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Trichoderma atroviride hyphal regeneration and conidiation
depend on cell-signaling processes regulated by a microRNA-
like RNA

José M. Villalobos-Escobedo, J. Pedro Martinez-Hernandez, Ramon Pelagio-Florest, Pablo M. Gonzéalez-De la Rosat,
Nohemi Carreras-Villasenor§, Cei Abreu-Goodger* # and Alfredo H. Herrera-Estrella*

Abstract

The ability to respond to injury is essential for the survival of an organism and involves analogous mechanisms in animals
and plants. Such mechanisms integrate coordinated genetic and metabolic reprogramming events requiring regulation
by small RNAs for adequate healing of the wounded area. We have previously reported that the response to injury of
the filamentous fungus Trichoderma atroviride involves molecular mechanisms closely resembling those of plants and
animals that lead to the formation of new hyphae (regeneration) and the development of asexual reproduction structures
(conidiophores). However, the involvement of microRNAs in this process has not been investigated in fungi. In this work,
we explore the participation of microRNA-like RNAs (milRNAs) molecules by sequencing messenger and small RNAs
during the injury response of the WT strain and RNAi mutants. We found that Dcr2 appears to play an important role in
hyphal regeneration and is required to produce the majority of sSRNAs in T atroviride. We also determined that the three
main milRNAs produced via Dcr2 are induced during the damage-triggered developmental process. Importantly, elimina-
tion of a single milRNA phenocopied the main defects observed in the dcr2 mutant. Our results demonstrate the essential
role of milRNAs in hyphal regeneration and asexual development by post-transcriptionally regulating cellular signalling
processes involving phosphorylation events. These observations allow us to conclude that fungi, like plants and animals,
in response to damage activate fine-tuning regulatory mechanisms.
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Impact Statement

The ability to respond to injury is a biological process essential for the survival of an organism. This ability that may even result
in the regeneration of a whole-body part or lost structure is shared by organisms of different kingdoms and has always fasci-
nated humans. Filamentous fungi, due to their immobility and because they represent a nutrient source rich in amino acids
and sugars, are consumed by predators and therefore continuously exposed to mechanical damage. Here we describe how
the filamentous fungus Trichoderma atroviride fine-tunes its transcriptional response to injury through small non-coding RNAs
(sRNAs), a process that had never been studied at this level. We describe how Dcr2 plays a major role in hyphal regeneration.
We also describe the participation of microRNA-like molecules (milRNAs) and small interfering RNAs during the injury response
making use of mutants in the RNAi machinery. This work represents one of the few reports describing the role of a milRNA in
the biology of filamentous fungi. We found that elimination of a single milRNA phenocopied the main defects observed in a dcr2
mutant. These observations allowed us to conclude that fungi share with plants and animals fine tuning regulatory mechanisms
key for their development and survival.

INTRODUCTION

The ability to rapidly and precisely respond and, in some cases, regenerate a damaged area after an injury is essential for the
survival of an organism [2]. Plants and animals display analogous, sophisticated mechanisms, requiring coordinated genetic
and metabolic reprogramming events that will define a new molecular programme to direct proliferation and differentiation to
replace the lost cells and prevent further damage [2, 3].

In eukaryotes, post-transcriptional regulation by small non-coding RNAs (sRNAs) can allow rapid changes in the transcriptional
landscape in response to environmental stimuli [4] or fine-tuning of the transcriptional profile during development [5], through
processes known as RNA interference (RNAi). There are two main classes of cytoplasmic regulatory sRNAs, namely small
interfering RNAs (siRNAs) and microRNAs (miRNAs), which are distinguished based on their biosynthetic pathway. Biogenesis
of siRNAs depends on RNA-dependent RNA polymerases (RARPs), Dicer and Argonaute proteins, and they directly regulate the
expression level of coding transcripts [6]. siRNAs negatively regulate their targets and were initially proposed to be involved in
genome protection against viral infections and transposons, yet siRNAs also play important roles in response to environmental
stimuli (7, 8].

On the other hand, biosynthesis of miRNAs does not depend on RdRPs but requires the transcription of a hairpin structure by
canonical RNA polymerases [9]. These primary transcripts, or primary miRNAs (pri-miRNAs), are subsequently processed in
the nucleus by Dicer-like proteins in the case of plants or Drosha in the case of animals, to excise the hairpin structure (precursor
miRNA or pre-miRNA), which is further processed by Dicer to generate single-stranded ~20-22 bp microRNAs that are loaded
onto Argonautes in the cytoplasm [10, 11]. miRNAs have been extensively described in plants and animals as negative regulators
of translation and transcript stability, and play important roles during development, response to environmental stresses, and are
also implicated in several diseases [4, 10, 12, 13].

In animals, miRNAs are involved in tissue and organ regeneration [14], as in the case of miR-133b that represses the small GTPase
RhoA after spinal cord injury in zebrafish, enhancing spinal cord regeneration [15]. Also in zebrafish, miR-99/100 and let-7a/c
regulate cardiomyocyte dedifferentiation and heart regeneration [16]. Furthermore, local injection of double-stranded miR-1,
miR-133 and miR-206 can accelerate muscle regeneration in a rat skeletal muscle injury model [17]. Therefore, strategies for
organ regeneration, based on miRNAs, emerge as an interesting therapeutic alternative. Similarly, in plants, miRNAs and siRNAs
are involved in the response to wounding and systemic defence against herbivory [18, 19]. In fungi, ex-siRNAs (siRNAs derived
from exons) have been implicated in the regulation of gene expression in response to antibiotics [20].

As a nutrient-rich source and due to their immobility, filamentous fungi are prey to a variety of predators, including fungivorous
nematodes and arthropods, and are therefore constantly injured. In ascomycetes, when a hypha is damaged the septal pore
nearest to the point of injury is sealed to prevent excessive cytoplasmic leakage and cell death [21]. Thereafter, new hyphal tips
are formed, resulting in the resumption of growth and reconnection of hyphae [22]. Interestingly, this process is very similar at
the genetic level to regeneration in other, phylogenetically distant, organisms [22].

The filamentous fungus Trichoderma atroviride responds to mycelial injury, regenerating broken hyphae and forming asexual
reproduction structures [23]. This response to injury has many commonalities with that of higher eukaryotes, likely due to
convergent evolution. The mechanisms used by T. atroviride involve the detection of extracellular ATP released from damaged
cells, which leads to a rapid and transient increase in cytosolic calcium [24]. In parallel, reactive oxygen species (ROS) are produced
by the NADPH oxidase complex [24]. Extracellular ATP activates two mitogen-activated protein kinase (MAPK) pathways [24].
The MAPK Tmk1 is required for hyphal regeneration and is responsible for the transcriptional activation of genes involved in
cell cycle, DNA repair and programmed cell death, which are essential processes for regeneration, while Tmk3 is necessary for
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conidiation [23]. Despite these findings and the knowledge accumulated in plants and animals, the role of sSRNAs in the fungal
response to injury has never been studied. Regulation of gene expression by sSRNAs in fungi is only starting to be understood.

In Neurospora crassa, microRNA-like RNAs (milRNAs) were identified and, like canonical miRNAs, are capable of post-
transcriptionally repressing gene expression [25]. In Mucor circinelloides it has been suggested that the regulation of gene expres-
sion by exonic siRNAs (ex-siRNAs) is important during development [26, 27] and allows this fungus to resist the antifungal drug
FK506 [20]. Finally, in Fusarium graminearum and Metarhizium robertsii, milRNAs have been correlated with the regulation of
sexual and asexual reproduction, and putative target genes have been predicted [28, 29]. This evidence suggests that, like other
eukaryotes, fungi can fine-tune gene expression through sRNAs, during growth and development. However, in contrast with
what has been observed in plants and animals, no fungal milRNA appears to be conserved, few loss-of-function experiments
have been carried out, and to date, no defect has been observed in sexual or asexual reproduction [30]. Furthermore, several
clades of fungi have naturally lost their RNAi machinery, likely because of adaptation to killer viruses, without further negative
consequences to their survival [31]. Therefore, it is unclear if fungal microRNAs (milRNAs) are central regulators of biological
processes like they are in other eukaryotes [7].

We previously showed that in T. atroviride the RNAi machinery is important for colony growth and that light-induced conidiation
was impaired in dcr2 (Dicer2) null mutants [32]. Here we show that the Adcr2 and Ardr3 mutants are affected in injury-induced
conidiation. By performing RNA-seq, we determined that the RNAi machinery regulates the expression of genes involved in
oxidation-reduction processes and amino acid metabolism in the first minutes after injury. Interestingly, analysis of hyphal regen-
eration showed that dcr2 plays an important role in the regeneration of damaged hyphae, but rdr3 is not required. We identified
three main Dicer2-dependent milRNAs induced during asexual development triggered by mechanical damage, suggesting that
they play an important role even during the formation of conidia. Finally, we demonstrate that a single T. atroviride milRNA
plays a key role during damage-induced conidiation and regeneration.

METHODS
Strains and culture conditions

We used T. atroviride IMI206040 as a wild-type strain. All RNAi mutants used for this investigation have been described previously
[32]. The strains were cultivated on potato dextrose agar PDA (Difco) at 28°C.

Growth rate

Radial growth of the strains was measured in 14 cm in diameter Petri dishes at 12, 24 36, 48 and 60 h post-inoculation, at 28°C
in the dark.

Injury induction and conidia quantification

Mycelial plugs of the different T. atroviride strains were inoculated in PDA plates and allowed to grow for 36h in the dark at
28°C, mycelia were cut using a scalpel or a cookie mould under a red safety light [22]. To observe and quantify conidiation, the
strains were incubated for 36 additional hours under the same conditions. Conidia quantification was performed using a Zeiss
542 Axiostar Plus Microscope in a hemocytometer [32].

Regeneration assay

The WT and Adcr2, Ardr3, dcr2C, AmilRNA2 mutants of T. atroviride were grown in half-strength PDB with 1.5% agar medium on
glass slides (Corning), incubated for 24 h at 28 °C. Mycelia were then cut with a scalpel, incubated for three additional hours, and
hyphae stained with lactophenol cotton blue for 10 min, visualized in a Leica CTR6000-B microscope (40x), and photographed.
To determine the percentage of regeneration, 150 broken hyphae per colony were examined and from these, we counted how
many formed a new hypha. Three biological replicates were made per experiment and a one-way ANOVA and Tukey’s test was
performed to evaluate the significance of the differences between the strains.

RNA-seq and differential expression analysis

The mycelium of the strains analysed in the transcriptomic experiments was collected and frozen immediately after growing for
36h in the dark for the control condition or 30 min after damage. Total RNA was extracted using the TRIzol protocol (Invitrogen).
Libraries were prepared with the TruSeq RNA Sample Preparation Kit v2 (Illumina). Library size and quality were determined
using a Bioanalyzer (Agilent Technologies). Three biological replicates were sequenced for all conditions. The libraries of the
Adcr2 experiment and its WT control were sequenced on an Illumina HiSeq 2500 with the 1x100 format, with an average of
17 million reads. Libraries of the Ardr3 and AmilRNA2 mutants and the WT control for each experiment were sequenced on an
Mumina NextSeq 500 with the 1x75 format, with an average of 27 and 15 million reads, respectively (Table S1, available in the
online version of this article). FastQC was used for quality control (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
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The reads obtained were pseudoaligned to the T. atroviride V2 transcriptome (Tatroviridev2_FrozenGeneCatalog_20100319.
transcripts.fasta.gz) using Kallisto to quantify transcript abundance [33].

For differential expression analysis, only those genes that had at least three reads per million in at least ten libraries were considered.
All analyses were carried out using the edgeR package [34]. For determining differential expression between the comparisons, we
used the generalized linear model (GLM) likelihood ratio test. A common dispersion between replicates of 0.0194 was calculated
and a tagwise dispersion was also calculated. False discovery rates (FDR) were calculated and genes with an FDR <0.05 were
considered differentially expressed.

The sequencing data generated and analysed during the current study are available in the GEO database with accession GSE123330
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123330). All other data generated or analysed during this study are
included in this published article and its supplementary information files.

GO enrichment analysis

Annotation of all the genes of T. atroviride was performed using Blast2GO [35]. GO-terms assigned to less than four genes or more
than 1000 were not considered and only five levels below the root terms were used. These filters were performed with R v3.5.0
(www.r-project.org). Enrichment analyses for cellular components and biological processes were performed using the GOseq
package [36]. GO terms with FDR <0.05 were considered significantly enriched in each comparison. We present this analysis
in a clustered heatmap that highlights the significant categories with asterisks, where ** represents FDR <0.01 and * FDR <0.05.

Small RNA-seq and read annotation

sRNA-seq of WT and Adcr2 was performed on an Illumina MiSeq and libraries prepared using the TruSeq Small RNA Library
Preparation Kits. Three biological replicates were made with an average of 745000 reads (Table S2). Reaper, part of the Kraken
toolset [37], was used to remove adapters, and ShortStack v3.8.5 to predict sSRNA-producing clusters generated by Dicer activity,
as well as microRNAs [38]. All mapping was performed with Bowtie v1 [39].

For the genomic annotation of these sSRNAs, we used the frozen GFF gene catalogue 20100319 and the unmasked assembly v2
from the JGI website (https://genome.jgi.doe.gov/portal/Triat2/Triat2.download.ftp.html). A prediction of UTR regions consid-
ering 500 bp upstream and downstream of the genes was made using the function flank of GenomicRanges [40]. Rfam 11.0 and
Infernal 1.0 [41, 42] were used to annotate non-coding RNAs. Reads that mapped to regions with no annotation were considered
intergenic. To analyse the general functional classification of each library, we also annotated reads of each possible length (11-31
nucleotides).

Visualization of the accumulation of small RNA reads in genomic regions was performed using IGV [43, 44].

milRNA target prediction

Using the milRNAs predicted by ShortStack, we predicted the target genes for the three most abundant microRNAs; milRNA1:
UGAAACCCCGGACAAACUUGCG, milRNA2: UUUUGCGAUGCCCAAUAUCUGU and milRNA3: UGUGAAGCUAAU
CACUCGGUAUCG, using TargetFinder [45] against all genes in the T. atroviride genome (https://genome.jgi.doe.gov/portal/
Triat2/Triat2.download.ftp.html). A penalty score cutoff value of 8 was imposed for this analysis.

Stem-loop RT-PCR and qPCR

Primers for stem-loop Reverse Transcription-Polymerase Chain Reaction (RT-PCR) were designed to produce amplicons of
72bp [46]. cDNA was synthesized following the manufacturers' recommendations of the RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific). The reverse transcription (RT) reaction was performed under the following conditions: 30 min at 16 °C,
then 60 cycles {30s at 30°C, 30s at 42°C, 1 s at 50 °C} and finally 5min at 85 °C. The PCR was carried out according to the GoTaq
Green Master Mix kit for the semi-quantitative RTs and for the qPCRs the SYBR Green PCR Master Mix protocol (Applied
Biosystems) was followed. As an internal control, we used a constitutive tRNA encoded in the contig 21:1402684-1402704
region of the genome (Table S3).

Generation of AmilRNA2 mutants

Contig_17:1121016-1121375 of the genome assembled scaffolds (unmasked), with a length of 349bp, was replaced by a
hygromycin-resistance cassette. The primers used to generate the gene replacement construct are listed in Table S2. The construct
was directly used for PEG-mediated protoplast transformation of the WT strain as previously described [32] and transformants
were subjected to five rounds of single-spore isolation using hygromycin as a selection marker. Ten putative transformants were
analysed by PCR using the Nested oligos to confirm the mutation (Table S3). Also, a Southern-blot analysis was performed
following standard techniques. The Ncol restriction enzyme was used to obtain the appropriate banding pattern and downstream
fragment of pre-milRNA2 was P labelled and used as a probe for hybridization [32].
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Hyphal fusion complementation

To rescue the phenotype of the milRNA2 mutant, we took advantage of our model. Firstly, Trichoderma atroviride can fuse its
hyphae [47] and produce heterokaryons, which allows complementation by dikaryon formation. Secondly, the Adcr2 mutant
is resistant to benomyl while the AmilRNA2 mutant has the hygromycin resistance cassette. These characteristics allowed us to
carry out a hyphal fusion complementation experiment.

RESULTS
The RNAi machinery is involved in the response to injury in T. atroviride

Based on the capacity of T. atroviride to regenerate and form conidia in response to injury, we decided to evaluate the phenotype
of single mutants of all components of the RNAi machinery, as well as that of a double AdcrIAdcr2 mutant. We observed a highly
significant decrease in the production of conidia in response to injury in the Adcr2, Adcr1Adcr2 and Ardr3 mutants (P <0.01),
with a 99, 99.5 and 98% reduction compared to the WT, respectively (Fig. 1a and b). These results indicate that dcr2 and rdr3
are required for injury-induced conidiation. Conidiation in the Adcr2 mutant was fully restored when re-transformed with the
dcr2 gene (dcr2C; Fig. 1b), consistent with what is observed in response to light [32]. To determine if there was an early defect
in the Adcr2 and Ardr3 mutants that could explain their strongly reduced capacity to produce conidia, we evaluated their hyphal
regeneration capacity upon injury. Microscopical examination showed that regeneration of the Adcr2 but not that of the Ardr3
mutant was affected (Fig. 1c). There was a significant decrease in the regenerative capacity of the Adcr2 mutant: only 33% of
the injured hyphae regenerated, compared with 55 and 54% of the wild-type and dcr2C strains, respectively (P <0.01; Fig. 1d).
However, the difference in the regenerative capacity of the Ardr3 mutant (45%) compared to the WT was not statistically significant
(Fig. 1d). Thus, Dcr2 has a role in hyphal regeneration, potentially producing sRNAs that help regulate this process.

The RNAi machinery regulates genes for the response to stress and metabolism

Given the major changes in the transcriptional profile that take place early after injury [22, 23], we carried out high-throughput
RNA sequencing experiments for the WT, Adcr2 and Ardr3 strains 30 min after injury (Table S1). We identified 1346 (Dataset S1),
1384 (Dataset S2) and 884 (Dataset S3) differentially expressed genes, respectively, compared to undamaged controls (Fig. 2a). Of
these, 125 induced and 129 repressed genes were exclusive to the WT strain after injury (Fig. 2b). Among the 125 induced genes
that no longer respond properly in the mutants, some are involved in processes such as innate immunity response, regulation
of transcription/translation, and chromatin remodelling. Within this set, we found several strongly affected genes such as three
subunits of DNA-dependent RNA polymerase I, two DNA repair genes (rhm52 and a 3'—5" exonuclease), the replication factor
C subunit 5, and five helicases, including two DEAD/DEAH-box helicases (ID: 292633, ID: 35745) highly affected in the mutants
(Fig. 2c and Dataset S4).

The genes that were repressed in response to injury only in the WT strain were mostly related to nitrogen metabolism. In addition,
the set of repressed genes contained five mfs transporters, which participate in the traffic of simple monosaccharides, oligosac-
charides, amino acids, and peptides, among other molecules. These observations suggest that there is SRNA-guided repression of
amino acid and peptide metabolism. We also found that genes that participate in the metabolism of ROS, such as cytochromes
and a catalase, were repressed in the WT background, but not in the mutants. Within this set of genes, we also found cop9, a
negative regulator of oxylipin biosynthesis. In this regard, oxylipins have been suggested as important secondary messengers
during the damage response in fungi, as well as in plants and animals [22].

Dcr2 regulates cell communication

Since Adcr2 showed regeneration defects that were not observed in the Ardr3 strain (Fig. 1c), we separately compared the tran-
scriptional profiles of the individual mutants in each treatment to that of the WT strain (Datasets S6-S7). This analysis revealed
that the Adcr2 strain under injury is defective in phosphorus and lipid metabolism, as well as in cellular communication (Fig. 3a,
highlighted in a black box). Of the 1292 genes repressed in the Adcr2 compared to the WT in response to injury, 42 participate in
cell communication, including genes involved in phosphorus and lipid metabolism (Fig. 3b and Dataset S8). When we focused
on the expression level in six of these genes with obvious changes (Fig. 3¢), we observed that those encoding proteins vital for cell
signalling such as six histidine kinases, four GPCRs, seven Rho and two Ras GTPases, do not increase their expression in response
to injury in the Adcr2 mutant as they do in the WT. Based on our transcriptomic data, we propose a model of the pathways
that are affected in the mutant in response to injury (Fig. 3d). Briefly, two major signalling pathways involving phosphorylation
cascades, linked by genes related to signalling by lipids, are no longer activated upon injury in the Adcr2 mutant. Thus, it appears
that Dcr2 plays an important role in the regulation of cellular communication independently of Rdr3.

milRNAs are the main class of small RNAs produced by Dcr2

To identify the Dcr2-dependent small RNAs that could regulate gene expression during vegetative growth and in response to
injuryin T. atroviride, we performed small RNA sequencing (SRNA-seq) of the WT and Adcr2 strains. The most drastic change in
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Fig. 1. The response to mechanical damage is affected in RNAi mutants. (a) Conidiation response to injury of the WT strain and RNAi mutants. Colonies
of the indicated strains growing on PDA were damaged with a cookie mould and photographed 36 h later. The arrow indicates the areas of accumulation
of conidia in response to injury (dark). (b) The graph shows the yield of conidia in response to injury of four biological replicates. (c) Hyphal regeneration
1 h after injury. Hyphae were stained with lactophenol cotton blue and examined by light microscopy. Arrows point to the new hyphae. Scale bar=10uM.
(d) Percentage of hyphae that regenerate after injury for the indicated strains. Three biological replicates were used, counting 50 hyphae per strain. In
(b) and (d), a one-way ANOVA test, followed by Tukey honest significant differences was applied. Highlights in red indicate that there was a statistically
significant difference when comparing the indicated strains with the WT (P<0.05).

the SRNA profiles of the Adcr2 strain was a reduction of 21-22nt reads (Fig. 4a, S1). Using ShortStack we predicted five milRNAs
(Fig. 4b), of which three (milRNA1, milRNA2 and milRNA3) account for ~90% of all milRNA reads in the WT (Fig. 4a and b),
with a read-depth profile like that of plant and animal miRNAs [38], following the structure of the predicted hairpin (Fig. 4c),
while milRNA4 and milRNA5 do not accumulate reads in the 5P region (Fig. S2). We also observed an increase in the expression
of the potential primary transcripts encoding these milRNAs (pri-milRNAs) in the Adcr2 mutant, which suggests that these
transcripts are processed by Dcr2 to produce the mature milRNAs but are stabilized in its absence (Fig. 4c).

milRNAs increase their expression during development

To determine if the main milRNAs produced by Dcr2 participate during the response to injury, we evaluate their expression
pattern during injury-induced conidiation by stem-loop RT-qPCR (Fig. 4d). We observed that the three main milRNAs are
expressed during vegetative growth, but their expression strongly increases when conidiophores are being produced (24 to 36 h
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Fig. 2. Genes involved in nitrogen metabolism and redox balance are regulated by RNAI. (a) Number of differentially expressed genes in the WT,
Adcr? and Ardr3 subjected to injury, compared to their corresponding undamaged control (FDR <0.05, fold-change >1). (b) Venn diagrams of the
overexpressed and repressed genes in the different comparisons (blue=WT, yellow = Adcr2 and green = Ardr3), indicating the number of exclusive
genes for each strain and those shared by all strains. (c) Heat map of the expression profile of the 254 genes differentially expressed only in the WT
strain (125 up-regulated and 129 down-regulated genes), and their behavior in the Adcr2 and Ardr3 strains.

after injury). Their drastic increase during differentiation and conidia formation suggests that these milRNAs could play a role
during development in response to injury.

A milRNA plays a key role in asexual reproduction and hyphal regeneration

To determine the role of milRNAs in response to damage in T. atroviride, we attempted to generate knockout mutants for the
three most abundant milRNAs. However, we only succeeded in the case of milRNA2, where the genomic region that gives rise
to its precursor was replaced by a hygromycin resistance cassette. Two independent mutants were selected and confirmed by
Southern blot (Fig. S3). We performed stem-loop RT-PCR of milRNA1, milRNA2 and milRNA3, in the WT, Adcr2, Adcr1Adcr2,
Ardr3, dcr2C, as well as in the milRNA2 mutant strains (Fig. 5a). As expected, we detected no expression for any of the milRNAs
in the Adcr2 and AdcrlAdcr2 strains, but their expression was re-established in the dcr2C strain. The expression of the three
milRNAs was unaltered in the Ardr3 mutant, indicating that, as expected, RARP3 does not participate in their biogenesis. Only
expression of miRNA2 was lost in the two replacement mutants, indicating that milRNA?2 is not involved in the regulation of the
expression of milRNA1 or milRNA3.

We further characterized the Adcr2, dcr2C, Ardr3, and the two milRNA2-mutants, and showed that there is a similar defect in
vegetative growth of the milRNA2 and the Adcr2 mutants (Fig. 5b). We observed a highly significant difference between the
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growth rate of the Adcr2 and AmilRNA2 compared to the WT strains and the Ardr3, even within the first 12 h of growth (Fig. 5¢).
Interestingly, the growth rate of the Adcr2 and AmilRNA2 mutants was statistically indistinguishable, while that of the Ardr3
mutant was equivalent to that of the WT. Subsequently, we decided to evaluate the regenerative capacity as a specific response to
injury. In the Adcr2 and AmilRNA2 mutants, the capacity to regenerate was affected similarly, showing a significant reduction,
compared to the WT strain (P <0.05; Fig. 5d).

To determine whether the presence of milRNA2 can re-establish the WT phenotype in the mutant, we obtained heterokaryons
of the Adcr2 mutant and, AmilRNA2-3 and AmilRNA2-4 (Fig. S4). Interestingly, the heterokaryons of the milRNA2-3 and
milRNA2-4 mutants with the Adcr2 mutant can produce conidia in response to injury and light (Fig. 5e).

To determine that there is no alteration in the expression of the other milRNAs and to observe the expression of milRNA2, we
performed an sSRNA-seq experiment of the AmilRNA2-3 mutant, and the two strains fused with Adcr2 (AmilRNA2-3+Adcr2 and
AmilRNA2-4+Adcr2). Clearly, both fused strains specifically recovered milRNA2 expression (Fig. 5f, Fig. S5). When evaluating
the number of reads in the five predicted milRNAs, it seems that there is a slight increase in the accumulations of milRNA3, 4 and
5 in the AmilRNA2-4+Adcr2 heterokaryon (Fig. 5f). We observed that the AmilRNA2-4+Adcr2 fusion has a higher cumulative
RPM number of approximately 6x10* compared to the AmilRNA2-3+Adcr2 fusion. These results also showed that the two fused
strains seem to have an increase in the population of 21 nt-sRNAs in comparison to AmilRNA2-3 mutant, suggesting that these
sRNAs come from the milRNA2 region (Fig. 5g).
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Fig. 4. Biogenesis of milRNAs depends on dicer-2 in T. atroviride. (a) Genomic annotation and size distribution of the sRNA reads, read counts are
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milRNA2 positively regulates signalling and the cell cycle

We performed a transcriptome analysis on the AmilRNA2 mutant in response to injury. It was clear that there was an increase
in the primary transcript in the AmilRNA2 mutant, similarly to what was observed in the Adcr2 mutant, and not observed in
either the Ardr3 mutant or the WT (Fig. S6).

To get a clearer picture of the global changes caused by the lack of milRNA?2, we analysed the biological processes enriched amongst
the deregulated genes in our transcriptomes. In many cases, the same processes were repressed in the Adcr2 and AmilRNA2
mutants, but not in Ardr3. This indicates that these changes are mainly due to loss of regulation by a single milRNA (Fig. 6a).
Within these processes, we found phosphorus metabolism, phospholipid metabolism and organonitrogen compound catabolism,
as well as metabolism of nucleoside triphosphate; changes strongly related to signalling via phosphorylation cascades. Interestingly,
genes encoding master regulators of the cell cycle and proteins involved in signalling such as bek 1, cdc24, cdc2, ppk30, calcineurin,
and others were subtly but significantly repressed in the Adcr2 and AmilRNA2 mutants but not in Ardr3 (Fig. 6b).

Target genes of the milRNAs

To determine the target genes of the milRNAs in T. atroviride we first compared the expression profiles (in Adcr2-Injury vs
WT-Injury) of the 246 target genes for the three most abundant milRNAs predicted by TargetFinder. We observed that a subset of
milRNA2-target genes increased their expression in the Adcr2 strain compared to the WT strain, an effect that was also observed
in the targets for milRNA3, but not clearly for milRNA1 (Fig. 6¢).

To corroborate the observed change in abundance of predicted milRNA2 targets, we carried out an RNA-seq experiment for the
AmilRNA2 mutant in response to injury, obtaining results like those of the Adcr2 mutant, but in the AmilRNA2 we did not observe
the overexpression of milRNA3 targets genes, suggesting a specific effect on the target genes of milRNA2 (Fig. 6d). We found that
the target genes that were up-regulated in both the AmilRNA2 and Adcr2 mutant backgrounds are related to phosphorylation
signalling and the regulation of gene expression (Fig. S7). This result suggests that these genes are negatively regulated by milRNA2.

DISCUSSION

When T. atroviride is injured, it quickly responds by activating phosphorylation-dependent signalling cascades and adjusting
its transcriptional profile, resulting in hyphal regeneration and activation of asexual development [22, 24]. The observation in T.
atroviride that the dcr2 and rdr3 mutant strains do not conidiate properly in response to injury suggests that there are genes that
must be silenced by small RNAs to respond to this stimulus. In the transcriptomic analysis presented here, we found that the dcr2
and rdr3 genes participate in negatively controlling nitrogen metabolism and the cellular redox state after mechanical damage
and it is likely that this metabolic dysregulation affects the conidiation process at later stages. We believe that future in-depth
research work is necessary to describe the role of ex-siRNAs in the conidiation process in response to injury.

We have previously reported that during asexual development triggered by exposure to constant light the RNAi machinery
regulates conidiation specific genes orthologous to the Neurospora crassa ccg6, conl0 and conl3, and fIbA, medA, and wetA that
encode developmental regulators in Aspergillus nidulans [32]. Therefore, in addition to an early defect in the expression pattern,
it appears that both stimuli converge in the regulation of conidiation genes, and this process depends on RNAIi regulation.

Remarkably, the Adcr2 mutant is affected in its regeneration capacity. In T. atroviride hyphal regeneration initiates 1 h after injury,
but the transcriptional changes crucial for this process occur even before, after 30 min [23]. By performing the transcriptional
analysis at 30 min post-injury in the RNAi mutants, we were able to establish that mutation of dcr2 affects cellular communication
and metabolism of phosphorus and lipids (Fig. 3a), mainly the histidine kinase, GPCR, Rho, and Ras GTPase pathways. Several
components of these pathways are repressed in the dcr2 mutant, including the cdc24, pi3k, plc, pld1 and flbal genes. Rho and Ras
proteins activate Phospholipase C (plc) and Phosphatidylinositol 3-kinase (PI3K) [48]. The latter in turn catalyses the hydrolysis
of phosphatidylinositol 4,5-bisphosphate into diacylglycerol and inositol (1,4,5)-trisphosphate. These phospholipids function
as second messengers that activate protein kinase C and cause mobilization of intracellular Ca*', respectively [49]. It has been
reported that PLC and PI3K may regulate cytoskeleton reorganization, cell growth, membrane trafficking and cytokinesis [50].
Moreover, it has recently been reported that major cytoskeleton reorganization occurs during hyphal regeneration in T. atroviride
and N. crassa [51]. These processes are decisive for tip growth, and polarized cell movement in filamentous fungi [49, 50]. The
changes in the expression of these genes also appear to be responsible for a decrease in the regenerative capacity of hyphae after
mechanical damage in the absence of dcr2. It could be argued that the defect in regeneration capacity observed in the dcr2 mutant
may be just a defect in growth. In our view, these two processes are necessarily linked to some extent since regeneration requires
growth. However, it must be taken into consideration that regeneration implies the emergence of a completely new structure that
allows the re-establishment of growth. Our microscopic observations indicate that in mutants affected in regeneration, hyphae
considered not regenerating show no indication of the production of the new structure, which could be expected even if growing at
a slower rate. Furthermore, during regeneration, there is a highly specific transcriptional profile [23], different from that observed
during normal growth, which is affected by dcr2, indicating that the RNAi machinery plays a specific role in regeneration.
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Fig. 6. Transcriptome analysis of milRNA2 mutant in response to injury and microRNA-target prediction. (a) Clustering of GO-enrichment analysis
belonging to biological process (FDR <0.01 **, FDR <0.05 *) in the general comparison WT vs Adcr2, AmilRNA2 and Ardr3 mutants. (b) Heatmap of the
expression profile of the genes affected by the mutation of milRNA2 and dcr2 (FDR <0.05). (c) Cumulative frequency curve of the expression profile
of target genes of the three main milRNAs in the comparison Adcr2 vs WT, the x-axis shows the log2-Fold-change, the black curve represents the
expression profile of all the genes. (d) Cumulative frequency curve of the expression profile of target genes of the three main milRNAs in the comparison
AmilRNAZ2 vs WT, the x-axis shows the log2-Fold-change, the black curve represents the expression profile of all the genes. The black arrow indicates
the tendency of a group of milRNAZ2 target genes to be induced with respect to the average distribution of all the genes in the transcriptome.

Recently, we reported a detailed study of the genes and mechanisms essential for hyphal regeneration in T. atroviride [23] and were
able to determine that the Tmk-1 signalling pathway participates in regeneration. However, the expression of the corresponding
gene is not altered in the RNAi mutant backgrounds, suggesting that the regulation of signalling by sSRNAs occurs downstream
of this phosphorylation cascade. We also reported the mobilization of Ca** from intracellular pools in response to injury and that
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blocking this mobilization results in decreased regeneration and conidiation. In this sense, we also found calcineurin expression
repressed in the Adcr2 (-2.36-Fold change) which regulates genes in response to calcium increases [52]. In N. crassa calcineurin
is required for normal growth, asexual development and female fertility [53]. This observation suggests that it is in this signalling
pathway that Dicer2-dependent small RNAs may be playing an important role.

We also found that genes encoding proteins with HET, NACHT domains and DEAD/DEAH-box helicases (Dataset S4), related to
cell death and innate immunity, are strongly induced after injury in the WT strain, but not in the RNAi mutants. These genes act as
DNA/RNA sensors and regulate gene expression [54-56]. In this regard, it has been shown that genes related to programmed cell
death and the immune system are involved in the ability to respond to damage and regeneration, in Hydra and zebrafish [57, 58].
These genes may play an important role in maintaining genome integrity, and appear to be important to initiate regeneration,
since they are induced immediately after the injury in T. atroviride [23].

In Fusarium graminearum the RNAi machinery participates in the regulation of sexual reproduction through ex-siRNAs [28].
Likewise, in Mucor circinelloides several processes including resistance to antibiotics by epimutations depend on ex-siRNAs
[20, 26]. However, even though filamentous fungi express milRNAs that seem to be involved in various processes, it is not clear yet
what is the role of this class of small RNAs in development, and very little is known about the mechanism by which they regulate
their target genes. Here, we determined that the main small RNAs present in T. atroviride are milRNAs of 21 to 22 nucleotides.
Interestingly, these milRNAs depend entirely on Dcr2 for their synthesis, which implies that the drastic phenotype observed in
this mutant may be due to the lack of milRNA regulation of certain genes. Interestingly, no drastic changes were observed in the
Adcr2 mutant in the accumulation of anti-ex-siRNAs compared to the WT strain, which may suggest a minor participation of
Dcr2 in the formation of these sSRNAs.

Three different types of evidence lead us to propose milRNAs as regulators of the processes affected by the dcr2 mutation during
the response to injury, including hyphal regeneration. milRNAs are highly produced in T. atroviride, and in the absence of dcr2,
they are no longer synthesized. On the other hand, after injury, these milRNAs tend to increase their expression during develop-
ment, and finally, mutation of only one of them causes a profound modification in the phenotype of T. atroviride. This suggests
that milRNAs play an important role in several steps of development in these fungi. Strikingly, removing a single milRNA in T.
atroviride (milRNA2) in two independent mutants led to defects in growth, conidiation and regeneration after injury that closely
resembled the Adcr2 phenotype. An interesting observation was that in response to light, conidiation was not as affected as in
response to injury, suggesting a role for specific milRNA?2 in injury-triggered conidiation.

Heterokaryons formed from the fusion of hyphae between the AmilRNA2 mutants and a Adcr2 mutant led to the recovery of
the WT conidiation phenotype. Sequencing of the total population of small RNAs in the AmilRNA2-3 mutant and in heter-
okaryons clearly showed that milRNA2 mutation is specific and that when fused with Adcr2 it recovers milRNA2 expression.
This correlates with the phenotype and strongly suggests that this milRNA is necessary for regeneration and development in
this fungus. Even though complementation using heterokaryons could be considered not as direct as retransformation with
the knocked-out gene, the recovery of the capacity to conidiate and synthesize milRNA2 using two independent mutants
fused with the same Adcr2 mutant, strongly indicates that the observed phenotype is due to the lack of milRNA?2 since the
participation of other, undetected, mutations that could have been produced during transformation would be extremely
unlikely.

Consistently, the analysis of the transcriptomic profile of the milRNA2 mutant showed that like in dcr2, phosphorylation-
dependent signalling processes and cell cycle are also affected in this mutant. Although these genes are not direct targets of this
milRNA, this evidence strongly suggests that the elimination of a single milRNA, perhaps by allowing an increase in the expression
of one or more genes, results in a decrease in the expression of the signalling system necessary to activate the response.

Interestingly, the genes predicted as milRNA2-targets are related to phosphorylation signalling, such as histidine phosphotrans-
ferases, and serine and threonine-protein kinases (Dataset S8). One of these kinases is a homolog of the mammalian chk2 (ID:
252945) that regulates cell cycle checkpoint arrest through phosphorylation of CDC25 [59] implying that the defect in this process
is due to the absence of negative control by milRNA2 (Fig. S5). In addition, we found an RNA-directed RNA polymerase, different
from the three RdrP previously identified as part of the RNAi [32] This enzyme might be involved in the formation of small
RNAs in a non-canonical pathway, acting as a repressor of gene expression that is regulated by milRNA2. However, determining
its physiological role remains to be investigated.

In animals and plants, microRNAs play essential roles in development. In Fusarium graminearum it was suggested that milRNAs
regulate genes important for sexual development, but no direct evidence for the involvement of specific milRNAs was presented
[60]. However, Shao et al. reported in Cordyceps militarist that mutation of milR4 and milR16 results in defects in fruiting body
development. Besides, the milR16 mutant presents a pale-yellow fruiting body primordium, covered with abnormal primordium.
Thus, the authors conclude that milRNAs play vital roles in sexual development in C. militaris [61]. Although no target genes
were defined, these results are consistent with our findings. Together these data provide evidence that, as in higher eukaryotes,
fungi can use key milRNAs as central regulators of development and regeneration.
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CONCLUSIONS

Regeneration is a widely studied process in animals due to the possibility of mining their genetics to improve the human regenera-
tive capacity. However, to date, we have rarely looked at micro-organisms that can regenerate. Our evidence demonstrates that,
like in animals, regulation by microRNAs is essential for the correct regeneration of hyphae in T. atroviride, which highlights the
relevance of filamentous fungi as interesting microbial models to understand the conserved processes of regulation in response
to injury.
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