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Abstract L-Arabinose is the second most abundant pentose
beside D-xylose and is found in the plant polysaccharides,
hemicellulose and pectin. The need to find renewable
carbon and energy sources has accelerated research to
investigate the potential of L-arabinose for the development
and production of biofuels and other bioproducts. Fungi
produce a number of extracellular arabinanases, including
«-L-arabinofuranosidases and endo-arabinanases, to specif-
ically release L-arabinose from the plant polymers. Follow-
ing uptake of L-arabinose, its intracellular catabolism
follows a four-step alternating reduction and oxidation
path, which is concluded by a phosphorylation, resulting in
D-xylulose 5-phosphate, an intermediate of the pentose
phosphate pathway. The genes and encoding enzymes L-
arabinose reductase, L-arabinitol dehydrogenase, L-xylulose
reductase, xylitol dehydrogenase, and xylulokinase of this
pathway were mainly characterized in the two biotechno-
logical important fungi Aspergillus niger and Trichoderma
reesei. Analysis of the components of the L-arabinose

B. Seiboth * B. Metz

Research Area Gene Technology and Applied Biochemistry,
Institute of Chemical Engineering,

Vienna University of Technology,

Wien, Austria

B. Seiboth * B. Metz

ACIB GmbH c/o Institute of Chemical Engineering,
Vienna University of Technology,

Wien, Austria

B. Seiboth (D<)

Molecular Biotechnology Group, Research Area Gene
Technology and Applied Biochemistry, Institute of Chemical
Engineering, Vienna University of Technology,
Gumpendorferstrasse la, 166-5, 1060 Wien, Austria

e-mail: bseiboth@mail.tuwien.ac.at

URL: http://www.vt.tuwien.ac.at/

pathway revealed a number of specific adaptations in the
enzymatic and regulatory machinery towards the utilization
of L-arabinose. Further genetic and biochemical analysis
provided evidence that L-arabinose and the interconnected
D-xylose pathway are also involved in the oxidoreductive
degradation of the hexose D-galactose.

Keywords Trichoderma reesei - Aspergillus niger -
«-L-arabinofuranosidase - D-xylose - D-galactose

Introduction

The monosaccharide L-arabinose is an aldopentose and the
second most abundant pentose beside D-xylose in plants.
Although most monosaccharides are normally present in
nature in their D-form, L-arabinose is a rare exception to this
rule and found mainly in its furanose form as a component
of the plant biopolymers hemicellulose and pectin. Studies
on the catabolic pentose pathway, which includes beside L-
arabinose the interconnected D-xylose catabolism has
received less attention in previous years. One reason might
be that both pathways are not present in the conventional
Saccharomyces cerevisiae laboratory strains strain, and
only recently, D-xylose fermenting wild-type isolates were
described (Wenger et al. 2010). However, due to the
increased interest in conversion of plant biomass to
biofuels/ethanol and other bioproducts, such as xylitol,
etc, the catabolism of these pentoses has now received a
strong attention. A fungal D-xylose catabolic pathway was
established much earlier, which might be due to the fact
that the lignocellulosic food stocks contain, on average,
much less L-arabinose than D-xylose (e.g., corn stover
contains 19% xylan and 3% arabinan, wheat bran contains
19% xylan, and 15% arabinan (Hayn et al. 1993)), and that
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the L-arabinose path needs five enzymes, while D-xylose
only three enzymes for the conversion to D-xylulose 5-
phosphate (Fig. 2). Both fungal D-xylose and L-arabinose
pathways were introduced into S. cerevisiae strains to
improve conversion of these pentoses to ethanol (for a
review: Hahn-Hégerdal et al. 2007). In addition, numerous
new arabinan degrading enzymes were characterized within
the last years and can now be used to supplement available
enzyme mixtures for a faster and more complete conversion
of L-arabinose and arabinan containing feed stocks. This
mini review focuses on fungi, with particular emphasis on
A. niger and T. reesei (syn. Hypocrea jecorina) but will
exclude most of the available data on yeasts. After a short
survey on the extracellular arabinanolytic degradation
system, special attention will be paid to the elucidation of
the components of the catabolic L-arabinose pathway, their
role in D-galactose utilization, and the regulation of the
arabinanolytic pathway.

Degradation of arabinan and L-arabinofuranose
containing plant polysaccharides

In the plant cell wall, L-arabinose is present in arabino-
xylan, arabinogalactan, and arabinan. Due to the diversity
of the structures, different hydrolases are needed for the
release of L-arabinose residues from these polymers. The
complete degradation of hemicellulose and pectin requires
the concerted action of many different arabinanolytic
enzymes (Fig. 1). Endo-processive arabinanases (Arabinan
endo-1,5-«-L-arabinosidase; EC 3.2.1.99) cut randomly
within the backbone of the arabinan, while exo-acting «-L-
arabinofuranosidases (ABF, «-N-arabinofuranosidase, EC

Fig. 1 Degradation of different
L-arabinose polymers in pectin.
Different types of arabinan

and arabinogalactan are present
as side chains of rhamnogalac-
turonan I in pectin. Endo-
processive arabinanases (ABN)
attack randomly the backbone
of arabinan, while exo-acting
«-L-arabinofuranosidases (ABF)
release the terminal o-L-arabi-
nofuranoside residues
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3.2.1.55) release terminal non-reducing «-L-arabinofura-
noside residues from different «-L-arabinosides, arabinans,
arabinoxylans, and arabinogalactans. In addition, arabi-
noxylan arabinofuranohydrolases (AXH) specifically re-
move arabinofuranose side chains that are linked to
backbone D-xylose residues and exo-«-1,5-L-arabinanases
release L-arabinose or short arabino-oligosaccharides. «-L-
Arabinofuranoside activities are also found in a group of
[-xylosidases, and some xylanases are also involved in
arabinan degradation (de Vries and Visser 2001). All these
enzymes, their genomic, structural and biochemical infor-
mation are found in carbohydrate-active enzyme database
(CAZy; http://www.cazy.org/), which divides the
structural-related catalytic modules of the enzymes in
different glycoside hydrolase (GH) families (Cantarel et al.
2009). In the following, only a general overview will be
given. Their biotechnological applications, including
improvement of wine flavors, pulp treatment, juice
clarification, production of important medicinal com-
pounds, and bioethanol, was reviewed elsewhere (e.g.,
Numan and Bhosle 2006; Saha 2000; Shallom and
Shoham 2003).

The best studied group and by far the most complex one
are the ABFs. They belong to the catalysts with highest
efficiency known (Rye and Withers 2000; Shallom et al.
2002). ABFs are grouped mainly in four families GH43,
GHS51, GH54, and GH62 (Cantarel et al. 2009) and
hydrolyse (1—2), (1—3), (1—5) «-L-arabinofuranosyl
linkages. ABFs were previously classified according to
their substrate specificity in (1) ABFAs (GH51) which are
not active towards arabinan, (2) in polymer hydrolyzing
ABFBs (GH54, GH43), and (3) AXHs specific for
arabinoxylans (Beldman et al. 1997). However, since the
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substrate specificity differs within a single GH family, the
CAZy classification is now generally accepted (Saha 2000).
ABFs hydrolyze glycosidic bonds via acid/base-assisted
catalysis, which can lead either to retention (GH3, GH51
and GH54) or inversion (GH43) of the anomeric configu-
ration (Zechel and Withers 2000; de Groot et al. 2003;
Numan and Bhosle 2006). GH54 enzymes have a specif-
ically adapted two domain structure, which includes a
catalytic and a substrate binding domain. This
carbohydrate-binding module (CBM42 family) is specific
for monomeric L-arabinose residues of polysaccharides.
This binding side plays an effective role in the degradation
of insoluble pectin and arabinoxylan, as mutations in the
CBM42 resulted in a decreased activity (Miyanaga et al.
2006). The close binding to L-arabinose residues and its
hydrolysis may be the result of a fine-tuning link from
arabino-oligosaccharides to cellulose degradation where the
cellulose microfibrils are in close interaction with hemi-
celluloses, containing L-arabinose residues (Zykwinska et
al. 2005). Recent studies revealed that the genome of
Penicillium funiculosum contains four GH54 ABF with
three conventional GH54 ABF, while in one ABF, CBM42
is replaced by a 100 aa shorter cellulose-binding domain
CBMI1 (Guais et al. 2010).

Endo-arabinanases belong to the GH43 family, which
contains also ABFs and (3-xylosidases. Endo-arabinanases
are the only enzymes hydrolysing (1 —5) «-L-arabinofurano-
syl bonds within the arabinan polysaccharide. At present,
only one type of endo-arabinanase gene was characterized in
different Aspergilli spp. (Flipphi et al. 1993; de Vries and
Visser 2001; Skjot et al. 2001). Also, reports on exo-
arabinanase from GH93 family are rare and they are found,
e.g., in Penicillium chrysogenum (Sakamoto, 2004) and in
Fusarium graminearum. The latter displayed a strict substrate
specificity for linear o-1,5-1-arabinan and releases arabino-
biose from the nonreducing end (Carapito et al. 2009).

AXHs from GH62 family specifically cleave (1—2) or
(1—3) o-L-arabinofuranoside residues only from xylans.
GH62 family AXHs were characterized from A. niger and
A. thubingiensis (Gielkens et al. 1997), while ABFs from
the GH62 family were characterized in, e.g., 4. sojae.
Whether there is a real difference within GH62 between
AXH and these ABFs needs further clarification as for the
A. sojae GH62 enzyme, which shows a high sequence
identity to the AXHs of 4. niger and A. thubingiensis, the
substrate specifity was observed to be different as the
enzyme acted not only on arabinoxylan, but also on
arabinan and arabinogalactan (Kimura et al. 2000).

3-xylosidases with ABF activity are found in GH3
family. Studies in A. niger and T. reesei showed that x/nD/
bxll encodes for the major extracellular (-xylosidase
responsible for the liberation of D-xylose from D-xylose
polymers. Experiments indicate that the 3-xylosidase has a

further ABF activity, which could only be observed with
synthetic p-nitrophenyl-oc-arabinofuranoside as substrate
but not with, e.g., arabinoxylan (Herrmann et al. 1997,
van Peji et al. 1997, Margolles-Clark et al. 1996).
Although arabinan degrading enzymes are present in
most fungi, a number of fungi seem to miss endo-
arabinanases (e.g., 7. reesei, Akel et al. 2009), which
explains the reduced growth on arabinan polysaccharide
and might limit their ability to attack intact plant cell walls.

The L-arabinose catabolic pathway

For the microbial degradation of L-arabinose, a number of
different pathways were described. The best studied pro-
karyotic pathway includes an isomerase step (Schleif 2000)
where L-arabinose is converted to D-xylulose 5-phosphate by
L-arabinose isomerase, L-ribulokinase, and L-ribulose-5-
phosphate 4-epimerase. In addition, prokaryotic oxidative
pathways were described (Watanabe et al. 2006; Dahms and
Anderson 1969), which result in either the TCA cycle
metabolite «-ketoglutarate or pyruvate and glycolaldehyde.
Fungi have a unique oxidoreductive pathway, which
produces, in analogy to the bacterial isomerase pathway, D-
xylulose 5-phosphate. The basic biochemistry of L-arabinose
catabolism was established in P. chrysogenum (Chiang and
Knight 1961) and latter in 4. niger (Witteveen et al. 1989).
The pathway is characterized by four alternating reduction—
oxidation reactions (Fig. 2), which convert L-arabinose via L-
arabinitol (NADPH), L-xylulose (NAD") and xylitol
(NADPH) to D-xylulose (NAD® dependent). In a final
irreversible step, D-xylulose is phosphorylated to D-xylulose
5-phosphate, a substrate of the pentose phosphate pathway.
These steps are catalyzed in the following order by L-
arabinose reductase, L-arabinitol dehydrogenase, L-xylulose
reductase, xylitol dehydrogenase, and xylulokinase. Al-
though this process is overall redox neutral, it results in an
imbalance of the redox cofactors since reductases use
NADPH while dehydrogenases NAD" as cofactor. Within
the last years, the corresponding genes and proteins were
characterized, which provides now an (almost) complete
picture of this fungal-specific route. The other abundant
pentose D-xylose is catabolized in a similar way, and both
pathways are interconnected with xylitol as the first common
metabolite of the shared part (Fig. 2). Genes, encoding the
enzymes for these pathway, are present in most fungal
genomes, in some cases, an amplification of some of the
pathway genes has taken place, leading to a number of
paralogous genes (Flipphi et al. 2009). The analysis of the
pathway is further complicated by the presence of two or
even more enzymes with similar substrate specificities,
which can compensate for the loss of a specific pathway
gene to varying degrees. Although these enzymes are not
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Fig. 2 L-arabinose and D-xylose
catabolism in fungi. The first
step of the L-arabinose pathway
is catalyzed by two different
aldose reductases. In 4. niger,
the L-arabinose-specific reduc-
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directly involved in L-arabinose catabolism but, e.g., in D- The cloning of the fungal L-xylulose reductase (LXR)

xylose catabolism, they are present during normal growth on
L-arabinose or specifically expressed in the absence of one of
the L-arabinose pathway enzymes.

The nature of the enzyme(s) catalyzing the first
NADPH-dependent reduction of L-arabinose differs
depending on the organism. This step is catalyzed by
members of the aldo-keto reductase family, and deletion
analysis of 7. reesei and A. niger suggests that at least two
enzymes are involved in this step. In 7. reesei, the main
reductase is the D-xylose reductase (XYLI1), which
accounts for most of the reductase activity on both L-
arabinose and D-xylose. Deletion of the T. reesei xyll
results in significantly impaired growth on both sugars
(Akel et al. 2009; Seiboth et al. 2007). In A. niger, the
situation is different: a reductase with preferred specificity
for L-arabinose has been described (de Groot et al. 2005),
and recently, the corresponding gene larA was cloned
(Mojzita et al. 2010a). Lard is induced by L-arabinose,
and the recombinant-produced enzyme converts L-arabi-
nose and also D-xylose to their corresponding sugar polyols
with a higher affinity for L-arabinose. Growth on L-
arabinose as carbon source and L-arabinose reductase
activity are decreased by a /ar4 gene knockout. A candidate
for the remaining L-arabinose reductase activity is the D-
xylose reductase XyrA, an orthologue of the 7. reesei
XYL1, which shows overlapping substrate specificity with
the L-arabinose reductase (de Groot et al. 2005).

An L-arabinitol 4-dehydrogenase was first cloned in 7.
reesei (Richard et al. 2001). Deletion of lad! leads to a loss
of growth on L-arabinose and L-arabinitol and the effect is,
therefore, similar to the ara4l mutation in A. nidulans (de
Vries et al. 1994; Pail et al. 2004). Genetic evidence further
showed that the 7. reesei LADI1 can partially compensate
for the loss of the xylitol dehydrogenase step in an xdhl-
negative strain during growth on D-xylose and xylitol
(Seiboth et al. 2003).

@ Springer

proved to be difficult, and still, more research efforts are
needed to fully comprehend this step. The first gene
encoding a fungal enzyme with L-xylulose reductase
activity was identified by a genetic screening of genes,
which enabled growth on L-arabinose of a S. cerevisiae
strain that expressed all genes necessary for L-arabinose
catabolism with the exception of LXR (Richard et al.
2002). However, deletion of Ixr/ in T. reesei did not affect
growth on L-arabinose/L-arabinitol or the L-xylulose reduc-
tase activity in cell extracts of L-arabinose grown 7. reesei.
Based on aa sequence similarities and a reduction of D-
mannitol dehydrogenase activity in a /xr/ deletion strain,
we concluded that the encoded protein is actually a D-
mannitol dehydrogenase involved in developmental pro-
cesses (Metz et al. 2009). Attempts to clone the ‘true’
NADPH-dependent L-xylulose reductase resulted in the L-
arabinose inducible A. niger IxrA. The A. niger LxrA shows
a much higher specific activity (450 U/mg compared to
4.8 U/mg) than the 7. reesei LXR1 and is more specific for
L-xylulose than LXR1, which shows also activity against
some other ketose sugars, including b-xylulose, D-fructose,
and L-sorbose (Richard et al. 2002). LxrA deletion results in
strains lacking almost all NADPH-specific L-xylulose
reductase activity. Surprisingly, only a slight reduction of
growth on L-arabinose was observed. A useful hint towards
the further fate of L-xylulose seems to be that NADH-
dependent activities are present in the deletion strain, which
were even slightly increased (Mojzita et al. 2010b). In 4.
niger, both L-xylulose reductase activities had been de-
scribed before and are induced by L-arabinose and to a
lesser extent also by D-xylose (Witteveen et al. 1989). A
candidate for such an activity could be orthologues of the
NADH-dependent L-xylulose reductase Alx1 of the yeast
Ambrosiozyma monospora (Verho et al. 2004), but their
relevance for the fungal L-xylulose step still needs to be
established. Interestingly, we have identified now a further
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NADPH-dependent L-xylulose reductase in 7. reesei, which
belongs, like the other two, to the group of short-chain
dehydrogenase (Kallberg et al. 2002). This gene is not
directly phylogenetically related to 4. niger LxrA, but its
deletion results in reduced growth on L-arabinose and L-
arabinitol (our unpublished data).

A xylitol dehydrogenase was first characterized in T
reesei, and it represents the first common enzyme of the
shared pathway between L-arabinose and D-xylose catabo-
lism. It is, therefore, both D-xylose and L-arabinose
inducible, and its deletion leads to a reduced growth rate
on D-xylose, whereas growth rates on xylitol remained
almost unaltered due to the expression of ladl in a Axdhl
strain (Seiboth et al. 2003). The effect on growth rate
differs also for L-arabinose and L-arabinitol. On L-arabi-
nose, growth of the Axdhl strain is not seriously affected,
while strongly reduced on L-arabinitol. One of the reasons
may be the general lower growth rate of 7. reesei on L-
arabinose compared to L-arabinitol (Akel et al. 2009) and
that its loss might be, therefore, better be compensated for
by LADI. Deletion of both ladl and xdhl leads to the
inability of T reesei to grow on L-arabinose or D-xylose and
its corresponding polyols at all.

Phosphorylation of D-xylulose is catalyzed by a single
enzyme as described for A. niger. The xylulokinase is
essential for L-arabinose and D-xylose catabolism, and the
encoding gene A4. niger xkiA was cloned by complementa-
tion of a xylulokinase mutant due to its ability to regain
growth on D-xylose (vanKuyk et al. 2001).

Beside the classical pathway, where D-xylulose 5-
phosphate is further assimilated in the pentose phosphate
pathway, analysis of the genomes of several fungi revealed
that some contain a putative phosphoketolase (EC 4.1.2.9)
gene. This would raise the (theoretical) possibility for a
shortcut catabolism of D-xylulose-5-phosphate to
glyceraldehyde-3-phosphate and acetylphosphate, bypass-
ing the pentose phosphate pathway (Flipphi et al. 2009),
although respective enzyme activities could not be detected
in A. niger cell-free extracts (Witteveen et al. 1989).

Transcriptional regulation of L-arabinose degradation

Expression of the extra- and intracellular enzymes is
specifically and coordinately induced in response to the
presence of L-arabinose or the downstream pathway
intermediate L-arabinitol. Expression is usually repressed
during growth on more readily utilizable monosaccharides,
such as D-glucose even in the simultaneous presence of L-
arabinose, which can result from inducer exclusion or
carbon catabolite repression. Since the accumulation of
intracellular L-arabinitol correlates with higher production
of the enzymes involved in arabinan breakdown in A.

nidulans and A. niger, L-arabinitol is often regarded as the
true inducer of the arabinanolytic system (de Vries 2003).
Regulatory A. niger mutants of the L-arabinose pathway
were described by (De Groot et al. 2003) and showed a
decrease in both arabinanases and intracellular pathway
gene expression in the presence of L-arabinose and L-
arabinitol, but the genes corresponding to these loci have
not been cloned yet. The Zn(I[)2-Cys6 binuclear cluster
protein XInR is a transcriptional activator of cellulase and
xylanase gene transcription in different Aspergillus spp. and
an orthologue, thereof, was also described for 7. reesei (for
a review see (Stricker et al. 2008)). However, XInR has
been reported not to regulate arabinan and L-arabinose
metabolism in Aspergilli (de Groot et al. 2003). Recently
the specific L-arabinose regulator AraR was identified,
which controls the L-arabinose pathway and the extracellu-
lar degrading arabinanases (Battaglia et al. 2010). It also
interacts with XInR in the regulation of specific steps of the
pentose catabolic pathway. Therefore, two positive regu-
lators are involved in the pentose catabolic pathway of L-
arabinose and D-xylose in 4. niger, which respond to either
D-xylose (XInR) or L-arabinose/L-arabinitol (AraR), or
both. AraR is able to compensate for loss of XInR on D-
xylose, whereas XInR is hardly able to compensate for loss
of AraR on L-arabinose. AraR seems to be the result of a
gene duplication, which occurred specifically in the Euro-
tiales and is, therefore, not present in 7. reesei. In analogy
to A. niger, it was reported that in 7. reesei, a knockout of
the xInR orthologue xyr! did not affect growth of the
fungus on L-arabinose and the total L-arabinose reductase
activity (Stricker et al. 2006). However, a xy// gene
knockout resulted in a strongly impaired growth on L-
arabinose due to the major involvement of XYLI in the total
L-arabinose reductase activity (Seiboth et al. 2007), and
despite earlier claims, we found that the deletion of XYRI
leads to a decreased growth on L-arabinose. XYRI regulates,
however, only the first step of L-arabinose catabolism, since
Axyrl strains constitutively, expressing XYL1 can regain
wild-type growth, and the growth rate of a Axyr/ strain on
L-arabinitol is similar to the parental strain. Therefore, a
specific transcriptional activator of the genes involved in the
regulation of the catabolic pathway genes downstream of
xyll in T. reesei and a regulator outside the Eurotiales for L-
arabinose catabolism is still not known.

In T. reesei, all four ABF-encoding genes (i.e., abf1-3;
and bx/l) are L-arabinose and L-arabinitol inducible.
Analysis of the influence of the early catabolic steps on
expression of the ABF genes showed that loss of lad/ leads
(similar to A. niger) to a strongly enhanced expression of all
four ABF-encoding genes, whereas their expression was
severely impaired in an Axy// strain. This impairment was
also found on L-arabinitol, although XYLI1 is not needed for
growth on L-arabinitol. Deletion of the (hemi) cellulase
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regulator xyr/ led to a loss of expression of two ABF-
encoding genes (abf2 and bxl/l), whereas the expression of
abfl and 3 was only slightly affected. The upregulation of the
abfi-3 and bxll in the Aladl strain would be consistent with
the hypothesis that L-arabinitol, which accumulates in the
Alad] strain, is the intracellular inducer. However, a possible
role of L-arabinose as inducer cannot be excluded, since L-
arabinose can be formed by the reverse reaction of XYLI
during growth on L-arabinitol. Respective L-arabinose levels
were decreased in the Axy// strain but elevated in the Alad!
strain. In conclusion, the expression of the arabinanolytic
genes in 7. reesei seems to be regulated by an early pathway
intermediate (L-arabinose or L-arabinitol), the first enzyme of
the pathway XYLI1, and in the case of abf2 and bxIl the
(hemi) cellulase regulator XYRI.

An interesting finding is that in A. niger, a number of L-
arabinose pathway genes (e.g., ladA, larA) are initially
upregulated after transfer to D-xylose (Mojzita et al. 2010b).
This finding might be an artifact, since D-xylose can contain
small amounts of L-arabinose (Andersen et al. 2008).
Considering that both D-xylose and L-arabinose are often
concomitantly present in the plant cell wall polymers, such a
coinduction could make sense for a saprobic fungus to
effectively release and assimilate both pentoses. In this
context, it is interesting that an overexpression of the
Aspergillus oryzae xInR led to an upregulation of genes
involved in L-arabinose metabolism, including lad4 and the
IxrA orthologue (Noguchi et al. 2009).

Pentose catabolic enzymes involved in D-galactose
catabolism

In eukaryotes, the hexose D-galactose is usually assimilated
via the Leloir pathway (for a recent review: Sellick et al.
2008). The galactokinase of the Leloir pathway is specific

Fig. 3 A second oxidoreductive
pathway of D-galactose utiliza-
tion. A second pathway for D-
galactose uilization was recently
identified in 7. reesei and 4.
nidulans. 1t starts with the re-
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for «-D-galactose, and therefore, 3-D-galactose has to be
epimerized to its «-anomer by a mutarotase (aldose 1-
epimerase, EC 5.1.3.3) before it can be phosphorylated.
Fungi, such as A. nidulans and T. reesei, have at least a
second possibility at hand to utilize D-galactose, which was
discovered by blocking of the Leloir pathway (Seiboth et al.
2004; Roberts 1970). In A. nidulans, this pathway was only
active at pH>7, and Roberts speculated that the pathway
might start with an oxidative step by a D-galactose oxidase.
Later it was shown that this pH-dependent growth was
found only in the presence of ammonium but not nitrate as
nitrogen source (Fekete et al. 2004). A nonphosphorolytic
pathway has been suggested to be operative in, e.g., 4.
niger (Elshafei and Abdel-Fatah 2001), but its importance
for D-galactose will need further investigations.

In T reesei, the first identified pathway intermediate of
this second D-galactose pathway was galactitol, which was
discovered due to its transient accumulation during growth
on D-galactose or lactose in a galactokinase deletion strain
(Seiboth et al. 2004). In 7. reesei, the catabolic path is
initiated by the D-xylose reductase XYL1 (EC 1.1.1.21,
Seiboth et al. 2007), which catalyzes the NADPH-
dependent reduction of D-galactose (beside D-xylose and
L-arabinose) to galactitol. Using our collection of specific
gene deletion strains in the L-arabinose and D-xylose
pathway and testing these for their growth on the first
pathway intermediate galactitol, further steps of the
pathway could be identified (Fig. 3). The second step in
this pathway, i.e., the NAD" dependent oxidation of
galactitol is catalyzed by the T. reesei L-arabinitol 4-
dehydrogenase LADI1. Aladl strains are unable to grow
on galactitol, and a simultaneous block of the Leloir
pathway at the galactosekinase step (AladlAgall) led to
the inability to grow on D-galactose. Characterization of the
recombinant produced LAD]1 led to the unexpected finding
that galactitol is oxidized to L-xylo-3-hexulose (Pail et al.
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2004). This intermediate has not yet been identified in other
fungi, and the further fate of this metabolite is currently
under investigation. In analogy to the L-arabinose pathway,
we hypothesize that an L-xylulose reductase might be
responsible for its further catabolism. However, knockout
strains in the 7. reesei Ixrl or a double deletion strain
(AgallAlxrl) grew indistinguishable from the parental
strains QM9414 or the single deletion strain Agall on D-
galactose and galactitol (unpublished results). An obvious
explanation for this finding is that LXRI—as described
above—turned out to be also not involved in L-arabinose
catabolism. Therefore, further research will concentrate on
the 7. reesei orthologue of the true L-xylulose reductase
LxrA of A. niger in the catabolism of L-xylo-3-hexulose. In
A. nidulans, 1L-sorbose was found to accumulate during
growth on D-galactose but was absent in strains with a loss-
of-activity of L-arabinitol dehydrogenase (araAl), which
suggests that L-sorbose is an intermediate of this D-
galactose pathway in A. nidulans (Fekete et al. 2004).
Further L-sorbose catabolism involved a hexokinase step,
indicated by the inability of the A. nidulans frAl (fructose
non-phosphorylating) mutant to grow on galactitol or L-
sorbose and that an additional mutation in the galactokinase
led to strains unable to grow on D-galactose. The role of
hexokinase would imply that the metabolism of L-sorbose
proceeds by reduction to D-sorbitol and subsequent oxida-
tion to D-fructose. The L-sorbose step requires a reductase
activity, which in analogy to the L-arabinose pathway, could
be fulfilled by an L-xylulose reductase or similar enzyme.

From our data, it is however, not clear if the product of
LADI L-xylo-3-hexulose has to be further converted to L-
sorbose before it can be reduced to D-sorbitol. Further
efforts will be necessary to elucidate this part of the
pathway and to establish if there might be differences
between A. nidulans and T. reesei. In T. reesei, D-sorbitol
oxidation to D-fructose can be carried out by the 7. reesei
XDHI1 (and partially also by LAD1), and in analogy to the
pentose catabolic pathways, this D-galactose pathway ends
with a phosphorylation of D-fructose to D-fructose 6-
phosphate, which is consistent with our results obtained
with a hexokinase deletion strain of 7. reesei, which is
unable to grow on galactitol and D-sorbitol (Guangtao et al.
2010, our unpublished results).

The physiological relevance of this pathway for D-
galactose utilization seems to differ between A. nidulans
and T reesei. In A. nidulans, the pathway can fully
compensate for the loss of the Leloir pathway (Roberts
1970; Fekete et al. 2004), while in 7. reesei, inactivation of
the Leloir pathway leads already to strains, which are
significantly impaired in their growth on D-galactose.
However, in T. reesei, this pathway is of importance for
galactitol and lactose utilization and cellulase induction
(Kubicek et al. 2009).

Future perspectives

Within the last years, our understanding of the arabinanases
and L-arabinose catabolism has substantially increased, but
a number of open questions remain in context with L-
arabinose uptake and the regulation of the arabinanolytic
system outside of the Eurotiales. Further research will also
be necessary to understand the L-xylulose reductase step in
fungi and its implication for the redox factor balance of this
pathway.
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