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ABSTRACT 22 

Fungal blue-light photoreceptors have been proposed as integrators of light and oxidative stress.23 

However, additional elements participating in the integrative pathway remain to be identified. In24 

Trichoderma atroviride, the blue-light receptor proteins BLR-1 and -2 are known to regulate gene 25 

transcription, mycelial growth and asexual development upon illumination, and recent global 26 

transcriptional analysis revealed that the histone deacetylase encoding gene hda-2 is induced by light.27 

Here, by assessing responses to stimuli in wild-type and Δhda-2 backgrounds, we evaluate the role of 28 

HDA-2 in the regulation of genes responsive to light and oxidative stress. Δhda-2 strains present 29 

reduced growth, misregulation of the con-1 gene and absence of conidia in response to light and30 

mechanical injury. We found that the expression of hda-2 is BLR-1 dependent and HDA-2 in turn is 31 

essential for the transcription of early and late light-responsive genes that include blr-1, indicating a 32 

regulatory feedback loop. When subject to reactive oxygen species (ROS), Δhda-2 mutants display33 

high sensitivity whereas Δblr strains exhibit the opposite phenotype. Consistently, in the presence of 34 

ROS, ROS-related genes show high transcription levels in wild-type and Δblr strains but misregulation35 

in ∆hda-2. Finally, chromatin immunoprecipitations of histone H3 acetylated at Lys9/Lys14 on cat-3 36 

and gst-1 promoters display low accumulation of H3K9K14ac in Δblr and Δhda-2 strains, suggesting37 

indirect regulation of ROS-related genes by HDA-2. Our results point to a mutual dependence between38 

HDA-2 and BLR and reveal the role of these proteins in an intricate gene-regulation landscape in39 

response to blue light and ROS. 40 

 41 

IMPORTANCE 42 

Trichoderma atroviride is a free-living fungus commonly found in soil or colonizing plant roots, and is 43 

widely used as an agent in biocontrol as it parasites other fungi, stimulates plant growth, and induces 44 

the plant defense system. To survive in various environments, fungi constantly sense and respond to45 

potentially threatening external factors, such as light. In particular, UV light can damage biomolecules 46 
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by producing free-radical reactions, in most cases involving reactive oxygen species (ROS). In T.47 

atroviride, conidiation is essential for its survival, which is induced by light and mechanical injury.48 

Notably, conidia are typically used as the inoculum in the field during biocontrol. Therefore,49 

understanding the linkages between responses to light and exposure to ROS in T. atroviride is of major50 

basic and practical relevance. Here, the histone deacetylase encoding gene hda-2 is induced by light 51 

and ROS, and its product regulates growth, conidiation, blue-light perception and oxidative stress 52 

responses.  53 

 54 

Keywords: Trichoderma, blue light, oxidative stress, BLR proteins, histone acetylation, histone 55 

deacetylases, HDA-2, Hos2p. 56 

57 

INTRODUCTION 58 

Light is one of the most important environmental cues that exert decisive effects on the physiology and59 

behavior of organisms, and fungi are not an exception. In fungi, light controls sexual and asexual 60 

development, phototropism, circadian rhythms, and synthesis of pigments among other processes (1–61 

3). One excellent system to study photo-induced responses is Trichoderma. The Trichoderma genus62 

comprises a number of saprophytic filamentous fungi, which are used in biotechnological applications 63 

and biological control of plant-pathogenic fungi and oomycetes (4–6). For decades, these fungi have 64 

been used as research models to study intra and extracellular signals that influence their biology.65 

Trichoderma atroviride is characterized by the production of conidia in response to environmental 66 

stimuli, including light, mycelial injury, carbon, nitrogen, and phosphate deprivation (7–12). Exposure 67 

of a dark-grown colony of T. atroviride to a brief pulse of blue light results in the formation of a ring of 68 

dark green conidia at what had been the perimeter of the colony at the time of illumination (7, 8).  69 
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In T. atroviride, the Blue Light Regulator-1 (BLR-1) and -2 (BLR-2) proteins, orthologous to White 70 

Collar-1 (WC-1) and WC-2 in Neurospora crassa, regulate most responses to light (9, 11). Both BLR71 

proteins contain PER-ARNT-SIM (PAS) domains involved in protein-protein interactions, and GATA-72 

type Zn-finger DNA-binding domains. In addition, BLR-1 bears a specialized PAS domain73 

denominated LOV (light, oxygen, and voltage), which harbors a flavin as chromophore. These proteins 74 

associate through their PAS domains, forming the BLR complex (BLRC) (9, 11). Strains lacking the 75 

blr-1 or blr-2 genes show altered phenotypes in photoconidiation, mycelial growth, and gene 76 

transcription (9). To account for these facts, BLR-1 has been proposed to act as a blue-light 77 

photoreceptor, with an added function as a transcription factor together with BLR-2 (9, 13).78 

Interestingly, Δblr-1 and Δblr-2 strains do not produce conidia in response to carbon deprivation in the 79 

dark, suggesting a role of the BLR proteins in redox sensing (9). This additional function for the BLR80 

proteins is supported by the presence of PAS and LOV domains, known to act as input modules in81 

proteins that sense oxygen, redox potential, and light, among other stimuli (14).  82 

Organisms produce reactive oxygen species (ROS) as by-products of their metabolism, primarily by83 

aerobic respiration. In cells, ROS are produced by molecular oxygen (O2) excitation, partial reduction, 84 

and the formation of radicals or peroxides with other compounds (15). To counteract ROS-damaging85 

effects, eukaryotic microorganisms have developed sophisticated mechanisms, including the synthesis 86 

of antioxidant enzymes [such as superoxide dismutases (SOD), catalases (CAT), and peroxidases] and87 

processes that provide electrochemical reducing power, such as the pentose phosphate pathway and the 88 

thioredoxin and glutathione redox systems (15). These observations highlight the importance of ROS in89 

fungal biology (16–19).  90 

The search to identify molecular regulators of transcription in the presence of external stimuli such as 91 

light and oxidative stress needs to consider the route that leads to chromatin modifications. In92 

eukaryotic cells, DNA is wrapped around a core of histone proteins, thus limiting transcriptional 93 
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activity, where histone tails are subject to posttranslational modifications that contribute to the fine-94 

tuning of gene expression (20). Histone acetylation is one of these modifications, involving a dynamic 95 

process controlled by the antagonistic roles of histone acetyltransferases (HATs) and histone 96 

deacetylases (HDACs). Deacetylation of histone tails is accomplished by HDACs, and leads to97 

transcriptional inactivation. Consequently, HDACs are frequently found as corepressors in large 98 

multiprotein complexes (21). Classical HDACs include class I and II, which share high similarity to99 

yeast Rpd3 (reduced potassium dependency 3) and Hda1 (histone deacetylase 1), respectively.100 

Classical HDACs class IV comprises human HDAC11 and HDA2 of Arabidopsis thaliana, absent in101 

fungi (22). The class III HDACs comprises Sirtuins, which are NAD+-dependent SIR2-type proteins 102 

(23). In fungi, transcription of genes encoding for pathogenicity factors, stress response, and secondary103 

metabolism have been related to histone acetylation and deacetylation (24–27). T. atroviride contains 104 

the classical HDACs class I, II and III (28). A connection between light responses and histone 105 

acetylation in filamentous fungi has been demonstrated in N. crassa, where both WC-1 and NGF-1 (the 106 

orthologous to Gcn5p) physically interact to promote light-induced acetylation of residue K14 of 107 

histone H3 associated to the promoter of the al-3 gene (29, 30). Recently, it was demonstrated that 108 

light-activation of WC-1 and -2 is related to nucleosome removal at their target promoters.109 

Furthermore, sub1 (a WC-1 and -2 dependent gene that codes for a GATA type transcription factor) is 110 

necessary for efficient remodeling of certain nucleosomes (31). 111 

In this work, a global transcriptional analysis revealed that the hda-2 gene (JGI ID: 212638),112 

orthologous to hda-2 and HOS2 of N. crassa and Saccharomyces cerevisiae that encode a classical 113 

class I HDAC, was 6-fold induced in response to blue light in T. atroviride. This key observation114 

suggests a possible route where responses to light and oxidative stress may be coupled, orchestrated by115 

the BLR and HDA-2 proteins. We investigate the role of HDA-2 in development, blue light and116 

oxidative stress responses of T. atroviride, and the relationship with the BLR proteins in these 117 
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processes. We show that hda-2 is transcriptionally activated by light and ROS and that its product is 118 

essential for asexual development, mycelial growth, transcription of early and late responsive genes to119 

light, resistance to oxidative stress, and expression and acetylation on the promoters of ROS-related120 

genes. Furthermore, we report that the expression of hda-2 is BLR-1 dependent, whereas HDA-2121 

results essential for the transcription of blr-1. 122 

 123 

MATERIALS AND METHODS 124 

Biological material and growth conditions. T. atrovirde IMI 206040 wild-type and ∆blr-1 and ∆blr-2125 

strains (9) were used throughout this study. T. atroviride cultures were routinely grown at 28 ºC on126 

PDA plates (potato dextrose agar, Difco) or PDB (potato dextrose broth, Difco); hygromycin B was 127 

added at 200 µg/ml when necessary. Experiments to test the effect of pro-oxidants were performed on128 

Vogel’s Minimal Medium (VMM) and VMM agar (32). Escherichia coli TOP10 F’ was used for DNA 129 

transformation and grown in Luria-Bertani (LB) broth or on LB agar plates. Carbenicillin (100 µg/ml)130 

was added to LB when necessary (33). The plasmids used were pBHY70, which harbors the 131 

hygromycin B phosphotransferase gene under the control of the Aspergillus nidulans trpC promoter132 

(34, 35), and pGEMT-easy (Promega). 133 

134 

Generation of the hda-2 deletion construct. For DNA extraction, T. atroviride was grown for 48 h at 135 

28 ºC and the mycelium was scraped and immediately frozen in liquid nitrogen. Total DNA from T.136 

atroviride was extracted as described (36). The hda-2 gene deletion construct was generated as follow:137 

fragments ~1.5 kilobases (kb) long corresponding to each 5’- and 3’-flanking regions for the hda-2 138 

open reading frame (ORF) were PCR amplified using genomic DNA of T. atroviride as template and139 

specific primers bearing restriction enzymes sites (Table S1). hda-2 5’- and 3’-flanking regions were 140 
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cloned in their corresponding restrictions sites into the pBHY70 plasmid, which harbors the hph gene 141 

into the Eco RV restriction site (35). The hda-2 deletion construct was PCR amplified using pΔhda-2142 

plasmid as template with hda-2-KpnI-Fw and hda-2-XbaI-Rv primers (Table S1) and used to transform 143 

T. atroviride protoplasts. 144 

145 

Generation of T. atroviride protoplasts. Protoplast generation was performed according to the 146 

protocol described in (37) with some modifications: 1×106 conidia/ml were inoculated in 100 ml 147 

PDYCB medium (24 g/l potato dextrose broth DIFCOTM, 2 g/l yeast extract, 1.2 g/l casamino acids)148 

and incubated for 48 h at 28 °C under shaking at 250 rpm. Mycelium was collected by filtration,149 

washed with water, and 0.5 g was resuspended in osmoticum (50 mM CaCl2, 0.5 M mannitol, 50 mM 150 

MES, pH 5.5) with 15 mg/ml lytic enzymes of Trichoderma harzianum (Sigma, L1412). The mixture 151 

was incubated at 28 °C under gentle shaking for 5 hours. For protoplast regeneration, a selective 152 

medium (potato dextrose broth DIFCOTM, 0.8% Agarose (Nara Biotec), and 0.5 M sucrose) containing153 

50 µg/mL hygromycin was used. 154 

155 

Genetic transformation of T. atroviride. Protoplasts of T. atroviride were transformed with the 156 

deletion construct, as described elsewhere (37). Stable transformants were selected by three 157 

consecutive transfers of a single colony to PDA medium supplemented with 200 µg/ml hygromycin.158 

For the screening of gene-replacement events, total DNA from hygromycin-resistant colonies was 159 

subjected to PCR using primers hda-2-out-Fw and hda-2-out-Rv corresponding to sequences up and160 

down stream of the 5’ and 3’ regions, respectively, flanking the hda-2 ORF and that were not present in161 

the construct used to transform T. atroviride. For the screening of gene-replacement events, as well as 162 

to test for ectopic insertions of hph cassette in the T. atroviride genome, DNA from the hygromycin-163 
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resistant colonies was subjected to qPCR using specific primers for both genes (Table S1). The copy164 

number of hph and hda-2 in the genome of the transformants was calculated using the 2-ΔΔCt method165 

(38). DNA from the Δblr-1 strain was used as a calibrator, since Southern blot analysis has shown that 166 

it harbors one copy of the hph gene (9).  167 

168 

Photoinduction assays. General growth conditions and manipulations have been described previously169 

(39). Briefly, pre-inoculum of T. atroviride was obtained by growing the fungal strains on PDA plates 170 

in the dark at 28 ºC for 48 h. Mycelial plugs were inoculated on the center of VMM agar plates layered171 

with a sterile cellophane sheet. For total RNA extraction, colonies were allowed to grow for 48 h in the 172 

dark, and exposed to a 1200 µmol m-2 pulse of blue light (LEE filter no. 183, fluence rate 5 µmol m-2 s-173 

1 or 88,800 lux), placed back in the dark at 28 ºC, and collected at the indicated times after the exposure 174 

to blue light. Mycelia were collected under red safelight (LEE filter no. 106, fluence rate 0.1 µmol m-2 175 

s-1) and immediately frozen in liquid nitrogen for further total RNA extraction. Mycelia grown in176 

darkness were included as control. For photoconidiation assays, the colonies were grown as described177 

above for photoinduction assays, exposed to a blue-light pulse, and incubated 48 h in the dark and178 

photographed. Colonies not exposed to blue light were included as control.  179 

180 

Oxidative stress response assays. Resistance to oxidative stress from different concentrations (0.0 16,181 

30, and 60 mM) of hydrogen peroxide or menadione (0.0, 0.05, 0.1, 0.2, and 0.3 mM) was determined182 

by measuring the colony radial growth every 24 h and up to 96 h after inoculation on VMM. The 183 

autoclaved VMM medium was cooled to 45 ºC before adding the oxidative stress-generating agents.184 

Trichoderma cultures were incubated at 28 °C for 96 hours in the dark or subject to 12 h dark/light 185 

cycles. Radial growth inhibition percentage was calculated as follows: growth inhibition (%): 186 

http://aem.asm.org/


[(Control-Treated)/(Control)]×100. Hydrogen peroxide (H2O2) 50 wt-(516813) and menadione-(47775)187 

were purchased from Sigma-Aldrich. For gene expression analysis, plugs of actively growing colonies 188 

were inoculated on VMM and incubated at 28 °C for 96 h in the dark under agitation at 250 rpm.189 

Mycelium was exposed to 30 mM H2O2 or 0.2 mM menadione, and collected 15 and 30 min post 190 

treatment. Mycelium grown in medium without the pro-oxidant was included as a control. 191 

192 

RNA extraction and complementary DNA synthesis. Total RNA extraction was performed by the 193 

Trizol® method as described by the vendor (Invitrogen). RNA quality was assessed by194 

spectrophotometric methods using an EpochTM Microplate Spectrophotometer (Bio-Tek instruments),195 

and formaldehyde-agarose gel electrophoresis, taking into account the 28S/18S rRNA ratio. Total RNA 196 

(5 µg) was DNase I (RNase-free) (Ambion) treated, followed by cDNA synthesis using SuperScript II197 

Reverse Transcriptase (Invitrogen), following the manufacturer’s recommendations. cDNA was used as 198 

a template for quantitative real-time PCR reactions with gene-specific primers (Table S1) and the Fast 199 

SYBR Green Master Mix (Applied Biosystems) according to the manufacturer’s recommendations. 200 

201 

Real Time Quantitative Reverse Transcription-PCR (RT-qPCR). Primers used for RT-qPCR were 202 

designed using Primer Express Software version 3.0 (Applied Biosystems). The reaction mixtures 203 

were: 10 µL SYBR Green Master Mix (Applied Biosystem), 3 µL cDNA template (100 ng) and 0.3 µL204 

of gene-specific primers (150 nM). The qPCR program consisted of: one cycle at 95 °C for 5 minutes,205 

40 cycles at (95 °C for 30 s, 65 °C for 30 s, and 72 °C for 40 s). Relative expression was normalized206 

against the level of tef-1 gene whose mRNA is not affected by light (40) using the 2-ΔΔCt method (41).207 

208 
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Chromatin immunoprecipitations (ChIP) assays. ChIP assays were performed using the 209 

Imprint®Chromatin Immunoprecipitation kit (Sigma-Aldrich). Treatment of mycelia with oxidizing210 

agents was performed as described above. For cross-linking chromatin, 40 mg of mycelia per 1 ml of 211 

cross-link solution containing 1% formaldehyde were used. The solution was incubated at room 212 

temperature on a rocking platform for 15 min and neutralized by adding 1.25 M glycine for 5 min.213 

Crosslinked chromatin was immunoprecipitated using anti-H3 antibody (Abcam, AB1791), anti-H3-Ac214 

(Millipore, 06-599), and 5% of the used chromatin for immunoprecipitation was saved as input 215 

fraction. The immunoprecipitated chromatin was analyzed by qPCR using specific primers (Table S1)216 

on the promoter region of cat-3 and gst-1 genes. ChIP-qPCR data was analyzed with the 2-ΔΔCt method217 

(41). 218 

219 

Statistical analysis 220 

Results of resistance to oxidative stress were validated with a multiple comparison Tukey's range test 221 

(α = 0.05), with analysis of variance statistical analysis (Post-hoc analysis) using the SPSS software 222 

package (version NCSS 2007). 223 

224 

RESULTS 225 

The hda-2 gene, encoding a classical class I HDAC, is rapidly induced by light in Trichoderma226 

atroviride 227 

The nucleotide sequence of hda-2 open reading frame (JGI ID: 212638) is 1491 bp (base pairs) in228 

length, and codes for a 496 amino acid protein. The predicted amino acid sequence for HDA-2 shows 229 

the presence of a histone deacetylase domain and a Zn-binding site, similar to those described in the 230 

classical class I HDACs, HDA-2 and Hos2p of N. crassa and S. cerevisiae, respectively (Fig. S1).231 
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Sequence comparison of HDA-2 with several hypothetical orthologous in the Trichoderma genus 232 

revealed high degrees of identity, ranging from 90% to 98% (Fig. S1 and S2). The HDA-2 sequences of 233 

other Ascomycota including phytopathogenic and entomopathogenic fungi also showed high degrees of 234 

identity (~86-77%; Fig. S1 and S2). 235 

A global transcriptional analysis in T. atroviride revealed that the hda-2 was 6-fold induced in response 236 

to blue light. To verify such result, we assessed the expression profile of hda-2 in response to light by237 

RT-qPCR in the wild-type (wt). The hda-2 gene was 5.5-fold induced 5 min after a blue light stimulus,238 

and after 30 min it decreased to 4-fold (Fig. 1a). This behavior contrasts with that of the class I CPD 239 

photolyase encoding gene phr-1, the classical marker gene for responses to light in T. atroviride, that 240 

reaches its highest accumulation 30 min after the light pulse (Fig. 1d), as reported before (13, 39).  241 

242 

Oxidative stress regulates transcription of hda-2 and phr-1 in T. atroviride  243 

Biological molecules such as flavins, pterins, and porphyrins can absorb blue light, and subsequently244 

transfer energy to molecular oxygen (O2) in the cell, triggering the production of ROS species like 1O2 245 

and O2
- (2). To explore a possible link between light and ROS in T. atroviride, we tested whether246 

oxidative stress induces the expression of hda-2 and phr-1. Mycelium of T. atroviride (wt) was 247 

exposed in the dark to two types of ROS-generating sources: hydrogen peroxide (H2O2) and248 

menadione. In 30 mM H2O2, 30 min after the application of the stimulus, hda-2 and phr-1 increased by249 

1.8- and 4.0-fold, respectively, compared to the control (Fig. 1b and e). In 0.2 mM menadione, hda-2 250 

was induced 3-fold 30 min after the stimulus (Fig. 1c), whereas phr-1 levels remained unaltered (Fig.251 

1f). 252 

253 

The hda-2 gene is required for proper growth and asexual reproduction in T. atroviride 254 
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To investigate whether the product of hda-2 is involved in the response to environmental cues such as 255 

light and oxidative stress, Δhda-2 mutants were generated by double homologous recombination.256 

Several attempts to complement the mutation by introducing the wt gene into a ∆hda-2 strain failed.257 

Therefore, three independent hygromycin-resistant colonies (∆hda-2-1, ∆hda-2-2, and ∆hda-2-3) were 258 

selected for further experiments. Genomic DNA from ∆hda-2-1, ∆hda-2-2, and ∆hda-2-3 and the wt 259 

strain was used in qPCR to corroborate the hda-2 gene replacement as well as to search for ectopic 260 

insertions. hda-2 was detected in the wt but not in Δhda-2 mutants (Table 1a). The hph cassette was261 

detected in a single copy in Δhda-2 mutants, and it was not detected in the wt (Table 1b). DNA from 262 

the Δblr-1 strain was used to calibrate measurements as southern analysis has shown that it harbors one 263 

copy of the hph gene (9). The three independent Δhda-2 mutants showed slow growth (Fig. 2a and b)264 

and absence of conidia in the dark or when exposed to a blue light pulse (Fig. 2a). When the mycelia 265 

corresponding to all three Δhda-2 strains were mechanically injured, colonies failed to produce conidia 266 

(Fig. 2a). The con-1 gene (JGI ID: 237745) from T. atroviride is expressed 12 h after exposure to blue 267 

light, which coincides with early stages of conidiophore development (42). Therefore, the expression of 268 

con-1 in response to blue light was analyzed by RT-qPCR in wt and ∆hda-2 strains. As expected, upon269 

12 h after the application of the stimulus con-1 transcript levels increased 3-fold in the wt (Fig. 2c). In270 

contrast, all three ∆hda-2 strains showed low accumulation of con-1 in the dark and a minimal increase 271 

after blue light exposure (Fig. 2c).  272 

273 

The expression of blue light responsive genes is dependent on HDA-2 274 

To investigate whether the observed upregulation of hda-2 in response to light depends on BLR-1,275 

expression analysis of hda-2 was assessed in the wt and Δblr-1 backgrounds under different light 276 

conditions. Indeed, the expression of hda-2 after a light pulse was found to be BLR-1 dependent (Fig.277 

3a). Taking into account that hda-2 encodes a putative histone deacetylase and that its transcript is 278 
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rapidly induced by light (5 min), we reasoned that HDA-2 could play a role in light perception.279 

Transcript levels of blr-1 were measured in a Δhda-2 background, showing that, contrary to wt, blr-1 280 

was not induced within 30 min after exposure to a blue light pulse, and its basal levels were lower than281 

its parental strain at all conditions (Fig. 3d). These results show mutual dependence of HDA-2 and282 

BLR-1 at the transcription level, and prompted us to investigate if the expression of other blue light 283 

responsive genes was affected in Δhda-2 as it occurs in a Δblr-1 mutant (9, 13). Expression levels of 284 

three well-known blue light upregulated (blu) genes were assessed: phr-1 (Fig. 3b), grg-2 (Fig. 3e) and285 

env1 (Fig. 3c) were found to be downregulated in Δhda-2, although the mutant still displays blue-light 286 

induction in the case of phr-1 and grg-2. Additionally, bld-2, a blue light downregulated (bld) gene,287 

was found to be upregulated in the mutant compared to the wt, resembling the Δblr-1 phenotype, but 288 

showed downregulation upon exposure to blue light as in wt (Fig. 3f).  289 

 290 

The Δhda-2, Δblr-1 and Δblr-2 strains respond differentially to H2O2 and menadione291 

Taking into account that hda-2 was induced by light and oxidative stress, we decided to evaluate its 292 

role to contend against different sources of oxidative stress, as well as a possible role of the blr-1 and -2 293 

products in response to such stimuli. The wt, ∆blr-1, ∆blr-2, and ∆hda-2 strains were grown in VMM 294 

agar amended with 16, 30, 60 mM H2O2 or 0.05, 0.1, 0.2, 0.3 mM menadione, in the absence or295 

presence of light. In the dark, ∆blr’s and wt showed no remarkable differences in growth inhibition to296 

different concentrations of H2O2 (the largest difference was ~3%) (Fig. 4a and b). In contrast, all three 297 

∆hda-2 mutants were considerably more sensitive to all tested H2O2 concentrations, in some conditions 298 

reaching 30% less growth compared to the wt and ∆blr’s (Fig. 4a and b). In the presence of light,299 

addition of 16 and 60 mM did not show statistically differences in growth between wt and ∆blr’s,300 

whereas applications of 30 mM H2O2 diminished the growth of ∆blr-1 and ∆blr-2 by ~8% as compared301 

to the wt, showing statistical differences (Fig. 4c and d). In contrast, the growth of the ∆hda-2 mutants 302 
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was remarkably affected in the presence of both light and H2O2 as compared to wt and ∆blr’s (Fig. 4c 303 

and d). 304 

Addition of different concentrations of menadione to the growth medium under dark conditions 305 

negatively affected the growth at different levels of the tested strains (Fig. 5a and b). For instance, the 306 

∆blr-1 and ∆blr-2 strains were more resistant than wt in 0.05 and 0.1 mM menadione (Fig. 5a and b).307 

However, addition of 0.2 and 0.3 mM menadione affected all ∆blr-1, ∆blr-2 and wt strains at similar308 

rates (Fig. 5a and b). As shown in Fig. 5a and 5b, growth of the Δhda-2 mutants was severely affected309 

by all tested menadione concentrations, compared to the wt and ∆blr’s. In presence of light, different 310 

concentrations of menadione gradually inhibited the growth of the different strains (Fig. 5c and d).311 

Growth was noticeably less affected in ∆blr-1 and ∆blr-2 compared to wt at 0.05 and 0.1 mM 312 

menadione; however, all three strains were similarly affected in growth at 0.2 and 0.3 mM (Fig. 5c and313 

d). Contrastingly, the Δhda-2 strains were considerably affected at all tested conditions compared to the 314 

wt and Δblr’s strains (Fig. 5c and d). Interestingly, in medium amended with 0.1 and 0.2 mM 315 

menadione Δhda-2 mutants grew much better under illumination compared to dark conditions (Fig. 5a-316 

d). 317 

 318 

Expression of hda-2, blr-1 and blr-2 genes in response to oxidative stress 319 

To evaluate the mutual dependence between HDA-1 and the BLRs at the transcriptional level in320 

response to H2O2 and menadione, the expression levels of the hda-2 and blr’s genes were analyzed in321 

∆blr-1 and ∆blr-2, and ∆hda-2 backgrounds, respectively. Exposure of wt to 30 mM H2O2 caused a 322 

0.8-fold decrease of blr-1 after 15 min; however, transcript amount returned to the basal level after 30323 

min (Fig. 6a). In ∆hda-2, H2O2 provoked significant accumulation of blr-1 transcript 30 min after324 

application (Fig. 6a). In wt, transcription of blr-2 was downregulated after 15 and 30 min of exposure 325 

to 30 mM H2O2 (Fig. 6b); nevertheless, ∆hda-2 presented low accumulation of blr-2 under non-326 

stressful conditions and did not show significant changes after the addition of H2O2 (Fig. 6b). As 327 
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shown in Fig. 6c, upon 15 and 30 min of H2O2 application, hda-2 accumulated at higher levels in ∆blr-328 

1, followed by ∆blr-2 and wt (Fig. 6c).  329 

Menadione at 0.2 mM caused blr-1 accumulation in wt after 30 min of application, whereas in ∆hda-2 330 

the transcript levels of blr-1 did not change significantly (Fig. 6d). Exposure of wt and ∆hda-2 to331 

menadione provoked a downregulation of blr-2 in both strains, being more drastic in the latter (Fig.332 

6e). Intriguingly, in ∆hda-2, blr-2 basal expression levels were lower compared to wt (Fig. 6b and e).333 

In the wt, the hda-2 transcript was upregulated in response to menadione (30 min), whereas both ∆blr 334 

showed no considerable changes at all tested conditions (Fig. 6f). 335 

 336 

HDA-2 and the BLR complex regulate the transcription of ROS-related genes 337 

As ∆hda-2, Δblr-1 and Δblr-2 showed varied degrees of sensitivity to H2O2 and menadione, we 338 

decided to analyze in mutant backgrounds and in the presence of ROS the expression profile of several 339 

ROS-related genes: gst-1 (glutathione s-transferase; JGI ID: 93766), sod-1 (superoxide dismutase 1; 340 

JGI ID: 298583), and cat-3 (catalase 3; JGI ID: 283309) and gpx (glutathione peroxidase; JGI ID:341 

94401), which code for antioxidant enzymes to contend against organic hydroperoxide (ROOH), O2
-,342 

and H2O2, respectively. Application of 30 mM H2O2 to the wt (at time 0 min) provoked an initial 343 

downregulation of sod-1, gst-1, and gpx at 15 min; however, all four genes reached high expression344 

levels at 30 min (Fig. 7a-d and S3). In the case of Δblr-1 and Δblr-2, accumulation of cat-3 and sod-1 345 

was induced at 15 and 30 min. In Δblr-1, gst-1 and gpx transcript abundance did not change at 15 min,346 

but at 30 min it reached higher levels as compared to wt (Fig. 7c and d). Exposure of Δblr-2 to H2O2 347 

for 15 min led gst-1 to reach its highest expression levels as compared to all tested strains, but it 348 

returned to basal levels at 30 min (Fig. 7c). Interestingly, for Δblr-2 at 15 and 30 min gpx showed the 349 

highest accumulation of transcript as compared to all tested strains (Fig. 7d). As shown in Fig. 7a and350 

7b, expression levels of cat-3 and sod-1 were downregulated in Δhda-2 at all tested conditions, whereas 351 

gst-1 suffered no considerable changes at 15 min after the application of H2O2; but at 30 min gst-1 352 
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accumulation reached similar levels compared to wt and Δblr-1 (Fig. 7c). Intriguingly, gpx mRNA 353 

levels in Δhda-2 showed high accumulation (13-fold) under non-stressful conditions, but depletion to354 

low levels followed by accumulation 15 min and 30 min after the medium was supplemented with355 

H2O2, respectively (Fig. 7d). 356 

Addition of 0.2 mM menadione (at time 0 min) to wt did not induce remarkable changes in cat-3 357 

accumulation in all tested conditions (Fig. 7e). Absence of cat-3 expression in the wt strain in the 358 

presence of menadione is expected, because superoxide is not a substrate for CAT-3. However, Δblr-1,359 

-2 and Δhda-2 showed marginally lower levels of cat-3 mRNA compared to the wt (Fig. 7e). As shown360 

in Fig. 7f and S3, sod-1 was induced in wt, Δblr-1 and Δblr-2, reaching highest levels 30 min after the 361 

application of the stimulus in all three strains, whereas in Δhda-2 sod-1 showed low levels with no362 

significant changes in all tested conditions. Menadione provoked high accumulation of gst-1 in all 363 

tested strains, showing a maximum of expression at 30 min, with Δblr-2 showing the highest 364 

accumulation, followed by wt, Δhda-2 and Δblr-1 (Fig. 7g). In wt, gpx was slightly downregulated 15365 

min after menadione addition; nevertheless it reached its highest levels at 30 min (Fig. 7h).366 

Furthermore, in Δblr-1 and Δblr-2, gpx showed low expression levels under control conditions, and its 367 

transcript barely overcame the wt basal levels at all tested times of exposure (Fig. 7h). In Δhda-2, gpx 368 

surpassed the wt accumulation under non-stressful conditions; nonetheless, this gene was369 

downregulated 15 min after the addition of menadione, and showed recovery at 30 min (Fig. 7h). 370 

 371 

HDA-2 and the BLR complex are required for histone H3 acetylation in the promoter of ROS-372 

related genes under oxidative stress 373 

In the ∆hda-2 strain in the presence of ROS, we observed that transcription of cat-3 and gst-1 was374 

downregulated and upregulated, respectively, compared to the wt. To determine whether oxidative 375 

stress induces histone H3 acetylation in the promoter region of cat-3 and gst-1, we performed a376 

Chromatin Immunoprecipitation (ChIP) assay analysis. Mycelia of wt, ∆hda-2-2, Δblr-1 and Δblr-2 377 
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strains were grown in darkness for 96 h and treated with 30 mM H2O2. Afterwards, the chromatin was 378 

cross-linked, sonicated and immunoprecipitated using specific antibodies against H3 and H3K9K14Ac.379 

In wt, 30 min after addition of 30 mM H2O2, the H3K9K14Ac signal increased 3-fold respect to the 380 

baseline in the untreated condition (Fig. 8a). In the ∆hda-2, Δblr-1 and Δblr-2 strains, the promoter381 

region of cat-3 showed similar acetylation levels (1.0 fold) as the wt in the control condition, and382 

showed no enrichment of H3K9K14Ac 30 min after H2O2 application (Fig. 8a). For the case of the 383 

acetylation profile of the gst-1 promoter, we found 5-fold enrichment in the wt after 30 min of mycelia 384 

exposure to H2O2 (Fig. 8b), whereas the ∆hda-2, Δblr-1 and Δblr-2 strains showed no enrichment when385 

compared to the untreated control (Fig. 8b). 386 

 387 

DISCUSSION 388 

In living organisms, light is one of the main ROS-generating sources (1O2, O2
-) (43). Here, blue light 389 

and oxidative stress induce the expression of hda-2, suggesting a link between these two cues through390 

chromatin modifications and the ensuing regulation of gene transcription (Fig. 9). The early391 

photoinduction of hda-2 and the fact that it putatively encodes a regulatory protein suggest a role for392 

HDA-2 in early photoresponses (13, 39). Supporting this conclusion, the Δhda-2 mutants grow slow,393 

do not conidiate in response to both light and mechanical injury, and barely induce con-1. On the 394 

contrary, the Δblr strains grow faster than the wt and conidiate in response to mechanical injury, but 395 

not in response to light (9). These differences indicate opposite roles for the BLR’s and HDA-2 in396 

mycelial growth, but also that HDA-2 regulates an important step in signal transduction that leads T.397 

atroviride to condiate, and probably to photoconidiate through the expression of early blu genes,398 

including blr-1 (Fig. 9). Although it is possible that the affected growth of Δhda-2 may be altering399 

conidiation and the corresponding expression of genes involved in this process, our results point to400 

HDA-2 and the BLR proteins as key elements in the complex network that integrates responses to blue 401 

light and stress-induced ROS in T. atroviride. 402 
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In the particular case of responses to light, the mutual dependence between HDA-2 and BLR-1403 

indicates participation of these elements in a feedback loop that regulates blue light perception and404 

signal transduction (Fig. 9). It is noteworthy that the transcription of blr-1, a master regulator of blue 405 

light responses (9), showed low expression in Δhda-2, which could explain the weak response of phr-1 406 

and grg-2 to light and the null expression of env1. At the chromatin level, a surprising result is that 407 

HDA-2 had a positive role on the transcription of blu genes, even though our analyses suggest that hda-408 

2 codes for an HDAC, which putatively deacetylates histone tails leading to heterochromatin409 

formation. We do not discard the involvement of more regulators. In this regard, similar results for410 

light-regulated genes were published for T. atroviride and A. nidulans mutants in the tmk3 and sakA 411 

genes that code for a MAPK kinase orthologous to Hog1p of S. cerevisiae. Importantly, Tmk3 and412 

SakA integrate several stress factors, such as light sensing, stress-sensing and osmosensing (44, 45). It 413 

is worth noting that in yeast under hyperosmotic stress the repressor Sko1 is phosphorylated by Hog1414 

and converted to an activator that recruits Hog1 itself as well as the SAGA histone acetyltransferase 415 

complex (coactivator) at the promoter of target genes to activate transcription (46). In T. atroviride, it is 416 

possible that MAP kinases like Tmk3 could be recruiting HDA-2 to the promoters of blu genes to avoid417 

repressor binding, thus promoting histone acetylation, the recruitment of activators, and the induction418 

of gene expression (47). 419 

Light is absorbed by biological molecules, such as flavins and porphyrins, to subsequently transfer420 

energy to molecular oxygen, triggering the production of ROS (2, 43). Here, we observed that the 421 

addition of pro-oxidants plus the presence of light exerts an additive (but marginal) effect in the growth422 

of wt, consistent with the accumulation of externally applied and blue-light-generated ROS (48, 49) to423 

levels that may exceed the antioxidant capacity of the cell, thus affecting mycelial growth (16, 50). 424 

Supporting this view, light exacerbates sensitiveness to oxidative stress in N. crassa cat-3-lacking425 

strains (51). Our results indicate that HDA-2 regulates positively the resistance to both menadione and426 

H2O2, whereas BLR-1 and BLR-2 seem to play negative roles at low concentrations of the pro-427 
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oxidants, probably modifying heterochromatin, thus influencing the regulation of ROS-related genes 428 

(Fig. 9). In agreement with the role of HDACs to deal with ROS, deletion of the HdaA encoding gene 429 

in A. nidulans causes growth defects in the presence of ROS (52), which highlights the importance of 430 

acetylation to regulate gene expression under oxidative stress (53).  431 

Motivated by our results for the case of blue light, we attempted to reveal a mutual regulatory432 

dependence between HDA-2 and the BLR proteins at the transcriptional level under oxidative stress.433 

This mutual dependence was not obvious in this case, since the expression of the genes did not show a 434 

systematic behavior among different backgrounds and stressful conditions (Fig. 6 and 9). A main factor435 

and immediate conclusion is that the two used pro-oxidants did not provoke the same effects in the wt.436 

In this regard it has been proposed that H2O2 and OH˙ are the main toxic species derived from 437 

menadione (54), which may lead to think that the responses to H2O2 and menadione must be similar.438 

However, experimental data revealed that several pro-oxidants differentially influence the genome of S.439 

cerevisiae with a short range of overlap (55). Therefore, T. atroviride may have different ways to440 

regulate resistance to different pro-oxidants trough BLR and HDA-2 proteins, leading to an intricate 441 

landscape compared to light responses. 442 

Our hypothesis on the role of HDA-2 in regulating gene transcription to contend against ROS is 443 

supported by the transcriptional analysis of ROS-related genes, which suggests a positive role of HDA-444 

2 on the transcription of cat-3 and sod-1 in presence of H2O2 and sod-1 in presence of menadione,445 

possibly by modifying heterochromatin on promoters of negative regulators (Fig. 9). The absence of 446 

sod-1 and cat-3 in ∆hda-2, whose products putatively play a role in the dismutation of superoxide and447 

in the removal of H2O2 and lipid hydroperoxides, respectively, may explain the sensitivity showed by448 

this null mutant, as demonstrated for other fungi (51, 56–58) (Fig. 9). A surprising observation is that 449 

sod-1 is expressed in presence of H2O2, although its product does not remove H2O2. Recently, it was 450 

described that H2O2 is sufficient to promote Sod1p nuclear localization for the activation of ROS-451 

related genes. Therefore, Sod1 is responding to ROS in general, rather than only to its superoxide 452 
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substrate, to function as a transcription factor (59). It is possible that in T. atroviride SOD-1 may have 453 

an important role to contend against ROS by regulating ROS-related genes. Furthermore, HDA-2 could454 

be altering heterochromatin on the promoters of negative regulators, which may influence the 455 

transcription of sod-1, gpx, and gst-1 in the presence of menadione, which produces superoxide (O2
·-)456 

by redox-cycling (60). Under this condition, SOD, GPx and GST-1 may detoxify cells of O2
·- (Fig. 9).457 

Together, our results indicate that HDA-2 participates in the regulation of genes that encode proteins 458 

necessary to contend against certain types of ROS in T. atroviride. It is important to highlight that, in459 

the presence of H2O2 and menadione, gpx and gst-1 were marginally upregulated in the Δblr-1 and -2,460 

respectively, which could explain the resistance of these strains to such compounds, similar to behavior461 

shown in other fungi (61–63) 462 

Our results support a previous hypothesis that, based on the fact that Δblr-1 and -2 mutants do not 463 

conidiate in response to carbon deprivation, assigns a role to the PAS and LOV domains of BLR-1 and464 

BLR-2 in sensing ROS and redox states in T. atroviride (9). BLR-1 contains a putative flavin-binding465 

motive that shares a consensus sequence with signal-transducing proteins that regulate gene expression466 

in response to redox changes, oxygen, and blue light (14, 64–66). In Trichoderma reesei, recent results 467 

suggest that light perception and oxidative stress are integrated by the ENV1 photoreceptor, composed468 

of a single LOV domain (67). Supporting this proposal, four of the nine predicted catalases and four of 469 

the six SODs encoding genes were downregulated in a Δenv1 mutant upon growth in light and470 

cellulose (68). A key element in that model is that oxidative stress promotes a sequestration of ENV1 in471 

a homodimer, blocking formation of ENV1:BLR-1 and allowing activation of the BLR-1:BLR-2472 

complex (67). Overall, our results are inconsistent with this picture, because we observed that the 473 

absence of BLR-1 or BLR-2, with the subsequent absence of ENV1, does not preclude that the 474 

transcription of almost all ROS-related genes responds to the presence of both pro-oxidants. It is 475 

possible that significant differences in growing media and light conditions used in (67) compared to476 

those used in this work could explain the discrepancies with that proposed model.  477 
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Histone acetylation and deacetylation parallel transcriptional gene activation or repression,478 

respectively, by altering the chromatin conformation (69, 70). In the wt, we observed up-regulation of 479 

gst-1 and cat-3, suggesting an increase in histone H3 acetylation at their promoters. In the ∆hda-2 480 

mutant, transcription levels of cat-3 were downregulated and low acetylation levels at the cat-3 481 

promoter were found, indicating that hda-2 plays a major role in the regulation of cat-3 but it is not 482 

acting directly in gene repression. These contrasting results could be explained by considering that 483 

histone deacetylation may also activate transcription, by means of targeting repressors (71). In484 

particular, the absence of HDA-2 may have led to changes on heterochromatin structure by an485 

acetylation unbalance on the promoters of negative regulators of cat-3, including other HDACs.486 

Among negative regulators of the expression of ROS-related genes, histone methylases play a pivotal487 

role (72, 73). In N. crassa the histone methyltransferase DIM-5 and the non-histone protein488 

heterochromatin protein 1 (HP1) are essential for heterochromatin formation (74). In agreement with489 

our results, in this fungus H2O2 stimulates cat-3 expression that correlates with histone H3 acetylation.490 

On the contrary, tri-methylation of histone H3 at proximal 5-kb heterochromatin region and cat-3 locus 491 

(H3K9me3) mediates repression of cat-3 (73). Intriguingly, hpoKO and dimKO mutants, who lack of HP1492 

and DIM-5, show high resistance to H2O2, and high levels of cat-3. These results indicate that histone 493 

methylation and proper formation of chromatin may regulate cat-3 expression (73). Based on these 494 

facts, we propose that histone H3 methylation and acetylation as well as the proper chromatin495 

formation could be important for cat-3 regulation in T. atroviride. An alternative hypothesis is that 496 

negative regulators are repressing the transcription of HATs that acetylate H3 on the cat-3 promoter.497 

Further studies of chromatin conformation are needed in this fungus. 498 

Regarding gst-1, ∆hda-2 showed similar transcription levels as in wt, however, the H3 acetylation level 499 

at the gst-1 promoter was also low. This fact was also supported by the upregulation of gpx and gst-1 in500 

the ∆blr-1 and -2 mutants, respectively, with the absence of acetylation at the promoters of gst-1 and501 
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cat-3 in blr mutants. We speculate that additional histone modifications (such as methylation,502 

phosphorylation, etc.) could be involved in the regulation of gst-1 in T. atroviride. An alternative 503 

explanation is that BLR-1 and BLR-2 function as repressors on the promoters of some ROS-related504 

genes under certain stressful conditions. In this regard, it is known that BLR-2 locates on the promoter505 

of phr-1 in the dark and a blue light pulse promotes unbinding. Unbinding of BLR-2 from the phr-1 506 

promoter parallels induction of phr-1 transcription, suggesting a role as repressor (40).  507 

In conclusion, we have shown that HDA-2 and BLRC play a pivotal role in the regulation of mycelial 508 

growth, conidiation, and resistance to H2O2, light perception, and gene regulation of blue-light and509 

ROS-related genes. 510 
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715 

Tables 716 

Table 1. 717 

(a) Copy number of the hda-2 gene by the 2^-∆∆Ct method 718 

Strain 
Ct of endogenous 
control (Cte)

Ct of gene (Ctt)
∆Ct

(Ctt-Cte)

∆∆Ct

(∆Cts-∆Ctc)

Copy number 
(2^-∆∆Ct) 

tef-1 hda-2 hda-2 hda-2 hda-2 

* wt 20.7 22.74 2.04 -0.17 1.1 ±  0.1 

∆blr-1 20.25 22.24 1.9 -0.04 1.03 ±  0.08 

∆hda-2-1 20.2 36.88 16.6 14.6 0.0 ±  0.0 

∆hda-2-2 20.29 36.57 16.2 14.6 0.0 ±  0.0 

∆hda-2-3 20.3 38.11 17.7 16.2 0.0 ±  0.0 

* Calibrator for hda-2 gene

719 

720 

721 
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(b) Copy number of the hph gene by the 2^-∆∆Ct method 722 

Strain 
Ct of endogenous 

control (Cte)

Ct of transgene 

(Ctt)

∆Ct

(Ctt-Cte)

∆∆Ct

(∆Cts-∆Ctc)

Copy number 

(2^-∆∆Ct) 

tef-1 hph      hph hph hph 

wt 20.7 32.47 11.77 8.72 0.0 ± 0.0 

** ∆blr-1 20.25 23.3 3.05 0 1 ± 0.2 

∆hda-2-1 20.2 23.34  3.14 0.09 0.9 ± 0.03 

∆hda-2-2 20.29 23.22 2.93 -0.11 1.08 ± 0.04 

∆hda-2-3 20.3 23.34 3.04 -0.006 1.0 ± 0.04 

** Calibrator for hph gene 

723 
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Figures. 724 

725 

Fig. 1. The hda-2 and phr-1 genes are induced by light and oxidative stress in T. atroviride.726 

Mycelium of T. atroviride wt strain was exposed to a blue light pulse (BL), and samples were collected727 

at the indicated times to determine hda-2 (a) and phr-1 (d) mRNA levels by RT-qPCR. Mycelium kept 728 

in the dark was used as control. Mycelium of T. atroviride wt strain grown in the dark was treated with729 

30 mM H2O2 or 0.2 mM menadione, and 15 or 30 min after hda-2 (b and c) and phr-1 (e and f)730 

transcripts were measured by RT-qPCR. Untreated mycelium was used as control. Results are reported731 

as fold-change compared to the untreated sample. The translation elongation factor-encoding gene tef-1 732 

was used as control gene to normalize the expression of hda-2 and phr-1 using the 2-ΔΔCt method. The 733 

graphs show the mean expression levels ± SD. The results are based on three repeats in two734 

independent experiments.  735 
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736 

737 

Fig. 2. HDA-2 is required for proper growth and asexual reproduction in T. atroviride. Pictures 738 

show 48-h dark-grown colonies of wt, ∆hda-2-1, ∆hda-2-2 and ∆hda-2-3 kept in the dark as control 739 

(CTRL), after a blue-light pulse (BL) or cut with a scalpel (injury, I), and photographed 48 h later (a).740 

Radial colony growth of wt (dark grey bars), ∆hda-2-1, ∆hda-2-2 and ∆hda-2-3 (light grey, white and741 

stripped bars, respectively) strains grown in the dark for 96 h was determined (b). T. atroviride wt and742 

∆hda-2 strains were kept in the dark or exposed to a blue-light pulse and 12 h later the con-1 gene was 743 

assessed by RT-qPCR (c). RT-qPCR results are reported as fold-change compared to the untreated744 

sample in the dark. tef-1 was used as control gene to normalize the expression of phr-1, hda-2, and con-745 

1 using the 2-ΔΔCt method. The graphs show the mean expression levels ± SD. The results are based on746 

three repeats in two independent experiments. 747 
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748 

Fig. 3. Expression of blue light responsive genes is dependent on HDA-1. Mycelia of wt, Δblr-1 and749 

Δhda-2 strains grown in the dark were exposed to a blue light pulse, collected at the indicated times 750 

and used for expression analysis of hda-2 (a), blr-1 (b), phr-1 (c), grg-2 (d), env1 (e) and bld-2 (f).751 

Mycelia kept in the dark were used as control. tef-1 was used as a control gene to normalize the 752 

expression of blue light responsive genes, using the 2-ΔΔCt method. The graphs show the mean753 

expression levels ± SD. The results are based on three repeats in two independent experiments. 754 
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755 

Fig. 4. The hda-2, blr-1 and blr-2 gene-lacking mutants differentially respond to H2O2. Growth756 

inhibition phenotypes of wt, ∆blr-1, ∆blr-2 and ∆hda-2 strains after 96 h of growth in the dark in757 

medium amended with different concentrations of H2O2 (a) or exposed to 12 h light/dark cycles (c).758 

Graphs represent percentage of growth inhibition after 72 h of growth under different concentrations of 759 

H2O2 in the dark (b) or exposed to 12 h light/dark cycles (d) relative to the control condition. Control 760 

strains grown on medium without H2O2 in the dark or exposed to 12 h light/dark cycles were included.761 

The graphs show the mean growth ± SD. The results are based on three repeats in three independent 762 

experiments. 763 

764 
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765 

Fig. 5. The hda-2, blr-1 and blr-2 gene-lacking mutants differentially respond to menadione. 766 

Growth inhibition phenotypes of wt, ∆blr-1, ∆blr-2 and ∆hda-2 strains after 96 h of growth in the dark767 

amended with different concentrations of menadione (a) or exposed to 12 h light/dark cycles (c).768 

Graphs represent percentage of growth inhibition after 72 h of growth under different concentrations of 769 

menadione in the dark (b) or exposed to 12 h light/dark cycles (d). Control strains grown on medium 770 

without menadione in the dark or exposed to 12 h light/dark cycles were included. The graphs show the 771 

mean growth ± SD. Different letters indicate statistically significant differences among mean values (p772 

< 0.05). The results are based on three repeats in three independent experiments. 773 
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774 

Fig. 6. Relative expression of hda-2, blr-1 and blr-2 in response to ROS-generating substrates.775 

Mycelia of wt, ∆hda-2, ∆blr-1 and ∆blr-2 strains grown in the dark were treated with 30 mM H2O2 or776 

0.2 mM menadione and at the indicated times blr-1 (a and d) and blr-2 (b and e) transcripts were 777 

measured in wt and ∆hda-2 strains by RT-qPCR, whereas hda-2 (c and f) was measured in wt, ∆blr-1 778 

and ∆blr-2. Untreated mycelia of the different strains were used as control. tef-1 was used as control 779 

gene to normalize the expression of hda-2, blr-1 and blr-2 using the 2-ΔΔCt method. The graphs show 780 

the mean expression levels ± SD. The results are based on three repeats in two independent 781 

experiments. 782 
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783 

Fig. 7. HDA-2 and the BLR complex regulate the transcription of ROS-related genes in response 784 

to H2O2 and menadione. Relative expression of cat-3, sod-1, gst-1, and gpx genes in wt, Δblr-1, Δblr-785 

2 and Δhda-2-2 strains under control conditions or exposed to 30 mM H2O2 (a-d) or 0.2 mM 786 

menadione at indicated time were determined (e-h). The tef-1 gene was used as control to normalize the 787 

expression of ROS-related genes using the 2-ΔΔCt method. The graphs show the mean expression levels 788 

± SD. The results are based on three repeats in two independent experiments. 789 
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790 

Fig. 8. HDA-2 and BLR complex are required under oxidative stress for histone H3 acetylation 791 

on the promoter of ROS-related genes. ChIP assays using specific histone H3-ac antiserum were 792 

performed with crosslinked mycelia of the wt, Δhda-2-2, Δblr-1 and Δblr-2 strains under control 793 

conditions or 30 min after their exposure to 30 mM H2O2. Specific primers designed on cat-3 (a) and794 

gst-1 (b) promoters were used to amplify the crosslinked chromatin. The graphs show the mean795 

crosslinked chromatin levels ± SD. Antibody anti-H3 was used to normalize the acetylation enrichment 796 

on cat-3 and gst-1 promoters, using the method 2-ΔΔCT. The results are based on two independent 797 

experiments. 798 
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799 

Fig. 9. Hypothetical model for HDA-2, BLR-1 and BLR-2 acting in blue light perception and 800 

oxidative stress in T. atroviride. Our results indicate an important role for HDA-2 in mycelial growth 801 

and conidia development, blue light gene induction and repression, as well as to contend against 802 

oxidative stress. Blue light activation of hda-2 and blr-1 are mutually dependent of their products 803 

HDA-2 and BLR-1, respectively, suggesting a regulatory feedback loop. Lack of the hda-2 and blr-1 804 

genes has repercussions on the regulation of early (phr-1, grg-2, env1, bld-2) and late (con-1) blue-light 805 

responsive genes (white panel). ROS such as H2O2, light-induced and pro-oxidants can diffuse into the 806 

cell to activate hda-2 expression, thus controlling the resistance to oxidative stress. When growing on807 

medium amended with menadione, a superoxide-generating agent (blue panel), HDA-2 positively808 

regulates the expression of blr-1 and is necessary to maintain blr-2 basal levels, and the products of 809 

http://aem.asm.org/


these genes positively regulate hda-2 expression. BLR-1 and BLRC are positive regulators of gpx, and810 

are necessary to maintain the basal levels of cat-3, whereas BLR-2 negatively controls gst-1. HDA-2 is811 

necessary for the induction of sod-1, gst-1 and gpx, and necessary to maintain cat-3 basal levels. In the812 

presence of menadione, the BLR proteins seem to play a negative role in colony growth, whereas813 

HDA-2 plays the opposite role. Under H2O2 conditions (grey panel), HDA-2 is essential for cat-3 and814 

sod-1 induction and it is necessary to maintain gpx basal levels, which seems to be important to815 

contend against H2O2. Furthermore, HDA-2 is required for blr-2 basal expression, whose product816 

together with BLR-1 represses hda-2 transcription. BLRC negatively controls the expression of gpx,817 

whereas it seems to play a minor role in the regulation of cat-3, sod-1, and gst-1. HDA-1 and BLRC818 

play a positive role in resistance to H2O2 for proper colony growth, with HDA-2 playing the major role.819 

Finally, HDA-2 and BLRC appear to be necessary for proper acetylation (Ac) of H3 on the promoters820 

of cat-3 and gst-1. 821 

822 
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