanamasa et al. 2008; Steiger
et al. 2013), no other enzymes similar to McdA
are encoded in fungal genomes. This indicates
that fungal methylcitrate dehydratases were
directly acquired from a bacterial source. The
subsequent rehydration of cis-2-methylaconi-
tate is most likely performed by a citric acid
cycle aconitase, as shown for E. coli and S.
enterica (Horswill and Escalante-Semerena
2001; Brock et al. 2002). This is possible,
because cis-2-methylaconitate fits into the
active site of aconitases when bound in the
isocitrate mode resulting in (2R, 3S)-2-methy-
lisocitrate (Lauble and Stout 1995).

The final pathway-specific reaction is the
cleavage of (2R, 3S)-2-methylisocitrate into
succinate and pyruvate by a methylisocitrate
lyase. Succinate can be used to replenish the

oxaloacetate pool, whereas pyruvate can be
used for gluconeogenesis or energy metabo-
lism. Phylogenetic analyses of fungal methyli-
socitrate lyases have shown that these enzymes
likely evolved from the isocitrate lyase of the
glyoxylate cycle (Müller et al. 2011) that cleaves
isocitrate into succinate and glyoxylate (for fur-
ther details of the glyoxylate cycle, see below
and Fig. 14.2). However, the bacterial methyli-
socitrate lyases only share low sequence iden-
tity to isocitrate lyases and fungal
methylisocitrate lyases, indicating an indepen-
dent evolution of bacterial and fungal methyli-
socitrate lyases (Müller et al. 2011).
Nevertheless, the structural fold of methylisoci-
trate lyases appears to be conserved (Liu et al.
2005), and a specific active site motif required
to harbour the methyl group of methylisocitrate
is conserved in these independently evolved
enzymes (Müller et al. 2011). This shows that
nature developed the same enzymatic solution
for a specific metabolic problem.

B. Alternative Propionyl-CoA Degradation
Pathways in Fungi

The methylcitrate cycle appears as the main
metabolic pathway in fungi to cope with the
metabolic intermediate propionyl-CoA. Key
enzymes such as the methylcitrate synthase
can be found encoded in genomes of Basidio-
mycetes and most Ascomycetes (Müller et al.
2011). However, by searching the currently
available genomes of Zygomycetes, no homolo-
gous genes are detected. This indicates either
that the fungal methylcitrate cycle has specifi-
cally evolved in a common ancestor of Basidio-
mycetes and Ascomycetes after the branch from
the Zygomycetes or that the genes have been
completely lost in the latter groups. Thus, it
has remained unclear by which mechanisms
Zygomycetes metabolise propionyl-CoA. How-
ever, even more surprisingly, the so-called CUG
clade of the Saccharomycetales, among them
the important human pathogen Candida albi-
cans, is also lacking methylcitrate cycle genes,
and no activities for methylcitrate cycle
enzymes can be detected from cell-free extracts
(Otzen et al. 2014).
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Fig. 14.2 Scheme of the glyoxylate cycle and its con-
nection to gluconeogenesis. The glyoxylate cycle uses
acetyl-CoA units for the anaplerosis of oxaloacetate.
Acetyl-CoA condenses with oxaloacetate to form cit-
rate, which is isomerised to isocitrate. The glyoxylate
cycle-specific isocitrate lyase (ICL) cleaves isocitrate
into succinate and glyoxylate. Succinate is regenerated
by citric acid cycle enzymes to malate. Glyoxylate is
condensed via malate synthase (MLS) to malate, which

is oxidised to oxaloacetate and can enter gluconeogen-
esis (grey box). Green part in centre: yeasts decarboxyl-
ate cytosolic pyruvate via pyruvate decarboxylase
(PDC) to acetyl-CoA. To enter gluconeogenesis,
acetyl-CoA must be converted to oxaloacetate via the
glyoxylate cycle. In filamentous fungi, pyruvate carbox-
ylase (PC) carboxylates pyruvate to oxaloacetate, which
can directly enter gluconeogenesis without the need for
the glyoxylate cycle
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Nevertheless, C. albicans is able to grow, though at low
rates, on propionate and its growth is well supported
on the odd-chain fatty acid valerate that is composed
of five carbon units (Otzen et al. 2014). A valerate
degradation via b-oxidation leads to equal amounts of
acetyl- and propionyl-CoA. Since an intracellular accu-
mulation of propionyl-CoA would interfere with other
enzymatic reactions dealing with CoA-ester substrates
such as the pyruvate dehydrogenase complex or the
succinyl-CoA synthetase, an efficient removal of
propionyl-CoA is also essentially required (Brock and
Buckel 2004).

An alternative pathway for propionyl-CoA
degradation had been suggested for some
insects and plants that proceeds via the key
intermediate 3-hydroxypropionate and finally
ends in the formation of acetyl-CoA (Halarnkar
and Blomquist 1989). However, experimental
evidence for the existence of the respective
enzymes was mostly lacking. This has recently
changed by analysing the proteome and tran-
scriptome of C. albicans cells grown on propio-
nate or valerate medium (Otzen et al. 2014). As
depicted in Fig. 14.1, it is assumed that
propionyl-CoA initially enters the normal path-
way of b-oxidation where a fatty acid oxidase
generates acryloyl-CoA. In the next step
acryloyl-CoA is hydrated by the bifunctional
enoyl-CoA hydratase/dehydrogenase yielding
3-hydroxypropionyl-CoA. This intermediate is
transported from peroxisomes to mitochon-
dria, where the specific enzymes of the 3-
hydroxypropionate pathway are located. A
hydroxypropionyl-CoA hydrolase cleaves the
CoA-ester, which leads to the intermediate 3-
hydroxypropionate. This key intermediate is
oxidised to malonate semialdehyde as shown
by enzymatic characterisation of the essential
3-hydroxypropionate dehydrogenase. Addi-
tionally, a 3-hydroxypropionate dehydrogenase
deletion mutant accumulates significant
amounts of 3-hydroxypropionate when grown
on acetate/propionate or valerate containing
medium (Otzen et al. 2014). Finally, malonate
semialdehyde is oxidatively decarboxylated to
yield acetyl-CoA via an aldehyde dehydroge-
nase.

Although the 3-hydroxypropionate path-
way is very elegantly used to degrade
propionyl-CoA and to provide mitochondrial

acetyl-CoA, it also causes a severe problem for
C. albicans. While filamentous Ascomycetes are
able to transport mitochondrial acetyl-CoA into
the cytosol by using an export of citrate with
subsequent cytosolic acetyl-CoA formation via
ATP citrate lyase, this latter enzyme is not pres-
ent in C. albicans (Hynes and Murray 2010).
Therefore, acetyl-CoA is trapped within mito-
chondria and can only be used for energy
metabolism but not for anabolic processes.
This may explain the very low growth rate of
C. albicans on propionate. On the other hand,
growth on valerate is well supported.

Valerate first undergoes one round of b-
oxidation, which leads to the formation of per-
oxisomal acetyl-CoA, whereas the resulting
propionyl-CoA forms mitochondrial acetyl-
CoA. The peroxisomal acetyl-CoA can now be
used for biosynthetic purposes via conversion
by the malate forming glyoxylate cycle, whereas
the mitochondrial acetyl-CoA is available for
energy metabolism. Thus, the modified b-oxi-
dation with a branch into the 3-
hydroxypropionate pathway can be efficiently
used for the utilisation of propionyl-CoA from
fatty acids, but appears less suitable for the
utilisation of propionate. However, the yeast S.
cerevisiae appears, from a phylogenetic and
metabolic point of view, more closely related
to C. albicans than to filamentous Ascomycetes
but metabolises propionate via the methylci-
trate cycle. Nevertheless, it should be men-
tioned that in contrast to filamentous fungi, S.
cerevisiae can only metabolise propionate in
co-metabolism with limited amounts of glucose
and cannot use propionate as sole carbon
source (Pronk et al. 1994). Thus, at least two
questions remain open: (1) Is there a specific
advantage of using either the methylcitrate
cycle or the 3-hydroxypropionate pathway? (2)
At which time did the fungi from the CUG clade
lose the genes of a functional methylcitrate
cycle? An answer to this question might derive
from studies on Zygomycetes. Analyses of cur-
rently available genomes imply that genes for
a methylcitrate cycle are lacking, but there is
no experimental proof for the existence of
a modified b-oxidation pathway via 3-
hydroxypropionate. A survey on currently
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available zygomycete genomes is provided in
Chap. 15. Therefore, Zygomycetes either devel-
oped a third fungal, yet unknown, pathway for
propionyl-CoA degradation or they are using
the C. albicans pathway. If so, the 3-
hydroxypropionate pathway would be more
ancient than the methylcitrate cycle. This
means that modern Basidiomycetes and Asco-
mycetes lost this ancient pathway and devel-
oped the methylcitrate cycle, which might
make them more independent of fatty acid b-
oxidation and produces the more versatile
intermediate pyruvate rather than acetyl-CoA.

III. Growth on Gluconeogenic
Substrates

Sugars are of major importance for fungal
growth and development. The fungal cell wall
is mainly composed of a mixture of glucans
(mainly b-1,3- and b-1,6-glucan), chitin, chito-
san and glycosylated proteins (Free 2013). For
more details on the fungal cell wall please refer
to Chaps. 8 and 9. Additionally, sugars are
required for nucleotide synthesis and for the
provision of building blocks for amino acid
synthesis. Therefore, when cultivated on
sugar-free media, fungi require the de novo
synthesis of glucose via gluconeogenesis. The
common intermediate to initiate gluconeogen-
esis is pyruvate, which is carboxylated to the
energy-rich intermediate oxaloacetate that is
required to circumvent the irreversible pyru-
vate kinase reaction from glycolysis (Hers and
Hue 1983).

As outlined above, propionyl-CoA degrada-
tion via themethylcitrate cycle generates pyruvate,
which is directly suitable for gluconeogenesis. In
contrast, the 3-hydroxypropionate pathway forms
acetyl-CoA, which cannot serve as a direct gluco-
neogenic precursor. Similarly, degradation of fatty
acids via b-oxidation or direct activation of ace-
tate yields acetyl-CoA. The ability of using acetyl-
CoA as a gluconeogenic precursor requires the
action of a specific metabolic pathway, the so-
called glyoxylate cycle (Fig. 14.2). In this cycle
two acetyl units are condensed to yield malate,
which is suitable for gluconeogenesis (Peraza-

Reyes and Berteaux-Lecellier 2013). In humans
genes for a functional glyoxylate cycle are lacking.
Therefore, they are unable to survive for a longer
period with fatty acids as a sole carbon and
energy source although fatty acids are degraded
to acetyl-CoA units that serve for energy
metabolism. Thus, additional nutrients such
as proteins are required to replenish the pool
of biosynthetic precursors during fat-burning
starvation periods frequently resulting in the
degradation of muscle-derived proteins.

In contrast to humans, the glyoxylate cycle
is common to most fungi, which allows them to
live at the expense of fatty acids as sole carbon
and energy source (Dunn et al. 2009). However,
a prominent exception is the model yeast Schi-
zosaccharomyces pombe. Although a gene for
isocitrate lyase, which is one of the two key
enzymes of the cycle, can be identified by
BLAST analyses, its sequence seems to have
accumulated several point mutations that
might have resulted in a loss of function
(Müller et al. 2011). In agreement, no glyoxylate
cycle enzyme activity is detected in S. pombe
and acetate is only utilised in the co-
metabolism with glucose (Tsai et al. 1989).
However, isocitrate lyase is detected in Chytri-
diomycota, Zygomycetes, Basidiomycetes and
Ascomycetes showing that this cycle is very
ancient in the fungal lineage. However, even
among Ascomycetes the regulation, importance
and use of the glyoxylate cycle differ as will be
outlined below.

A. Utilisation of the Glyoxylate Cycle in
Ascomycetes

The glyoxylate cycle branches from the citric
acid cycle and is characterised mainly by two
key enzymes: isocitrate lyase (ICL) and malate
synthase (MLS) (Dunn et al. 2009). Similar to
the citric acid cycle, acetyl-CoA initially con-
denses with oxaloacetate to form citrate, which
is subsequently converted into isocitrate via
aconitase de- and rehydration reactions. While
the citric acid cycle would normally continue
with the first decarboxylation reaction that
yields a-ketoglutarate, isocitrate lyase mediates
a C–C bond cleavage on isocitrate resulting in
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the products glyoxylate and succinate (Fig. 14.2).
While succinate is regenerated to oxaloacetate
in order to replenish the substrate for the initial
citrate synthase reaction, glyoxylate undergoes
a condensation with a second molecule of
acetyl-CoA. This reaction is mediated by MLS
and leads to malate, which is easily oxidised to
oxaloacetate. Thus, from two acetyl units, a new
molecule of oxaloacetate is formed that can be
used for biosynthetic purposes. It should be
mentioned that, in contrast to the mitochon-
drial citric acid cycle, the fungal glyoxylate
cycle is generally located within peroxisomes
(Peraza-Reyes and Berteaux-Lecellier 2013).
This requires additional shuttling of molecules
over compartmental membranes, which will
not be discussed in detail.

In general, activation of expression of the
glyoxylate cycle genes is under control of car-
bon catabolite repression, which means that
glyoxylate cycle genes are not transcribed or
rapidly degraded in the presence of glucose
(De Lucas et al. 1994a, b). In Aspergillus spp.
the main carbon catabolite repressor CreA
binds to the promoter region of the target
genes and interferes with initiation of gene
transcription (Strauss et al. 1999). Similarly, in
the yeast S. cerevisiae, glyoxylate cycle genes are
under negative control of the carbon catabolite
repressor Mig1p (Turcotte et al. 2010).

In the absence of glucose, the carbon catab-
olite repressor does no longer bind to target
promoter sequences. This enables transcription
factors such as the glyoxylate cycle-specific
transcription factor FacB in A. nidulans (Todd
et al. 1998) or the more global gluconeogenic
transcription factors Cat8p, Sip4p, Adr1p and
Rds2p in S. cerevisiae (Soontorngun et al. 2012)
to activate gene expression. Besides this rather
general carbon control mechanism of gene reg-
ulation, the dimorphic pathogenic fungus Para-
coccidioides brasiliensis follows a different
strategy to regulate activation and inactivation
of glyoxylate cycle genes.

P. brasiliensis grows as a filamentous fun-
gus at temperatures below 26 �C, but switches
into yeast growth at elevated temperatures.
Regulation of the glyoxylate cycle in the fila-
mentous form follows the regulation mechan-

isms as seen for Aspergillus spp. However,
regardless of the available nutrient source,
glyoxylate cycle genes are constitutively tran-
scribed when cells are growing in the yeast
form.

Interestingly, although ICL, as a marker for the glyox-
ylate cycle, can be detected by Western blot on all
nutrient sources, ICL activity is only detected on
acetyl-CoA generating nutrient sources, but not on
glucose (Cruz et al. 2011). Two-dimensional gel electro-
phoresis revealed an extensive phosphorylation of ICL
on glucose, which was strongly reduced when yeast
cells were shifted to acetate medium. In addition,
dephosphorylation of ICL that derived from glucose
medium results in strongly increased activity, indicat-
ing that a phosphorylation/dephosphorylation mecha-
nism is responsible for glyoxylate cycle regulation in P.
brasiliensis yeast cells (Cruz et al. 2011).

Besides these different strategies to regulate
the activity of the glyoxylate cycle, the impact of
this cycle on various nutrient sources also dif-
fers among fungi. In Aspergillus spp., the glyox-
ylate cycle is essential when cells are growing
on nutrients exclusively producing acetyl-CoA
such as ethanol, acetate, acetamide or fatty
acids, and the cycle is specifically induced by
FacB (Todd et al. 1997). However, the pathway
is dispensable when growing on peptone or
most amino acids since sufficient pyruvate is
formed that can be carboxylated to oxaloacetate
for gluconeogenic purposes (Brock 2009).
However, this situation differs in yeasts as
shown for C. albicans. Here, isocitrate lyase is
induced in the presence of all gluconeogenic
nutrient sources and during carbon starvation.
Additionally, a C. albicans ICL mutant is unable
to grow on most gluconeogenic nutrient
sources, implying that the glyoxylate cycle is
directly linked with gluconeogenesis (Brock
2009). How is this explained?

First, transcription of the glyoxylate cycle
genes in yeasts seems to be tightly linked with
transcription of genes from gluconeogenesis
(Turcotte et al. 2010). In contrast, this regula-
tion is separated in Aspergillus spp. Here, a
heterodimer of transcription factors AcuM
and AcuK is responsible for activation of glu-
coneogenesis. AcuM and AcuK are always acti-
vated in the absence of glucose, independent of
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an acetyl-CoA-generating nutrient source
(Suzuki et al. 2012), and these transcription
factors are insufficient to induce ICL and MLS.
This requires FacB, the glyoxylate cycle-specific
transcription factor that is only induced in the
presence of nutrients generating acetyl-CoA.

Another difference between yeasts and fila-
mentous fungi is the completeness of substrate
oxidation. Filamentous fungi generally rely on
complete substrate oxidation for gain of energy.
This requires the transport of pyruvate and
acetyl-CoA to mitochondria where oxidative
phosphorylation takes place. In contrast, yeasts
prefer fermentation (Tylicki et al. 2008). Thus,
on glucose yeasts produce ethanol from pyru-
vate. Pyruvate is decarboxylated in the cyto-
plasm via the pyruvate decarboxylase to
acetaldehyde, which is either reduced to etha-
nol or oxidised to acetate (Fig. 14.2). The key
enzyme pyruvate decarboxylase is highly active
on glucose, but expression analyses with a lucif-
erase reporter in C. albicans revealed that the
gene is also strongly transcribed on gluconeo-
genic substrates (Jacobsen et al. 2014). Thus,
cytosolic pyruvate, deriving both from glycoly-
sis and also from the degradation of gluconeo-
genic substrates, is rapidly decarboxylated to
acetaldehyde and might not be amenable to
carboxylation by a mitochondrial pyruvate car-
boxylase. By this strategy large amounts of
cytosolic acetyl-CoA can be generated, which
makes an ATP citrate lyase dispensable. How-
ever, in turn, it requires the glyoxylate cycle to
generate oxaloacetate from acetyl-CoA units for
gluconeogenesis.

In conclusion, the glyoxylate cycle appears
well conserved among fungi, but its regulation
and use differ among fungal species and are
dependent on the set of enzymatic activities
from accompanying metabolic pathways.

IV. Amino Acid Biosynthesis and
Utilisation as Nutrient Sources

Most fungi have specifically adapted to sense,
transport and utilise amino acids, as de novo
synthesis of amino acids is very energy con-
suming. Additionally, amino acids can provide

the cell with important macroelements such as
nitrogen and sulphur and can serve as carbon
sources. Since environmental amino acids are
frequently bound in proteins that are too large
for direct import, fungi are rich in extracellular
proteases and peptidases that cleave proteins in
smaller subunits that can be taken up by vari-
ous peptide and amino acid transporters (Yike
2011). Besides that, proteases and peptidases
can support the virulence of pathogenic fungi,
because these enzymes not only provide nutri-
ents from the host environment but also ease
tissue penetration, inactivate components of
the immune system or cause inflammation
and allergies (Gropp et al. 2009; Yike 2011).

The uptake of amino acids as nitrogen
sources in fungi follows a specific preference.
The nitrogen-rich amino acids glutamine and
arginine as well as ammonia generally consti-
tute preferred nitrogen sources in fungi,
whereas other amino acids, urea, purines,
nitrate and nitrite are less preferred. Thus, sim-
ilar to carbon catabolite repression, a nitrogen
catabolite repression system is involved in
sensing and utilisation of the available nitrogen
sources. A key player in this regulatory path is a
GATA-type transcription factor. One of the best
studied members is AreA from Aspergillus spp.
(Gonzalez et al. 1997), which has close relatives
in other fungi such as NIT-2 from Neurospora
crassa (Tao and Marzluf 1999) or Gat1 in the
basidiomycete Cryptococcus neoformans
(Kmetzsch et al. 2011). Fungal nitrogen metab-
olism is reviewed in great depth in Chap. 11.
The AreA-type GATA factors sense the intracel-
lular glutamine levels and interact with other
transcription factors that are specific for a given
nitrogen source as exemplified for nitrate
assimilation (Berger et al. 2008) or proline uti-
lisation (Garcia et al. 2004).

Interestingly, some amino acids cannot be used as
carbon sources and a few even do not serve as a nitro-
gen sources in selected fungi as will be exemplified by
the degradation of histidine. However, regardless the
ability to utilise external amino acids as carbon, nitro-
gen or sulphur sources, fungi are able to import all
proteinogenic amino acids to replenish the intracellular
amino acid pool. Even more, amino acids can be stored
in vacuoles and mobilised from these compartments
under conditions of starvation (Sekito et al. 2014).
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Although fungi prefer to procure amino
acids from the environment, there is a strong
competition for nutrients in microbial commu-
nities and some or all amino acids may become
limited. To cope with this limitation, fungi are
able to synthesise all amino acids de novo. This
contrasts the anabolic capacity of mammals,
which have lost pathways for the biosynthesis
of several amino acids and therefore must
obtain amino acids from the diet. Examples
are the biosynthesis of the basic amino acids
histidine, lysine and arginine, the aromatic
amino acids tryptophane and phenylalanine or
the aliphatic branched-chain amino acids iso-
leucine, leucine and valine. Thus, these amino
acids are called “essential” amino acids,
although it should be mentioned that also the
uptake of other amino acids for which biosyn-
thetic pathways still exist is required by
humans (Wu 2014). Therefore, it is of great
interest to modify microorganisms for amino
acid production in order to use the amino acids
as food and feed additives. While most amino
acids are produced from bacterial sources such
as Corynebacterium glutamicum and E. coli
(Wendisch 2014), especially the synthesis of
the amino acid lysine has been studied in detail
in several fungal species. This amino acid not
only is important as a food additive but also
provides precursors for penicillins and cepha-
losporins. Therefore, knowledge on its biosyn-
thesis is indispensable for industrial
production of b-lactam antibiotics (Fazius
et al. 2013). Fungal lysine biosynthesis seems
to have evolved independently of bacterial and
plant lysine biosynthesis, and at least the use of
different isoforms of one enzyme is dependent
on the fungal lifestyle as will be outlined later.

A. Histidine Degradation in Fungi

Histidine is an important amino acid frequently
found in the catalytic centre of enzymes
because it is the only amino acid from which a
protonation and deprotonation of the side
chain at neutral pH is possible (Kulis-Horn
et al. 2014).

Examples for enzymes with essential functional histi-
dine residues are the bisphosphoglycerate mutase from
glycolysis/gluconeogenesis (White et al. 1993), the cat-
alytic triad of serine proteases (Betzel et al. 2001) or
transcription factors like the carbon catabolite repres-
sor Mig1 from S. cerevisiae that contains zinc coordi-
nating Cys2–His2 zinc fingers (De Vit et al. 1997).
Histidine has been assumed as a very ancient amino
acid (Kulis-Horn et al. 2014) since its synthesis starts
from phosphoribosyl pyrophosphate and ATP.

All genes identified in bacteria to contrib-
ute to histidine biosynthesis are also found in
yeast (Alifano et al. 1996).

Although histidine can be synthesised by S.
cerevisiae de novo, this yeast is unable to pro-
liferate with histidine as sole nitrogen source
(Brunke et al. 2014). However, HIS3 codes for
the imidazole glycerol-phosphate dehydratase
and deletions are frequently used as a selection
marker in yeast transformations (Baudin et al.
1993). Importantly, his3 mutants are viable in
the presence of externally supplied histidine,
indicating that S. cerevisiae can utilise external
histidine to replenish the intracellular histidine
pool. This is in agreement with the presence of
high- and low-affinity histidine transport sys-
tems (Bajmoczi et al. 1998).

However, in contrast to the inability of S.
cerevisiae to utilise histidine as a nitrogen
source, studies on the filamentous fungus A.
nidulans showed that histidine serves at least
for some fungi as nitrogen source, although it
cannot be used as a sole source of carbon (Polk-
inghorne and Hynes 1982). When grown with
histidine as sole nitrogen source, A. nidulans
most likely releases ammonium by a histidase
(histidine ammonia-lyase) since the reaction
product urocanate accumulated in the culture
broth (Fig. 14.3). Urocanate is a well-known
intermediate from bacterial and most likely
also from the mammalian histidine degradation
pathway that leads to the end product gluta-
mate. Urocanate is subsequently hydrated by
an urocanase yielding 4-imidazolone-5-propio-
nate. Due to the accumulation of urocanate in
the medium and the lack of urocanase activity
in A. nidulans, the enzymatic set for glutamate
synthesis appears to be lost (Polkinghorne and
Hynes 1982) explaining the inability of A. nidu-
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lans to use histidine as carbon source. Further-
more, a BLAST search on fungal genomes
against urocanase from bacteria or mammals
revealed no positive hit from any fungal spe-
cies. This implies that (1) either the amino acid
sequence for urocanases is not highly con-
served and therefore not identified by sequence
analyses, (2) the degradation of urocanate fol-
lows a different pathway or (3) histidine can
generally not be used as a carbon source by
fungi. However, due to the presence of
histidase-like enzymes in many fungal species
(Brunke et al. 2014), degradation to urocanate
might provide a general mechanism for utilisa-
tion of histidine as a nitrogen source. Neverthe-

less, even for A. nidulans an alternative
degradation pathway might exist (Fig. 14.3).

A point mutation in the areA gene of A. nidulans,
denoted areA102, causes increased growth rates on
several amino acids, among them histidine (Davis
et al. 2005). It has been shown that this mutation
leads to increased expression of sarA, which encodes
an L-amino acid oxidase with broad substrate specific-
ity. Thus, histidine might be converted to imidazole
pyruvate under the formation of H2O2 and the release
of ammonia. However, in wild-type cells this oxidase
activity is hardly detectable (Davis et al. 2005), leaving
room for speculation on the normal in vivo function of
this reaction, since it would not lead to the formation of
urocanate as detected in the culture broth of A. nidu-
lans wild-type cells (Polkinghorne and Hynes 1982).

However, a third pathway might account
for histidine utilisation in Candida glabrata, a
yeast that is closely related to S. cerevisiae.
Growth of C. glabrata on histidine was well
supported, although no histidase was found in
its genome. In contrast, two genes coding for
aromatic amino acid aminotransferases can be
detected (Fig. 14.3). One of these aromatic ami-
notransferases, called Aro8, was essentially
required for growth on aromatic amino acids,
whereas the second aromatic aminotransferase,
Aro9, was dispensable. Unexpectedly, deletion
of C. glabrata ARO8 also resulted in the inabil-
ity to utilise histidine as nitrogen source
(Brunke et al. 2014). In agreement with a
requirement of Aro8 for growth on histidine,
purified Aro8 protein catalysed the conversion
of histidine to imidazole pyruvate when a-keto-
glutarate was added as acceptor for the amino
group. Thus, C. glabrata most likely acquires
nitrogen from histidine via an aminotransfer-
ase reaction.

Surprisingly, Aro8 and Aro9 are also conserved in S.
cerevisiae and ScARO8 shows a similar expression pat-
tern as CgARO8. However, while in C. glabrata CgARO9
cannot be induced -most likely due to a genome inver-
sion upstream CgARO9 - S. cerevisiae ScARO9 is
strongly induced by aromatic amino acids and also by
histidine. Due to the simultaneous activation of
ScARO8 and ScARO9 this might result in aminotrans-
ferase levels that produce toxic amounts of intermedi-
ates from histidine degradation. In agreement, when S.
cerevisiae was cultivated with aromatic amino acids

Fig. 14.3 Postulated fungal pathways for the use of his-
tidine as nitrogen source. A histidase releases ammonia
from histidine resulting in urocanate, which is secreted
to the medium. Alternatively, an L-amino acid oxidase
such as SarA from A. nidulans releases ammonia from
histidine by producing hydrogen peroxide and imidaz-
ole pyruvate. The fate of imidazole pyruvate in filamen-
tous fungi and the impact of this pathway are unclear,
since only low L-amino acid oxidase activity is detected
in wild-type cells. Finally, yeasts use aromatic amino
acid aminotransferases such as Aro8 or Aro9 to transfer
the amino group from histidine to an a-keto acid result-
ing in imidazole pyruvate. Via reactions of the Ehrlich
pathway, imidazole pyruvate is further converted to the
fusel alcohol histaminol
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that strongly induce ScARO9 expression, histidine sup-
plementation completely abolished growth. In contrast,
histidine only had a moderate growth inhibitory effect
when added in combination with ammonium as nitro-
gen source, which does not induce ScARO8 or ScARO9
expression (Brunke et al. 2014). Thus, S. cerevisiae and
C. glabrata, can, in principle, acquire ammonium from
histidine via an aminotransferase mechanism. How-
ever, the co-expression of ScARO9might result in accu-
mulation of toxic amounts of intermediates from
imidazole pyruvate, which might be circumvented by
C. glabrata either due to lower aromatic aminotransfer-
ase levels or due to an optimised detoxification of
intermediates. It can be assumed that the final product
of histidine degradation from imidazole pyruvate in
yeasts are fusel alcohols that are generated via the
Ehrlich pathway (Hazelwood et al. 2008). This is sup-
ported by studies on the fate of histidine during alco-
holic fermentation of grape must. Added histidine was
slowly consumed and resulted in the formation of imid-
azole ethanol (histaminol) (Lopez-Rituerto et al. 2013).
Histaminol can be assumed to derive from a decarbox-
ylation of imidazole pyruvate yielding imidazole acet-
aldehyde, which is subsequently reduced to histaminol
(Fig. 14.3). Especially the aldehyde intermediate might
cause toxic effects.

In conclusion, histidine does not seem to
serve as a carbon source for any fungus. More-
over, utilisation of histidine as a nitrogen
source differs among fungal species in respect
of the mechanism by which nitrogen is
released. In addition, enzyme levels might
require a strict control to avoid the production
of toxic levels of intermediates as seen from the
comparison of C. glabrata and S. cerevisiae.

B. Synthesis of the Amino Acid Lysine

While the degradation of amino acids in fungi
has hardly been studied, more information is
available on the biosynthesis of amino acids. Of
special interest are those amino acids for which
no biosynthetic pathway is present in humans.
These “essential” amino acids are not only
valuable food and feed additives but also inter-
esting targets for new antibiotics, because inter-
ruption of their synthesis is assumed to cause
only minor side effects on human metabolism
(Hutton et al. 2007).

Of special interest is the biosynthesis of the
amino acid lysine, for two reasons. First, it has
important functions in several enzymatic reac-

tion mechanisms, in binding proteins such as
histones and transcription factors to DNA and
in signal sequences for subcellular localisation
of proteins. Second, lysine is essential for the
structure of the bacterial cell wall and the pro-
duction of b-lactam antibiotics (Fazius et al.
2013). Although lysine can be synthesised by
bacteria, plants and fungi, different pathways
are involved, whereby plant lysine biosynthesis
is highly related to the bacterial pathway and
the fungal pathway seems to have evolved inde-
pendently, most likely from the citric acid cycle
and leucine biosynthesis (Irvin and Bhattachar-
jee 1998; Xu et al. 2006).

With the exception of some thermophilic
bacteria from the Deinococcus-Thermus phy-
lum (Nishida and Nishiyama 2012), bacteria
and plants generally synthesise lysine via the
meso-diaminopimelate pathway, whereby dif-
ferent isoforms of the pathway exist (Hudson
et al. 2005). In brief, synthesis starts by phos-
phorylation of aspartate that is converted to
aspartate semialdehyde. The semialdehyde con-
denses with pyruvate resulting in 2,3-
dihydrodipicolinate and subsequently in tetra-
hydrodipicolinate. This is the common inter-
mediate in all variants of the pathway. Then,
either a succinylase, an acetylase, a dehydroge-
nase or an aminotransferase branch leads to the
formation of meso-diaminopimelate that is
finally decarboxylated to lysine (Watanabe
and James 2011).

In contrast to bacteria and plants, fungi and
bacteria from the Deinococcus-Thermus phy-
lum synthesise lysine via the a-aminoadipate
pathway (Fig. 14.4). This pathway can be
divided in two parts. The first part leads to the
intermediate a-aminoadipate, which is a pre-
cursor molecule for the synthesis of b-lactam
antibiotics, whereas the second part leads to the
formation of the final product lysine (Fazius
et al. 2013). Synthesis starts by condensation
of a-ketoglutarate with acetyl-CoA via homoci-
trate synthase leading to the product homoci-
trate (Schöbel et al. 2010). While filamentous
fungi only seem to possess one enzyme encod-
ing homocitrate synthase with moderate sensi-
tivity to feedback inhibition by lysine, S.
cerevisiae possesses two isozymes of homoci-
trate synthase that show different expression
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levels depending on respiratory or fermentative
growth and display different degrees of feed-
back inhibition by lysine (Quezada et al. 2011).
In S. cerevisiae expression of lysine, biosynthe-
sis is under control of the pathway-specific
transcriptional activator Lys14, which is
induced by the downstream intermediate a-
aminoadipate semialdehyde (Feller et al.
1999). Thus, due to lysine feedback inhibition
of homocitrate synthases, S. cerevisiae can

counteract this activation by measuring the
internal lysine pool. Interestingly, such regu-
latory circuit and the existence of a transcrip-
tion factor specifically contributing to
induction of lysine biosynthesis have not been
described for filamentous fungi. This might be
explained by the fact that yeasts are unable to
produce b-lactam antibiotics and exclusively
use the a-aminoadipate pathway for lysine bio-
synthesis. In contrast, in b-lactam-producing

Fig. 14.4 Scheme of the fungal a-aminoadipate pathway.
1 homocitrate synthase, 2 aconitase, 3 homoaconitase,
4 homoisocitrate dehydrogenase, 5 a-aminoadipate
aminotransferase, 6 a-aminoadipate reductase, 7 sac-

charopine reductase, 8 saccharopine dehydrogenase.
Details on reactions (2) and (3) (shown in red) and
the differences between yeasts and filamentous fungi
are described in the text
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fungi, a significant proportion of a-aminoadi-
pate may be required and withdrawn for anti-
biotic production even in the presence of high
internal lysine levels. Thus, a feedback mecha-
nism by lysine or the activation by a down-
stream intermediate would interfere with the
dual function of this pathway.

Homocitrate undergoes a de-and rehydra-
tion reaction to form homoisocitrate (Fazius
et al. 2012). Biochemical and genetic analyses
have shown that this reaction is split on two
separate enzymes, similar to the de- and rehy-
dration of methylcitrate to methylisocitrate in
the methylcitrate cycle described above. The
enzymes involved in these reactions are an aco-
nitase and a pathway-specific homoaconitase
(Fazius et al. 2012). Since a striking difference
between yeasts and filamentous fungi in the
utilisation of the aconitase has been observed,
this isomerisation will be explained in more
detail below.

Homoisocitrate is oxidatively decarboxy-
lated by a homoisocitrate dehydrogenase to
a-ketoadipate (Lin et al. 2009) that is subse-
quently transaminated to a-aminoadipate by
an a-aminoadipate aminotransferase. Interest-
ingly, in S. cerevisiae this aminotransferase
reaction may be carried out by Aro8 (Bulfer
et al. 2013), which can be assumed to be
involved in the transamination of histidine as
described above. This reaction completes the
first part of the a-aminoadipate pathway. The
second half of the pathway mainly constitutes
reversible reactions that may also be used for
the degradation of lysine, in which lysine is
degraded via a-aminoadipate and a-ketoadi-
pate to acetoacetyl-CoA (Pink et al. 2011).

Interestingly, while the initial reactions of
the a-aminoadipate pathway are shared
between the thermophilic bacteria and fungi,
the subsequent synthesis of lysine branches
between those groups of organisms. In the ther-
mophilic bacteria, the a-aminoadipate becomes
N-protected by addition of the molecule to a
small 54-amino acid protein, at which all inter-
mediates maintain attached until the final
release of lysine (Horie et al. 2009). In contrast,
no N-protection has been observed in fungal

lysine biosynthesis, and subsequent reactions
involve the reduction of a-aminoadipate to the
semialdehyde by an aminoadipate reductase
(Yan et al. 2007). The a-aminoadipate semial-
dehyde is subsequently condensed with a gluta-
mate via saccharopine reductase yielding
saccharopine (Vashishtha et al. 2009). The
final step in the synthesis is performed by a
saccharopine dehydrogenase catalysing an oxi-
dative deamination of saccharopine, which
results in the products a-ketoglutarate and
lysine (Kumar et al. 2012).

While the a-aminoadipate pathway is well
conserved among fungi, it involves at least one
enzyme that is shared by several metabolic
pathways. This enzyme is the aconitase that is
involved in the citric acid cycle, in the methyl-
citrate cycle and in lysine biosynthesis.

In the citric acid cycle the enzyme performs the de- and
rehydration of citrate to isocitrate by binding the sub-
strate cis-aconitate either in citrate mode or 180�
rotated in the isocitrate mode. In the methylcitrate
cycle, cis-methylaconitate can only be bound in the
isocitrate mode due to sterical hindrance of the
methyl-group with an aspartate residue (Lauble and
Stout 1995). Finally, in lysine biosynthesis cis-homoa-
conitate can only bind in the citrate mode, because the
enhanced aliphatic chain in cis-homoaconitate does not
allow correct positioning in the isocitrate mode (Fazius
et al. 2012).

Both yeasts and filamentous fungi use an
aconitase for the dehydration of homocitrate to
homoaconitate. Genome analyses revealed that
fungi contain at least two aconitase-like
enzymes (AcoA and AcoB in Aspergillus spp.,
Aco1 and Aco2 in S. cerevisiae). In Aspergillus
spp. AcoB seems to have lost its function, since
no phenotype is observed when the gene is
deleted, and AcoB cannot complement
aconitase-negative mutants from S. cerevisiae.
However, deletion of AcoA is lethal in A. fumi-
gatus, confirming its essential function, and
AcoA is the only aconitase contributing to
lysine biosynthesis (Fazius et al. 2012). In con-
trast, S. cerevisiae has specifically adapted Aco2
to serve for lysine biosynthesis. Aco1 is the
main citric acid cycle aconitase in S. cerevisiae
and a deletion leads to glutamate auxotrophy
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(Gangloff et al. 1990). However, although a
lysine auxotrophy would be simultaneously
expected, growth in the absence of external
lysine is only slightly retarded. When Aco2 is
deleted, no glutamate auxotrophy is observed,
but, again, growth is retarded in the absence of
external lysine. Thus, a deletion of both ACO1
and ACO2 is required to cause a lysine auxotro-
phic phenotype in S. cerevisiae (Fazius et al.
2012). Biochemical characterisation addition-
ally revealed that Aco2 is highly specific for
homocitrate as substrate and hardly active
with citrate. This confirms that S. cerevisiae
specifically adapted Aco2 to serve in lysine bio-
synthesis, which is not the case for AcoB in
Aspergillus spp.

The reason for the difference between fila-
mentous fungi and yeast might be due to the
different mode of glucose utilisation. While fil-
amentous fungi rely on a functional citric acid
cycle for substrate oxidation and energy gain,
yeasts tend to fermentation and can grow inde-
pendent from a citric acid cycle when glutamate
is supplied. Thus, due to the adaptation of Aco2
to serve lysine biosynthesis, yeast can grow by
fermentation without disturbing accompanying
metabolic pathways (Fazius et al. 2012).

In conclusion, lysine biosynthesis is highly
conserved among fungi. However, differences
exist in the regulation of the pathway. This is
caused by the fact that yeasts use the a-aminoa-
dipate solely for lysine biosynthesis, whereas
several filamentous fungi also require the inter-
mediate a-aminoadipate for production of b-
lactam antibiotics. Additionally, the adaptation
of an aconitase isozyme in S. cerevisiae appears
due to its ability of decoupling energy metabo-
lism and anaplerosis, a mechanism that is not
possible for oxidatively growing filamentous
fungi.

V. Conclusions

Investigation of fungal metabolism has mainly
been performed on Ascomycetes such as the
yeast S. cerevisiae or the filamentous fungus A.
nidulans. In case of bakers’ yeast, this is mainly
due to the early use of this organism in food

and ethanol production and its easy cultivation
(Nevoigt 2008). Thus, early investigations of
cellular metabolism based on S. cerevisiae
from which important metabolic pathways
such as glycolysis had been identified (Buch-
holz and Collins 2013). Besides yeast, A. nidu-
lans established as a model due to its
homothallic sexual mating and the early devel-
opment of sexual crossing systems that allowed
the identification of complementation groups
in developmental and metabolic mutants (Nier-
man et al. 2005). In contrast, due to the lack of
transformation systems or problems in labora-
tory cultivation, studies on the metabolism of
Basidiomycetes or Zygomycetes are limited.
However, as exemplified in this chapter, even
relatively closely related Ascomycetes show a
great diversity in their metabolic properties.
These differences appear related to fungal mor-
phology (yeast against hyphae), nutritional
niches, gene loss and acquisition and organis-
mal interaction. Taking into account that even
closely related fungal species already display a
great variety in use and occurrence of metabolic
pathways, it can be expected that future ana-
lyses of metabolism and physiology of Basidio-
mycota, Zygomycota and Chytridiomycota
provide a treasure chest of new pathways that
might become important for several biotechno-
logical processes.
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