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a b s t r a c t
In Scheffersomyces (Pichia) stipitis and related fungal species the genes for L-rhamnose catabolism RHA1, LRA2,
LRA3 and LRA4 but not LADH are clustered. We ﬁnd that located next to the cluster is a transcription factor,
TRC1, which is conserved among related species. Our transcriptome analysis shows that all the catabolic
genes and all genes of the cluster are up-regulated on L-rhamnose. Among genes that were also upregulated on L-rhamnose were two transcription factors including the TRC1. In addition, in 16 out of the 32
analysed fungal species only RHA1, LRA2 and LRA3 are physically clustered. The clustering of RHA1, LRA3
and TRC1 is also conserved in species not closely related to S. stipitis. Since the LRA4 is often not part of the
cluster and it has several paralogues in L-rhamnose utilising yeasts we analysed the function of one of the
paralogues, LRA41 by heterologous expression and biochemical characterization. Lra41p has similar catalytic
properties as the Lra4p but the transcript was not up-regulated on L-rhamnose. The RHA1, LRA2, LRA4 and
LADH genes were previously characterised in S. stipitis. We expressed the L-rhamnonate dehydratase,
Lra3p, in Saccharomyces cerevisiae, estimated the kinetic constants of the protein and showed that it indeed
has activity with L-rhamnonate.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
L-Rhamnose (L-6-deoxy-mannose) is a natural sugar found in hemicellulose and pectin. Numerous microorganisms use α-L-rhamnosidase
to release L-rhamnose as a source for carbon and energy (Twerdochlib
et al., 1994). Beyond hydrolysis, however, two different pathways for
the catabolism of L-rhamnose are used: one that involves phosphorylated intermediates in which an isomerase is the ﬁrst enzyme and one that
uses non-phosphorylated intermediates with an oxidative pathway.
The isomerase pathway has been described only in bacteria. It
includes L-rhamnose isomerase (EC 5.3.1.14) (Wilson and Ajl, 1957a;
Takagi and Sawada, 1964a), L-rhamnulokinase (EC 2.7.1.5) (Wilson
and Ajl, 1957b; Takagi and Sawada, 1964b), and L-rhamnulose 1phosphate aldolase (EC 4.1.2.19) (Sawada and Takagi, 1964). The metabolites are L-rhamnulose, L-rhamnulose-1-phosphate, dihydroxyacetone phosphate and L-lactaldehyde. L-lactaldehyde can then be
reduced to 1,2-propendiol or oxidised to lactate by lactaldehyde reductase (EC 1.1.1.77) or lactaldehyde dehydrogenase (EC 1.2.1.22)

Abbreviations: TCA, Trichloroacetic acid; TBA, Thiobarbituric acid; ML, Maximum
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respectively depending on the redox conditions (Baldoma and Aguilar,
1988). Gene sequences for all these enzymes have been described
(Moralejo et al., 1993).
The oxidative pathway is present in bacteria and in fungi (Watanabe
et al., 2008b) (Fig. 1). By this route L-rhamnose is ﬁrst oxidised to L-rhamnono-γ-lactone by an NAD-utilising L-rhamnose-1-dehydrogenase. This
inducible enzyme activity has been described in various yeast species
including Scheffersomyces stipitis, Aureobasidium (Pullularia) pullulans
and Debaryomyces polymorphus (Rigo et al., 1976; Vieira et al., 1979;
Twerdochlib et al., 1994). The corresponding gene, RHA1 (ABN68405),
was cloned from S. stipitis; the active protein was expressed in a
heterologous host, and the histidine-tagged protein was characterised. It
was also shown that transcription is induced on L-rhamnose but not on
other carbon sources (Koivistoinen et al., 2008).
The other enzymes of this pathway are L-rhamnono-γ-lactonase
(EC 3.1.1.65), L-rhamnonate dehydratase (EC 4.2.1.90), 3,6-dideoxy-Lerythro-hexulosonic acid aldolase (L-2-keto-3-deoxy-rhamnonate aldolase) (EC 4.2.1.-) and L-lactaldehyde dehydrogenase (EC 1.2.1.22).
The activities of these enzymes were described in different yeast species
(Rigo et al., 1985; Twerdochlib et al., 1994), except for the lactonase
which was suggested to be not necessary for a functional pathway
since the lactone can hydrolyse spontaneously (Twerdochlib et al.,
1994). The genes coding for the dehydrogenase, RHA1, lactonase, LRA2
(ABN68602), a putative dehydratase, LRA3 (ABN68404), and aldolase,
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Fig. 1. Upper part: The eukaryotic L-rhamnose pathway. L-Rhamnose is converted to pyruvic acid and L-lactic acid using an oxidative pathway without phosphorylated intermediates similar to the Entner–Doudoroff pathway. The genes coding for the ﬁrst four enzymes of this pathway are organised in a cluster whilst the LADH is not physically linked. Lower
part: Orientation of the genes in the gene cluster.

LRA4 (ABN68603), were identiﬁed in S. stipitis and shown to be organised in a gene cluster (Watanabe et al., 2008b). Dehydrogenase
(RHA1), lactonase (LRA2) and aldolase (LRA4) were heterologously
expressed and the histidine-tagged proteins characterised, whereas
the heterologous expression of the dehydratase did not result in an
active enzyme (Watanabe et al., 2008b). In S. stipitis L-lactaldehyde is
oxidised to L-lactate. The enzyme and the corresponding gene, LADH
(ABN68636), were identiﬁed, the histidine-tagged protein characterised and the transcription was shown to be induced on L-rhamnose
(Watanabe et al., 2008a).
In S. stipitis the four genes of the oxidative L-rhamnose pathway
are situated side-by-side on chromosome 8, i.e. in a chromosomal
gene cluster. However, for eukaryotes the deﬁnition of chromosomal
gene clusters is loose (Lee and Sonnhammer, 2003) and does not require strict adjacency as demonstrated by Trichoderma reesei cellulase
clusters of over 200 kb (Martinez et al., 2008) and the intervening
genes of galactose utilisation clusters (Martchenko et al., 2007; Slot
and Rokas, 2010). Based on the genome of S. stipitis, it has, in addition
to L-rhamnose metabolism, numerous clusters for the metabolism of
urea, cellobiose, maltose, iron metabolism, galactose metabolism,
pyrimidine metabolism and dityrosine metabolism (Jeffries and Van
Vleet, 2009). Functional gene clusters are found in fungal synthesis
pathways of secondary metabolites such as antibiotics, toxins and
pigments (Keller et al., 2005). In addition to L-rhamnose, fungal clusters of nutrient assimilation pathway genes have been identiﬁed at
least for quinate (Giles et al., 1991), ethanol (Fillinger and Felenbok,
1996), proline (Hull et al., 1989), nitrate (Johnstone et al., 1990), inulin (Yuan et al., 2008) galactose (Hittinger et al., 2004; Slot and Rokas,
2010) allantoin (Cooper, 1996) and amylolytic pathway (Gomi et al.,
2000). In addition, clusters of genes involved in pathogenesis and cellulose hydrolysis have been proposed (Covert et al., 1992; Martinez
et al., 2008). Broad multigenome analyses of distribution and evolution of these clusters, however have been only carried out for
nitrate (Slot and Hibbett, 2007) and allantoin (Cooper, 1996), and
D-galactose clusters (Hittinger et al., 2004; Slot and Rokas, 2010).
Often published fungal metabolic gene clusters include an embedded pathway speciﬁc transcription factor with the Zn(II)2Cys6 zinc
binuclear cluster-domain (InterPro: IPR001138) (Keller et al., 2005).
For example, two pairs of maltose permeases and alphaglucosidases in S. stipitis are ﬂanked by Zn(II)2Cys6 genes, and a similar arrangement is found in Saccharomyces cerevisiae. Of the 9 clusters listed above, L-rhamnose, nitrate, D-galactose and allantoin have
not been reported to contain a Zn(II)2Cys6 gene. The Zn(II)2Cys6 domain typically occurs together with the ‘Fungal speciﬁc transcription
factor’ -domain (IPR007219) (Arvas et al., 2007). In genomes of Ascomycota subphyla Pezizomycotina the Zn(II)2Cys6 genes are about

three times more abundant than in Saccharomycotina whilst
the Pezizomycotina have only two times more genes than Saccharomycotina (signiﬁcant difference between the subphyla with a pvalue b 0.05 in Wilcoxon rank sum test) (Arvas et al., 2007). The chromosomal co-localisation of Zn(II)2Cys6 with metabolic clusters and
expansion in Pezizomycotina, known for their varied metabolism,
could mean that Zn(II)2Cys6 are common regulators of metabolic
clusters in Fungi.
In the present communication we analysed the distribution of the
L-rhamnose cluster in 32 fungal genomes and found that the cluster in
its entirety is conserved only in close relatives of S. stipitis i.e. in
Debaryomyces hansenii, Candida lusitaniae and Candida guilliermondii.
However, in these species an orthologous transcription factor with Zn
(II)2Cys6 (IPR001138) and IPR007219 domains is always adjacent to
the cluster and this transcription factor and RHA1 and LRA3 are found
in close proximity i.e. in a chromosomal gene cluster in 16 of the 32
species including the basidiomycete Cryptococcus neoformans.
We also show that the transcription of all genes of the pathway is
upregulated on L-rhamnose and that an active L-rhamnonate dehydratase can be expressed heterologously in S. cerevisiae. We further
demonstrate that there is another aldolase in the S. stipitis genome
that is located outside the cluster that has similar activities and substrate speciﬁcities but that is not upregulated on L-rhamnose.

2. Results
2.1. Presence of L-rhamnose catabolism genes in fungi
In order to study the distribution of L-rhamnose genes in Fungi we
looked for them in 32 fungal genomes and compared how they were
clustered.
Individual genes of the L-rhamnose cluster were found in Basidiomycota and Ascomycota (Table 1). Pezizomycotina, excluding Coccidioides immitis that has only LADH, have several (5 species, mainly
Eurotiomycetes) or all genes (7 species, mainly Sordariomycetes) of
the L-rhamnose catabolism cluster. All Eurotiomycetes lack the
LRA4. However, many other undescribed members of the protein
family dihydrodipicolinate synthetase (IPR002220), to which LRA4
belongs are found in Eurotiomycetes and sequence analysis alone
cannot assign an exact molecular function to them (data not
shown). In contrast duplicates of LRA4 are found in Saccharomycotina
species.
A stronger division than in Pezizomycotina, is seen in Saccharomycotina, where 3 closely related species (C. lusitaniae, D. hansenii
and S. stipitis) have all the genes of the cluster and 7 species none
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Table 1
Counts of L-rhamnose catabolism genes in the species studied. Column “Cluster” speciﬁes if a full (F) rhamnose cluster (RHA1, LRA2, LRA3, LRA4 and TRC1) or just the core (C) cluster
(RHA1, LRA2 and TRC1) was found from a species (Fig. 2) and column ‘Growth on L-rhamnose’ whether, based on literature (Kurtzman and Fell, 1998) or CBS database (http://www.
cbs.knaw.nl/databases/), the species is able to grow on rhamnose. Plus (+) sign indicates growth, minus (−) sign no growth and (w) as weak growth.
Phylum

Subphylum

Class

Name

Growth on

Cluster RHA1 LRA2 LRA3 LRA4 LADH TRC1

L-rhamnose

Zygomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota

Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Pezizomycotina
Saccharomycotina
Saccharomycotina
Saccharomycotina
Saccharomycotina
Saccharomycotina
Saccharomycotina
Saccharomycotina

Zygomycetes
Ustilaginomycetes
Hymenomycetes
Hymenomycetes
Hymenomycetes
Schizosaccharomycetes
Eurotiomycetes
Eurotiomycetes
Eurotiomycetes
Eurotiomycetes
Eurotiomycetes
Dothideomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Leotiomycetes
Leotiomycetes
Saccharomycetes
Saccharomycetes
Saccharomycetes
Saccharomycetes
Saccharomycetes
Saccharomycetes
Saccharomycetes

Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota

Saccharomycotina
Saccharomycotina
Saccharomycotina
Saccharomycotina
Saccharomycotina

Saccharomycetes
Saccharomycetes
Saccharomycetes
Saccharomycetes
Saccharomycetes

Rhizopus oryzae
Ustilago maydis
Cryptococcus neoformans
Phanerochaete chrysosporium
Coprinus cinereus
Schizosaccharomyces pombe
Coccidioides immitis
Aspergillus nidulans
Aspergillus fumigatus
Aspergillus niger
Aspergillus oryzae
Phaeosphaeria nodorum
Magnaporthe grisea
Neurospora crassa
Chaetomium globosum
Trichoderma reesei
Fusarium graminearum
Nectria haematococca
Botrytis cinerea
Sclerotinia sclerotiorum
Yarrowia lipolytica (W29/CBS 7504)
Candida guilliermondii (ATCC 6260/CBS 566)
Candida lusitaniae (ATCC 42720)
Debaryomyces hansenii (CBS767)
Scheffersomyces stipitis (CBS 6054)
Candida albicans (SC5314/CBS 8758)
Saccharomyces castellii
(NRRL Y-12630/CBS4309)
Candida glabrata (CBS 138)
Saccharomyces cerevisiae
Saccharomyces kluyveri (CBS 3082)
Ashbya gossypii
Kluyveromyces lactis (NRRL Y-1140/CBS 2359)

or only LADH. The Saccharomycotina Candida guilliermondii, a close
relative of C. lusitaniae, D. hansenii and S. stipitis, lacks an LRA2.
2.2. Clustering of L-rhamnose catabolism genes
L-rhamnose catabolism genes, RHA1, LRA2, LRA3 and LRA4 have
been previously found in a chromosomal gene cluster in S. stipitis
(Watanabe et al., 2008b). In order to study when such cluster was
formed and how it is distributed in Fungi, we searched for chromosomal regions containing the protein domains of L-rhamnose catabolism genes in 32 fungi. The full L-rhamnose catabolism gene cluster
was only found from species closely related to S. stipitis (Fig. 2,
column “Cluster” in Table 1). A putative transcription factor, TRC1
(ABN68604), with the domains “Fungal transcriptional regulatory
protein, N-terminal” (Zn(II)2Cys6 i.e. IPR001138) and “Fungal specific transcription factor” -domain (IPR007219) was found beside the
S. stipitis L-rhamnose cluster. Orthologues of this gene were found
close to RHA1 and LRA3 in all Pezizomycotina studied, excluding Aspergillus nidulans and Phaeosphaeria nodorum, in the basidiomycete
C. neoformans and in Saccharomycotina species closely related to S.
stipitis. Hence, the physical co-occurrence of only RHA1, LRA3 and
TRC1 was deﬁned as the core cluster (‘C’) to differentiate it from the
full L-rhamnose catabolism cluster (‘F’, in column “Cluster” in Table 1).
Interestingly, two yeasts taxonomically close to S. stipitis, Spathaspora
passalidarum and Pachysolen tannophilus, do not appear to possess any
orthologues to the L-rhamnose cluster (data not shown). In A. nidulans
none of the L-rhamnose catabolism cluster genes are found as clustered
and in P. nodorum LRA2 and LRA3 are side-by-side. In closely related
species, such as the Eurotiomycetes Aspergillus oryzae, Aspergillus
niger and Aspergillus fumigatus and the Sordariomycetes Nectria
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haemaetococca, Fusarium graminearum and T. reesei, the RHA1, LRA3
and TRC1 cluster (core cluster) is probably found in a syntenic region.
However, between distant species, such as the basidiomycete C. neoformans and Ascomycota species, there is no evidence for synteny around
the core cluster (Fig. 2, Supplementary Fig. 7).
Phylogenetic trees of the rhamnose cluster genes including the
transcription factor were calculated for each gene separately
(Supplementary Figs. 1–6). They resemble the expected species
tree (Fitzpatrick et al., 2006).
2.3. L-rhamnonate dehydratase, LRA3
The RHA1, LRA2, LRA4 and LADH genes have been previously
characterised in S. stipitis. In order to ﬁnalise the biochemical characterisation of the L-rhamnose cluster, the L-rhamnonate dehydratase
from S. stipitis was heterologously expressed in S. cerevisiae. For
that purpose, the open reading frame was cloned in an S. cerevisiae
expression vector with a strong constitutive promoter. In S. stipitis,
the codon CUG is translated to serine and not to leucine as it does
in S. cerevisiae and many other organisms (Laplaza et al., 2006). The
L-rhamnonate dehydratase contained two such codons at bp 4–6
and 1120–1122. These were changed to UCG so that the heterologous
protein contained the same amino acid sequence. The expression of
the L-rhamnonate dehydratase in S. cerevisiae resulted in L-rhamnonate dehydratase activity in the crude cell extract. At an L-rhamnonate concentration of 10 mM the activity was 0.032 ± 0.004 nkat per
mg of extracted protein. With L-mannonate a similar activity
was observed. Also with L-lyxonate activity was observed however this
activity was reduced by about 95%. No activity was observed with any
of the other following sugars: L-gulonate, D-galactonate, L-galactonate,
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Fig. 2. L-Rhamnose gene clusters on fungal chromosomes. On the left an approximate phylogenetic tree of the species compiled from literature (Fitzpatrick et al., 2006; Jeffries et al.,
2007). On the right a stretch of a scaffold from each species containing the cluster and neighbouring genes. Genes are shown as boxes on the scaffold stretch. Orthologues of RHA1
(R1), LRA2 (R2), LRA3 (R3), LRA4 (R4) and TRC1 (TF) are indicated when present and genes belonging to same families as any of them are indicated by an additional ‘x’. Grey lines
connect genes with identical protein domains on adjacent scaffolds (excluding R1, R2, R3, R4 and TF) in order to reveal syntenies. Additional detail in Supplementary Fig. 7.
D-fuconate, D-ribonate, L-arabonate, D-xylonate, meso-galactarate. The
crude cell extract obtained from the control strain showed no activity towards any of the sugar acids. To facilitate the puriﬁcation we attached a
histidine-tag to the N-terminus or to the C-terminus of the protein. In
order to test whether this modiﬁcation of the protein had an effect on
the activity we expressed the tagged protein with the same plasmid in
the same S. cerevisiae strain and compared the activities in the crude
cell extract. The C-terminally his-tagged protein showed no activity and
the activity of the N-terminally tagged protein was reduced by about
95%. Since the tagging of the protein had such a severe effect on the activity in the extract we did not purify the tagged protein but instead used
the crude extract to estimate the Michaelis–Menten constants. We estimated for L-rhamnonate a Km of 25 mM and a vmax 0.11 nkat per mg of
protein in the crude cell extract (Fig. 3).

We assayed the appearance of the 2-keto-3-deoxy compound using
the TBA (thiobarbituric acid) assay and the disappearance of pyruvic
acid from the reaction medium. The measurement of the disappearance of pyruvic acid is required for aldehydes with no oxygen
bound to the C2 since the TBA assay would not work in these cases.
Both enzymes exhibited activity with pyruvate and lactaldehyde
but showed also activity with pyruvate and other aldehydes. These
activities are summarised in Table 2. Both enzymes have high activity
with L-lactaldehyde and lower with D-lactaldehyde. The highest

0,10

We found that the Saccharomycotina S. stipitis, D. hansenii, C.
lusitaniae and the Pezizomycotina Sclerotinia sclerotiorum had additional non-clustered paralogues of LRA4. In order to assess the physiological role of these enzymes we compared the kinetic properties
of the closest homologue of the S. stipitis LRA4 that we called LRA41
(ABN65879). Both proteins were heterologously expressed in S.
cerevisiae with an N-terminal histidine-tag. The LRA41, had two
CTG codons, which were changed to TCG before the expression in
S. cerevisiae; the LRA4 did not contain CTG's.
To assay the aldolase activity we assayed the reverse reaction
since it is known that the enzyme is reversible and the equilibrium
on the side of the 2-keto-3-deoxy-L-rhamnonate (Rigo et al., 1985).

activity (nkat/mg)
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2.4. Aldolases

0,06

0,04

0,02

0,00
0

20

40

60

80

100

L-rhamnonate (mM)
Fig. 3. Kinetic properties of the L-rhamnonate dehydratase: The heterogeneously
expressed protein was analysed in a crude cell extract. The curve was calculated assuming
a Michaelis–Menten kinetic model with Km= 25 mM and vmax = 0.11 nkat/mg.
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activity of the LRA41 however is with L-glyceraldehyde. Both enzymes
are rather unspeciﬁc. They show activity with glycoaldehyde and
glyoxal and the LRA4 a small activity with glyoxalic acid indicating
that the oxidation state of the C2 is not of great importance. Acetaldehyde and formaldehyde show activity but with a longer aliphatic
chain as in butyraldehyde no activity is observed. Also aldose (hexose
and pentose) sugars did not exhibit activity.
2.5. Transcriptome
It has been suggested that metabolic gene clustering arises due to
beneﬁts of co-regulation of the cluster's genes (Hurst et al., 2004). In
order to verify if the L-rhamnose catabolism genes are co-regulated
and asses the physiological role of LRA4 paralogues, S. stipitis was
grown on rhamnose and analysed with oligonucleotide microarrays.
Data was submitted to GEO (http://www.ncbi.nlm.nih.gov/geo/) with
accession number GSE28557. Data from this experiment was then normalised together with data from Jeffries and Van Vleet (2009) in order
to compare growth on L-rhamnose to growth on other carbon sources.
All experiments were done with triplicate biological repeats. Genes
most induced by L-rhamnose were retrieved by comparing each gene's
expression signal on L-rhamnose to signal on D-glucose and ﬁltering for
genes with at least 2 fold up regulation and a p-value of p b 0.05 for the
said difference. In total 22 such genes were retrieved (Fig. 4). Pearson
correlation of these 22 genes' expression on L-rhamnose in comparison
to the different culture conditions from (Jeffries and Van Vleet, 2009)
was calculated and signiﬁcant correlation was detected only for arabinose (pb 0.0015). Besides L-rhamnose cluster enzymes, LADH and
TRC1, one putative transcription factor (FST14) of the IPR007219 family,
10 metabolic enzymes (ICL1, PCK1, FBP1, CAT2, YAT1, ALD6, FAA24, BLG5,
HIB1, and GLR2) and three transporters (HXT4, FUC1 and SFC1) were
detected. Of the cluster's genes, LRA4, LRA3, and RHA1 are over 10 fold
induced, as is the non-clustered LADH. In addition, gene 33673, physically situated beside LRA3 on chromosome 8, is induced 5 fold (Fig. 4).
It is an orphan gene, for which no conserved domains, nor blast hits
with E-value below 0.01, were found at the NCBI (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) sequence database. No other induced genes
were found physically adjacent to each other.
3. Discussion
The L-rhamnose cluster in S. stipitis consists of the genes RHA1
(Koivistoinen et al., 2008), LRA2, LRA3 and LRA4 (Watanabe et al.,
2008b). Based on evidence of gene presence and chromosomal positioning (Table 1 and Fig. 2) it is likely that the full rhamnose usage
cluster was formed in the common ancestor of S. stipitis, D. hansenii,

Table 2
Activities of the puriﬁed enzymes LRA4 and LRA41 with pyruvate and various
aldehydes.
Speciﬁc activitya
Substrate

Lra4

Lra41

DL-lactaldehyde
D-lactaldehyde
L-lactaldehyde
D-glyceraldehyde
L-glyceraldehyde
Glycoaldehyde
Glyoxalb
Methylglyoxalb
Phenylglyoxalb
Glyoxylic acidb
Formaldehydeb
Acetaldehydeb
Butyraldehydeb

2.0
0.3
1.4
0.7
1.1
0.8
0.06
1.3
1.1
0.1
0.3
0.2
0

1.8
0.3
1.3
0.5
3.7
0.5
0.4
0.4
0.2
0
0.6
0.2
0

a
b

μmol mg− 1 min− 1.
Disappearance of pyruvate was followed.
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C. lusitaniae and C. guilliermondii. The core cluster of RHA1, LRA3 and
TRC1, was likely to be already present in the common ancestor of
Pezizomycotina and Saccharomycotina as it would be unlikely to
form so many times independently.
Horizontal gene transfer HGT has been established as a rare, relative to prokaryotes, but important force of genome evolution in Fungi
(for review (Richards et al., 2011; Richards, 2011)). In particular, HGT
of metabolic clusters have been shown (Slot and Hibbett, 2007; Slot
and Rokas, 2010) (Patron et al., 2007; Khaldi et al., 2008) (Slot and
Rokas, 2011). Key evidence for HGT are phylogenetic trees of genes
that contradict the expected phylogenetic tree of studied species. As
the phylogenetic trees constructed of the rhamnose cluster genes
(Supplementary Figs. 1–6) resemble the expected species tree, there
is no cause to suspect HGT as the origin of C. neoformans core cluster.
Thus, the core cluster's presence in C. neoformans either reﬂects earlier ancestry or independent emergence of the cluster. In particular, in
C. neoformans the independent emergence of the galactose cluster has
been show (Slot and Rokas, 2010).
Besides the nitrate (Slot and Hibbett, 2007) and galactose cluster
(Slot and Rokas, 2010), to our knowledge there is no other published
case of a fungal gene cluster that would appear in both Basidiomycota
and Ascomycota. The role of the core cluster's genes in other than
rhamnose metabolism is not known. However, as the core cluster's
distribution in fungal species is comparable to that of the nitrate
and galactose clusters its' genes relevance in metabolism could also
be similar and the cluster's genes could be expected to function
together on a metabolic pathway.
It has been proposed that clustering of genes would also facilitate
the deletion of the whole cluster (Slot and Rokas, 2010). Our data
support this idea as Saccharomycotina species tend to have all
genes of the cluster or none of them. If this hypothesis is correct,
given that Yarrowia lipolytica has only LRA4 of the cluster's genes
the cluster could have been formed after separation of Y. lipolytica
from Saccharomycotina lineage and lost in most subsequent lineages.
In Table 1 the Saccharomycetes species that contain the full
L-rhamnose cluster are also growing on L-rhamnose and the Saccharomycetes species that do not have it, do not grow. C. guilliermondii is
lacking an LRA2 homologue coding for the L-rhamnonic acid lactone lactonase. It might be that this activity is not essential and a spontaneous
hydrolysis of the lactone is sufﬁcient for growth or that another lactonases is carrying out the reaction. Such a lactonase might be unspeciﬁc
or speciﬁc but not homologous to LRA2. Many of the Pezizomycotina
species have the core cluster and in particular all Sordariomycetes
have in addition LRA4 and LRA2, but elsewhere in the genome. However, we could not ﬁnd information whether these species would grow on
L-rhamnose as a sole carbon source. However A. niger and Botrytis
cinerea are known to catabolise pectin efﬁciently and since L-rhamnose
is a substantial part of pectin it is likely that these species catabolise it.
Ustilago maydis is lacking almost the complete set of cluster's genes, but
it has been reported to grow on L-rhamnose (Kurtzman and Fell, 1998)
suggesting that it has a completely different L-rhamnose pathway or
that due to phylogenetic distance its genes were missed by our homology detection.
Zn(II)2Cys6 transcription factors, like TRC1, are often found in fungal metabolic gene clusters regulating the genes of the cluster. It is
not clear what adaptive advantage the clustering brings, but transcriptional co-regulation is likely as a dormant cluster can be induced
by induction of the transcription factor (Bergmann et al., 2007) and
local chromatin modiﬁcations can parallel transcriptional activation
in a cluster (Roze et al., 2007). Based on our analysis of genomes
and S. stipitis transcriptome, TRC1 could be a regulator of the core
cluster and, possibly, a regulator of the full rhamnose catabolism cluster. However, another transcription factor FST14 was more upregulated than TRC1 on rhamnose. Hence, FST14 could be a primary
regulator of full rhamnose cluster, whilst TRC1 could be the regulator
of the core cluster.
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Fig. 4. Heatmap of genes with greater than 2-fold expression on RA than on GA with a p-value b 0.05. Genes as rows and carbon sources as columns: GA = glucose aerobic, XA = xylose
aerobic, GOL = glucose oxygen limited, XOL = XOL xylose oxygen limited, AA = arabinose aerobic, RA = rhamnose aerobic, CA = cellobiose aerobic. A colour key indicates the log2
expression signal values from individual experiments used in the cell colouring. A row side colour bar indicates the genes of the full L-rhamnose catabolism cluster. Columns are ordered
by hierarchical clustering with the resulting dendrogram shown and rows by the fold change of RA relative to GA. This fold change is also shown in the respective RA cells.

In addition, it has been proposed that toxicity of intermediates
drives the clustering of metabolic genes, as it facilitates both their
efﬁcient metabolism and complete removal of the pathway (Patron
et al., 2007; Slot and Rokas, 2011). This theory does not contradict
with the transcriptional co-regulation theory, as it also facilitates efﬁcient metabolism and complete repression of the pathway. If a toxic
metabolic intermediate would drive the clustering of L-rhamnose catabolism genes, such as intermediate would be likely to reside between RHA1 and LRA3, as they have the tightest linkage.
The activity of the enzymes of the L-rhamnose catabolism cluster
had been shown previously, after they were expressed in a heterologous host (Koivistoinen et al., 2008; Watanabe et al., 2008b), except
for the LRA3. This enzyme was expressed with an N-terminal his-tag
in E. coli but showed no activity after puriﬁcation (Watanabe et al.,
2008b). We expressed it in S. cerevisiae where it was active, however
after histidine-tagging it N-terminally or C-terminally it lost the activity or had it signiﬁcantly reduced. Recently the L-rhamnonate dehydratase from E. coli was tagged with an N-terminal his-tag and
expressed in E. coli (Rakus et al., 2008). Here the tagging did not
have a detrimental effect. The E. coli enzyme had a similar speciﬁcity,

i.e. it also showed activity with L-mannonic acid and with L-lyxonic
acid, however the afﬁnity for L-rhamnonic acid was much higher
with the E. coli enzyme. The Km was about 0.15 mM compared to
25 mM for the S. stipitis enzyme (Rakus et al., 2008).
In the S. stipitis genome we identiﬁed two genes coding for enzymes with 3,6-dideoxy-L-erythro-hexulosonic acid aldolase activity,
the LRA4 and LRA41. The enzymes were characterised after tagging
and puriﬁcation. The LRA4 is in the cluster and is up-regulated
when L-rhamnose is the carbon source, whilst LRA41 is not upregulated, all indicating that it is indeed the LRA4 and not the LRA41
that is active in L-rhamnose catabolism. The activity was assayed in
the reverse direction with pyruvate and aldehydes as substrate. The
role of the LRA41 remains unrevealed. The LRA41 had highest activity
with pyruvate and L-glyceraldehyde which would suggest that it
could be a L-threo-3-deoxy hexulosonate aldolase, an enzyme in the
fungal D-galacturonate pathway (Hilditch et al., 2007); However S.
stipitis does not have this pathway since it is not able to catabolise
D-galacturonate.
We show that LADH is up-regulated with L-rhamnose in agreement with earlier results (Watanabe et al., 2008a). In addition, we
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ﬁnd that LADH is never situated with the cluster and it is found in 7
species that have no other L-rhamnose catabolism genes. Thus, it
is likely that its main cellular role is outside the L-rhamnose
metabolism.
In conclusion we ﬁnalise the biochemical characterisation of the
L-rhamnose catabolism gene cluster, provide candidate regulators
based on transcriptomics and comparative genomics and a detailed
analysis of its evolution in fungi. The chromosomal clustering of its
core genes is a case of exceptional evolutionary conservation given
our current understanding of fungal gene order conservation. Furthermore, we highlight the fact that many genes of the cluster have lineage
speciﬁc paralogues. They could code for related, but distinct enzymatic
activities awaiting further exploration.
4. Materials and methods
4.1. Chemicals
The DL-lactaldehyde was made according to Schoevaart (2000).
and L-lactaldehyde were prepared from L-threonine
and D-threonine respectively, essentially according to the method of
Huff and Rudney (1959). The resulting solution was then freeze-dried
and the lactaldehyde solubilised in a small volume and applied to a
Sephadex G-10 gel ﬁltration column. The lactaldehyde concentration
was estimated enzymatically using alcohol dehydrogenase from equine
liver. L-glyceraldehyde was synthesised from L-gulono-1,4-lactone
as described previously (Hubschwerlen, 1986; Lamble et al., 2005).
The aldonic acids D-fuconate, L-rhamnonate, L-arabonate, D-xylonate
and L-lyxonate were synthetised from the corresponding aldose sugars
by oxidation with bromine and puriﬁed by ion exchange chromatography as described by Yew et al. (2006).
D-lactaldehyde

4.2. Retrieval of L-rhamnose gene cluster homologues
To ﬁnd ortho- and paralogues of genes of the S. stipitis L-rhamnose
gene cluster from fungi, their protein sequences were mapped to the
in-house protein clustering database of 32 species (Arvas et al., 2007).
Protein clusters that contained the genes were retrieved and sequences aligned with MAFFT version 6.857b (Katoh et al., 2002,
2005) with method L-INS-I and otherwise default options. Orthoand paralogues for the S. stipitis genes were found by visually selecting
the smallest homogenous region of the alignment that contained the S.
stipitis genes. For construction of phylogenetic genes alignments were
trimmed with trimAL version 1.3 with option “-automated1” (Katoh
et al., 2005). Maximum likelihood (ML) phylogenetic trees were constructed with RAxML version 7.2.8 (Stamatakis, 2006). The likeliest protein substitution model was determined for each alignment with
RAxML by computing the likelihood of each protein substitution
model on a parsimony tree (RHA1: WAGF, LRA2: RTREVF, LRA3:
RTREVF, LRA4: RTREVF, LADH: RTREVF, TRC1: JTTF). Final ML trees
were constructed under the selected substitution and gamma model
with 200 initial inferences and 1000 rapid bootstraps on the likeliest
tree. Bootstrap support as percentage is shown on the trees (Supplementary Figs. 1–6). Trees were visualised with R (Team, 2008) library
ape (Paradis et al., 2004).
4.3. Comparative analysis of L-rhamnose catabolism gene clustering
Proteins from the (Arvas et al., 2007) dataset were mapped to
scaffolds by blastp. The scaffolds were then divided in windows of
12 genes that overlapped with 2 genes. Intepro protein annotations
i.e. protein families, domains, active-sites etc. for each protein of a
window were found from (Arvas et al., 2007) dataset. Interpro annotations of the L-rhamnose cluster genes were used to look for windows that contained these annotations. Searches were carried out
and results visualised with R (Team, 2008).
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4.4. L-rhamnonate dehydratase
4.4.1. Cloning
The open reading frame of the LRA3 was cloned from genomic
DNA by PCR using the following primers 1 and 2 (Table 3). In S. stipitis
CTG codes for serine and not for leucine as it does for example in S.
cerevisiae. In order to express in S. cerevisiae a gene that codes for
the same amino acid sequence we changed those codons. The LRA3
has 2 CTG's in the coding sequence at position 4–6 and 1120–1122
of the open reading frame. The codon at position 4–6 was changed
to TCG in the primer that was used for cloning the open reading
frame. The PCR product was then ligated to the pCR2.1 TOPO vector
(Invitrogen). The resulting vector was then used to change the
other CTG to TCG using the QuikChange site directed mutagenesis
kit (Invitrogen). The open reading frame was released from the
TOPO vector as a BamHI fragment and ligated to the BamHI site of
the p2159 which is a yeast expression vector with TPI1 promoter
and URA3 selection derived from the pYX212 (Kuorelahti et al.,
2005). The histidine tagged versions of the L-rhamnonate dehydratase were made in a similar way. For the N-terminal his-tag primer
3 was used instead of primer 1 to add the amino acid sequence
MHHHHHHG. For the C-terminal his-tag primer 4 was used instead
of primer 2 to introduce the additional amino acid sequence
GHHHHHH before the stop codon.
For the PCR the vector with the corrected codons was used as a
template. The S. cerevisiae strain CEN.PK2-1B was then transformed
with the resulting vectors and grown on selective medium lacking
uracil with D-glucose as a carbon source. A control strain contained
the empty expression vector p2159. To obtain cell extracts the yeast
cells were lysed as described previously (Koivistoinen et al., 2008).
To measure the sugar acid dehydratase activity the cell extract was
incubated with the sugar acid in a buffer containing 50 mM Tris-Cl,
10 mM Mg2Cl, pH 8.0 at 30 °C. The reaction was stopped after different time intervals with trichloroacetic acid and the 2-keto-3-deoxy
sugar acid quantiﬁed using the thiobarbituric acid assay as described
(Buchanan et al., 1999).
4.5. Aldolases
4.5.1. Cloning
The open reading frames were cloned from genomic DNA by PCR
using primers 5 and 6 for LRA4 and primers 7 and 8 for LRA41. The
PCR products were then ligated to the pCR2.1 TOPO vector (Invitrogen). LRA41 has CTG codons at positions 280–282 and 583–585
which were changed to TCG using the QuikChange site directed mutagenesis kit (Invitrogen). The open reading frames were then released from the TOPO vector as a BamHI fragment and ligated to the
BamHI site of the p2159 as described above. Both proteins were also
tagged N-terminally with histidine-tags. The tags were introduced
by PCR using the primer 9 for the LRA4 and primer 10 for the LRA41
to introduce the amino acid sequence MHHHHHHG before the start
codon. The templates were the codon corrected TOPOvectors. The
open reading frames with his-tag sequences were then released as

Table 3
Primers used.
1: GGATCCATGTCGGTAAAAGACTTCCCACAG
2: GGATCCCTAATGGCCATTCTTGATGGTTCCATTG
3: GGATCCAAAATGCATCACCATCATCACCACGGAATGTCGGTAAAAGACTTCCCAC
4: GGATCCCTAGTGGTGATGATGGTGATGTCCATGGCCATTCTTGATGGTTCC
5: GGATCCAAAATGACAATTTCAGCTGC
6: GGATCCTTATAATGTAGACTCAACACTGA
7: GGATCCAGTATGACTTTCAATAATAGCTTT
8: GGATCCTTATAAAGAGTTTTCGTATTTAAGTAAT
9: GGATCCATGCATCACCATCACCATCACGGAATGACAATTTCAGCTGCCCT
10: GGATCCATGCATCACCATCACCATCACGGAATGACTTTCAATAATAGCTTTG
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BamHI fragments and ligated to the p2159. The plasmids were then
transformed to S. cerevisiae and cell extracts prepared as described
above. The activity was tested by incubating the cell extract
with 2.5 mM DL-lactaldehyde and 15 mM pyruvate for different
time intervals. The reaction was quenched with TCA and the formation of the 2-keto-3-deoxy sugar acid was measured with the TBA
(thiobarbituric acid) assay as described in Buchanan et al. (1999).
The N-terminal tag had no effect on the activity which was about
2.5 nkat/mg in the crude cell extract. The histidine tagged proteins
were puriﬁed from the crude cell extract by using NiNTA resin
(Qiagen). An alternative way to measure the reaction was to follow
the disappearance of pyruvate. Pyruvate was measured from the
TCA quenched samples enzymatically with lactate dehydrogenase.
A fraction of the sample was pipetted to a medium containing
200 mM Tris–HCl pH 8.0, 200 μM NADH and lactate dehydrogenase.
The pyruvate concentration was calculated from the change in
NADH absorbance.

13 60-mer probes for each open reading frame (ORF) identiﬁed as
of December of 2006. Each probe was replicated ﬁve times on
the chip. Expressing signals from the L-rhamnose experiment and experiments of (20) were normalised together with Robust Multichip
Average RMA (Irizarry et al., 2003) and signiﬁcantly regulated genes
(D-glucose aerobic versus L-rhamnose aerobic), were identiﬁed by
Student's T-test (95%).
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4.6. Transcriptome proﬁling
4.6.1. Inoculum preparation
S. stipitis CBS 6054 was cultivated aerobically for all inocula. Precultures for all cultivations were grown on YP medium (20 g/l yeast
extract and 10 g/l peptone) supplemented with glucose (20 g/l).
Following overnight growth, the cultures were harvested via centrifugation at 5000 rpm for 5 min in an Eppendorf 5804R centrifuge
equipped with an A-4-44 rotor. Cells were rinsed once in sterile
0.9% saline and repelleted. Cell pellets were then resuspended in approximately 10 ml of sterile water. OD 600 nm measurements were
taken and the correct inoculum size calculated for a ﬁnal OD600 of
0.1 in the bioreactor.
4.6.2. Bioreactor cultivations
All cultivations for expression arrays were performed in New
Brunswick Scientiﬁc Bioﬂo 110 3-L bioreactors with working volumes
of 2 l each. The bioreactors were equipped with two impellers rotating at 750 rpm. Bioreactor temperature was controlled at 30 °C and
the pH was kept constant at 5.0 by automatic addition of 5 N KOH.
A deﬁned minimal medium containing trace metal elements and vitamins in the following was used in all bioreactor cultivations: 2.4 g
urea l− 1; 3 g KH2 PO4 l− 1, 0.5 g MgSO4 7H2O l− 1; 1 ml trace element
solution l− 1; 1 ml vitamin solution l− 1; and 0.05 ml antifoam 289
(Sigma A-8436) l− 1 (Modiﬁed from Verduyn et al. (Verduyn et al.,
1992)). For L-rhamnose cultivations, a starting concentration of
20 g l− 1 sugar was used. Airﬂow into the bioreactors for aerobic cultivations was 1 vvm. An aerobic transcriptomics sample was taken during
the exponential growth phase. Cultivations and sample collections
for each carbon source were performed in triplicate.
4.6.3. Transcriptomic sampling and sample processing
Transcriptomics samples were centrifuged for 5 min at 5000 rpm
in an Eppendorf 5804R centrifuge equipped with an A-4-44 rotor.
The supernatant solutions were removed, and the cell pellets ﬂash
frozen in liquid nitrogen. Cell pellets were stored at − 80 °C prior to
RNA extraction. RNA was extracted using the Qiagen RNEasy Maxi
kit (Qiagen). Cell breakage was accomplished using glass beads in a
BeadBeater (Biospec Products) equipped with a 15 ml chamber.
RNA was later further puriﬁed and concentrated using the Qiagen
RNEasy Mini kit (Qiagen). Total RNA was submitted to the University
of Wisconsin, Madison Gene Expression Center for cDNA synthesis,
and cDNA samples were submitted to Nimblegen for labelling and
chip hybridization.
4.6.4. Expression array
The expression array used for all samples in this study was a custom array for S. stipitis designed by Nimblegen. This array contained

Appendix A. Supplementary data
Supplementary data to this article can be found online at doi:10.
1016/j.gene.2011.10.031.
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