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Although the enzymes enabling Hypocrea jecorina (anamorph Trichoderma reesei) to degrade the insoluble
substrate cellulose have been investigated in some detail, little is still known about the mechanism by which
cellulose signals its presence to the fungus. In order to investigate the possible role of a G-protein/cyclic AMP
signaling pathway, the gene encoding GNA3, which belongs to the adenylate cyclase-activating class III of
G-alpha subunits, was cloned. gna3 is clustered in tandem with the mitogen-activated protein kinase gene tmk3
and the glycogen phosphorylase gene gph1. The gna3 transcript is upregulated in the presence of light and is
almost absent in the dark. A strain bearing a constitutively activated version of GNA3 (gna3QL) exhibits
strongly increased cellulase transcription in the presence of the inducer cellulose and in the presence of light,
whereas a gna3 antisense strain showed delayed cellulase transcription under this condition. However, the
gna3QL mutant strain was unable to form cellulases in the absence of cellulose. The necessity of light for
stimulation of cellulase transcription by GNA3 could not be overcome in a mutant which expressed gna3 under
control of the constitutive gpd1 promoter also in darkness. We conclude that the previously reported stimu-
lation of cellulase gene transcription by light, but not the direct transmission of the cellulose signal, involves
the function and activation of GNA3. The upregulation of gna3 by light is influenced by the light modulator
ENVOY, but GNA3 itself has no effect on transcription of the light regulator genes blr1, blr2, and env1. Our data
for the first time imply an involvement of a G-alpha subunit in a light-dependent signaling event in fungi.

Hypocrea jecorina (anamorph Trichoderma reesei) is a sapro-
phytic fungus that grows on wood trunks. To this end it forms
a very potent cellulolytic enzyme system, which has also found
widespread industrial application (11, 21, 22). The regulation
of expression of these cellulases has been subject to extensive
research (2, 60), and at least three transcriptional activators
(XYR1 [70], ACE2 [3], and the HAP2/3/5 complex [80]) as
well as the two repressors CRE1 (33) and ACE1 (56) have
been found to be involved.

In contrast, the mechanism by which cellulose signals its
presence to the cell and induces cellulase gene expression has
remained enigmatic. Cellulase formation is absolutely depen-
dent on the presence of an inducer (69), which suggests the
involvement of a signaling cascade. In addition, this induction
is modulated by several environmental conditions, of which the
stimulation by light has recently been investigated in some
molecular detail (59). The biochemical nature of this cellulose
signaling cascade is not yet known, however. Sestak and Farkas

(66) demonstrated that the rate of cellulase induction in H.
jecorina by the soluble �-linked disaccharide sophorose can be
doubled by increasing the intracellular concentration of cyclic
AMP (cAMP). However, at concentrations exceeding an opti-
mum, cellulase synthesis is repressed by cAMP (62). In the
chestnut blight fungus Cryphonectria parasitica, Wang and Nuss
(75) showed that cellobiohydrolase I gene expression requires
the function of the G-alpha protein CPG-1. Together these
two findings would give rise to the hypothesis that cellulase
induction could involve signaling by a G-protein/cAMP
pathway.

Fungal heterotrimeric G proteins, consisting of G-alpha,
G-beta, and G-gamma subunits, have been shown to play a
major role in signaling to various processes such as regulation
of growth, reproduction, morphogenesis, virulence, secondary
metabolite production, and pathogenic development (6, 16, 17,
50, 53, 81). After binding of a specific ligand to the cognate
receptor, GDP bound to the G-alpha subunit is replaced by
GTP, leading to activation of the G protein, which then can
interact with its effectors. Thereafter the intrinsic GTPase ac-
tivity of the G-alpha subunit catalyzes hydrolysis of GTP to
GDP and Pi, thus inactivating the G-alpha protein and pre-
venting continuous transmission of the signal (6, 79). Based on
phylogenetic analysis and functional characteristics, the G-al-
pha proteins can be classified in three major subgroups: sub-
group I proteins, which inhibit adenylate cyclase, a function
also reported for the mammalian G�i proteins; subgroup II
proteins, which have no homology with mammalian G pro-
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teins; and subgroup III proteins, which in most fungi where
tested activate adenylate cyclase and are thus functionally re-
lated to mammalian G�s proteins (6, 77). However, exceptions
to this classification have also been reported (35). The genome
of H. jecorina encodes a set of G-alpha subunits comparable to
that in Neurospora crassa (7, 39), i.e., three G-alpha subunits
which can be assigned to the groups described above (58).

The objective of this study was therefore to clone a subgroup
III G-alpha subunit-encoding gene from H. jecorina and to
determine its role in the induction and/or regulation of cellu-
lase gene expression. As a member of subgroup III, such a G
protein should cause elevated intracellular cAMP levels upon
activation due to its positive effect on adenylate cyclase. We
will show that, in contrast to our initial hypothesis, the cellu-
lose signal is not transmitted via this G-alpha subunit (GNA3).
However, we will provide evidence that GNA3 has a significant
impact on the regulation of cellulase gene expression by pos-
itively modulating its stimulation by light.

MATERIALS AND METHODS

Microbial strains and culture conditions. H. jecorina (T. reesei) wild-type
strains QM9414 (ATCC 26921) and TU-6 (ATCC MYA-256) (�pyr4; uridine
auxotroph) (25); the env1PAS� mutant strain, which lacks the PAS domain
of ENVOY but still transcribes a truncated transcript (59); gna3AS
(gpd1p: :gna3 : :gpd1t; an antisense strain) (this study); and gna3S
(gpd1p::gna3::gpd1t; a strain expressing gna3 under control of the constitutive
gpd1 promoter) (this study) were used throughout this study and maintained
on malt extract agar. The uridine auxotrophic mutant strain H. jecorina TU-6
(ATCC MYA-256; �pyr4) (25) was maintained on malt extract agar supple-
mented with 10 mM uridine (Sigma-Aldrich Co.). The recombinant gna3QL1
and -2 mutant strains (�pyr4; gna3Q206L�::pyr4�) (this study) were maintained
on selective minimal medium [1 g/liter MgSO4 � 7H2O, 10 g/liter 1% KH2PO4, 6
g/liter (NH4)2SO4, 3 g/liter trisodium citrate � 2H2O, 10 g/liter glucose, 20 ml/
liter 50� trace elements solution (0.25 g/liter FeSO4 � 7H2O, 0.07 g/liter
ZnSO4 � 2H2O, 0.1 g/liter CoCl2 � 6H2O, 0.085 g/liter MnSO4 � H2O), 2% (wt/
vol) agar] (all chemicals were from Merck, Darmstadt, Germany). Strains were
grown in 1-liter Erlenmeyer flasks at 28°C on a rotary shaker (200 rpm) in 200 ml
of minimal medium as described by Mandels and Andreotti (47), which was
supplemented with 0.1% (wt/vol) peptone to induce germination and 1% (wt/vol)
of microcrystalline cellulose (no. 14204; Serva, Heidelberg, Germany) or glycerol
(Merck, Darmstadt, Germany) as a carbon source. For cultivation of the uridine
auxotrophic strain TU-6, the medium was supplemented with 10 mM uridine.
When TU-6 was used as a control for other strains, they were also supplemented
with 10 mM uridine to ensure equal conditions. Approximately 108 conidia/liter
(final concentration) were used as the inoculum.

Strains were grown either in the presence of constant illumination (25 �mol
photons m�2 s�1; 1,800 lx) or in constant darkness. In the latter case, cultures
were harvested under a red safety light. This has previously been shown to have
no effect on the fungus (59). Growth in race tubes (49, 55) was performed at 28°C
in constant light or constant darkness. Escherichia coli JM109 (78) was used for
the vector propagation and DNA manipulation.

DNA and RNA manipulations. Fungal mycelia were harvested by filtration,
frozen, and ground in liquid nitrogen. For cultivation in constant darkness,
cultures were harvested under a red safety light. Genomic DNA was isolated as
described previously (61). For Northern blotting, total RNA was isolated by the
guanidinium-phenol procedure (14, 61). Standard methods (57) were used for
electrophoresis, blotting, and hybridization of nucleic acids. The probes used for
hybridization were as follows: for gna3, the 3.2-kb EcoRI/XbaI fragment (all
restriction enzymes were from Fermentas, Vilnius, Lithuania unless stated oth-
erwise) introduced into pBgna3Q206L (see below); a 1.2-kb cbh1 fragment
generated by PCR amplification with primers cbh1SF and cbh1SR; and a 1.0-kb
cbh2 fragment generated by PCR amplification with primers cbh2SF and
cbh2SR. Primers for amplification of PCR fragments to be used for analysis of
transcription of blr1, blr2, and env1 were trblr1F and trblr1R, trblr2F and trblr2R,
and env1neu1F and env1neu1R, respectively. For 18S rRNA hybridization, prim-
ers 18SRF and 18SRR were used for amplification of the probe. Sequences of
the oligonucleotides used are given in Table 1.

Densitometric scanning of autoradiograms was done using the Bio-Rad GS-

800 calibrated densitometer for three different exposures and two independent
experiments. Measurements were normalized to 18S rRNA signals. As a control,
the wild-type strain was included in every cultivation and subsequent Northern
analysis to allow for representative evaluation of the data obtained.

Cloning of gna3 and construction of an H. jecorina gna3QL strain. Using
sequence information for the corresponding gene from Trichoderma atroviride
(81), a tga3 orthologue was identified in the genome sequence database of H.
jecorina (http://genome.jgi-psf.org/Trire2/Trire2.home.html), and its sequence
was used to design primers for amplification and cloning.

For construction of a modified copy for expression of a constitutively activated
version of GNA3, an overlap extension mutagenesis approach was used. This
procedure resulted in the single amino acid modification Q206L. A correspond-
ing mutation has been reported to impair the intrinsic GTPase activity of this
protein in mammals (5). Similar mutations were introduced into other fungi in
order to assess the function of G-alpha subunits (48, 52, 65). Four oligonucleo-
tides (Fig. 1A; Table 1) were designed based on the genomic sequence to
generate the desired mutation in three steps. In a first PCR, primers gna3aa5F
and gna3aa5R, which contains the mutation to be introduced into the wild-type
template DNA, were used to amplify the 1,919-bp 5� region. In a second PCR,
primers gna3aa3F, which contains the mutation, and gna3aa3R were used to
amplify the 1,386-bp 3� region. Afterwards, these fragments were mixed and used
as the template in a third PCR to obtain a 3,270-bp fragment bearing the
intended mutation as well as approximately 1 kb of 3� and 5� flanking regions by
using the two nested primers gna3aa5NF and gna3aa3NR, which in addition
contains an artificial EcoRI and an XbaI restriction site to facilitate cloning. The
PCR product was cloned into EcoRI-XbaI sites of pBluescript SK� (Stratagene,
La Jolla, CA), thereby generating pBgna3Q206L. The gna3 coding region was
completely sequenced to ensure that only the desired mutations had been intro-
duced. After linearization with SacI, which cuts within the backbone of
pBluescript, 10 �g of this fragment was used to transform protoplasts of H.
jecorina TU-6 in cotransformation with 2 �g of a 2.7-kb SalI pyr4 fragment
excised from vector pFG1 (25), conferring uridine prototrophy. Transformants
were selected on minimal medium as described above. Stable transformants were
obtained by at least two rounds of single-spore isolation or three rounds of
transfer to selection medium lacking uridine in the case of nonsporulating mu-
tants. Integration into the H. jecorina genome and copy number were analyzed by
Southern blotting using EcoRI and XbaI, which had been introduced to facilitate
cloning, thereby showing the presence of the cassette by the presence of an
additional 3.2-kb band (Fig. 1B). The presence of the 8,843-bp wild-type EcoRI/
XbaI band in both wild-type and mutant strains confirmed that the cassette
integrated ectopically. Southern blotting using HindIII, which has only one
restriction site within the cassette and one within the vector backbone, revealed

TABLE 1. Oligonucleotides used in this study

Oligonucleotide Sequencea

cbh1SF.................5�-TCGGCCTGCACTCTCCAATCC-3�
cbh1SR ................5�-TGGAGTCCAGCCACAGCATG-3�
cbh2SF.................5�-ATTCTCACCACGCTGGTCAC-3�
cbh2SR ................5�-CGGCGTAGTTGATGCACTC-3�
trblr1F..................5�-TGTGCCTTTGTCGTTTGTG-3�
trblr1R.................5�-GACCGATATGACGTGGACC-3�
trblr2F..................5�-GCATGAGGAAGAAGGACG-3�
trblr2R.................5�-GGAACTGTACCGCAGTCAG-3�
env1neu1F...........5�-ATGCCGGCGTTGACATTAACCC-3�
env1neu1R ..........5�-ACGCATCTATTGGATATCTCCC-3�
18SRF..................5�-GGTGGAGTGATTTGTCTG-3�
18SRR .................5�-CTTACTAGGGATTCCTCG-3�
gna3aa5R ............5�-CCACTTCTTCCGCTCACTCCGTAGCC-3�
gna3aa5F .............5�-GTTTGGCCCGGATTGAAG-3�
gna3aa3R ............5�-ATATAGCTCCACGGCCAATTC-3�
gna3aa3F .............5�-GGCTACGGAGTGAGCGGAAGAAGTG-3�
gna3aa5NF..........5�-ATGAATTCCACGGCCAATTCTTTG-3�
gna3aa3NR .........5�-AATCTAGATTGAAGCGATCCCAGGATC-3�
gna3cDNA1F......5�-AACGTCGTCACTCTCGTC-3�
gna3cDNA1R .....5�-ATGGGAAAGAACGTGATG-3�
pgpdF...................5�-GAGAGCTACCTTACATCAA-3�
GNA3S1F............5�-ACGGAGTCAAAGAGCAATAAG-3�
GNA3S1R...........5�-ATGAGATGGACGTGCTGC-3�

a Mutated bases are in bold, and artificially introduced restriction sites are
underlined.
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that one copy had integrated ectopically due to the additional 1.6-kb band
resulting from integration of the cassette and only one additional band resulting
from the integration locus, with this band being slightly different for gna3QL1
and gna3QL2 (Fig. 1B). Two strains bearing a single ectopically integrated copy
of the constitutively activated gna3 gene were chosen for further analysis. In
order to confirm the actual expression of the additional copy, cDNA fragments
of gna3QL1 grown for 72 h on microcrystalline cellulose as described above were
amplified and cloned into pGEM-T Easy (Promega, Madison, WI). Sequencing
of the resulting plasmids confirmed an approximately equal representation of
wild-type and mutated alleles.

Construction of a gna3 antisense mutant strain and a mutant strain consti-
tutively expressing gna3. A fragment spanning the cDNA of gna3 was amplified
using primers gna3cDNA1F and gna3cDNA1R (Table 1) and cloned into
pGEM-T Easy, resulting in plasmids pgna3CS (sense) and pgna3CAS (anti-
sense), depending on the orientation. The plasmid pLH1hph (27) comprises the
hph open reading frame under the control of the constitutive gpd1 promoter and
gpd1 terminator. The hph open reading frame was excised by digestion with NsiI,
Klenow filling in to obtain a blunt end, and digestion with XbaI. The gna3
fragment was isolated from pgna3CS or pgna3CAS by digestion with EcoRI,
Klenow filling in to create a blunt end, and digestion with SpeI, which creates
overhangs corresponding to those of XbaI. The respective fragments were li-
gated with the digested vector to result in plasmids pg3Sgpd (constitutive ex-
pression) and pg3ASgpd (antisense). These plasmids were digested using BamHI
and SmaI and ligated to a pki1p::hph::cbh2t fragment excised from pBSXH (59)
by digestion with XhoI and XmnI, Klenow filling in to create a blunt end, and
digestion with BamHI. The resulting plasmids, pg3SgpdH and pg3ASgpdH,
were linearized by digestion with NarI and used for transformation as de-
scribed above. The resulting strains gna3S (gpd1p::gna3::gpd1t; sense) and

gna3AS (gpd1p::gna3::gpd1t; antisense) were tested for integration of the con-
struct by PCR using primers GNA3cDNA1F or GNA3cDNA1R, respectively, in
combination with pgpdF, which binds within the gpd1 promoter region to spe-
cifically amplify the newly introduced cassette. This analysis revealed one gna3S
strain and one gna3AS strain. Reverse transcription-PCR (RT-PCR) using prim-
ers GNA3S1F and GNA3S1R was applied to verify constitutive (gna3 sense
strain gna3S) or knocked-down (gna3 antisense strain gna3AS) transcription of
gna3. The amplified fragment spans the third and fourth introns (correct frag-
ment, 250 bp) and thus prevents misinterpretation of background bands due to
residual DNA (fragment size, 410 bp) as positives. Amplification of the transcript
of translation elongation factor 1 alpha (tef1) with primers TEF1F and TEF1R
was used as a control.

cDNA preparation and RT-PCR. Total RNA was treated with DNase I (Fer-
mentas, Vilnius, Lithuania) to remove contaminating chromosomal DNA. cDNA
was prepared from total RNA using the Clontech Creator SMART cDNA library
construction kit. GoTaq polymerase (Promega, Madison, WI) was used for PCR
amplification, with 25 cycles for tef1 and 35 cycles for gna3.

Measurement of intracellular cAMP levels. Mycelia were grown on malt
extract (3%, wt/vol) agar plates covered with cellophane for 72 h. Inoculation of
the plates was done using a 3-mm-diameter agar slice with sporulated mycelium
of the respective strain, which was placed in the middle of the malt extract plate.
To extract cAMP, mycelia were ground to a fine powder under liquid nitrogen,
weighed, and suspended in 10 ml 0.1 N HCl per g mycelium. Samples were
centrifuged at 600 � g at 22°C for 10 min, and the cAMP concentration was
measured with the Direct cAMP enzyme immunoassay kit (Sigma-Aldrich, St.
Louis, MO) according to the manufacturer’s instructions. cAMP levels were
related to the protein content of the sample and were expressed as means 	
standard deviations from three independent experiments.

Nucleotide sequence accession number. The gna3 sequence was deposited at
NCBI (GenBank accession number DQ993172).

RESULTS

Characterization of H. jecorina gna3. The gna3 gene consists
of a predicted 1,423-bp open reading frame interrupted by five
introns, which encodes a protein of 356 amino acids (Fig. 1A).
The amino acid sequence of GNA3 (GenBank accession num-
ber ABJ55985) shares 97% identity with Tga3 (GenBank ac-
cession number AAM69919) of Hypocrea atroviridis (Tri-
choderma atroviride) and has high identity to other fungal G
proteins (91% to Gibberella zeae [Fusarium graminearum]
GP-3 alpha [EAA76506.1], 88% to Magnaporthe grisea MagA
[AAB65425.1], 86% to N. crassa GNA-3 [AAG21364], and
77% to Aspergillus nidulans GanB [AAF12813]). Neighbor-
joining analysis of the amino acid sequences of H. jecorina
GNA3 and of these proteins, together with other fungal G-
alpha proteins, provided evidence that GNA3 is an orthologue
of these genes (58).

Analysis of the gna3 cDNA by RT-PCR confirmed the
model provided in the Trichoderma reesei genome database
v2.0 (http://genome.jgi-psf.org/Trire2/Trire2.home.html) with
five introns. Following the guidelines defined for the H. jeco-
rina genome annotation, which recommends the use of N.
crassa gene names when the orthologue has already been char-
acterized, we named this G-alpha protein GNA3.

Promoter analysis of 1 kb upstream of the predicted gna3
translational start codon revealed a CCAAT box at �120, eight
CRE1-binding sites (5� SYGGRG 3�) (among them one dou-
ble site as described previously [15]), and the sequence 5�
CTGTGCTGTGCTGTGCTGTGCTGTGC 3� at �774, com-
prising five overlapping EUM1-binding motifs (5� CTGTGC
3�) and a single EUM1-binding site at �924. The EUM1-
binding motif has recently been described to occur in genes
regulated by light, especially in Neurospora crassa vvd as well as
in H. jecorina env1 (59). Further, the gna3 promoter also com-

FIG. 1. Gene structure of gna3, transformation with the
gna3Q206L allele, and PCR strategy. (A) The gene structure of gna3 is
shown along with its exons and introns, the predicted GNA3 protein,
and construction of a transformation cassette to introduce the single
amino acid exchange at position 206 as indicated by a triangle. The
EcoRI and XbaI restriction sites have been introduced using nested
primers to facilitate cloning. (B) Southern blot analysis of TU-6 and
two Q206L mutants. Genomic DNA was digested with HindIII or
EcoRI/XbaI and probed with an 
3.2-kb EcoRI/XbaI fragment ex-
cised from pBgna3Q206L. The additional HindIII band at 1.6 kb
results from one restriction site within gna3 and a second site within
the vector backbone, and the bands around 10 kb result from ectopic
integration of the cassette and indicate the presence of only one copy
in either of the two strains used for further experiments. The second
Southern blot resulting from digestion with EcoRI/XbaI confirms ec-
topic integration of the mutant allele, since the 8,843-bp wild-type
fragment is present in all three strains. Only the mutant strains contain
the 3.2-kb fragment resulting from the artificially introduced restric-
tion sites.
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prises two motifs (at �808 and �851 relative to the ATG)
which can be recognized by SRY family HMG box DNA-
binding proteins (5� CAAAG 3�) (4).

Characterization of the H. jecorina gna3 genomic locus.
Analysis of the gna3 sequence in the Trichoderma reesei ge-
nome database v2.0 revealed that gna3 is present as a single
copy, located on scaffold 2, and is flanked downstream by gph1,
a gene encoding a glycosyl hydrolase family 35 protein, which
is the only member of this family in H. jecorina and encodes an
orthologue of the Saccharomyces cerevisiae glycogen phosphor-
ylase Gph1p (NP_015486; 61% amino acid identity) required
for the mobilization of glycogen (Fig. 2). Downstream of gph1
is located the tmk3 gene (encoding mitogen-activated protein
[MAP] kinase), which encodes the orthologue of S. cerevisiae
HOG1 involved in osmosensing (Fig. 2). Interestingly, the ac-
tivity of Gph1p is regulated by cAMP-mediated phosphoryla-
tion (40), and its expression is regulated by the HOG-MAP
kinase pathway (71). These findings suggest that these three
genes may constitute a functional gene cluster. For simplicity
we name the proposed cluster MGG (MAP kinase, glycogen
phosphorylase, G protein). BLAST searches against numerous
fungal genomes (http://www.broad.mit.edu/annotation/fungi/;

http://genome.jgi-psf.org/) revealed that this clustering of gna3,
gph1, and tmk3 is syntenic in Hypocrea atroviridis (Trichoderma
atroviride), Hypocrea virens (Trichoderma virens), Gibberella
zeae (Fusarium graminearum), Gibberella moniliformis (Fusar-
ium verticillioides), Fusarium oxysporum, and Magnaporthe
grisea, thus further substantiating this hypothesis. In Emericella
nidulans (Aspergillus nidulans), Aspergillus niger, and Aspergillus
fumigatus, the order of the genes in this cluster is different (Fig.
2), while in N. crassa only Hog1p and the Gph1p orthologue
are located nearby, whereas the G-alpha protein GNA-3 is
located on a different contig. In Saccharomyces cerevisiae,
Rhizopus oryzae, Phanerochaete chrysosporium, Laccaria bi-
color, and Cryptococcus neoformans, orthologous genes are
present but unlinked. In Coprinopsis cinerea, a MAP kinase is
located next to the Gph1p orthologue, but it shares highest
similarity with Fus7p. Ustilago maydis seems to lack an ortho-
logue of Gph1p but has a hypothetical protein with low simi-
larity to a glycosyltransferase family 35 protein in the vicinity of
the TMK3 orthologue. In Phycomyces blakesleeanus also, no
Gph1p orthologue was detected and the loci of the Hog1p and
GNA3 orthologues are unlinked, but interestingly, a MAP
kinase kinase orthologue is located next to the GNA3 ortho-
logue (for genomic coordinates and characterized orthologues
of the respective genes, see Table S1 in the supplemental
material). Phylogenetic analysis of the orthologues of GNA3,
GPH1, and TMK3 did not reveal striking peculiarities and
showed evolutionary relationships as expected for these organ-
isms (data not shown).

gna3 transcription is stimulated by light. As a prerequisite
to studying a possible function of gna3 in cellulase induction,
we first investigated whether gna3 would be expressed under
the conditions relevant for this study. In order to be able to
relate these data to subsequent analyses of cellulase gene tran-
scription, cellulose was used as a carbon source. Since light has
been shown to enhance cellulase gene transcription, all exper-
iments were done both in the presence of light and in darkness
(59). Figure 3A shows that expression of gna3 was influenced
by the presence of light; whereas the transcript was below the
detection limit in darkness, it accumulated in the presence of
light. In order to test whether the light modulator protein
ENV1, which was previously shown by us to be responsible for
the upregulation of expression of several genes by light in H.
jecorina (62), was involved in this light regulation of gna3
transcription, we compared gna3 transcript accumulation in
the parent strain QM 9414 and the env1PAS� mutant strain
(59). Figure 3A shows that the env1PAS� strain accumulates
the gna3 transcript also in the dark, whereas the transcript is
hardly detectable in light. The clear difference from the wild-
type strain in darkness indicates that gna3 transcription is in-
deed influenced by ENV1. However, due to the decreased light
tolerance of the env1PAS� strain and the consequent slow
growth observed in light (59), we cannot rule out that despite
the clear difference in darkness in the env1PAS� strain, regu-
lation of gna3 in light on cellulose might be comparable to that
for the wild-type. In order to analyze a potential short-term
light response of the gna3 transcript, the cellulase-noninducing
carbon source glycerol and shorter periods of illumination
instead of steady-state conditions as applied for cellulose were
used (Fig. 3B). These conditions also allowed for comparison
with the results of a study by Schuster et al., which reported

FIG. 2. Composition of the MGG cluster in ascomycetes. Contig or
scaffold numbers are represented as specified in the respective genome
databases (http://www.broad.mit.edu/annotation/fungi/; http://genome
.jgi-psf.org/). Genes encoding orthologues of GNA3 are given in black,
those encoding orthologues of GPH1 are in gray, and those encoding
orthologues of TMK3 are in white. The scheme is drawn to scale. For
exact genomic coordinates and known orthologues of the respective
genes, see Table S1 in the supplemental material.
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different darkness- and light-related functions of ENVOY
(62). Stimulation of gna3 gene expression on glycerol occurred
within 30 min of illumination and reached a peak after 60 min
(Fig. 3B). Thereafter transcript levels decreased until they
were close to the initial level after 4 h. An essentially similar
pattern was observed in the env1PAS� strain, but transcript
levels are clearly increased. We therefore conclude that GNA3
belongs to the category of light-regulated genes which are
repressed by env1 in darkness, as shown by Schuster et al. (62).

Generation of an H. jecorina mutant carrying a constitu-
tively activated gna3 allele. In order to learn whether GNA3 is
involved in transmitting the cellulose signal to cellulase gene
transcription, we first produced a mutant strain which carried
a gna3 mutant allele whose product is locked in the active
GTP-bound state, resulting in a constitutively activated protein
and permanent signal transmission. To this end, Q206 was re-
placed by L. Analogous mutations in mammalian G�s and G�i
subunits have been shown to lower the GTPase activity, and
thus these mutants cannot return to the inactive state. In fungi
such mutations have been used to analyze the function of
G-alpha subunits (48, 52, 65). Segers and Nuss (65) showed
that ectopic integration of the mutated allele results in the
same phenotype as integration in a deletion mutant of the
respective G-alpha subunit. Thus, the activated G-alpha allele
is considered dominant over the wild-type allele. Cotransfor-
mation of the uridine auxotrophic H. jecorina strain TU-6 with
a respectively altered copy of gna3 and the pyr4 marker cassette
(25) conferring uridine prototrophy resulted in two different
transformants which contained a single additional copy of the
constitutively activated allele (Fig. 1A), which yielded consis-
tent results in all further experiments. Data from only one of
them are given in this paper.

Phenotype of H. jecorina mutants bearing a constitutively
activated gna3 allele. The transcription pattern of gna3 was not
altered in the H. jecorina mutant gna3QL, as its transcript still
accumulated in the presence of light but remained below the
detection limit in darkness (Fig. 3A). Densitometry of the gna3
transcript in the parent strain and the gna3QL mutant showed
that it is about threefold more abundant in the latter. Since
both alleles are present in single copies, this disproportional
accumulation may indicate feedback regulation by active
GNA3. Sequencing of several random cDNA clones of
gna3QL further confirmed that the wild-type and mutant al-
leles are transcribed in approximately equal proportions in this
strain.

The gna3QL mutant showed considerably decreased sporu-
lation (by approximately 60%) in comparison to the wild-type
strain TU-6 on full medium (malt extract) and no sporulation
at all on minimal medium with glucose as the sole carbon
source. Vegetative growth, on the other hand, was not affected
by the Q206L mutation, as shown by similar hyphal extension
rates of the parent and the mutant strain on plates or in race
tubes, in darkness and in light.

A constitutively activated GNA3 protein should perma-
nently activate adenylate cyclase and hence increase the intra-
cellular concentration of its product, cAMP. In order to verify
that the Q206L mutation indeed results in this expected ade-
nylate cyclase activation, we measured the intracellular cAMP
concentration in the mutant and in the parent strain. In sup-
port of the hypothesis, mycelia of the wild-type strain TU-6
grown on malt extract plates in constant light showed intracel-
lular cAMP levels of 18.2 	 4.1 pmol/mg protein, whereas
mycelia of the gna3QL strain grown under the same conditions
contained 103.9 	 24.2 pmol cAMP/mg protein.

Constitutive activation of GNA3 does not lead to inducer-
independent cellulase gene expression. The availability of a
mutant strain with a constitutively activated gna3 allele now
allowed us to test the main hypothesis of this paper, i.e., that
GNA3 may be involved in transmitting the signal from cellu-

FIG. 3. gna3 transcription is enhanced by light. (A) Mycelia of the
wild-type strain TU-6 and of the env1PAS� and gna3QL mutant strains
were cultivated in Mandels-Andreotti medium with 1% (wt/vol) mi-
crocrystalline cellulose as the sole carbon source in constant darkness
(DD) or constant light (LL). Twenty micrograms of total RNA was
loaded per lane, and an �-32P-radiolabeled PCR fragment spanning
the cDNA of gna3 was used as a probe. 18S rRNA was used as control.
(B) The short-term light response of gna3 was analyzed in the wild-
type strain QM9414 and the env1PAS� mutant strain upon growth in
Mandels-Andreotti medium with 1% (wt/vol) glycerol as a carbon
source in constant darkness (DD) and after 30, 60, 120, and 240 min of
illumination (DL). Twenty micrograms of total RNA was loaded per
lane, and an �-32P-radiolabeled PCR fragment spanning the cDNA of
gna3 was used as a probe. Results were quantified, and the amount of
light-induced transcription of gna3 in the specified strain was normal-
ized to the 18S rRNA control hybridization. Graphs show transcription
levels above background.
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lose to cellulase gene expression. If this hypothesis was correct,
this mutant should form cellulases also in the absence of their
inducer. We therefore cultivated the gna3QL mutant on the
two noninducing carbon sources glucose and glycerol in the
presence of light and in darkness. However, no cellulase
mRNA (cbh1 or cbh2) was detected, and the presence or
absence of light had no influence on this result (data not
shown). We note that carbon catabolite repression would not
have interfered with this experiment, because it acts only on
the basal expression level of cbh1 and not at all on cbh2 (82).
Thus, we conclude that constitutive activation of GNA3 does
not result in inducer-independent cellulase gene expression.

GNA3 modulates the stimulation of cellulase gene expres-
sion by light. Although the above results caused us to reject the
hypothesis of direct cellulose signaling by GNA3, we consid-
ered it still possible that GNA3 would modulate cellulase for-
mation in response to another environmental cue in the pres-
ence of an inducer. We therefore investigated this by reverse
genetics, using the gna3QL strain described above and a gna3
antisense strain, gna3AS (under the control of the H. jecorina
gpd1 promoter, which allows strong constitutive expression), in
order to knock down expression of GNA3. RT-PCR showed
that the transcript of gna3 was indeed decreased or even below
the detection limit in the antisense strain (Fig. 4A). As test
conditions we chose 72 h of cultivation in constant light with
cellulose as a carbon source, since these conditions promote
gna3 transcription in the wild type. No gna3 transcript was

detected in the gna3AS strain. In constant darkness the gna3
transcript was detected in the gna3AS strain, but with signifi-
cantly decreased abundance. In the sense strain we detected
elevated levels of the gna3 transcript compared to those in the
wild type (Fig. 4B). However, no effect on hyphal elongation
was detected in this strain. As expected, cAMP levels in the
gna3AS strain are clearly reduced relative to those in the wild-
type strain. Interestingly, overexpression of GNA3 does not
increase cAMP accumulation above wild-type levels, thus em-
phasizing the importance of GNA3 activation for this process
(Fig. 4C). In both the gna3S and gna3AS strains, conidiation
was not significantly altered compared to that in the wild type
(Fig. 4D). Thus, the effect of constitutive activation of GNA3
on conidiation is unlikely to be solely due the altered cAMP
accumulation in this strain. If cAMP were responsible for the
effect of mutations of gna3 on condidation, a contrary effect for
constitutive activation and knockdown (in the antisense strain)
would be expected, which is also not the case. While there is
some correlation between conidiation and cAMP levels in de-
pendence on light and darkness, the fact that conidiation in the
gna3QL strain is decreased despite strongly elevated cAMP
levels in this strain also contradicts a strict interdependence of
cAMP accumulation and conidiation.

Despite several attempts, we did not succeed in generating a
gna3 knockout mutant. Although deletion of orthologues of
gna3 in other fungi caused more or less severe phenotypes (13,
37, 81), this gene has not been shown to be essential.

FIG. 4. RT-PCR and cAMP levels of gna3 antisense and overexpressing strains. (A) RT-PCR of gna3 in the gna3AS antisense strain after 72 h
of growth in Mandels-Andreotti medium with cellulose as a carbon source in constant light (LL) and constant darkness (DD). tef1 (encoding
translation elongation factor 1 alpha) was used as a control. The antisense fragment of gna3 is under the control of the constitutive gpd1 promoter
in the gna3AS strain. (B) RT-PCR of gna3 in the gna3S overexpressing strain under conditions where transcription of gna3 was below the detection
limit in Northern blots, i.e., after 96 h of growth in the same medium as mentioned above in constant darkness (DD) and additionally after 96 h
in constant light (LL). gna3 is under the control of the constitutive gpd1 promoter in the gna3S strain. (C) cAMP levels in the gna3AS and gna3S
strains after 72 h of growth in constant light or constant darkness on Mandels-Andreotti medium with cellulose as a carbon source relative to the
wild-type strain (21.72 pmol/mg protein). (D) Conidiation of the gna3AS and gna3S strains relative to the wild type in light and darkness.
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Cultivation of these two transgenic H. jecorina strains on
cellulose in the dark and in the presence of light resulted in
pronounced differences in the expression of the major cellulase
gene cbh1 depending on the presence or absence of light (Fig.
5A). In darkness, the patterns of cbh1 gene expression were
similar in the wild-type strain and in both mutants, demon-
strating that gna3 has no effect on cellulase formation under
this condition. In the presence of light, however, cbh1 gene
expression showed a direct correlation with the putative in vivo
activity of GNA3: while the gna3 antisense strain showed a
strongly delayed accumulation of the cbh1 transcript, the

Q206L mutant strain exhibited a significantly (10- to 12-fold)
increased cbh1 transcript abundance (Fig. 5B). Hence, the
function of GNA3 directly correlates with cellulase gene ex-
pression under conditions of illumination.

Stimulation of cbh1 gene expression by GNA3 requires the
presence of light. The finding that gna3 itself requires illumi-
nation for expression at high levels (see above) raised the
question of whether the light-dependent GNA3 stimulation of
cbh1 expression was due to the fact that gna3 is transcribed at
very low levels in darkness and thus is unable to stimulate
cellulase formation under these conditions or, alternatively,
whether GNA3 may modulate the response of cellulase gene
expression to the signal to be transmitted by its related recep-
tor only in light and in the presence of its inducer. In order to
test this, we constructed a mutant strain which expresses gna3
under control of the constitutive gpd1 promoter. This strain did
not show altered growth compared to the wild type. RT-PCR
showed that gna3 is indeed expressed in this strain in darkness
(Fig. 4B). However, analysis of cAMP levels in this strain
revealed a lower level than in the wild type (Fig. 4C), thus
suggesting that increased abundance of GNA3 does not nec-
essarily result in increased cAMP levels but seems to influence
cAMP levels in a more complex way. Cellulase gene expression
in darkness remained unaffected in this strain (Fig. 5A). Under
illumination, elevated transcript levels compared to those in
the parent strain were detected (up to fourfold), which never-
theless did not reach the level seen in the gna3QL mutant (Fig.
5B). These data therefore indicate that GNA3 per se does not
influence cellulase gene transcription but modulates the stim-
ulation of cbh1 gene transcription by light.

In order to test whether this effect of gna3 is due to a
stimulation of transcription of the light receptor genes blr1,
blr2, and env1 and thus controls the whole light signaling pro-
cess, their transcripts were also monitored in the parent strain
and the gna3QL mutant strain (Fig. 6). However, these data
showed that these three genes display the same expression
pattern in the gna3QL strain and the parent strain. Taking this
together with the altered transcription pattern of gna3 in the
env1PAS� mutant (see above), we therefore conclude that
GNA3 does not influence transcription of the light receptor
genes but rather acts downstream of the light perception ma-
chinery.

DISCUSSION

The main objective of this study was to investigate whether
a G-protein/cAMP signaling pathway was involved in the trans-
duction of a putative signal derived from the presence of cel-
lulose in the substrate of H. jecorina to the nucleus and induced
cellulase gene expression, as suggested by the data reported by
Sestak and Farkas (66) and Wang and Nuss (75). GNA3 was
selected as the candidate G protein because it belongs to
subgroup III of G-protein alpha subunits, members of which
have previously been shown to be involved in the control of
cAMP concentrations in fungi (6). The amino acid sequence of
H. jecorina GNA3 and the physiology of the mutants bearing
the constitutively activated gna3 allele of GNA3 (i.e., reduced
conidiation and an elevated intracellular cAMP content) are
all in agreement with previous studies of other fungi, including
other Trichoderma spp. (6, 37, 50, 81), and support the con-

FIG. 5. Northern analysis of cellulase gene transcription and gna3.
(A) Mycelia of the wild-type (TU-6), gna3QL (constitutively activated
GNA3, expression under the control of the original gna3 promoter),
gna3AS (antisense strain, fragment under the control of the constitu-
tive gpd1 promoter), and gna3S (overexpressing strain, gna3 under the
control of the gpd1 promoter) strains were grown in Mandels-An-
dreotti medium supplemented with 1% microcrystalline cellulose as a
carbon source in constant light (1,800 lx, 25 �mol photons m�2 s�1)
(LL) or constant darkness (DD) for 48, 72, and 96 h. For Northern
blotting, 20 �g of total RNA was loaded per lane and �-32P-radiola-
beled PCR fragments of cbh1 and 18S rRNA (control) were used as
probes. (B) Quantitative analysis of transcript abundance in constant
light on cellulose in the wild-type, gna3QL, gna3AS, and gna3S strains.
Values were normalized to wild type and to the corresponding 18S
rRNA using the Bio-Rad GS-800 calibrated densitometer.
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clusion that GNA3 is a functional homologue of the subgroup
III G-alpha proteins.

The results obtained with strains bearing mutated alleles of
gna3 allowed us to reject the hypothesis of direct cellulose
signaling via GNA3, as a constitutively activated gna3 allele
still did not initiate formation of cellulases in the absence of an
inducer. This allows two alternative conclusions: either induc-
tion of cellulase formation does not at all involve a G-protein-
coupled receptor for signal recruitment or another G protein is
involved in this process. While this question must yet remain
unanswered, our results nevertheless showed that GNA3 sig-
nificantly stimulates cellulase gene expression under induced
conditions and, moreover, that this effect is observed only in
the presence of light and not in its absence. Since this obliga-
tory dependence on the presence of light could not be over-
come by overexpression of gna3 in the dark, we conclude that
the prime stimulatory signal is either light or a light-specific
signal and that GNA3 is a modulator of the subsequent re-
sponse.

Effects of light on the physiology and metabolism of fungi
have been observed widely. Orthologues of the N. crassa pho-
toreceptor WHITE COLLAR-1 (WC-1) and the transcription
factor WHITE COLLAR-2 (WC-2) (10, 18, 31, 32, 41, 54, 68,
72) are believed to act most upstream in this process. In addi-
tion, another blue light photoreceptor of N. crassa, VIVID, is
regulated by the WC-1–WC-2 complex (28, 64). The H. atro-
viridis orthologues of WC-1 and WC-2, BLR1 and BLR2, are
involved in both photoconidiation and mycelial growth in this
organism (12). The downstream components transferring the
light signal to the metabolic targets have not been identified,
however. Our study makes it likely that GNA3 represents one
of the downstream components in this cascade. First, the gna3
transcript is much more abundant in the presence of light and
almost absent in darkness, implying that its function is required

mainly under illuminated conditions. Further, expression of
gna3 in H. jecorina is altered in an env1PAS� mutant strain,
whereas its constitutive activation does not affect expression of
env1 (and of neither blr1 nor blr2). This is consistent with the
interpretation that gna3 acts downstream of ENV1 in the light
signaling cascade and is thus involved in modulating the light
response of cellulase gene expression. Moreover, our results
on the light responsiveness of the gna3 transcript suggest that
ENVOY may stabilize the gna3 transcript or, consistent with
the known role of N. crassa VIVID in adaptation (63, 67),
increase its rate of transcription in the light. The surprising
lack of a gna3 transcript under steady-state conditions in the
env1PAS� strain on cellulose in light could be caused by a
continued decrease of transcript levels after 4 h of illumina-
tion, resulting in a transcript abundance below the detection
limit. Interestingly, the delayed cellulase gene transcription in
the gna3 antisense mutant gna3AS resembles the situation in
the env1PAS� mutant strain (59), thus supporting this hypoth-
esis. In this regulatory process the influence of ENVOY on
gna3 transcription is likely to involve further downstream fac-
tors and maybe also a feedback mechanism. One possible tar-
get would be the H. jecorina equivalent of the white collar
complex described for N. crassa. Hence, ENVOY could act via
activation of this transcription factor complex, causing alter-
ation of transcription of gna3. On the other hand, while tran-
scription of blr1 and blr2 is not altered by constitutive activa-
tion of GNA3, it cannot be excluded that GNA3 interacts with
a complex of these proteins, which in turn may act on tran-
scription of the cellulase genes. Alternatively, although so far
shown only for higher eukaryotes (30, 76), light-dependent
activation of a G-alpha protein without the involvement of an
equivalent of the white collar complex also appears to be
possible.

An involvement of G proteins in responses to blue light has
earlier been indirectly shown for N. crassa (34), Phycomyces
blakesleeanus (73), and Coprinus congregatus (38). Despite
these hints as to a connection of G-alpha subunits to the light
response pathway, regulation of G-alpha genes by light in
other fungal species has not been reported so far. However,
considering the fact that both BLR1 and BLR2 represent tran-
scription factors, we cannot rule out that, as mentioned above,
GNA3 acts not on transcription but on activity of these pho-
toreceptors and thereby causes light-dependent cellulase reg-
ulation. It will be interesting to investigate whether GNA3 is
also involved in other light-dependent processes in H. jecorina.

The light-dependent modulating effect of GNA3 on cellu-
lase gene expression is reminiscent of the modulating effect of
artificial increases in the intracellular concentration of cAMP
on cellulase formation in H. jecorina (66). This treatment,
while enhancing the rate of cellulase induction twofold, also
did not overcome inducer dependency. Unfortunately, that
study was not done under controlled conditions of illumina-
tion, and a strict comparison with the present data is therefore
not possible. However, we have recently shown (20) that an
artificial elevation of intracellular cAMP levels in the dark in
another Trichoderma sp., H. atroviridis, mimicked the stimula-
tory effect of light. Illumination of T. viride also leads to a
transient rise in cAMP levels and subsequent protein kinase
A-dependent phosphorylation of several intracellular proteins
in T. viride (24). These data suggest that at least some meta-

FIG. 6. GNA3 does not influence transcription of the light recep-
tors blr1, blr2, and env1. Mycelia of the wild-type (TU-6) and gna3QL
strains were grown in Mandels-Andreotti medium supplemented with
1% (wt/vol) microcrystalline cellulose as a carbon source in constant
light (1,800 lx, 25 �mol photons m�2 s�1) (LL) for 48, 72, and 96 h or
in constant darkness (DD). For Northern blotting, 20 �g of total RNA
was loaded per lane and �-32P-radiolabeled PCR fragments of blr1,
blr2, env1, and 18S rRNA were used as probes.
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bolic effects caused by illumination are due to an increase in
intracellular cAMP concentrations. We therefore consider it
likely that the stimulation of cellulase gene expression by light
in H. jecorina occurs at least partially by GNA3-dependent
adenylate cyclase activation. Nevertheless, the fact that cAMP
levels in the overexpressing stain hardly reach wild-type levels
while the upregulation of gna3 causes increased cellulase levels
in light indicates that additional downstream effectors must be
targeted by GNA3.

Orthologues of GNA3 have also been reported to play a role
in sporulation in fungi (13, 37, 43, 81), although no consistent
relationship to the impact of this G-alpha subunit on cAMP
levels could be established. Phenotypes of mutant strains could
not be mimicked or rescued consistently. For H. jecorina,
sporulation in the mutants studied also cannot be correlated
directly to the different cAMP levels. Consequently, while
sporulation in H. jecorina is influenced by GNA3, this influence
is not (solely) due to the effect of GNA3 on cAMP levels.

Interestingly, expression of the constitutively activated gna3
allele led to disproportionally enhanced gna3 transcript levels,
which suggests the operation of feedback regulation. Similarly,
the enhancement of cbh1 gene transcription in the gna3QL
mutant compared to the gna3S mutant (with gna3 under the
control of the constitutive gpd1 promoter) over that in the
parent strain shows a disproportional effect of the constitu-
tively activated allele. This behavior could be explained by
assuming that the activity of wild-type GNA3 is subject to
negative regulation by a factor which is inactive on the consti-
tutively activated GNA3. A possible candidate for this task
would be the regulator of G-protein signaling (RGS) proteins,
which enhance the intrinsic GTPase activity of G-alpha sub-
units (29). Because of the abolished GTPase activity in the
constitutively activated GNA3 as expressed in the gna3QL
mutant, this function would no longer be effective and thus
could be responsible for the observed differences. In fact, the
respective protein of Magnaporthe grisea, Rgs1, was shown to
negatively regulate all three G-alpha subunits, including
MagA, the orthologue of GNA3 (42). In this fungus, constitu-
tive activation of MagA, caused by the introduction of an allele
similar to that used in this work [magA(Q208L)], resulted in a
phenotype similar to that caused by deletion of Rgs1. Regula-
tion of activity of G-alpha subunits by RGS proteins has also
been reported for Aspergillus nidulans (26) and Aspergillus fu-
migatus (46). Since an orthologue of Rgs1 is present in the
genome of H. jecorina (RGS1; http://genome.jgi-psf.org/Trire2
/Trire2.home.html), we consider the operation of this regula-
tion in this fungus to be very likely and to be a plausible
interpretation of our data. Also, such a mechanism would at
least in part explain why the cAMP levels in the overexpressing
strain do not exceed those in the wild type.

Investigation of gna3’s neighboring genes in the genome
revealed that it is located in tandem with gph1, an orthologue
of S. cerevisiae GPH1 encoding a glycogen phosphorylase
whose activity is regulated by cAMP-mediated phosphoryla-
tion, and tmk3, encoding the H. jecorina orthologue of the S.
cerevisiae HOG1 MAP kinase. The 5� nontranslated sequence
of tmk3 contains a single copy of the EUM1 motif, is positively
regulated by light as is gna3, and is influenced by ENVOY (62).
On the other hand, within the promoter of gph1 no EUM1
sequence was detected, and this gene is downregulated by

light. However, for this gene also a regulatory impact of
ENVOY was found (62). Although these data indicate a con-
nection of both genes to light-dependent signaling events, fur-
ther studies will be necessary to understand the regulatory
interdependence and the downstream targets of the genes
within this cluster. The three genes within the proposed MGG
cluster are syntenic in several sordariomycetes (Fusarium spp.,
Magnaporthe grisea, and Hypocrea spp., but not N. crassa),
which are the phylogenetically the closest fungi to H. jecorina,
but are still clustered in Aspergillus spp. (eurotiomycetes), al-
beit in a different order. The cluster could not be detected in S.
cerevisiae, Phycomyces blakesleeanus, Rhizopus oryzae, and sev-
eral basidiomycetes. We conclude that the MGG cluster is
specific to ascomycetes, although hints as to a nonincidental
proximity of G-alpha subunits, Gph1p orthologues, and MAP
kinases have also been detected in basidiomycetes and zygo-
mycetes.

The clustering of these three genes within the proposed
MGG cluster may be functionally relevant, because yeast
GPH1 is regulated by the HOG-MAP kinase pathway (71),
and consequently this clustering may be indicative of a joint
function in glycogen mobilization. Clustering of functionally
related genes is a common feature in many eukaryotic regula-
tory pathways, including the nitrate assimilation cluster in As-
pergillus (1, 36) and the gene clusters regulating secondary
metabolite biosynthesis (8, 9, 23). The genes of such clusters
are often coregulated, not least because of their common sus-
ceptibility to changes in chromatin rearrangement (74). In
yeast, G-protein-mediated signal transduction and the HOG1
MAP kinase pathway are linked (51), and it is also known that
G-protein-coupled receptors can affect both G-protein-medi-
ated pathways and MAP kinase cascades (44, 45). Hints about
a physiological role of MGG come from the finding that the
glycogen content of Trichoderma is degraded upon illumina-
tion (19). Glycogen degradation requires the action of the
GPH1 glycogen phosphorylase l and causes formation of glu-
cose-6-phosphate, which is involved in regulating cellulase syn-
thesis in H. jecorina (66).

To summarize, our study, while not supporting the hypoth-
esis that direct cellulose signaling in H. jecorina involves
GNA3, has revealed a new role of GNA3 in stimulation of a
light-responsive process in this fungus. This striking depen-
dence of the effect of GNA3 of light renders the hypothesis of
light gating of cellulose signaling/regulation involving the reg-
ulatory function of ENVOY and/or GNA3 worth considering.
It will be interesting to learn whether the other G proteins of
this fungus are also involved in light-dependent phenomena
and whether any of the other G proteins is involved in cellulase
gene induction. Given the numerous reports on effects of light
on other fungi, it is likely that the functions of GNA3 ortho-
logues in these fungi also involve an influence of light.
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