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In Hypocrea jecorina, Xyrl (xylanase regulator 1) is the main transcription activator of hydrolase-encoding
genes, such as xynl, xyn2, bxll, cbh1, cbh2, egll, and bgll. Even though Xyrl mediates the induction signal for
all these genes derived from various inducing carbon sources and compounds, xyrl transcription itself is not
inducible by any of these substances. However, cultivation on glucose as the carbon source provokes carbon
catabolite repression of xyr! transcription mediated by Crel. In addition, xyr transcription is repressed by the
specific transcription factor Acel. Moreover, Xyr1 is permanently available in the cell, and no de novo synthesis
of this factor is needed for a first induction of xynl transcription. The constitutive expression of xyr! leads to
a significant elevation/deregulation of the xynl, xyn2, and bx/1 transcription compared to what is seen for the
parental strain. Overall, the corresponding xylanolytic enzyme activities are clearly elevated in a constitutively
xyrl-expressing strain, emphasizing this factor as an auspicious target for genetically engineered strain

improvement.

Hypocrea jecorina (anamorph Trichoderma reesei [22]) is a
filamentous ascomycete which abundantly occurs in nature
wherever biomass is obtainable. Hydrolases secreted by this
fungus are used in a broad range of industrial applications
covering, e.g., pulp and paper (4, 32, 53), food and feed (10, 24,
52), and textile (20, 23, 33) industries as well as biofuels and
bioenergy (14, 17, 36). The set of cellulolytic and xylanolytic
enzymes produced by H. jecorina includes cellobiohydrolases
(EC 3.2.1.91; reference 48, e.g.); endo-B-1,4-glucanases (EC
3.2.1.4; reference 34, e.g.); 1,4-B-glucosidases (EC 3.2.1.21;
references 9 and 39, e.g.); two major endo-B-1,4-xylanases,
XYNI and XYNII (EC 3.2.1.8) (49); and one B-xylosidase,
BXLI (EC 3.2.1.37) (16).

In Aspergillus, the xylanolytic and cellulolytic systems are
strictly coregulated via the inducer p-xylose (references 11 and
15, e.g.), but the corresponding enzymes in H. jecorina hydro-
Iytic systems are differentially regulated. In particular, genes
encoding xylanolytic enzymes are induced by their respective
degradation and/or transglycosylation products of xylan, e.g.,
xynl (xylanase I-encoding) by D-xylose (26, 56), xyn2 (xylanase
II-encoding) by xylobiose and sophorose (18, 29), and bxl/
(B-xylosidase 1-encoding) by xylobiose (29). In addition, lac-
tose has been identified as a potent inducing molecule (29, 45).
Transcriptional activation by Xyrl (xylanase regulator 1) is
common to all these genes (43, 45).
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xyrl encodes a zinc binuclear cluster protein binding to a
GGCTAA-like motif arranged as an inverted repeat in the
xynl and xyn2 promoters (37, 43). The motif closely resembles
the consensus sequence for the binding of the Aspergillus niger
XlInR transactivator (51). XInR not only is a central regulator
protein responsible for the activation of more than 10 genes
involved in the degradation of xylan and cellulose but also
contributes to the regulation of p-xylose metabolism (11, 15,
50). The functional domains of XInR include a N-terminal zinc
binuclear cluster domain, a central coiled-coil domain proba-
bly involved in nuclear localization, and a C-terminal activation
domain (reviewed in reference 44).

Beyond Xyrl/XInR-mediated induction, the carbon catabo-
lite repressor Crel/CreA has been described for both organ-
isms as a wide domain repressor of particular hydrolase-en-
coding genes (references 7, 8, 19, and 26, e.g.). However, in H.
jecorina, only one endoxylanase-encoding gene, xynl, is under
direct Crel control (19, 26). The other, xyn2, is not directly
regulated by Crel (57). In addition, the isolation of the two
transcription factors Acel (activator of cellulases 1) and Ace2
(activator of cellulases 2), potentially involved in the regulation
of hydrolase formation in H. jecorina, have been reported (2,
38). Acel (1) antagonizes Xyrl function by competing for one
of its binding sites in the xynl promoter (37). Ace2 was shown
to contact the Xyrl-binding sites in the xyn2 promoter and is
needed for basal transcription (54) as well as for the continu-
ous extension of xyn2 expression (46). Ace2 is not involved in
the xynl transcription (2, 37). It was proposed that these tran-
scription factors are narrow domain regulators, which modu-
late the general activator Xyrl (43, 46). Up to now, no mech-
anisms involving respective orthologous regulators have been
identified in the expression of Aspergillus hydrolases.

Little is known about the transcriptional regulation of the
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TABLE 1. Primers and probes used throughout the study

Name Sequence (5'-3") Employment”
Kpnlxyrlf ATATAGGTACCATGTTGTCCAATCCTCTCCGTC Construction of pARS3
Notlxyrlr TATATGCGGCCGCTTAGAGGGCCAGACCGGTTCC Construction of pARS3
Acc65INotl GCGGCCGCGGTACC Construction of pARS4
XbalAcc651 CTAGGGTACCGCGGCCGCTGCA Construction of pARS4
Tagman xynl FAM CGTCCAACCAACGCCCACAACAA xynl real-time PCR
Taqxynlf CAGCTATTCGCCTTCCAACAC xynl real-time PCR
Tagxyn1Dr GAGGAGTCCTCCTACGCAGAA xynl real-time PCR
Taqxynlr CCAAAGTTGATGGGAGCAGAA xynl real-time PCR
Tagman xyn2 FAM CTGCCATCCCTTGCCGCC xyn2 real-time PCR
Taqxyn2Dr GGTAAGGGTAGGTAGTCTTACTTGTTC xyn2 real-time PCR
Taqgxyn2r CCGAGAAGTTGATGACCTTGTTC xyn2 real-time PCR
Taqxyn2f GGTCCAACTCGGGCAACTTT xyn2 real-time PCR

Tagman bxll FAM

CGACCTCGTTCCCCATGCCCATCCTCACTACG
bxl1f GCCAACTTCGCCACCAAGG
bxl1r CGGCAATCTGGTGGATCAATGTG

bxl1 real-time PCR
bxll real-time PCR
bxl1 real-time PCR

“ Employment of the oligonucleotides during the study is given.

xyrl and xInR genes themselves. The absence of the H. jecorina
Ace? leads to higher xyr] transcript levels under inducing con-
ditions (46). Further, Crel-mediated derepression is involved
in the transcriptional regulation of xyr/ on lactose in H. jeco-
rina (45). In Aspergillus nidulans, the monitoring of an
xInR::goxC reporter system indicated that the x/nR promoter is
repressed by glucose via CreA (47). Investigations of a Crel/
CreA-mediated carbon catabolite repression (CCR) of xyr!
and x/nR genes at the mRNA level are lacking in industrially
important strains of H. jecorina and A. niger.

Herein, we examine aspects of the transcriptional regulation
of the H. jecorina xyrl gene.

MATERIALS AND METHODS

Strains and growth conditions. H. jecorina (T. reesei) QM9414 (ATCC 26921,
a cellulase hyperproducing mutant derived from wild-type strain QM6a [28],
termed herein the “parental strain”), Rut-C30 (a Crel-negative strain; ATCC
56765) (31), and CK11 (a crel retransformation strain of Rut-C30) (6) were used
throughout this study. An H. jecorina xyrl deletion strain (AxyrI strain) (43) was
transformed with the xyr! structural gene fused to the nagl promoter of Hypocrea
atroviridis (Trichoderma atroviride) (leading to a constitutive expression in the
new transformant strain [A. R. Mach-Aigner and R. L. Mach, unpublished
data]). All strains were maintained on malt agar.

For replacement experiments, mycelia were precultured in 1-liter Erlenmeyer
flasks on a rotary shaker (250 rpm) at 30°C for 18 h in 250 ml of Mandels-
Andreotti (MA) medium (27) containing 1% (wt/vol) glycerol as the sole carbon
source. Conidia (final concentration, 10® per liter) were used as the inoculum.
Pregrown mycelia were washed and thereafter equal amounts were resuspended
in MA medium containing 1% (wt/vol) glucose or p-xylose as the sole carbon
source. Mycelia were also replaced on MA medium without a carbon source
(control) or on medium without a carbon source but supplemented with 1.5 mM
xylobiose as an inducer molecule. Incubation was continued for 8 h, and 15-ml
samples were taken after 3, 5, and 8 h. In certain replacement experiments on
p-xylose, the cultures were supplemented with 5 mM cycloheximide (Sigma,
Steinheim, Germany) to inhibit translation (5, 41).

Direct cultivations were performed in 1-liter Erlenmeyer flasks with 200 ml
MA medium containing 1% (wt/vol) oat spelt xylan (Sigma) and inoculated with
10® conidia per liter (final concentration). Incubation was performed for 72 h at
30°C and 250 rpm, and 15-ml samples were taken after 0, 12, 24, 36, 48, 60, and
72 h.

Vector construction and fungal transformation. To insert the nagl:xyrl gene
fusion (see above) into the genome of the H. jecorina xyrl deletion strain (the
Axyr] strain), plasmid pARS3 was constructed as follows. The pZEGA3 plasmid
(55), obtained from our department stock, was digested by Xbal/Nsil, yielding a
4.5-kb linear fragment containing the H. atroviridis nagl promoter and the H.
Jjecorina cbh2 terminator. Religation of this fragment using a stuffer (gained from
annealing the oligonucleotides XbalAcc651 and Acc65INotI) (Table 1) led to the

vector pARS4 bearing an additional Acc651 and a Notl restriction site. An
iCycler (Bio-Rad, Hercules, CA) was used to run 30 cycles of 15 s at 95°C, 15 s
at 59°C, and 3 min at 72°C applying a high-fidelity polymerase (Fermentas, St.
Leon-Rot, Germany) to introduce an Acc65I and a NotI restriction site flanking
the xyr! structural gene. All primers used are listed in Table 1. The 2.9-kb PCR
product was cloned into the pARS4 to create pARS3 bearing the
pnagl:xyrl::itcbh2 expression cassette. Retransformation of the Axyr! strain was
performed according to an optimized protocol described in reference 13 and
applying cotransformation of pARS3 and pAN7 (35), bearing the Aph gene
(encoding hygromycin B phosphotransferase) of Escherichia coli. All vector con-
structs were verified via DNA sequencing.

Southern blot analysis. Fungal genomic DNA was isolated as described pre-
viously (12). Southern hybridization was carried out as described by Sambrook
and coworkers (40). Chromosomal DNA of the nagl:xyrl transformant strains
(nx strains) was digested with EcoRV. Hybridization was performed with a 1.5-kb
[«->?P]dCTP-labeled Sacll fragment of pARS3.

Parallel DNA and RNA extraction, reverse transcription, and real-time PCR
analysis. Harvested mycelia were homogenized in 1 ml peqGOLD TriFast DNA/
RNA/protein purification system (PEQLAB Biotechnologie, Erlangen, Ger-
many) using a FastPrep FP120 BIO101 ThermoSavant cell disrupter (Qbiogene,
Carlsbad, CA). DNA and RNA were simultaneously isolated in a two-step
process according to the manufacturer’s instructions.

Synthesis of cDNA from mRNA was carried out applying the RevertAid H
minus first-strand cDNA synthesis kit (Fermentas) according to the manufactur-
er’s instructions.

All PCRs were performed in an iCycler iQ real-time detection system (Bio-
Rad). The software of the iCycler (iCycler iQ, Optical System Software, version
3.0a; Bio-Rad) was used to compile PCR protocols and define plate setups. All
PCR reactions were accomplished in triplicate in 25-ul reaction mixtures includ-
ing 1X iQ Supermix (Bio-Rad), 0.1 uwM corresponding dual-labeled probe
(MWG Biotech, Ebersberg, Germany), 0.1 wM forward primer, 0.1 pM reverse
primer, and as a template DNA or cDNA (100-fold diluted). Primers and probes
are given in Table 1. Each run included a blank (sterile bidistilled water instead
of sample) and a no-amplification control (sodium dodecyl sulfate [final concen-
tration, 0.01%] added to the reaction mixture). The respective PCR protocols
were followed: 3 min of initial denaturation at 95°C, followed by 45 cycles of 15 s
at 95°C, 15 s at 60°C (for real-time PCR of xyrl) or 59°C (for real-time PCR of
xynl, xyn2, and bxl1), and 15 s at 72°C. The threshold level was set automatically
to noise-to-signal ratio conditions by the Optical System Software. Calculation of
amounts of mRNA (cDNA) per gene dose was performed as previously de-
scribed (43). Results of transcription analysis are given in relative amounts of
mRNA (cDNA) per gene dose. These amounts are always related to one refer-
ence sample within a certain experiment; consequently, the comparison of ratios
is valid only within one experimental setup.

Enzyme assays. Endo-B-1,4-xylanase activity was measured applying Xylazyme
AX tablets (Megazyme, Wicklow, Ireland) according to the manufacturer’s in-
structions. One unit of activity is defined as the amount of enzyme required to
release 1 micromole of reducing xylose sugar equivalents per minute under the
defined assay conditions (40°C, 10 min).

B-Xylosidase activity was measured by using 4-nitrophenyl-B-p-xylopyranoside
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as a substrate dissolved in a 50 mM sodium citrate buffer, pH 5.0. The enzyme
assay was performed at 50°C as previously described (21).

Determination of fungal growth on xylan. Harvested mycelia were suspended
in 1 ml of 0.1 N NaOH in a reaction tube with screw cap (2 ml; Brand GmbH+Co
KG, Wertheim, Germany). Glass beads (a mixture of 0.37-g beads [diameter, 0.1
to 0.01 mm], 0.25-g beads [diameter, 1 mm], and one glass bead [diameter, 3
mm]) (Braun Biotech International GmbH, Melsungen, Germany) were added.
This suspension was solubilized in a Teflon homogenizer (FastPrep 120; BIO 101
Savant Instruments, Hobrook, NY). After incubation at room temperature for 3
hours, the samples were centrifuged at 14,000 rpm and 4°C for 10 min. Next,
protein concentration was determined via Quick Start Bradford protein assay
according to the manufacturer’s guidelines (Bio-Rad).

Statistical analyses of real-time PCR data. Data were analyzed by applying the
Friedman test (nonparametric analyses of the variance of related samples); two
consecutive tests were performed either including or excluding the most differing
parameter group (e.g., replacement to glucose-containing medium). Because of
the consecutive dual test approach, the level of significance was corrected ac-
cording to the Bonferroni method.

RESULTS

Transcription of xyrl is not activated via a specific inducer
molecule. In H. jecorina, the expression hydrolase-encoding
genes such asxynl, xyn2, bxl1, cbhl (cellobiohydrolase 1), cbh2
(cellobiohydrolase 2), egll (endoglucanase 1), and bgll (B-
glucosidase 1) is regulated by the general activator Xyrl, in-
dependent of the carbon source or inducer (43, 45). Neverthe-
less, different expression/induction patterns for these genes
have been observed in earlier studies (29, 56). Consequently,
we examined if the transcription of this regulatory protein itself
responds to certain induction signals or differs on various car-
bon sources. After precultivation, the H. jecorina parental
strain was transferred to medium without a carbon source or to
medium containing 1% (wt/vol) glucose or p-xylose or 1.5 mM
xylobiose and incubated for 3, 5, or 8 h. After parallel DNA
and RNA extraction followed by cDNA synthesis, the tran-
script levels were analyzed via real-time PCR. Statistical anal-
yses revealed that similar levels of xyrl transcript formation
were observed for the xynl-inducing carbon source D-xylose
and for the xyn2-inducing substance xylobiose. These transcript
levels never exceeded those observed on medium without a
carbon source. Significantly less transcript accumulated on me-
dium containing glucose (Fig. 1). Changes of xyr! transcript
levels after transfer to D-xylose or xylobiose are probably due
to differences in the experimental setup, as D-xylose is applied
as the carbon source, whereas xylobiose is applied as an in-
ducer molecule. These data strongly indicate the influence of a
glucose repression but not of an induction mechanism on xyr!
transcription. Consequently, the regulation of xyr! transcrip-
tion in a carbon catabolite-dependent manner was examined
next.

Transcription of xyr!I is regulated via Crel-mediated CCR.
To investigate whether the reduced transcript level of xyr/ on
glucose is due to Crel-mediated CCR, we cultured a Crel-
negative strain (Rut-C30). To prove that the observed effect is
due to a lack of Crel formation, a corresponding crel retrans-
formation strain of Rut-C30 (CK11) was also cultivated. Equal
amounts of mycelia of both strains pregrown on glycerol were
transferred into media supplemented with 1% (wt/vol) glucose
or D-xylose or without any carbon source. A transcript analysis
of xyrl in Rut-C30 revealed similar levels for all conditions
tested (Fig. 2A), indicating a general release from Crel-de-
pendent CCR (i.e., derepression). Because xyn! is known as a
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FIG. 1. Transcription analysis of carbon source-dependent regula-
tion of xyr! transcription. Strain QM9414 was precultured on glycerol
and thereafter transferred to MA medium containing 1% (wt/vol)
glucose (G) or xylose (XO) as the sole carbon source, that without a
carbon source (NC), or that supplemented with 1.5 mM xylobiose
(XB) and incubated for 3, 5, or 8 h as indicated. Transcriptional
analysis of xyr/ was performed via real-time PCR applying a dually
labeled probe after parallel extraction of RNA and DNA followed by
cDNA synthesis. Ratios of amounts of mRNA (cDNA) per gene dose
are given in a decade logarithmic scale (lg). The values are means of
results from five independent biological replicates. Error bars indicate
standard deviations. The asterisk indicates the reference sample.
Groups a and b represent samples exhibiting differences with (a to b)
or without (a to a) statistical significance.

gene being subject to CCR by Crel (26), we examined xynl/
transcription in parallel as a reference. In strict accordance
with the observed xyrl transcript levels, xynl transcription on
glucose is as high as on medium without a carbon source, if
cultivation is in a Crel-negative background (Fig. 2B). But in
contrast to xyrl, xynl transcription is inducible by Dp-xylose,
which does coincide with former observations (26, 37, 43) (Fig.
2A and B). An analogous analysis of the xyr/ and xyn!l tran-
script formation in the crel retransformation strain CK11
showed a restoration of a glucose-dependent repression (Fig.
2A and B). This was also observed for strain QM9414, thus
confirming that the reduced transcript levels on glucose can be
ascribed to a Crel-mediated CCR. Furthermore, we observed
a significantly reduced derepression (transferred to the ab-
sence of a carbon source) and induction (transferred to xylose
as the carbon source) of xyn! transcription in CK11 compared
to what was seen for Rut-C30 (Fig. 2B). A possible explanation
for these findings is that the restoration of crel expression in
CK11 probably acts as a negative regulator even under dere-
pressing and inducing conditions. As a summary, we conclude
that the transcriptional regulation of xyr! is subject to a Crel-
dependent CCR/derepression but not to an induction mecha-
nism.

Acel antagonizes xyrl transcription. Since the influence of
Crel could be demonstrated in this study and an elevated level
of xyrl transcript in an ace2 deletion strain was reported pre-
viously we consequently investigated if the repressing tran-
scription factor Acel also negatively affects transcription of
xyrl. Therefore, the QM9414 parental strain and an acel de-
letion strain (the Aacel strain) were pregrown and thereafter
replaced to MA medium containing glucose or D-xylose as a
carbon source or xylobiose as an inducing substance or else
with no carbon source as a control. Interestingly, xyr! tran-
scription levels were 3.8 to 6.4 times elevated in the Aacel
strain (Fig. 3A). Accordingly, we performed an in silico anal-
ysis of the xyr! promoter region (—1 to —1400 bp) for potential
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FIG. 2. Transcription analysis of carbon source-dependent regulation of xyr/ transcription. Strain Rut-C30 (dark gray) and strain CK11 (light
gray) were precultured on glycerol and thereafter transferred to MA medium containing 1% (wt/vol) glucose (G) or xylose (XO) as the sole carbon
source or that without a carbon source (NC) and incubated for 3, 5, or 8 h as indicated. Transcriptional analysis of xyr! (A) and xynl (B) was
performed via real-time PCR applying a dual-labeled probe after parallel extraction of RNA and DNA, followed by cDNA synthesis. Ratios of
amounts of mMRNA (cDNA) per gene dose are given in a decade logarithmic scale (Ig). The values are means of results from seven independent
biological replicates. Error bars indicate standard deviations. The asterisk indicates the reference sample.

regulatory binding motives. We identified 2 Acel-binding sites
(AGGCA [38]) and 10 Crel-binding sites (SYGGRG [42]) (4
of them arranged as a repeat) in a region 1,400 bp upstream of
the xyrl structural gene (Fig. 3B). Although there is no bio-
chemical evidence confirming the binding of any of these sites,
we speculate that Acel acts, next to Crel, as a repressor of xyr/
transcription itself.

De novo synthesis of Xyrl is not essential for an initial
induction of xynl. On one hand, xyr! transcription is subject to
CCR mediated via Crel; on the other hand, it was recently
demonstrated that Xyrl even under repressing conditions (glu-
cose-grown cultures) binds at least to the upstream part of its
corresponding regulatory element (GGCTAA motif) in the
xynl promoter (37). Together, these observations appear con-
tradictory and underscore the question of the role of Xyrl
under repressing conditions. Furthermore, we questioned
whether the de novo synthesis of Xyr1 is necessary for an initial
induction of xynl transcription. To answer this, the parental
strain was replaced either to p-xylose either with or without a
translation inhibitor (5 mM cycloheximide, previously proven
as an effective translation inhibitor in filamentous fungi [ref-
erences 5 and 41, e.g.]) or else to glucose. First, we found again
that the transcription of the xyr/ gene is strongly reduced on
glucose compared with what was seen for p-xylose. In all cases,

transcription affected the translation inhibitor. However,
mRNA (cDNA) isolated from p-xylose-grown cultures with
translation inhibitor never dropped below the levels observed
for glucose without inhibitor (Fig. 4A). One interpretation of
these observations is the release from Crel-mediated CCR on
D-xylose on the one hand; on the other hand, the absence of de
novo-synthesized Crel may cause elevated transcript levels of
xyrl when the translation inhibitor is added. These findings
suggest that protein synthesis is not needed for a low consti-
tutive xyrl transcript level. It is firmly established that the
induction of xyn! expression is strictly dependent on Xyr1 (43).
Therefore, xynl expression is an ideal model to investigate
whether de novo synthesis of Xyrl is essential for an initial
induction of xynl transcription. As can be inferred from Fig.
4B, the xynl transcript levels are not significantly altered, in-
dependent of cycloheximide supplementation. Thus, even
though the addition of a translation inhibitor prevents de novo
synthesis of Xyrl, xyn! transcription, which is strictly depen-
dent on Xyrl, is induced. We assume that a low constitutive
level of Xyr1 is present under all growth conditions.
Insertion of a constitutively expressed copy of xyrl into H.
Jecorina. To create a strain with a constitutively expressed xyr/
(GenBank accession no. AF479644), the respective structural
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FIG. 3. (A) Transcript analysis of the xyr! gene in the QM9414
parental strain and the acel deletion strain (Aace! strain). Both strains
were precultured in MA medium containing glycerol and thereafter
transferred to MA medium containing 1% (wt/vol) of a carbon source
or 1.5 mM xylobiose as the inducer and incubated for 3, 5, or 8 h as
indicated. Time points chosen for this experiment correspond to the
strongest regulatory effects observed for strain QM9414. Results are
given in multiple amounts of mRNA per gene dose of Aacel strain
compared to QM9414. The values are means of results from three
independent biological replicates with standard deviations indicated.
Note that values gained from different inducers/carbon sources are not
comparable. (B) In silico analysis of the xyr/ promoter (—1 to —1400
bp upstream the structural gene) for identification of binding sites of
the transcription regulators Crel (SYGGRG [black vertical bars]) and
Acel (AGGCA [white vertical bars]).

gene was put under the control of the nagl promoter of H.
atroviridis. Transformation of this nagl:xyrl fusion into the
genome of an H. jecorina Axyrl strain (43) was carried out via
cotransformation using the plasmid pARS3, bearing the fusion
and the vector pAN7 (35) and conferring hygromycin B resis-
tance. This yielded approximately 15 mitotically stable trans-
formants, of which 10 were further characterized (nx strains).
Southern blot analysis in all cases revealed the insertion of the
nagl:xyrl construct as homologous single-copy integration at
the xyr! locus, replacing the former amdS-based deletion cas-
sette (data not shown). Prescreening of the transformants in
liquid culture with xylan as the sole carbon source showed
similar growth rates and xylanase activities for all of them (data
not shown). Transcript analysis of three randomly chosen
strains (nx 7, nx 10, and nx 11) via real-time PCR indicated the
restoration of xyr/ transcript formation for all of them (see Fig.
S1 in the supplemental material). The nx transformant strains
showed growth rates on malt extract medium that were similar
to those of the QM9414 parental strain or the Axyr/ strain (see
Fig. S1 in the supplemental material). However, the conidio-
spores are white to brownish instead of dark green and
conidiation is slightly delayed in the nx strains compared with
the parental strain (see Fig. S1 in the supplemental material).
One of the transformant strains (nx7 strain) was randomly
chosen to perform further analyses.

Constitutive expression of xyrl causes elevated xylanase for-
mation. To investigate effects of constitutively expressed, de-
regulated (CCR-independent) xyr!/ expression, we preculti-
vated the parental strain and the nx7 transformant strain on
glycerol and thereafter transferred them into media containing
glucose, D-xylose, xylobiose, or no carbon source. Real-time
reverse transcription-PCR analysis of xyr/ revealed similar
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FIG. 4. Influence of a translation inhibitor on transcription of xyr/
and xynl in H. jecorina. Strain QM9414 was precultured on glycerol
and thereafter transferred to MA medium containing 1% (wt/vol)
glucose (G) or xylose (XO) as the sole carbon source supplemented
with (+) or without (—) 5 mM cycloheximide. Sampling and transcript
analysis were performed after 1 and 3 h for xyr/ and after 3 and 5 h for
xynl. This time-staggered sampling should allow analysis of the influ-
ence of de novo-synthesized Xyrl on xynl transcription. Transcrip-
tional analysis of xyr! (A) and xynl (B) was performed via real-time
PCR applying a dually labeled probe after parallel extraction of RNA
and DNA, followed by cDNA synthesis. Ratios of amounts of mRNA
(cDNA) per gene dose are given in a decade logarithmic scale (Ig). The
results are means of results from three independent biological repli-
cates. Error bars indicate standard deviations. The asterisk indicates
the reference sample.

transcript levels under all conditions tested for the nx7 strain,
contrasting with the glucose repression of this gene seen for
the parental strain (Table 2). It can be speculated that release
from CCR in the nx7 transformant strain is due to the fact that
the nagl promoter is not regulated by Crel (25). Whereas the
xyrl gene is constitutively expressed in the mutant strain, no
transcript formation of the xynl gene was observed under glu-
cose-repressing conditions for QM9414. These observations
are consistent with the known regulatory mechanisms of the
parental strain (26, 37, 43) (Table 2). However, xyn! transcript
accumulation under D-xylose inducing conditions dramatically
increased in the nx7 transformant strain (Table 2). The basal
level of xyn2 transcription, described previously for the paren-
tal strain (43, 54), could also be detected in the transformant
strain (Table 2). In contrast to the transcription of xynl, the
induction of the xyn2 gene via xylobiose was weaker at early
time points in the nx7 transformant strain but later exceeded
the levels of the parental strain (Table 2). To complete the
analysis of all genes coding for xylan backbone-degrading en-
zymes in H. jecorina, the bxll transcript formation was exam-
ined. Again, higher levels of transcript were observed for the
transformant strain (Table 2).



VoL. 74, 2008

TRANSCRIPTIONAL REGULATION OF xyrl IN H. JECORINA 6559

TABLE 2. Transcription levels of the xyrl, xynl, xyn2, and
bxll genes

Carbon source/inducer

Amt of mRNA (cDNA) per gene
dose for*:

Gene (h of cultivation)
QM9%414 nx7
xyrl NC (3) 29+2 181 +2
Xylobiose (3) 127+ 1 183 +2
Glucose (3) 1.0+0 324=*3
Xylose (3) 11.6 =1 274 *2
xynl Glucose (3) ND ND
Glucose (5) ND ND
Glucose (8) ND ND
Xylose (3) ND 7,652 + 399
Xylose (5) 1.0 =0.0 388 =29
Xylose (8) 122 416 = 21
xyn2 NC (3) 157 = 10 81+3
NC (5) 18+1 9+0
NC (8) 9+0 1+0
Xylobiose (3) 20,613 =978 5,934 = 289
Xylobiose (5) 54,104 + 2,536 1,897 + 91
Xylobiose (8) 1,072 £ 59 3,906 = 175
bxl1 NC (3) 1.0=0.0 8.9+05
NC (5) 03 x0.0 0.2+00
NC (8) 03+0.0 1.2 0.0
Xylobiose (3) 7,179 = 315 11,474 = 491
Xylobiose (5) 5,056 = 242 5,331 = 258
Xylobiose (8) 460 = 24 10,450 = 507

“Values are means * standard deviations from three independent experi-
ments. ND, no detection.

To evaluate the impact of the increased mRNA levels on
xylanolytic enzyme activity, the parental strain and the nx7
transformant strain were cultivated on medium containing
xylan. We observed endo-B-1,4-xylanase activity at an earlier
culture stage (Fig. 5A) and B-xylosidase activity was clearly
elevated (Fig. 5B) in the nx7 transformant strain, thus confirm-
ing the results of the transcript analysis. Soluble protein mea-
surements showed that growth characteristics slightly differed
in the strains tested (Fig. 5C), most likely due to the delayed
xylanase production in the parental strain. Complete clearing
(i.e., enzymatic degradation of the insoluble xylan compounds)
of the xylan-containing medium by the nx7 transformant strain
was visible after approximately 50 h of cultivation, whereas the
parental strain could not clear the medium during the duration
of the experiment. To summarize, these findings strongly sup-
port the above-suggested postulate that Xyr1 expression alone
is not sufficient for xylanase induction and that posttransla-
tional modifications are needed to convert this transcription
factor into its active form. However, a deregulated expression
of xyrl (i.e., release of xyrl from CCR) strongly elevates the
production of the xylanolytic enzyme activity of H. jecorina.

DISCUSSION

In recent years, the isolation of a main hydrolase regulatory
protein (Xyrl/XInR) has been reported for several fungal spe-
cies, including those of Aspergillus (XInR [51]), Hypocrea (Xyrl
[43]), and Fusarium (Xyr1 [3]). Although its central role in the
transcriptional activation of cellulolytic as well as xylanolytic
enzyme-encoding genes has been demonstrated, investigations
on the regulation of xyrl expression itself remained incom-
plete.

We demonstrate here that in contrast to its regulation tar-
gets (e.g., xynl, xyn2, bxll, cbhl, cbh2, egll, and bgll), the
regulation of xyr! expression itself is subject only to a repres-
sion/derepression mechanism. These findings are in strict ac-
cordance with the in silico analysis of the region upstream of
xyrl, where no Xyrl-binding sites (with the potential for auto-
regulation) could be identified. On the other hand, the pres-
ence of 10 Crel sites, 4 of them arranged as tandem repeats,
gave a first indication for a Crel-dependent regulation of the
transcription of xyrl. In Hypocrea, Crel sites are functional in
vivo only if they are arranged as either inverted (xyn! [26]) or
tandem (cbhl [19]) repeats. Performing transcription studies
of the xyr! gene in a Crel-negative background provided an in
vivo proof of the CCR of xyr! transcription, finally supported
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FIG. 5. Analysis of xylanase enzyme activity formation. Endo-B-
1,4-xylanases (A) and B-xylosidase (B) activities in culture superna-
tants of the QM9414 parental strain (gray diamonds) and the nx7
mutant strain (black squares) (A to C). Detection of enzyme activity
formation of both strains was accomplished after 0, 12, 24, 36, 48, 60,
and 72 h of cultivation in shake flasks on 1% (wt/vol) xylan after
inoculation with spores. One unit of activity is defined as the amount
of enzyme required to release 1 micromole of reducing xylose sugar
equivalents or 4-nitrophenyl residues per minute under the defined
assay conditions. (C) Determination of biomass formation in medium
containing insoluble xylan by measurement of NaOH-soluble protein.
All data are means of results from three independent biological rep-
licates. Error bars indicate standard deviations.
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by the fact that a complementation of the Crel-defective strain
led to a restoration of the glucose repression of xyrl. Upon the
transfer of these two strains to an xynI-inducing carbon source
(i.e., p-xylose), no increase of xyr/ transcription above the
derepressed level was observed. These findings again support
the model of a repression/derepression regulatory mechanism.
It is noteworthy that a Crel-dependent regulation of xyr/ tran-
scription can now also explain the Crel-related expression of
hydrolytic enzyme-encoding genes in Hypocrea, which do not
bear functional Crel binding sites in their own promoters (e.g.,
¢bh2 [57] and xyn2 [56]). At first glance, these findings point to
a simple model of Xyrl de novo synthesis-mediated gene reg-
ulation. However, two previous findings contradict such a sim-
ple regulatory explanation: (i) in vivo footprinting analyses of
the xynl and xyn2 promoters revealed binding of Xyrl even
under repressing conditions (37, 46); and (ii) the constitutive
level of xyn2 transcription, also present under CCR conditions,
is strictly dependent on Xyrl (46). These results are a clear
indication of the presence of Xyrl also under repressing con-
ditions. Xyrl is present either at a concentration that is inap-
propriate to confer induction (still consistent with a de novo
synthesis model) or in an inactive form, most probably lacking
an activating posttranslational modification, or else in a com-
bination of both. Consequently, following this working hypoth-
esis, we investigated the necessity of a de novo synthesis of
Xyrl for an initial induction of xylanase formation. Using
cycloheximide, a translation inhibitor (5, 41), we demonstrated
that the induction of xynI transcription occurs independent of
protein synthesis. This observation is in good agreement with
the above-mentioned binding of Xyrl to its respective ele-
ments even under repressing conditions. As even low levels of
Xyrl are sufficient to mediate induction, the hypothesis of a
posttranslational modification has to be favored and will be a
focus of future investigations.

Having these results in hand, we questioned if the amount of
disposable Xyrl influences the expression of the hydrolase-
encoding genes in Hypocrea. To study this, the xyr! structural
gene was placed under the control of the H. atroviridis pro-
moter of nagl, which is constitutively expressed in H. jecorina.
The entire gene locus of xyrl was replaced by a single copy of
this construct. A comparison of the transcription of xyr/ in this
strain (nx7) with the parental strain under derepressing as well
as inducing conditions clearly demonstrated that levels of tran-
script formation are similar in both strains. Under CCR con-
ditions, the xyr] mRNA is detectable for the nx7 strain only at
levels comparable to those seen for inducing conditions. How-
ever, the expression of xyr/ during CCR does not lead to any
xylanase-encoding transcript formation on glucose, which is
again perfectly consistent with the above-suggested posttrans-
lational activation of Xyrl. Investigating the transcription pat-
terns of the three major xylanase-encoding genes (xynl, xyn2,
and bxl1) revealed a strong influence of the deregulated/con-
stitutive expression of xyr/ under inducing conditions. The
transcription of xynl (up to several hundredfold) and to a
lesser extent of bxl1 is highly increased during all time points
tested. xyn2 mRNA formation in the nx7 strain lacks the char-
acteristic induction peak following an addition of the inducer
molecule observed for the parental strain. However, as for the
other xylanase-encoding genes, no downregulation of the tran-
scription of xyn2 can be seen for the nx7 strain, whereas it can
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be observed in the parental strain. A possible explanation for
this different change in the transcription profile of the xyn2
gene may be the fact that, in addition to Xyr1, the transcription
factor Ace2, which is not overexpressed in the nx7 strain, is
required for a full induction (46). Accordingly, Ace2 is not
involved in the transcriptional regulation of the other xylano-
lytic enzyme-encoding genes of H. jecorina (46). It should be
noted that the measurements of corresponding enzyme activ-
ities are perfectly congruent with the transcription analyses.
These findings are consistent with recently published data for
an A. nidulans strain expressing x/nR under the A. nidulans
gpdA promoter, which showed higher transcript levels of xInA
and x/nB and partly higher levels of x/nD in a Northern blot
analysis. However, also in this case, all xylanase-encoding
genes require D-xylose for the induction of their transcription
(47).

Acel was previously described as a repressing transcription
factor of hydrolases in Hypocrea (1) and, more recently, it has
been demonstrated that Acel directly competes with Xyr1 for
one of its binding elements in the xyn! promoter (37). In this
study, we provide evidence that Acel also negatively acts on
the transcriptional regulation of xyrl, which is consistent with
the presence of two Acel-binding sites in the respective up-
stream regulatory sequence. Thus, in addition to the above-
described Crel-dependent CCR of xyr! and xynl transcription,
a second negative regulatory effect mediated by Acel acts on
this regulation cascade. Such a regulatory mechanism can be
understood as a “double-double” lock system (named accord-
ingly to the double-lock regulation of the alcA gene in Aspergil-
lus nidulans, described as a CreA-mediated double repression
of alcR and alcA [30]) of the xynl promoter. Such a tight
“shut-off-and-on” mechanism of this particular promoter is in
agreement with transcription analyses allowing no detection of
transcript formation (neither of the xyn! gene nor of heterolo-
gously expressed genes [26]) when the fungus is grown on
glucose as the sole carbon source. In addition, the xyn! gene is
highly inducible via the cheap carbon source D-xylose, even in
the presence of glucose (26). This highlights the xyn/ promoter
as a precisely regulatable expression system for Hypocrea and
other fungal species (e.g., Fusarium species [K. Brunner, R.
Mitterbauer, G. Adam, and R. L. Mach, unpublished data]).

To summarize, Xyrl is the major regulator of cellulolytic and
xylanolytic enzyme formation in H. jecorina, which is itself regu-
lated on a transcriptional level by a repression/derepression
mechanism. Since these studies are done with the cellulase-hy-
perproducing strains QM9414 and Rut-C30, the mechanisms/
phenomena cannot be assumed to be operative in wild-type
QMo6a. Nevertheless, in QM9414 deregulating the repression of
xyrl expression already leads to a significant increase of hydrolase
production, which is of course still dependent on the presence of
the respective inducer molecule. The identification of a possible
activating posttranslational modification of Xyrl will probably
have the potential to completely deregulate hydrolase production.
Accordingly, this should work out independent of the presence of
an inducer when xyr! is expressed under a constitutive promoter.
This working hypothesis demands further investigations as it is
hopefully a major key for strain improvement via genetic engi-
neering, not only for Hypocrea, but also for other hydrolase-
producing fungi.
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