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The genus Trichoderma is one of the most widely used biological control agents of plant-pathogenic fungi. The main mechanism
for survival and dispersal of Trichoderma is through the production of asexual spores (conidia). The transition from filamentous
growth to conidiation can be triggered by light, nutrient deprivation, and mechanical damage of the mycelium. We conducted
proteomic profiling analyses of Trichoderma atroviride after a blue light pulse. The use of two-dimensional electrophoresis (2-
DE) and mass spectrometry (MS) analysis allowed us to identify 72 proteins whose expression was affected by blue light. Func-
tional category analysis showed that the various proteins are involved in metabolism, cell rescue, and protein synthesis. We de-
termined the relationship between mRNA levels of selected genes 30 min after a light pulse and protein expression levels at
different times after the pulse and found this correlation to be very weak. The correlation was highest when protein and mRNA
levels were compared for the same time point. The transcription factors BLR-1 and BLR-2 are vital to the photoconidiation pro-
cess; here we demonstrate that both BLR proteins are active in darkness and affect several elements at both the transcript and
protein levels. Unexpectedly, in darkness, downregulation of proteins prevailed in the �blr-1 mutant, while upregulation of pro-
teins predominated in the �blr-2 mutant. Our data demonstrate that the BLR proteins play roles individually and as a complex.

Trichoderma spp., endophytic plant symbionts that are widely
used to control plant diseases, have been used for decades to

improve plant growth and yield (27, 38). These fungi have the
capacity to attack a range of economically important aerial and
soilborne plant pathogens by means of enzymatic lysis, antibiotic
production, and competition for space and nutrients (17, 28).
Another mechanism of plant protection observed upon application
of Trichoderma is the induction of plant defense responses (55, 63).
One of the most-studied species of the genus Trichoderma is
Trichoderma atroviride, a mycoparasite widely used as a biological
control agent. Its main mechanism of survival and dispersal is
through the development of asexual spores (conidia). In this fungus,
conidiation is stimulated by several factors, such as pH, light, nutrient
exhaustion, and mechanical damage (13, 14).

Light affects fungi by influencing their germination, vegetative
and reproductive growth, metabolism, morphology, and circa-
dian rhythms (10, 56, 57). In the interest of providing enhanced
biocontrol agents, intensive research is still being conducted to
understand the molecular factors that control the morphogenetic
switch from mycelia to conidia.

In total darkness, when nutrients are not limited, T. atroviride
grows continuously as mycelia. Under these conditions, a short
pulse of blue light given to a growing colony induces a synchro-
nous mechanism that leads to conidiation. The complete conid-
iogenesis process in T. atroviride occurs within 24 h after light
exposure. From traditional photobiology studies using T. atro-
viride as a model, a single photoreceptor was proposed to induce
conidiation after a blue light pulse (52). However, recent bio-
chemical and molecular data suggest the involvement of at least
two perception systems regulating this response (13, 14, 47). Bio-
chemical changes triggered by light in dark-grown colonies of
Trichoderma include shifts in membrane potential and ATP levels,

a transitory biphasic oscillation in intracellular cyclic AMP levels, ac-
tivation of adenylyl cyclase, and phosphorylation of proteins (52).

In Neurospora crassa, a complex formed by the white collar
(WC) proteins controls all known light responses. White collar 1
(WC-1) is both a GATA-type zinc finger transcription factor and
a flavin adenine dinucleotide (FAD)-binding photoreceptor (2,
23). Using their PAS domains (16), WC-1 and WC-2, another
GATA-type zinc finger transcription factor, form the white collar
complex (WCC), which controls most light responses in this fun-
gus (15). Besides its capacity to initiate light responses in Neuro-
spora, the WCC functions in the dark as an essential circadian
clock component, controlling the expression of the frequency (frq)
gene (36). Proteins similar to the blue light photoreceptor WC-1
have been identified in most fungal models, highlighting its im-
portance (32). Vivid (VVD), another photoreceptor of UV/blue
light, acts as a common repressor of WCC activity for most light
responses, leading to photoadaptation (54).

Blue light regulator 1 (BLR-1) and BLR-2 are the T. atroviride
homologues of the white collar proteins of N. crassa. As in Neuro-
spora, they most likely act as a complex (BLRC), as deletion of
either of them results in loss of known light responses. Therefore,
both proteins are essential for photoconidiation and gene expres-
sion modulated by blue light (13, 47). A critical difference of the
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BLRC compared with the WCC is its capacity to activate and re-
press gene expression (47). Additionally, the BLRC appears to
have functions in the dark that are not related to circadian
rhythms, since strains with mutations in the corresponding genes
do not undergo conidiation in response to carbon starvation in
darkness (14).

In T. atroviride, red light causes a reduction of vegetative
growth and affects transcriptional regulation of some genes, sug-
gesting the participation of additional photoreceptors (13). Sev-
eral genes encoding putative photoreceptors have been identified
in the T. atroviride genome, such as the genes for a CPD (cyclobu-
tane pyrimidine dimer) photolyase, a cryptochrome-DASH, a 6-4
photolyase, a phytochrome, and an opsin (52).

The use of modern sequencing technologies makes the estab-
lishment of comprehensive and quantitative mRNA expression
profiles feasible for species with sequenced genomes. Microarray
analysis of transcript profiles indicated that approximately 2.8%
of T. atroviride genes are responsive to light (47). Furthermore, a
recent high-throughput pyrosequencing approach allowed the
identification of 331 transcripts regulated by white light and 204
transcripts responsive to blue light, suggesting the contributions
of several photoreceptors (U. E. Esquivel-Naranjo, M. A.
Hernandez-Oñate, and A. Herrera-Estrella, submitted for publi-
cation). Although mRNA expression profiles are indispensable, by
themselves they are only part of the quantitative description of
biological systems. Posttranscriptional mechanisms controlling
protein half-lives, translation rates, and subcellular localization
(41, 42, 51, 58, 62) play essential regulatory functions. For exam-
ple, several polypeptides vary in abundance before and after struc-
tural changes are visible in Trichoderma strains after treatment
with blue light (4).

To gain further insight into the blue light response at the level
of the proteome, we characterized the protein expression profile
of T. atroviride following a blue light pulse. This proteomic anal-
ysis allowed us to identify and categorize a number of dynamic
proteins involved in the blue light response in T. atroviride. Addi-
tionally, this study explored the correlation between transcript
and protein expression levels in a particular metabolic state, al-
lowing us to detect the weak correlation between these two fea-
tures and indicating that both analyses are necessary and comple-
mentary. Furthermore, we analyzed the blue light response in
BLR-1 and BLR-2 mutants, which showed different protein pro-
files even in darkness, suggesting individual functions of these
proteins under the study conditions. Additionally, blue light pro-
voked a proteomic response in the deletion mutants, reinforcing
the notion of the existence of an additional light perception sys-
tem. Finally, we analyzed the transcriptional regulation of several
BLR-dark-regulated genes, finding that deletion of either blr-1 or
blr-2 differentially modified the expression levels of several genes,
supporting the view that BLR proteins are essential for the blue
light response not only by forming the BLRC but also by playing
important roles individually.

MATERIALS AND METHODS
Strains, culture media, and reagents. Trichoderma atroviride wild-type
(WT) strain IMI 206040 and the �blr-1 and �blr-2 mutant strains (13)
were maintained on potato dextrose agar (PDA) plates (Difco, Sparks,
MD). Urea, thiourea, 425- to 600-�m glass beads, trichloroacetic acid
(TCA), polyvinyl-polypyrrolidone (PVPP), and diethyl pyrocarbonate
(DEPC) were purchased from Sigma (St. Louis, MO). Thirteen-

centimeter IPG dry strips (pH 3 to 10 and pH 4 to 7), IPG buffers (pH 3 to
10 and pH 4 to 7), dry strip cover fluid, electrode papers, iodoacetamide,
and bromophenol blue were obtained from GE Healthcare (Uppsala,
Sweden). Acrylamide-bisacrylamide (29:1) (30%) and protein assay dye
reagent were obtained from Bio-Rad (Hercules, CA). CHAPS {3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate} was pur-
chased from USB (Cleveland, OH). Ultrapure agarose, Tris, glycine,
glycerol, dithiothreitol (DTT), TRIzol reagent, and phenol-chloroform-
isoamyl alcohol (25:24:1) were obtained from Invitrogen (Carlsbad, CA).
Sypro Ruby was obtained from Molecular Probes (Eugene, OR). SDS,
hydrochloric acid, formamide, and �-mercaptoethanol were obtained
from Merck (Darmstadt, Germany). Acetone, formaldehyde, glacial
acetic acid, ethanol, and methanol were obtained from Karal (Guana-
juato, Mexico). Ammonium persulfate and TEMED (N,N,N=,N=-
tetramethylethylenediamine) were obtained from Gibco BRL (Gaithers-
burg, MD). MOPS (morpholinepropanesulfonic acid) and bovine serum
albumin were purchased from Roche (Mannheim, Germany). Trypsin
Gold was obtained from Promega (Madison, WI). All reagents and en-
zymes for reverse transcription-PCR (RT-PCR) and conventional PCR
were obtained from Invitrogen (Carlsbad, CA).

Culture conditions and blue light induction assays. T. atroviride
wild-type and �blr-1 and �blr-2 mutant strains were grown on PDA
plates at 28°C and exposed to white light or damaged with a scalpel to
induce conidiation. A drop containing 1,000 conidia was inoculated at the
center of a PDA plate as a preculture and then incubated in the dark for 36
h at 28°C. Fresh PDA plates covered with cellophane sheets were inocu-
lated with an agar plug taken from the growing edge of the dark-developed
colony, covered with aluminum foil, and incubated for 36 h under the
same conditions as the inoculums. Thirty-six-hour-old colonies were
subjected to a brief pulse of blue light (1,200 �mol m�2 s�1) in a light-
emitting diode (LED) chamber (Percival) at 28°C and plates taken back to
darkness for 30, 45, 90, or 150 min or 8 or 16 h. Only the perimeter of the
colonies exposed to light was collected. Dark-growing colonies were also
sampled and used as controls. Samples of mycelium were collected, frozen
immediately in liquid nitrogen, and stored in a deep freezer for protein
and RNA extraction.

Sample preparation and 2D. Frozen mycelium was ground until a
fine powder was obtained and was then transferred to a 50-ml centrifuge
tube. Extraction solution (10% TCA, 2% �-mercaptoethanol, 1% PVPP)
and 1 volume of sterile glass beads were added. Samples were mixed by 10
cycles of 1 min of vortexing and 1 min of incubation in an ice bath.
Extracted proteins were recovered by centrifuging samples for 10 min at
5,500 rpm and 4°C. Clarified supernatants were transferred to a fresh tube
and proteins allowed to precipitate for 4 h at �20°C. Proteins were recov-
ered by centrifugation for 20 min at 18,000 rpm at 4°C and then washed
with absolute acetone and absolute ethanol. After washes, proteins were
allowed to air dry, resuspended in rehydrating solution (7 M urea, 2 M
thiourea, 2% CHAPS, 65 mM DTT, 1% IPG buffer [pH 3 to 10 or 4 to 7])
by mixing in a vortex machine, and transferred to a microcentrifuge tube.
Proteins were quantified using the method of Bradford (8), using a Nano-
Drop ND-1000 spectrophotometer (Thermo Scientific) and a working
wavelength of 595 nm. A total of 150 �g of sample was loaded onto 13-cm
IPG dry strips with a pH range of 3 to 10 or 4 to 7 in a reswelling tray (GE
Healthcare), covered with 3 ml of dry strip cover fluid, and allowed to
rehydrate passively for 16 h. Rehydrated strips were placed on an IPGphor
electrofocusing unit (GE Healthcare). Electrofocusing for each pH range
was carried out with the following programs: for the pH range of 3 to 10,
step 1 was 500 V for 500 V-h, followed by gradient 1 (1,000 V for 800 V-h)
and gradient 2 (8,000 V for 11,300 V-h), and step 2 was 8,000 V for 2,900
V-h; for the pH range of 4 to 7, step 1 and gradients 1 and 2 were the same
as those described above, and step 2 was different (8,000 V for 5,400 V-h).
The protein strips were equilibrated in two steps: 5 ml of denaturing
solution (6 M urea, 50 mM Tris-HCl, pH 8.8, 30% glycerol, 2% SDS,
0.01% DTT) was added and the strips gently stirred for 15 min, and the
solution was discarded and replaced by 5 ml alkylating solution (6 M urea,
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50 mM Tris-HCl, pH 8.8, 30% glycerol, 2% SDS, 0.025% iodoacetamide),
with the strips gently stirred for 15 min. Equilibrated strips were placed on
top of 25- by 20-cm 12.5% denaturing polyacrylamide gels. SDS-PAGE
was carried out on an Ettan Dalt Six unit (GE Healthcare) with a constant
current of 40 mA per gel until the bromophenol blue tracking dye reached
the bottom of the gels. The gels were then fixated and stained with Sypro
Ruby for 30 min. Destained gels were imaged using a GelDoc photo docu-
menter (Bio-Rad), and acquired images were converted into TIFF files.
Triplicates of each condition were obtained.

Image acquisition and identification of differentially expressed pro-
teins. Image analyses were carried out with Melanie 7 software (GeneBio,
GE Healthcare, Swiss-Prot). Spot detection parameters were adjusted for
each triplicate. Total spots per gel, the correlation between replicates, and
the spot percent volume (%vol) were obtained. The experimental design
used in this study allowed us to guarantee that all protein variations could
be attributed to light exposure. Spot %vol values were considered the
most adequate quantitative parameter because they represent the fraction
of a single spot with respect to the global volume of all spots present on
each gel; hence, analysis was carried out with normalized values of spot
intensities. Only those spot sets present/absent in all images of the same
condition were considered for the analysis, as well as the behavior in terms
of pixel Gauss distribution to avoid misdetection of artifacts. Pair com-
parisons were carried out between each time after blue light pulse and the
darkness condition by determining the %vol mean for each spot set and
calculating the corresponding ratio (time after blue light pulse/darkness
[ABLP/D]). Data are listed as mean ABLP/D values � standard deviations
(SD). Because the main variable affecting mean values for the ABLP/D
ratio is exposure to blue light, one-way analysis of variance (ANOVA)
sufficiently satisfies the requirements of assessment of differential expres-
sion of paired comparisons, with P values of �0.05 indicating statistical
significance. This direct statistical evaluation was thus performed, render-
ing a range of nonsignificant differences in protein abundance (0.66 �
x � 1.5), to determine those %vol values that were statistically different.

In-gel digestion, MS analysis, and protein identification. Protein
spots were excised from the gels and transferred to a microcentrifuge tube
containing 200 �l of sterile deionized water. Spots were destained and
trypsin digested according to the manufacturer’s recommendations.
Identification of differentially expressed proteins by the peptide mass fin-
gerprinting (PMF) method was carried out with a Voyager-DE Pro
matrix-assisted laser desorption ionization–time of flight mass spectrom-
etry (MALDI-TOF MS) instrument (Applied Biosystems) operated in re-
flector mode at 337 nm and 3Hz in the mass-to-charge (m/z) range of 600
to 4,000. Monoisotopic peaks of trypsin autodigestion (m/z 842.5100) and
adrenocorticotropin (ACTH) 18-39 (m/z 2,465.1989) were used for inter-
nal calibration. The m/z ratio of each peak present in the mass spectra
obtained was used to identify each spot, using the online software Mascot
(Matrix Science), which carries out a comparison of experimental m/z
data introduced by the user with theoretical m/z values for the in silico
trypsin-generated peptide collection of the annotated protein database
derived from the T. atroviride genome sequencing project (http://genome
.jgi-psf.org/Triat2/Triat2.home.html), based on the following parame-
ters: mass tolerance of 50 ppm, maximum of 1 missed cleavage, oxidation
at methionine residues, and fixed modification of carbamidomethylation
of cysteine residues.

Comparison of protein and mRNA expression. For comparison of
protein and mRNA expression, we made use of data sets from 454 se-
quencing analyses recently conducted in our laboratory (Esquivel-
Naranjo et al., submitted). Nonparametric Spearman’s rank correlation
values (Rs) between the proteome and the transcriptome were calculated
with R software (46).

RNA extraction and Northern blotting. Frozen mycelium samples
treated as described above were ground with a mortar and pestle in liquid
nitrogen and RNA extracted using TRIzol reagent following the manufac-
turer’s recommendations. RNA samples from different dark-grown sam-
ples were separated in denaturing agarose gels, transferred to nylon mem-

branes (GE Healthcare), and subjected to hybridization following
standard procedures (50), using fragments ranging from 140 to 200 bp,
amplified by PCRs corresponding to blr-dark-regulated genes, as probes
and using the 28S rRNA gene as a loading control.

RESULTS
Effect of blue light on protein profile of T. atroviride. As men-
tioned above, blue light exposure of T. atroviride elicits a fast and
synchronized response at the transcriptional level, resulting in the
production of green conidia. Therefore, we were interested in the
response of T. atroviride to light at the protein level. The expres-
sion pattern of light-regulated genes has been described in previ-
ous studies, indicating that transcripts begin accumulating imme-
diately after the light pulse, reaching maximum induction by 30
min and decreasing 120 min after light exposure (6, 13, 19, 47).
Consequently, we decided to study the proteome response around
this time, selecting 30, 45, 90, and 150 min after the light pulse, and
to expand our proteome screening we analyzed two samples cor-
responding to later stages (8 and 16 h after the blue light pulse),
when conidiophores start appearing.

T. atroviride extracts obtained from mycelia containing soluble
proteins were employed. Preliminary experiments using IPG
strips (pH 3 to 10) showed that most of the proteins extracted
under these conditions migrated in the pH range from 4 to 7 and
had a molecular mass between 10 and 90 kDa (data no shown).
Therefore, for the two-dimensional electrophoresis (2-DE) sys-
tem, a 13-cm, pH 4 to 7 IPG strip combined with a vertical mul-
tigel electrophoresis system was used. For each sample, at least
triplicate gels were used, and they were highly reproducible. Rep-
resentative protein profiles corresponding to the early light re-
sponses are shown in Fig. 1A: an average of 800 protein spots were
detected consistently in every gel, using Melanie, version 7.0, 2DE
gel analysis software. Protein expression was considered altered
after the blue light pulse if the mean spot density for replicate gels
was significantly different (P � 0.05) from the mean spot density
for replicate gels from dark growth sampling. For quantitative
analysis of differently expressed proteins after the blue light pulse,
protein spots were considered overexpressed if the ratios of their
intensities were �1.5 and underexpressed if the ratios were �0.66.

Two hundred proteins were selected for identification by mass
spectrometry. Examples of differentially regulated protein spots
are shown in Fig. 1B and C. Among the spots visualized in each gel,
quantitative intensity analysis and statistics revealed 34 protein
spots whose levels were significantly altered 30 min after the light
pulse versus the dark growth control. By 45 min, 42 protein spots
were responsive, 60 spots were altered by 90 min, and 123 protein
spots were altered by 150 min. Only 9 spots were altered 8 and 16
h after the blue light pulse (Fig. 2A), at which times aerial hyphae
and conidiophores with immature conidia are observed.

Cellular functions affected by blue light. Following spot scis-
sion and in-gel digestion, differentially expressed proteins were
analyzed by electrospray ionization tandem MS (ESI MS/MS) and
MALDI MS. Proteins were identified on the basis of the observed
peptide sequences obtained by PMF and de novo sequencing
matching those found in the T. atroviride protein database (http:
//genome.jgi-psf.org/Triat2/Triat2.home.html). A total of 72 pro-
teins were successfully identified and classified in terms of their
cellular function. According to the MIPS Functional Catalogue
(49), the majority of the identified proteins were classified in a
least one functional category. The most highly represented pro-
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teins were those falling in the metabolism category (47%), such as
proteins involved in carbohydrate metabolism, amino acid me-
tabolism, and fatty acid metabolism. There were also proteins
(12%) related to protein fate. Other differentially expressed pro-
teins (5%) were involved in protein synthesis. The same percent-
age (5%) was estimated to be proteins involved in cellular energy
production. Four percent of proteins were identified in the cate-
gory of cell cycle and DNA processing. There were also proteins
(5%) implicated in cell rescue, defense, and virulence. The re-
maining functional categories included a smaller number of pro-

teins related to transcription, biogenesis of cellular components,
and cellular transport, proteins with binding functions, and pro-
teins involved in subcellular localization. Finally, among the iden-
tified proteins, the remainder (12%) could not be classified using
this database (Fig. 2B; see Table S1 in the supplemental material).

A dynamic differential proteomic response is activated by
blue light in T. atroviride. To dissect the proteomic responses
after a pulse of blue light, a protein clustering analysis was per-
formed on 66 protein spots that were identified and found to be
differentially regulated. We performed a hierarchical clustering

FIG 1 2-DE proteome analyses of T. atroviride strains subjected to a blue light pulse. (A) Total protein profiles. Proteins extracted from T. atroviride grown in
the dark and 30, 45, 90, and 150 min after a light pulse were separated by 2-DE and visualized with Sypro Ruby stain. (B and C) Close-ups of several increased spots
(B) and decreased spots (C) after the blue light pulse (from left to right, dark conditions and 30, 45, 90, 150, 480, and 960 min after the light pulse). The right
panels show relative abundances in terms of the fold change of each spot in the gel (x axis, sampling time; y axis, fold change). Arrows indicate the proteins
expressed differentially in response to blue light. Ratio, relationship between treatment and dark control protein levels. Numbers in parentheses indicate the
molecular weight and isoelectric point, respectively.

Proteome Analysis of Trichoderma

January 2012 Volume 11 Number 1 ec.asm.org 33

http://ec.asm.org


search based on the relative abundances of these proteins through
the time course analyzed. We made the assumption that proteins
strictly responsive to light should behave similarly across time and
may participate together in a multimolecule-driven physiological
response. Two major clusters and six subclusters were identified,
comprising downregulated (subclusters I, II, III, and IV) and up-
regulated (subclusters V and VI) responses to light (Fig. 2C).

We defined these protein clusters as molecular phenotypes
representing characteristic proteomic responses at specific times
after a light pulse. For the 9 proteins in subcluster I, downregula-
tion was seen early, followed by upregulation, with a second
downregulation peak. For most of the proteins (24 of 26 proteins)
in subclusters II and III, downregulation predominated through-
out the entire time analyzed, with a couple of exceptions in sub-
cluster III. Proteins in subcluster IV represent a rapid, transient
positive response to light: they showed increased abundance 30
min after the light pulse, and their abundance dropped by 45 min
and increased again at times when morphological changes become
evident. In subcluster V, comprised of 15 proteins, upregulation
prevailed at all times. Thirteen proteins belonging to subcluster VI
showed a sharp decrease 30 min after the light pulse, increased
during the early phase of the response to light (45 to 150 min), and
decreased at the stages where morphological changes are visible.

Protein identification and fold changes throughout the time
course for each protein identified are shown in Table S2 in the
supplemental material.

A low correlation between transcriptome and proteome data
tendencies was detected after the light pulse was given. The pro-
teome of a cell is the product of controlled biosynthesis and is
regulated largely (not exclusively) by transcription; conversely,
the transcriptome can be regarded as a sensitive readout of the
proteome or the biochemical status of the cell. Hence, the pro-
teome and the transcriptome are interconnected in an extremely
complex way. In order to acquire a deeper understanding of the
complexity between these two processes, we monitored expres-
sion at the RNA level 30 min after the blue light pulse and mea-
sured protein levels at various times after the pulse (see Table S3 in
the supplemental material). We used this set of differential expres-
sion profiles as a tool to address one major question: does protein
expression correlate with transcriptional regulation for the major-
ity of differentially expressed proteins? To answer this question,
we used previously generated RNA pyrosequencing data and as-
sessed differential expression at the RNA level for those proteins
that were identified as differentially expressed in T. atroviride 30,
45, and 90 min after a light pulse. The ratios of protein and RNA
expression showed an overall weak correlation along time (Fig.

FIG 2 Proteomic profiling of T. atroviride after a blue light pulse. (A) Dynamics of differentially expressed proteins after a blue light pulse in T. atroviride. (B)
Functional classification of identified proteins that showed significantly altered protein levels after a blue light pulse in T. atroviride, categorized according to the
MIPS Functional Catalogue (FunCat description). The listed percentage corresponds solely to the proportion of identified proteins. (C) Protein clustering
showing expression profiles of 72 proteins after a blue light pulse.
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3A), with a low correlation 30 min after the blue light pulse (Rs �
0.096) (only 40% of total protein and mRNA tested followed the
same trend) and a decreasing correlation at 45 min (Rs � �0.175)
and 90 min (Rs � �0.254), with only 18 and 21% of compared
ratios, respectively, changed in the same fashion (Fig. 3B; see Table
S3). Classification of proteins by functional categorization re-
vealed that several proteins involved in metabolism and protein
fate had the best correlation between protein and transcript regu-
lation. Sixteen percent of the protein changes occurred in the op-
posite direction of that observed for mRNA levels after 30, 45, and
90 min, but they did not correspond to the same proteins in all
three cases. Metabolism was the functional category to which al-
most all proteins following this trend corresponded. It is impor-
tant that many proteins identified as differentially regulated by
light are not regulated by this stimulus at the transcriptional level,
as the corresponding transcripts showed no changes after light
exposure, suggesting that an important posttranscriptional regu-
lation takes places in the photoconidiation process. Conversely,
several genes transcriptionally regulated by light were not affected
at the protein level by this environmental signal, reinforcing the
notion of the existence of several checkpoints at different levels to
tightly control light responses.

The putative photoreceptor complex proteins BLR-1 and
BLR-2 differentially regulate protein levels not only after a blue
light pulse but also in the dark. We also explored the responses of
�blr-1 and �blr-2 deletion mutants to blue light in a proteomic
framework to identify protein patterns that represent responses of
the fungus independent of the BLRC. In T. atroviride, the response
to blue light is mediated primarily via the blue light regulators
BLR-1 and BLR-2. However, it has been proposed that T. atro-
viride has a second, as yet undiscovered light receptor. Further-
more, the existence of two types of light response has been dem-
onstrated by microarray analysis of gene expression of blr deletion
mutants, showing that there are blr-dependent and unpredicted
blr-independent responses (47).

Therefore, to decipher general behavior at the protein level,
protein profiles of the blr deletion mutants (13) grown in the dark
and 45 min and 90 min after a light pulse were analyzed in 2-DE
gels. The analysis of the corresponding sets of gels revealed an
average of 800 protein spots stained with Sypro Ruby. The results
from these comparisons are shown in Table S4 in the supplemen-
tal material. In the comparison between the WT and �blr-1 strains
in darkness, 29 differentially expressed proteins were found, most
of them downregulated (25 proteins). Conversely, under the same
conditions, 19 of 27 differentially expressed proteins detected
were upregulated in the �blr-2 strain. These results were unex-
pected, since the view is that these proteins act together in a com-
plex to control light responses. Forty-five minutes after the blue
light pulse, 26 proteins were differentially regulated in the �blr-1
mutant: 22 were increased and 4 were decreased compared with
the same strain grown in the dark. In the �blr-2 mutant, 39 pro-
teins were differentially expressed: 38 of them were downregu-
lated 45 min after the light pulse. Similarly, 90 min after the light
pulse, most of the differentially expressed proteins were upregu-
lated in the �blr-1 mutant, and most of them were downregulated
in the �blr-2 mutant (Fig. 4A). It is noteworthy that opposite
patterns of protein accumulation were observed in the blr mutant
strains. The identified differentially expressed proteins of the
�blr-1 and �blr-2 mutants were categorized into several func-
tional groups, including metabolism, cell rescue and defense, pro-

FIG 3 Correlation between transcriptomic and proteomic data for selected
proteins. (A) RNA expression ratios at 30 min versus protein expression ratios
30, 45, and 90 min after a blue light pulse (values are expressed as log2 values).
(B) Distribution of differentially expressed proteins based on their behavior
with respect to the corresponding transcript at the indicated time points after
a blue light pulse.
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tein synthesis, energy production, and transcription, among oth-
ers (Fig. 4B).

Several proteins were differentially expressed in the dark and
had the opposite behavior depending on the mutation. In order to

further understand these data, the behavior of the differentially
expressed proteins is depicted in more detail in Fig. 4C. In the
�blr-1 mutant, 28 proteins were differentially expressed, while in
the �blr-2 mutant, 24 proteins displayed differential behavior; 6

FIG 4 Proteomic profiling of photoreceptor complex mutants of T. atroviride compared with the wild type in the dark and after a blue light pulse. (A)
Differentially expressed proteins in the �blr-1 and �blr-2 mutants in the dark compared with the wild-type strain in the dark and differentially expressed proteins
after a blue light pulse in the WT, �blr-1, and �blr-2 strains compared with themselves in the dark. (B) Functional classification of identified proteins that showed
a significantly altered protein level (�1.5-fold) after a blue light pulse in the �blr-1 and �blr-2 mutants, categorized according to the MIPS Functional Catalogue
(FunCat description). (C) Venn diagram of differentially expressed proteins observed in the blr deletion mutants in the dark.
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proteins were differentially regulated in both strains. In the �blr-1
strain, 20 proteins were downregulated. Some of these are related
to C compound and carbohydrate metabolism and other proteins
related to protein processing. Other downregulated proteins in
this mutant are involved in amino acid metabolism. Another
group of proteins that decreased in the dark in the �blr-1 mutant
compared to the wild type are involved in fatty acid metabolism,
the cytoskeleton, and defense, among other categories. In con-
trast, only two proteins were upregulated in the �blr-1 mutant
strain (one unclassified protein and another related to biosynthe-
sis of histidine). Moreover, in the �blr-2 strain, 18 proteins were
differentially regulated, with 3 proteins related to protein synthe-
sis, transcription, and the oxidative stress response being down-
regulated. In contrast with what was observed in the �blr-1 mu-
tant, the majority of the differentially expressed proteins in this
mutant were upregulated. In total, 15 proteins showed increased
levels. Several of them were linked to protein fate, and others were
involved in sugar catabolism. Six proteins differentially regulated
in both mutants were identified, one with increased levels in-
volved in protein fate (aminopeptidase P) and five with decreased
levels associated with energy, cell rescue and defense, the cell cycle,
and DNA processing. These data indicate that differences in the
proteome regulation level can be observed between the blr mutant
strains and strongly indicate that BLR proteins have independent
roles and also work at least partially as a complex in the dark.

Altered gene expression of the �blr-1 and �blr-2 mutants in
the dark. Based on the proteomic results, it is possible that BLR
proteins might have independent roles yet function as a complex
independently of light. The first issue we wanted to address was
whether the observed changes in protein level in the dark were a
reflection of changes occurring at the transcript level. Seven genes
for which the corresponding proteins appeared to be either in-
duced or repressed in the blr mutants relative to the wild type in
the dark were analyzed by Northern blotting (Fig. 5A and B). In
this analysis, we also included three genes that corresponded to
proteins without significant variation relative to the WT in the
dark (Fig. 5C). Figure 5A shows that whereas enolase and �-actin
were present at lower levels in the �blr-1 mutant and no signifi-
cant changes were observed in the �blr-2 mutant, the correspond-
ing transcripts were only slightly affected in the �blr-1 mutant and
were clearly elevated in the �blr-2 mutant. In the case of
glyceraldehyde-3-phosphate dehydrogenase, protein levels were
found to be increased 3-fold in the �blr-2 mutant; this change
appeared to be a reflection of an increase in mRNA levels (Fig. 5A).
When we analyzed ketoreductase and dihydrolipoyl dehydroge-
nase, two proteins present at clearly significantly lower levels in
the �blr-1 mutant, no differences were found at the mRNA level.
Similarly, analysis of the electron transfer flavoprotein alpha sub-
unit and phosphoesterase found both at higher levels in the �blr-2
mutant, but no changes were detected at the mRNA level (Fig. 5B).
Unexpectedly, in the case of aldehyde reductase, isovaleryl coen-
zyme A (CoA) dehydrogenase, and aryl alcohol dehydrogenase,
with no changes observed at the protein level, all three showed
higher transcript levels in the �blr-2 mutant, whereas transcript
levels were affected in the �blr-1 mutant only for the gene encod-
ing aldehyde reductase (Fig. 5C). These results provide further
evidence of the previously introduced concept that whole tran-
scription patterns do not always correlate directly with protein
expression levels and of the independent roles of BLR-1 and
BLR-2 even in the dark (26).

FIG 5 Altered gene expression of �blr-1 and �blr-2 mutants in the dark.
The left panels show Northern blot analyses of selected T. atroviride genes
from strains grown in the dark. Twenty micrograms of total RNA from
mycelia grown in the dark was separated by electrophoresis in a denaturing
agarose gel, blotted on a nylon membrane, and hybridized with 32P-labeled
gene-specific cDNA probes targeting the indicated genes. Hybridization
with a 28S rRNA gene probe was used as a loading control. The right panels
show the expression ratios of the proteins encoded by the genes shown in
the left panels to the wild type in the dark. (A) Genes for which mRNA
levels correspond with protein level changes in the �blr-1 or �blr-2 mu-
tant. (B) Genes for which mRNA levels do not correlate with protein abun-
dance changes. (C) Genes for which mRNA levels change in the dark but
the corresponding proteins are not regulated in the dark.
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DISCUSSION

In T. atroviride, blue light stimulates the synchronous production
of conidia. Recently, it was shown that 254 genes are responsive
specifically to blue light. Additionally, 331 genes undergo expres-
sion changes in response to white light, strongly suggesting the
existence of additional, functional light receptors (Esquivel-
Naranjo et al., submitted). The light signal, in consequence, is
expected to affect protein expression levels in the mycelium,
where the response is observed. Therefore, it was of major interest
to study how and to what extent proteins are expressed differen-
tially during the early stages of photoconidiation and throughout
the whole phenomenon. This question was addressed by analyzing
protein profiles at six different times after exposure of T. atroviride
strains to a blue light pulse. Our time course analysis provides a
view of protein expression changes during asexual reproduction
induced by blue light in a filamentous fungus.

A rapid illumination change elicits a fast alteration in protein
expression, and massive changes were already detectable after 30
min. The relative abundances of transcripts peaked between 30
and 60 min (19). Nevertheless, protein levels at the early stages of
the response showed a dynamic pattern of increasing protein ex-
pression, beginning with 34 differentially expressed proteins, as
many as 123 proteins after 150 min of the light pulse, and only 9
differentially expressed proteins at late stages of the photoconidi-
ation process. These data indicate that the blue light response
takes place mainly in the first hours after the signal. The number of
upregulated spots exceeds that of downregulated ones, indicating
that more active Trichoderma physiological processes might be
required when Trichoderma faces the challenge of blue light stress,
in agreement with the results of the transcriptome analysis. In
contrast, relatively few proteins were differentially regulated in the
late stages of conidiation. This could be due to the fact that at those
times the metabolic conditions of the cell are comparable to when
it grows vegetatively in the dark. An alternative explanation is that
we analyzed soluble (cytoplasmic) proteins and that the most dra-
matic changes expected are at the structural level.

Reactive oxygen species (ROS) are generated during mito-
chondrial respiration and in response to various environmental
stressors, including blue light irradiation (31, 37, 43). Oxygen rad-
icals have been identified as key actors in the stress response, and
their role as secondary messengers has been established (44). Fur-
thermore, ROS are scavenged by antioxidant enzymes such as cat-
alase, superoxide dismutase (SOD), and glutathione S-transferase
(GST). Any failure in this process might result in a state of oxida-
tive stress leading to the oxidation of lipids, proteins, and DNA. In
our study, we found that catalase and superoxide dismutase were
downregulated. In agreement with the low levels of catalase found
in our study it has been reported for N. crassa that due to the lack
of catalase, hyphal adhesion and aerial hypha and conidium pro-
duction are induced (39). Similarly, downregulated levels of SOD
were detected in T. atroviride after exposure to the light pulse. In
this regard, a sod-1 mutant of N. crassa was affected in the light-
induced occurrence of polarity of the perithecia (64).

We also found Hsp70 and Hsp80 to be expressed differentially
in our gels. Heat shock proteins or chaperones participate in sev-
eral stress responses and are part of a general stress response (34).
Hsp70 proteins are able to bind damaged or abnormal protein
complexes and aggregates to resolve and refold them (11). A si-
multaneous regulation of both proteins might imply their syner-

gistic role in proper protein folding and maturation of polypep-
tides in cells after the light pulse. In addition to ROS scavengers
and chaperones, exposure of T. atroviride to blue light induced
enzymes involved in the degradation of proteins.

A 20S proteasome beta subunit was detected as upregulated.
Ubiquitin-mediated proteolysis plays significant roles in the cell
cycle, in cell differentiation and development, in the cellular re-
sponse to extracellular effectors and stress, in the modulation of
cell surface receptors and ion channels, in DNA repair, and in the
biogenesis of diverse organelles. All of these processes are related
to the photoconidiation response of T. atroviride, as evidenced by
transcriptome analyses (Esquivel-Naranjo et al., submitted). In
plants, the ubiquitin-proteasome pathway has been related
broadly to light responses and plant development (40); addition-
ally, the conserved COP9 signalosome (CSN) is required for light-
controlled responses in filamentous fungi (9). In addition, many
of the differentially regulated proteins were implicated in protein
synthesis and protein fate, and most of these enzymes showed the
highest levels of upregulation. We found cyclophilin to be regu-
lated differentially by blue light. Cyclophilins participate in the
protein folding process not only as peptidyl prolyl isomerases but
also as chaperones (20). The increase in abundance of these pro-
teins indicates the importance and extent of protein synthesis and
protein turnover in dealing with a stress situation. Accordingly,
upregulation of genes involved in protein turnover was also ob-
served upon illumination of mycelia of Trichoderma reesei and T.
atroviride (53).

Following the light pulse, radical changes occurred to adapt to
the new developmental program, and adaptation of metabolism
was the main response found in our investigation. In this sense,
large amounts of energy are needed to ensure asexual develop-
ment and to maintain vegetative growth at the same time (52).
Accordingly, many differentially regulated proteins were involved
in energy production and in carbohydrate and amino acid metab-
olism: a regulation in the abundance of proteins implicated in
glycolysis might provide energy needed for ATP-dependent pro-
tein synthesis. After illumination, amino acid metabolism has sig-
nificant alterations, as indicated by the seven differentially ex-
pressed proteins involved in this process identified here. The
behavior of these proteins suggests that both quality and quantity
are important for the light response.

The adaptation and response mechanisms in the presence of
light also involve fatty acid metabolism. For Aspergillus nidulans, it
has been reported that fatty acid composition is influenced by
light (12), and in N. crassa, it was found that the concentration of
lipids increased in mycelia grown in constant light compared to
the organism cultivated in darkness (45). Changes in lipid content
in response to light have been determined for Trichoderma viride
(7). We identified two differentially expressed proteins related to
lipid metabolism and one connected with fatty acid transport.
This is in agreement with changes in fatty acid composition de-
pendent on the developmental stage of sexual development re-
ported for N. crassa (25). Hence, asexual development requires
fatty acid synthesis, corroborating transcriptomic studies of this
and other filamentous fungi.

The Spitzenkörper, a dynamic structure present at the tips of
hyphal cells with a single polarized growth site, is linked directly
with cell morphogenesis and polar growth (60). This cell appara-
tus works by incorporating cell wall components into vesicles and
carrying these vesicles to the plasma membrane at the hyphal tip
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for exocytosis and assembly of fresh wall components (3). Micro-
tubules and actin microfilaments have important roles in this ves-
icle trafficking (29, 59). As expected, in our study we found the
levels of several proteins directly involved in polarized growth to
be affected suitably for the morphological changes going on
through the process of photoconidiation. Every essential pathway
is adjusted to the requirements of protection from light and prep-
aration for reproductive growth. It is important that T. atroviride
adjusts to blue light during photoconidiation by adjusting the
expression of oxidative stress-related proteins, chaperones, and
metabolism.

A protein may not be regulated at exactly the same time point
as its transcript, due to the fact that translation follows transcrip-
tion. In our experimental approach, we analyzed the expression of
differentially expressed proteins at the transcript level in an at-
tempt to establish the lag phase between transcription of respon-
sive genes and changes in the corresponding protein levels. How-
ever, the largest proportion of proteins whose levels correlated
with changes in mRNA levels was found 30 min after light expo-
sure, whereas this correlation decreased at later times. We hypoth-
esize that the group of genes whose changes at the transcript level
are reflected at the protein level represents the core of the light
response, due to the fact that transcriptional changes directly af-
fect the level of protein, thereby regulating a functional element at
once. A large group of proteins showed the opposite behavior to
that observed at the mRNA level, allowing us to hypothesize that
whereas mRNA increases, many protein species are degraded,
possibly due to oxidative damage as a consequence of the well-
established generation of ROS provoked by blue light exposure
(43, 44). Conversely, mRNA accumulation is negatively regulated
by light, but some proteins are protected from degradation, with
the increase in half-life resulting in their accumulation. Similarly,
when proteome data were compared with corresponding tran-
scriptome data during fermentation, a low level of correlation was
found in Saccharomyces cerevisiae (48). Similar observations were
made in protein and mRNA abundance studies of S. cerevisiae
growing at mid-log phase (26) and after heat shock of A. fumigatus
(1). In some eukaryotes, many stress conditions lead to a repres-
sion of translation initiation and an accumulation of translation-
ally repressed mRNA in stress granules or P bodies. Under these
conditions, the translational machinery selectively translates
mRNAs specific to the stress response while retaining the bulk of
the mRNA cytoplasmic pool for later reuse and recovery from
stress (33), or the translational machinery might be saturated and
unable to process the translation of mRNA at the same rate (61).
Together, these results indicate that simple deduction of protein
actions from mRNA transcript analysis is insufficient and that
both analyses are complementary.

In N. crassa, the transcription factors WC-1 and WC-2 form a
heterodimeric complex which is responsible for all blue light re-
sponses. WC-1 and WC-2, along with FRQ, are the key elements
for maintaining circadian rhythm in Neurospora (2, 18). The WC
proteins have been found in the dark as a heterodimer capable of
binding light-responsive elements (LREs). They form a bulky
WCC that transiently binds to LREs in the frq promoter and the
promoters of other light-responsive genes (23, 24, 30). The DNA
binding domain of WC-1 is required for the function of the WCC
in the circadian clock in constant darkness, but it is not required
for induction of genes by light (16). In T. atroviride, the ortho-
logues of wc-1 and wc-2, blr-1 and blr-2, regulate a substantial

group of light-responsive genes and photoconidiation (13, 47).
Although BLR-1 and BLR-2 form a potential UV-A receptor, these
proteins also have light-independent functions (21). Besides
conidiation, vegetative growth of T. atroviride on different carbon
sources is influenced by light, and blr mutants show different re-
maining responses to this signal (22). Another role in the dark for
the BLR proteins was shown when the corresponding mutants
were exposed to carbon deprivation and did not undergo conidi-
ation (14). Surprisingly, we identified from the proteomic profiles
that the blr-1 and blr-2 mutations elicit the down- and upregula-
tion of different kinds of functional proteins even in the dark, and
this was supported by the transcription analyses in this study. The
fact that various proteins involved in a variety of cellular processes
were found to be regulated inversely depending on the mutation
clearly indicates that they have a function even in darkness. Al-
though the targets of the BLR proteins include a number of tran-
scription factors after a blue light pulse (Esquivel-Naranjo et al.,
submitted), it seems that the BLR proteins might regulate those or
other transcription factors in the dark. Here we showed for T.
atroviride that blr-1 deletion affects the levels of several proteins,
with a main tendency of downregulation, and that blr-2 mutation
generally exhibits the opposite effect, while there are several pro-
teins regulated by both, suggesting that BLR-1 may act directly as
an activator and BLR-2 may act as a repressor. According to our
data, it seems that BLR-1 and BLR-2 do not always work as a
complex, may have independent functions, and might play only a
minor role as a complex in the dark. Nevertheless, the BLR pro-
teins appear to be essential in the dark to maintain the metabolic
balance of the cell.

As reported above, drastic changes in the proteome of the wild
type occurred through the first hours of analysis after a blue light
pulse. It is noteworthy that in addition to regulation in the dark,
the deletion mutants showed substantial light responses. The
�blr-1 strain in some way reflected the behavior of upregulation of
protein levels observed in the WT both 45 and 90 min after a light
pulse. It seems that BLR-1 has opposite roles under dark and light
conditions, acting as an activator in the dark and as a repressor
after a light pulse. Our data suggest that the mechanism underly-
ing the coordinated regulation of asexual development and me-
tabolism in T. atroviride might be the interaction between BLR-1
and -2 and other elements that maintain cellular balance: when
any of them is defective, the complex cannot be formed. For A.
nidulans, it has been reported that Velvet acts in a comparable
way: in the dark, it remains in the nucleus in complex with VelB
and LaeA and induces sexual development, but in the light, it is
exported to the cytoplasm and secondary metabolism is affected
(5). However, the �blr-2 mutant showed the opposite behavior in
its proteomic profiles, as downregulation dominated following
the light pulse. In this respect, overexpression of blr-1 caused a
decrease in conidiation, and conversely, overexpression of blr-2
resulted in increased levels of transcripts regulated by blue light
and in an enhanced conidiation pattern (19). The signal involved
in the blue light response is complex, and it seems possible that it
may be generated in part by one of the flavoproteins in the elec-
tron transport chain, since they absorb blue light (35). The re-
sponse in the deletion mutants could therefore partially be the
result of electron transport inhibition, although we cannot discard
the participation of an additional photoreceptor system.
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