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distinct strategies to attack phytopathogenic fungi. It can overgrow or invade the colonies
of the attacked species. Red and far-red light promoted aerial hyphal growth and thereby
increased both, overgrowth or invasion of the host colonies. The effect required the phyto-
chrome-signaling pathway. We further show that screening for mutants producing more
aerial hyphae proves to be an easy way to develop strains with improved biocontrol
performance.

Introduction

Incident light is a crucial signal for life activities of microorganisms [1-3]. It regulates asexual
and sexual development, primary and secondary metabolism, the circadian clock and photot-
ropism of fungi, as well as surface attachment and biofilm formation of bacteria [4-5]. As the
dominant degraders of biomass in terrestrial ecosystems, fungi have evolved complex mecha-
nisms to deal with a variety of environmental signals [6,7]. So far, great efforts have been made
to understand light responses and signaling in several fungal species with respect to different
phenomena. However, fungi living in natural habitats, besides responding to light and other
abiotic environmental signals, continually communicate or interact with other organisms.
How light affects these communication or interaction processes including interspecies antago-
nism of fungi remains to be elucidated.

Fungi, equipped with photoreceptors of different kinds, potentially respond to different
wavelengths such as blue, red, far-red, green and UV light [2,8]. Light signaling and responses
have been well studied in the model filamentous fungi Neurospora crassa and Aspergillus nidu-
lans. In A. nidulans, red light signal is decisive for the balance between asexual and sexual
development, which is sensed by the red-light receptor phytochrome (FphA) and further inte-
grated into the mitogen-activated protein kinase (MAPK) HOG (SAK) pathway [9-13]. Like-
wise, in the phytopathogenic fungus Alternaria alternata and the entomopathogenic fungus
Beauveria bassiana phytochrome participates in red light signaling and the regulation of asex-
ual development [14,15].

Vegetative hyphae of fungi grow from the substrate into the air to form aerial hyphae,
which, stimulated by a series of intra- and extracellular signals, may differentiate into conidio-
phores producing asexual conidia [16-18]. This process and the dispersal of mature spores are
of great importance for fungal survival under unfavorable conditions. The growth of aerial
hyphae is genetically controlled by an upstream developmental activation (UDA) pathway,
consisting of the core component FluG and other essential proteins, FluA-FIuE encoded by
the fluffy genes [18,19]. The fluffy gene fluG is highly expressed in vegetative hyphae and
responds to intracellular stimuli [19]. In A. nidulans, the expression of fluG and the other fluffy
genes are induced by light and lack of FluG results in a fluffy phenotype and a defect in coni-
diation [20-22].

Trichoderma species are efficient antagonists against phytopathogenic fungi and are plant
growth promoters and have thus been widely used in agriculture [23,24]. Their antagonistic
ability is attributed to the direct mycoparasitic behavior involving secreted cell wall degrading
enzymes and antifungal metabolites, and an aggressive mode of growth to compete for nutri-
ents and space, which secure their leading roles in interspecies interactions [24,25]. Early stud-
ies showed that the mycoparasitic fungus Trichoderma guizhouense is antagonistic against
different phytopathogenic fungi [26-28].

Here, we investigated how red and far-red light affect the interspecies antagonism between
Trichoderma and phytopathogenic fungi. In red and far-red light, T. guizhouense produced
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more aerial hyphae, which helped to more quickly penetrate or overgrow the colonies of the
phytopathogenic fungi. Our data indicate that red and far-red light were sensed by phyto-
chrome FPH1 and further transmitted by the MAKP HOG pathway and the transcription fac-
tor ATF1 to control aerial hyphal growth and conidiation. This study demonstrates the
importance of the light in fungal-fungal interactions.

Results
The T. guizhouense invasion strategy depends on the attacked species

T. guizhouense exhibits a broad spectrum of antagonistic activity against phytopathogenic
fungi [27]. To visualize the colonizing process more clearly during the interspecies interaction,
we labelled T. guizhouense wild type strain with mCherry (TgmCherry) that was constitutively
expressed under the control of the Trichoderma reesei cdnal promoter, and the phytopatho-
genic fungi A. alternata and F. oxysporum were labelled with EGFP that was under the control
of the T. reesei tefl promoter (Fig 1A). The mCherry-labelled T. guizhouense strain was then
confronted with EGFP-labelled A. alternata and F. oxysporum separately in the dark. After 3
days of confrontation, the red aerial hyphae of T. guizhouense began to overgrow the green
mycelia of A. alternata (Fig 1B). After 5 days, the red mycelia had covered the whole green col-
ony. Notably, the red mycelia were limited to the colony surface of A. alternata, and no red
fluorescence signals were detected in the colony. Hence, it may feed on the mycelia of A. alter-
nata (mycoparasitism) and competes for space of growth, instead of competing for nutrients
from the substrate. However, confronted with F. oxysporum, the hyphae of T. guizhouense
grew along the substrate surface and had penetrated the F. oxysporum colony after 3 days, indi-
cating that T. guizhouense competed for nutrients with F. oxysporum during the confrontation.
Therefore, T. guizhouense colonizes F. oxysporum and A. alternata in different ways. It likely
attacks A. alternata in a direct mycoparasitic manner, and yet, when confronted with F. oxy-
sporum, it competes first for the nutrients from substrate.

The antagonistic activity of T. guizhouense against phytophathogenic fungi
is improved under red and far-red light conditions

To evaluate the effect of light on this interspecies interaction, T. guizhouense was confronted
with A. alternata and F. oxysporum for 5 days under light and dark conditions and the vertical
sections of contact areas of two colonies were observed regularly under the microscope for 5
days (Fig 1C). Under the red and far-red light conditions, more aerial hyphae of T. guizhouense
appeared and formed denser networks on top of the A. alternata colonies than in the dark,
indicating that red and far-red light facilitated the overgrowing process. After confronted with
F. oxysporum in the dark for 5 days, the T. guizhouense strain invaded the colony along the
substrate surface. More red aerial hyphae were observed inside the colonies of F. oxysporum
under red and far-red conditions than in the dark. Thus, the invasion was promoted by red
and far-red light.

To quantify the levels of each fungal species, the DNA copies of each strain in the colonies
being attacked was determined. Absolute quantitative PCR with strain-specific primer pairs
for T. guizhouense, A. alternata and F. oxysporum were performed using the DNA samples
extracted from the mycelia of the whole phytopathogen colonies as templates. In red and far-
red light, less DNA copies of two phytopathogens were detected than in the dark, and more
DNA copies of T. guizhouense in the A. alternata colonies in red and far-red light were
detected than in the dark (Fig 1D and 1E). DNA copies of T. guizhouense in the F. oxysporum
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Fig 1. Dual confrontation assays between T. guizhouense and the plant pathogenic fungi. (A). Fluorescent images
of mCherry-labelled T. guizhouense (TgmCherry) and EGFP-labelled phytopathogens A. alternata (AaEGFP) and F.
oxysporum (FocEGFP). Strains were cultured for 3 days at 28°C in the dark. (B). Dual confrontation assays between T.
guizhouense and A. alternata or F. oxysporum in the dark. Strains were co-cultured for 3 or 5 days at 28°C in the dark.
Vertical sections of the areas indicated in red boxes were zoomed in under a stereo microscope. Scale bar, 1 mm. (C).
Dual confrontation assays between T. guizhouense and A. alternata or F. oxysporum under red and far-red light
conditions. Strains were co-cultured for 5 days at 28°C in the dark or in constant red or far-red light. Vertical sections
of the areas indicated in red boxes were zoomed in under a stereo microscope. Scale bar, 1 mm. (D). Detection of the
A. alternata or F. oxysporum DNA copies in the colonies of the pathogens in dual confrontation assays. DNA of the
mycelia of the whole phytopathogen colonies was extracted after 5 days of incubation under different light conditions.
Aa: A. alternata, Foc: F. oxysporum, Tg: T.guizhouense. (E). Detection of the T. guizhouense DNA copies in the colonies
of the pathogens. The error bar represents the standard deviation (SD) of three biological replicates. Statistically
significant differences were evaluated by one-way analysis of variance (ANOVA) comparison.

https://doi.org/10.1371/journal.pgen.1011282.9001
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colonies were increased by red light. These results demonstrate that red and far-red light have
a positive impact on the antagonistic ability of T. guizhouense.

Red and far-red light promote aerial hyphal growth and conidiation of T.
guizhouense through the FPH1 and the MAPK HOG pathway

Next, we tested the impact of red and far-red light on the morphogenesis of four Tricho-
derma species capable of antagonizing phytopathogens. Intriguingly, red and far-red light
promoted the growth of aerial hyphae significantly in T. guizhouense and T. atroviride (Fig
2A and 2B). In addition, while aerial hyphal growth of T. virens was promoted by far-red
light, it did not respond to red light. The results further demonstrate that Trichoderma spe-
cies potentially respond to red and far-red light, which moreover seem to be more sensitive
to the latter.

Next, we performed a BLAST search against the T. guizhouense genome using the sequence
of A. nidulans FphA as a query in the National Center for Biotechnology Information (NCBI)
protein database. The protein OPB36558, designated as FPH1, has highest identity (52%, e-
value: 2e-46) and similar domain arrangement with FphA (SI1A Fig). To analyze if FPH1 is
responsible for red and far-red light sensing, the fphI gene was deleted (Afphl) as verified by
Southern blot (S1B Fig). The complemented strain fph1< was also constructed. In view of the
involvement of the MAPK SakA (HogA) in red light signaling in A. nidulans [12], red and far-
red light responses of the Ahogl strain, in which the MAPK HOG1 was absent, was also ana-
lyzed in the following study. The phenotypes of the wild type, the AfphI, and the AhogI strains
were compared after 3 days of incubation. In contrast to wild type, the aerial hyphae of the
Afphl, and the Ahogl strains did not respond to red and far-red light (Fig 2C and 2D). The
phenotype was rescued in the fph1€ strain (S2A and S2B Fig). Noteworthily, even in the dark,
absence of phytochrome FPH1 resulted in attenuated aerial hyphal growth. This suggests that
FPHI not only controls red and far-red light promoted aerial hyphal growth but also maintain
basal growth in the dark. Additionally, after 5 days, wild type both in red and far-red light pro-
duced yellow-green conidiophores, whereas in the Afphl, and the Ahogl strains only a few
were observed, indicating the involvement of FPH1 and HOGI in conidiation. (S3A and S3B

Fig).

Phytochrome regulates the interspecies interactions between T.
guizhouense and phytopathogenic fungi

We then hypothesized that the abundant aerial hyphae formed in red and far-red light con-
tribute to the improved antagonistic activity. To test this, phytopathogenic fungi were con-
fronted with the wild type and the AfphI strains under different light conditions for 5 days.
In the dark, the areas of colony surface of four phytopathogens that were not covered by wild
type were smaller than those not covered by the AfphI strain (Fig 2E and 2F). In red and far-
red light, the areas of colony surface of A. aternata (Aa), F. oxysporum (Foc) and F. fujikuroi
(FF]) not covered by wild type were smaller than those in the dark, whereas the areas of col-
ony surface of four phytopathogens not covered by the Afphl strain were not affected by red
and far-red light. The DNA copies of T. guizhouense in the colonies of pathogens were fur-
ther measured. In comparison to dark condition, more DNA copies of T. guizhouense in red
or far-red light were detected in the colonies of A. alternata, F. oxysporum and F. fujikuroi
(Fig 2G). In the absence of FPH1, DNA copies were pronouncedly reduced under both dark
and light conditions in the colonies of F. oxysporum and F. odoratissimum. We also mea-
sured the DNA copies of A. alternata and F. oxysporum. In red and far-red light, less DNA
copies of them were detected in their colonies confronted with wild type than in the dark,
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Fig 2. Aerial hyphal growth and antagonistic activity analyses of wild type and the Afph1 strain under red and far-
red light conditions. (A). Phenotypes of aerial hyphae in four Trichoderma species. All strains were incubated in red
and far-red light at 28°C for 3 days. Vertical sections of the colonies were observed and photographed under a
stereoscope. Scale bar,1 mm. (B). Thickness measurement of aerial hyphae in different Trichoderma species grown in
red and far-red light. Vertical sections of the colonies were photographed, and thickness of mycelia was determined
using the software Image]. (C). Phenotypes of aerial hyphae in the wild type, the Afph1l, and the Ahogl strains. All
strains were incubated as in (A). Scale bar, 1 mm. (D). Thickness measurement of aerial hyphae in wild type, the AfphI,
and the AhoglI strains. The hyphae were observed under a stereoscope. The experiment was repeated three times in five
replicates for each strain. Thickness of the aerial hyphae was measured as above. Statistically significant differences
were evaluated by Student’s t-test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. (E). Antagonistic activity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011282 May 20, 2024 6/21


https://doi.org/10.1371/journal.pgen.1011282

PLOS GENETICS

Red and far-red light responses and signaling in Trichoderma

analysis of wild type and the AfphI strain against four phytopathogenic fungi in red and far-red light. Plates were
incubated at 28°C for 5 days under different light conditions. The red dotted line indicates the colony surface of
pathogens that was not covered by T. guizhouense. (F). Areas of colony surface of four phytopathogens that were not
covered by wild type and the AfphI under different light light conditions. The areas were determined using Image].
(G). Detection of T. guizhouense DNA in the colonies of the pathogens in dual confrontation assays. T. guizhouense
strains were confronted with the phytopathogenic fungi A. alternata (Aa), F. oxysporum (Foc), F. fujikuroi (FFJ) and F.
odoratissimum (Foc4) under different light conditions at 28°C for 5 days. DNA of the mycelia of the whole
phytopathogen colonies was extracted. The error bar represents the standard deviation (SD) of three biological
replicates. Statistically significant differences were evaluated by Student’s ¢-test: * p < 0.05. (H). Detection of A.
alternata or F. oxysporum DNA copies in the colonies of the pathogens confronted with the wild type and the Afphl
strains.

https://doi.org/10.1371/journal.pgen.1011282.g002

and DNA copies of them were not affected by red and far-red light when confronted with the
Afphl strain (Fig 2H). Taken together, these results indicate that FPH1 is involved in the
antagonistic activity of T. guizhouense, suggesting a novel role of FPH1 in the interspecies
interactions.

Red and far-red light activate the MAPK HOG (SAK) signaling pathway

Next, we checked the subcellular localization of HOGI in T. guizhouense upon red and far-red
light exposure. The strain expressing HOG1-EGFP was exposed to red and far-red light and
salt stress (0.5 M NaCl) as a positive control. In the dark, EGFP signals were evenly distributed
in nuclei and the cytoplasm, whereas after 5 min of red and far-red light exposure EGFP sig-
nals accumulated in nuclei (Fig 3A and 3B). To analyze the phosphorylation, immunostaining
was performed with antibody against phosphorylated HOG1. Red fluorescent signals were
observed in wild type after 5 min of illumination with red and far-red light. By contrast, in the
Afph1 strain, signals of phosphorylated HOG1 were very weak (Fig 3C and 3D). Likewise,
Western blot analysis showed the rapid phosphorylation of HOG1 in wild type and a reduced
phosphorylation level in the Afphl strain upon exposure to red and far-red light (Figs 3E, 3F,
and S7). It is worth noting that both red and far-red light still caused HOG1 phosphorylation,
albeit weakly, when FPH1 was absent.

Genome-wide transcriptomic profiling reveals that far-red light controls
more genes in the genome than red light

To analyze the genome-wide gene expression in response to red and far-red light in T. guiz-
houense, we performed transcriptomic profiling of the wild type, the AfphI, and the Ahogl
strains. Samples for sequencing were treated for 45 min with red or far-red light after 24 h of cul-
ture in the dark. Differentially expressed genes (DEGs) (|log2 (fold change)| > 1 and false discov-
ery rate < 0.05) were identified and the reliability of transcriptome data was verified by
measuring the expression level of a series of genes by RT-qPCR (S4A-54D Fig). In total, 406
DEGs under red light treatment in wild type were identified, of which 160 genes were upregu-
lated and 246 downregulated, whereas far-red light treatment resulted in 623 DEGs (375 up- and
248 down-regulated). 304 genes were co-regulated by red and far-red light (Fig 4A and 4B). The
results demonstrate that gene expression is more sensitive to far-red light than to red light, con-
sistent with the above result that thicker mycelia was formed in far-red light than in red light.
Next, the enrichment analysis of Gene Ontology (GO) terms and KEGG pathways was per-
formed with these DEGs identified in red and far-red light. The top enriched GO term in red
light was "catalytic activity", followed by "single-organism metabolic process" and "hydrolase
activity". In far-red light, the top three enriched GO terms were "intrinsic component of mem-

"on

brane", "membrane part" and "membrane” (Fig 4C). 124 DEGs in red light and 167 in far-red

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011282 May 20, 2024 7/21


https://doi.org/10.1371/journal.pgen.1011282.g002
https://doi.org/10.1371/journal.pgen.1011282

PLOS GENETICS Red and far-red light responses and signaling in Trichoderma

A B
Dark Dark+NaCl Red Far red S
SE 3.0 .
8825
£920 X N
3815
a2 1.0
63
# 2305 |-I-|
-2
€00 4 1 L1 ;
Dark NaCl Red Farred
Red
c Dark Red Far red D = WIT Afph1
WT Hoechst =
(7]
f =
2
£
a-P-HOG1 325 — WT Afph1
§ 20
15
Afph T — 810
S5
= |
o0
0 100 200 300
Distance (pixels)
E F
wT Red Afpht
25 2.0
[0} 5 10 20 0O 5 10 20 < Red " -
(O] (O]
'\l — —— — | 520 * o)
%00 2 Q15
- - — : :
S R | © 15 £
£ - =i
& WT Far Red Afph1 810 )
0 5 10 20 © 5 1020 EO.S EO.S
O | — ——— — S S
L - v— E‘ 00 s a0 20 P00 T 5 10 20
XN |- —. ——
& \boo . Time (min) Time (min)
&

Fig 3. Subcellular localization and phosphorylation level of HOG1 upon red and far-red light exposure. (A).
Subcellular localization of HOGI in T. guizhouense after different treatments. Fresh conidia of a strain expressing
HOG1-EGFP were inoculated on coverslips with 400 ul PDB medium and cultured in the dark at 28°C for 14 h.
Afterwards, samples were exposed to red and far-red light or PDB medium containing 0.5 M NaCl in the dark for 5
min. The mycelium was then fixed with 4% formaldehyde for 10 min and washed with 1 x PBS before microscopy.
Scale bar, 20 pm. (B). Quantification of EGFP intensity under each treatment. 10 cells were selected to calculate the
ratio of EGFP intensity between the nucleus and the cytoplasm. The number represents the quantification of EGFP
signals by Image]. The bars present mean values + SD. (C). Immunofluorescence analysis of HOG1 phosphorylation in
different strains. Conidia of the wild type and the AfphI strains were incubated on coverslips with PDB for 14 h in the
dark at 28°C and treated with red and far-red light or kept in the dark for 5 min before subjected to immunostaining.
Nouclei were stained with Hoechst dye. Scale bar, 5 pm. (D). Fluorescence intensity profile (source: white arrow in (C))
of wild type treated with red light and far-red light. The number represents the quantification of red signals by Image].
(E). Western blot analysis of HOG1 phosphorylation under different light conditions. Each strain was cultured in PDB
medium for 24 h and mycelia were harvested and frozen immediately after 5-, 10- and 20-min illumination with red or
far-red light for protein extraction. 40 pg crude extract of each sample was used for Western blot. (F). Quantification of
the relative phosphorylation level of HOGI in (E).

https://doi.org/10.1371/journal.pgen.1011282.g003

light were enriched in the term of "catalytic activity", suggesting stronger impact of far-red
light on the catalytic processes in the cells. KEGG pathway enrichment analysis revealed that
the top three enriched pathways in red light were "metabolic pathways", "biosynthesis of antibi-
otics", and "glycolysis/gluconeogenesis” (Fig 4D). By contrast, in far-red light, the top enriched
pathway was "glycosphingolipid biosynthesis-globo and isoglobo series", followed by "meta-
bolic pathways" and "other glycan degradation”.

FPH1 and HOG1 are crucial for the transmission of red and far-red light
signals

To gain insights into the regulatory networks of red and far-red light signaling in T. guiz-
houense, we further compared the DEGs identified in the AfphI and the Ahogl strains with the
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Fig 4. Transcriptome analysis of T. guizhouense exposed to red and far-red light. (A). Venn diagrams of the differentially
expressed genes (DEGs) identified in the wild type strain treated with red and far-red light. (B). Heatmap of the transcript
abundances of DEGs identified in the wild type. (C). Gene Ontology (GO) terms of DEGs identified in wild type. (D). Top 10
significantly enriched Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways of DEGs identified in wild type in response to
red and far-red light. (E). Venn diagrams of DEGs identified in the wild type, the Afph1 and the Ahogl strains in response to red and

far-red light.

https://doi.org/10.1371/journal.pgen.1011282.g004
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ones identified in wild type. Surprisingly, absence of FPH1 did not abolish red and far-red
light signaling, as there were still 362 and 574 genes differentially expressed in the Afph1 strain
in response to red and far-red light, respectively. Venn diagrams showed 66.0% (268/406) of
DEGs identified in wild type under red light condition and 55% (343/623) under far-red light
condition were governed by FPH1, whereas 138 red and 280 far-red light regulated genes in
wild type was independent of FPH1 (Fig 4E). This implies the existence of alternative mecha-
nisms responsible for red and far-red light perception in T. guizhouense.

More surprisingly, more DEGs were identified in the Ahogl strain than in wild type. 1124
DEGs under red light condition were identified in the AhogI strain, of which only 12.2% (138/
1124) overlapped with the red light regulated genes in wild type. 67.9% (276/406) of red light
regulated genes in wild type depended on HOGL. In far-red light, more DEGs (1284) were
identified in the Ahogl strain and only 158 of them (12.3%) overlapped with the far-red light
regulated genes identified in wild type. 74.6% (465/623) of far-red light regulated genes identi-
fied in wild type was controlled by HOGLI. These results suggest that alternative pathway for
red and far-red light signaling was strengthen after HOG pathway were shut down.

The bZIP transcription factor ATFI regulates red and far-red light
signaling and aerial hyphal growth in T. guizhouense

In A. nidulans, the bZIP transcription factor AtfA is the downstream component of the HOG
(SAK) pathway, which is responsible for sensing of oxidative stress [29]. We observed that in
T. guizhouense lack of ATF1, the homolog of AtfA, reduced the aerial hyphal growth in the
dark and the thickness of aerial hyphae decreased from 1.8 mm in wild type to 1.0 mm in the
Aatfl strain (Fig 5A and 5B). To confirm if ATF1 is really involved in red and far-red light sig-
naling, we chose three light-regulated genes OPB41918 (phosphatidyl synthase), OPB45957
(hypothetical protein), and OPB38233 (zinc binding oxidoreductase) randomly from DEGs
identified above to measure their expression levels in different strains. Indeed, these genes did
not respond to red and far-red light in the Afph1, the Ahogl, and the AatfI strains (Fig 5C).
Therefore, FPH1, HOG1 and ATF1 coregulate the expression of these genes and the aerial
hyphal growth.

Overexpression of the fluffy gene fluG promotes aerial hyphal growth and
increases the antagonistic ability of T. guizhouense

In view of the foregoing results, we then hypothesized that abundant aerial hyphae formed in
red and far-red light are closely associated with the improved antagonistic activity of T. guiz-
houense under red and far-red conditions. The genome of T. guizhouense encodes two homo-
logs of the A. nidulans FluG (S5 Fig), which is the core regulator of aerial hyphal growth. We
found that fluG and fluG-like were significantly induced especially after 2 days of culture in
red and far-red light (Fig 6A). By contrast, they were not induced in the AhogI and Aatfl
strains. In the Afph1 strain, fluG was induced by red and far-red light but the expression levels
were still significantly lower than those in wild type. To test our hypothesis, we overexpressed
uG (fluG®*) and fluG-like (fluG-like®) under the control of T. reesei cdnal promoter in wild
type in the dark to artificially control the growth of aerial hyphae (Fig 6B). Indeed, the thick-
ness of aerial hyphae increased from 1.5 mm to 2.4 mm in the fluG° strain (Fig 6C and 6D).
However, overexpression of the fluG-like gene did not cause a visible increase of aerial hyphal
growth. In the dual confrontation assays, more DNA copies of the fluG°® strain than wild type
and the fluG-like®F strain had been detected already after 5 days of incubation in the territory
of A. alternata, F. oxysporum, and F. fujikuroi (Fig 6E and 6F), although for each of the phyto-
pathogens the areas of their colony surface that were not covered by the T. guizhouense strains
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Fig 5. Aerial hyphal growth and gene expression analyses of the AatfI strain. (A). Comparison of aerial hyphae
growth in the wild type and the AatfI strains. All strains were incubated on PDA plates at 28°C for three days under
dark or light conditions. Vertical sections of the areas indicated in red boxes were zoomed in under a stereo
microscope. Scale bar, 1 mm. (B). Thickness measurement of aerial hyphae in the wild type and AatfI strains. The
error bar represents the standard deviation (SD) of three biological replicates. Statistically significant difference is
evaluated by Student’s ¢-test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. (C). Expression levels of the genes
induced by light in wild type, Afphl, Ahogl, and AatfI strains. All strains were illuminated with red or far-red light for
45 min. The expression level of each gene was normalized to the fefI gene. Error bars indicate the standard deviation.
Statistically significant difference is evaluated by Student’s t-test: * p < 0.05; ** p < 0.01; *** p < 0.001; ****

p < 0.0001.

https://doi.org/10.1371/journal.pgen.1011282.9005

have no visible differences. After ten days, the fluG°F strain not just occupied the territories of
four phytopathogens, but also formed abundant green conidia on the colony surface of A. ater-
nata, F. oxysporum, and F. odoratissimum in comparison to wild type and the fluG-like®®
strain (Fig 6E). Collectively, the fluG°® strain exhibited enhanced antagonistic ability as com-
pared to wild type and the fluG-like®" strain. These results demonstrate that more abundant
aerial hyphae can improve the antagonistic activity of T. guizhouense.

Mutants with abundant aerial hyphae screened after UV-mutagenesis
exhibit improved antagonistic activity

Given the importance of the aerial hyphae for the antagonistic activity of T. guizhouense, we
speculated that there is a possibility to obtain mutants with improved antagonistic activity sim-
ply by isolating the colonies with visible abundant aerial hyphae after mutagenesis. Therefore,
we performed UV-mutagenesis to screen for mutants with abundant aerial hyphae. After
ultra-violet (UV) irradiation (10 mJ/cm?, survival rate of conidia: ~20%), PDA plates with
conidia were incubated in the dark to avoid photoconidiation and the colonies with visible
abundant aerial hyphae were screened (Fig 7A). Taken together, we identified 9 colonies from
260 plates, which formed much more aerial hyphae in comparison to adjacent ones (Figs 7B,
7C, S8A, and S8B). All of them produced more abundant aerial hyphae than the parent strain,
and indeed 4 of them exhibited enhanced antagonistic activity against phytopathogenic fungi
in the dual confrontation assays (Figs 7D and S8C). In the dual confrontation assays, the areas
of colony surface of A. alternata and F. odoratissimum that were not covered by four mutants
were smaller than those not covered by wild type after 5 days of incubation, and these mutants
also produced more conidia than wild type when confronted with phytopathogens. This indi-
cates from another approach that aerial hyphal growth in T. guizhouense is important for its
antagonistic activity.
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Fig 6. Aerial hyphal growth and antagonistic activity analyses of the fluG® and fluG-like°" strains. (A).
Expression levels of the fluG and fluG-like genes in the wild type, the Afph1, Ahogl and the AatfI strains under different
light conditions. All strains were cultured in red or far-red light for 1 or 2 days. (B). Expression levels of the fluG and
fluG-like genes in the fluG°F and fluG-like®" strains. The expression level of each gene was normalized to the tefI gene.
Error bars indicate standard deviations. (C). Comparison of aerial hyphal growth in wild type, the fluG®~, and the
luG-likeOF strains. Strains were incubated on PDA plates at 28°C in the dark for 3 days. (D). Thickness measurement
of the aerial hyphae in the fluG° and fluG-like®" strains. The thickness of the aerial hyphae was determined by the
software Image]. Error bar represents the standard deviation (SD) of five biological replicates. Significant differences
between different strains with a single-factor random grouping model were statistically determined by one-way
analysis of variance (ANOVA) comparison. (E). Antagonistic activity analysis of the wild type, fluG®", and fluG-like®®
strains against A. alternata, F. oxysporum, F. fujikuroi and F. odoratissimum. Strains were incubated on PDA plates at
28°Cin the dark for 5 or 10 days. Upper colony on the plate was the phytopathogen and lower was T. guizhouense. (F).
Measurement of DNA copies of the wild type, fluG°® and fluG-like®* strains in the colonies of phytopathogenic fungi
by absolute qPCR. T. guizhouense strains were confronted with the phytopathogenic fungi A. alternata (Aa), F.
oxysporum (Foc), F. fujikuroi (FF]) and F. odoratissimum (Foc4) in the dark at 28°C for 5 days.

https://doi.org/10.1371/journal.pgen.1011282.9006
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Fig 7. Screening for mutants with enhanced antagonistic activity. (A). Screening strategy for mutants with abundant
aerial hyphae. Conidia were spread on a PDA plate (~100 spores/plate) and then treated with 10 mJ/cm® UV light. All
plates were incubated at 28°C in the dark for four days. The colonies with visible abundant aerial hyphae in
comparison to the adjacent ones were isolated. Aerial hyphal growth and antagonistic ability of the selected mutants
were further analyzed. (B). Phenotype of aerial hyphae of the mutants. All strains were incubated in the dark for 3 days.
(C). Thickness measurement of aerial hyphae in wild type and nine mutants. Thickness of the aerial hyphae was
determined as above. Error bar represents the standard deviation (SD) of five biological replicates. (D). Antagonistic
ability analysis of the mutants. Mutants were confronted with the phytopathogenic fungi A. alternata (Aa), F.
oxysporum (Foc), F. fujikuroi (FFJ) and F. odoratissimum (Foc4) for 5 or 10 days in the dark.

https://doi.org/10.1371/journal.pgen.1011282.g007

Discussion

A number of Trichoderma species are antagonistic against phytopathogenic fungi and this
antagonistic process is a combination of different mechanisms including mycoparasitism,
competition for nutrients or space, and production of cell degrading enzymes as well as pri-
mary and secondary metabolites with antibiotic properties [23]. In this study, we show distinct
antagonistic behaviors of T. guizhouense when confronted with different phytopathogenic
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fungi. It competed for growth space and probably also acted as a mycoparasite to feed on the
mycelia of A. alternata as it overgrew the mycelial mat of A. alternata. By contrast, although T.
guizhouense also overgrew Fusarium species, its mycelia penetrated the colonies of Fusarium
species first and extended along the substrate surface, which is more like a competitive behav-
ior for nutrients. The distinct antagonistic behaviors were likely due to the denser mycelial
mat formed by A. alternata, so that the hyphae of T. guizhouense could not penetrate it easily.
The results demonstrate the flexibility of the antagonistic attack of Trichoderma species, which
probably depends on the mycelial characteristics of different phytopathogenic fungi.

Effects of environmental signals on the interspecies interactions or the mycoparasitic pro-
cess remain largely unknown. One of the exciting findings in this study is the regulation of red
and far-red light for the antagonistic ability of T. guizhouense, which becomes more aggressive
under red and far-red light conditions during the antagonism against phytopathogenic fungi
compared with the dark condition (Fig 8). Moreover, absence of FPH1 attenuated the antago-
nistic ability even in the dark, suggesting that FPH1 still functions in interspecific interactions
even under both dark and light conditions. It was reported that the mycoparasitic ability of T.
atroviride was better in darkness and upon yellow- or red-light exposure than in white light-
dark cycle conditions when confronted with F. oxysporum [30]. Interestingly, when the blue
light receptor BLR1 was absent, T. atroviride became more aggressive toward B. cinerea [31].
Therefore, light plays an important role for the antagonistic activity of Trichoderma spp.
against phytopathogenic fungi. More abundant aerial hyphae formed under red and far-red
light condition in T. guizhouense overgrew or penetrated the colonies of pathogens more
quickly, resulting in the enhanced antagonistic ability of T. guizhouense (Fig 8). This was also
verified by enhanced antagonistic ability of the fluG°” strain and the mutants with abundant
aerial hyphae.

Red and far-red light signaling and responses in Trichoderma spp. had not been studied in
detail. While red light promotes the production of conidia in A. nidulans and A. alternata, it
does not affect conidiation in T. reesei [7,10,14]. We show here that red and far-red light not
only promote aerial hyphal growth but also activate conidiation in T. guizhouense, which is
dependent on FPHI. It is interesting that red and far-red light have similar effects on these two
processes, because red light promotes the conversion of phytochrome into the far-red-light
form (Pfr), and far-red light converts it back to the red-light form (Pr), and thus the effects of
red and far-red light are supposed to be different or even opposite. However, the similar effects
of red and far-red light on conidiation were also observed in B. bassiana [15].

Our previous studies have deciphered the red-light signaling network in A. nidulans by
transcriptomic profiling, in which the expression of light-regulated genes is mainly orches-
trated by phytochrome FphA and the MAPK HOG (SAK) pathway [12,13]. Nevertheless, light
induction of a small proportion of genes is not governed by FphA, suggesting alternative
mechanisms for red and far-red light sensing. By contrast, in the smut fungus Ustilago maydis,
after 60 min illumination, 77 and 114 DEGs identified in red and far-red light, respectively,
were all strictly regulated by phytochrome, as no DEGs were identified in the phytochrome
deletion strain [32]. The results here demonstrated in T. guizhouense both red and far-red plug
into HOG pathway via FPH1, whereas deletion of fphI reduced the phosphorylation level of
HOGTI but not disrupted it completely. In agreement with this, on the transcriptomic level,
totals of 66.0% (268/406) and 55.1% (343/623) of DEGs identified in wild type under red and
far-red light conditions, respectively, were regulated by FPH1, and in the AfphI strain a large
array of genes were still differentially expressed. Hence, T. guizhouense may employ alternative
mechanisms to transmit red or far-red light signals.

It appears that Trichoderma species are more sensitive to far-red light, as more aerial
hyphae in both T. guizhouense and T. virens were formed under far-red light condition than
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Fig 8. Model for the molecular mechanism of red and far-red light promoted aerial hyphal growth and the
antagonistic ability of T. guizhouense. Red and far-red light signals are perceived by phytochrome FPH1, which
further transmit the signals to the MAPK HOG pathway to cause phosphorylation of HOGI and its translocation into
the nucleus. The signals were finally transmitted to the bZIP transcription factor ATF1 that controls the expression of
red and far-red light regulated genes including the fluG gene, resulting in more abundant aerial hyphae and the
formation of conidiophores. Additionally, other light receptors or pathways also receive red and far-red light signals
and trigger the differential expressions of some genes. Therefore, when Trichoderma and the phytopathogenic fungi
live in the same habitat, aerial hyphae of Trichoderma grow faster in the present of red and far-red light signals from
sunshine and more quickly penetrate or overgrow the colonies of the phytopathogenic fungi to feed on
phytopathogenic fungi or compete for nutrients with them during antagonism. Consequently, under red and far-red
light, growth of the phytopathogenic fungi is repressed more significantly, their territories are occupied more quickly,
and more Trichoderma conidia for dispersal are formed.

https://doi.org/10.1371/journal.pgen.1011282.9008

under red light condition. Consistently, far-red light controls more genes than red light in T.
guizhouense. Similarly, as abovementioned, more DEGs were identified in far-red light than in
red light in U. maydis [32]. However, in A. nidulans, red light governs the expression of more
genes, where 1005 genes were differentially expressed after 15 min illumination of red light in
comparison to 450 upon far-red light illumination [13]. Additionally, although corresponding
transcriptome analyses still lack, A. alternata exhibits stronger phenotypic responses in far-red
light than in red light [14].

MAPK HOG (SAK) pathway is a hub of different environmental cues, which is involved
in the signaling of osmotic and oxidative stresses, heat shock and light [2,12,29,33,34]. We
show here that 67.9% of red-light regulated and 74.6% of far-red light regulated genes are
governed by HOGI in T. guizhouense, respectively. It is surprising that much more DEGs
were identified in red (1124 DEGs) and far-red (1286 DEGs) light in the AhogI strain than in
the wild type strain. By contrast, in A. nidulans only 33 genes were differentially expressed
upon exposure of red light in the AhogA strain. It suggests the alternative pathway for red
and far-red light signaling in T. guizhouense. Moreover, our previous study demonstrated
that the white collar-1 ortholog BLR1 utilizes HOG pathway to transmit bule light signal
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[35]. Hence, how the different environmental signals converge and then diverge at HOG1 is
worth further investigation.

Importantly, it is very easy to pick out the mutants with visible abundant aerial hyphae
from hundreds of colonies after UV mutagenesis. This simple screening method can be
applied definitely to other Trichoderma species to develop the mutants with better biocontrol
performances, which will facilitate the application of biocontrol agents (BCAs) in
agriculture.

Materials and methods
Strains and culture conditions

T. guizhouense NJAU4742 and four phytopathogenic fungi Fusarium odoratissimum (syn:
Fusarium oxysporum f. sp. cubense race 4), Fusarium fujikuroi, Fusarium oxysporum CIPP1012
and Alternaria alternata were used in this study. All strains were cultured with PDA or PDB
media (BD Difco, USA) at 28°C under dark or light conditions in light boxes previously
designed [12] and the light intensity was 1.7 umol photons/(m?®xs).

The construction of the Ahogl strain and the strain expressing HOG1-EGFP fusion pro-
tein was described in a previous study [35]. To delete the fphl gene in T. guizhouense, the
hygromycin B phosphotransferase (hph) gene cassette was fused with fphl upstream (1989
bp) and downstream (2660 bp) fragments in pUC19 with Clonexpress MultiS One Step
Cloning Kit (Vazyme, China). Transformation was performed as previously described [26].
Positive transformants were confirmed by diagnostic PCR and Southern blot (S1A Fig). The
mutant was complemented ectopically with the plasmid pST2 harboring the geneticin resis-
tance (neo) gene cassette and the fph1 gene, yielding the strain fph1°. To overexpress the
fluG and the fluG-like genes, T. reesei cdnal promoter, ORFs and their terminator regions of
both genes and the hph gene were assembled in pUC19, yielding the plasmids pST7 and
pSTS, respectively. Positive transformants (fluG°F and fluG-like®®) were confirmed by PCR
and quantitative real-time PCR. Strains and primers are listed in S1 and S2 Tables,
respectively.

Dual confrontation assays

Mycelial plugs (6 mm in diameter) of each phytopathogenic fungus were placed separately on
PDA plates (9 cm in diameter), 2 cm away from the edge, and incubated in the dark for two
days at 28°C. Subsequently, mycelial plugs of the T. guizhouense strains were placed separately
on the opposite side of the colonies of phytopathogenic fungi. The plates were then incubated
at 28°C under different light conditions for 5 or 10 days.

To assess the DNA copies of the wild type and the AfphI strains in the territories of the host
fungi in confrontation assays, mixed mycelia composed of both overlaid T. guizhouense and
the host fungi were sampled for DNA extraction using the Fungal DNA Kit (Omega, USA).
The strain-specific primers P37/P38 and methods were performed as previously described
[27]. The colony surface areas of four phytopathogens were analyzed using the software
Image].

RNA extraction and RT-qPCR

Wild type and mutants were cultivated on PDA plate covered with cellophane at 28°C in the
dark, red and far-red light for three days. Collected mycelia were immediately frozen in liquid
nitrogen for RNA isolation using SteadyPure Plant RNA Extraction Kit (Accurate Biotechnol-
ogy, Hunan, China). cDNA was synthesized with HiScript III 1st Strand cDNA Synthesis Kit
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(+gDNA wiper) (Vazyme). gPCR was performed on a qTOWER 2.2 system (Jena, Germany)
and the relative expression levels of genes were calculated with the 2"*“* method using tefI as
the housekeeping gene.

Transcriptome sequencing and analyses

Wild type, Afph1, and Ahogl were cultivated on PDA plates covered with cellophane at 28°C
in the dark for 24 h and then exposed to red light and far-red light or kept in the dark for 45
min before RNA isolation. Samples of total mRNA were subjected to RNA sequencing that
was performed by Gene Denovo Biotechnology Co., Ltd. (Guangzhou, China). The sequence
reads were mapped onto the reference genome of T. guizhouense using HISAT 2.2.4 with the
default parameters. For each transcript, a fragment per kilobase of transcript per million
mapped reads value was calculated to quantify its expression abundance and variations, using
the StringTie v1.3.1. DEGs were identified using DEGseq2 with thresholds of |log2(fold
change)| >1 and FDR <0.05. GO enrichment and KEGG pathway enrichment analyses were
carried out on Omicshare platform (https://www.omicshare.com/tools/). The sequencing data
are available in the NCBI database Sequencing Read Archive under the accession number
PRJNA954062.

Microscopy

To analyze the subcellular localization of HOGI, fresh conidia of the strain expressing
HOGI1-EGFP were inoculated on coverslips with 400 ul PDB medium. After 14 h of incubation
in the dark at 28°C, samples were exposed to red or far-red light for 3 min or kept in the dark.
Samples were then fixed immediately with 4% formaldehyde for 10 min and washed twice
with 1 x PBS (pH 7.4). Nuclei were stained with Hoechst (no. C0031, Solarbio) before micros-
copy. EGFP signals were observed with a confocal laser scanning microscope (Leica TCS SP8,
Germany).

Immunofluorescence

Immunofluorescence was performed as previously described [35]. Fresh conidia (1 x 10°
spores/ml) of the wild type and the AfphI strains were inoculated on coverslips with 400 pl
PDB medium and cultured overnight in the dark at 28°C. The samples were then exposed to
red or far-red light for 5 min or kept in the dark before fixation. Antiphospho-p38 MAP kinase
(Thr180/ Tyr182) antibodies (no. 9211, 1:400 dilution; Cell Signaling Technology) against
phosphorylated HOG1, and secondary antibody Cy3-conjugated anti-rabbit IgG (1:100 dilu-
tion, Sangon Biotech, Shanghai, China) were used for immunofluorescence staining. Nuclei
were stained with Hoechst (no. C0031, Solarbio).

Western blot analysis

Fresh spores (1 x 10° spores/ml) were cultured in 50 ml PDB (BD Difco, USA) medium at
28°C in the dark under agitation at 170 rpm for 24 h. Mycelia were harvested and frozen in liq-
uid nitrogen immediately after 5-, 10- and 20-min of red or far-red light treatments, respec-
tively. Protein extraction and Western blot were performed as described previously [12].
Antibodies used here were antiphospho-p38 MAP kinase (Thr180/ Tyr182) antibodies (no.
9211, 1:1000 dilution; Cell Signaling Technology) against phosphorylated HOGI, anti-p38
MAP kinase antibody (no. 9212, 1:1000 dilution; Cell Signaling Technology) against HOGI,
and anti-rabbit HRP-labeled secondary antibody (no. A0208, Beyotime, China).
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Supporting information

S1 Fig. Construction of the Afphl-mutant strain. (A). Domain prediction of A. nidulans
FphA and T. guizhouense FPH1. Sequence identity: 52%, e-value: 2e-46. (B). Southern blot
analysis of the positive Afphl-mutant strain.

(PDF)

$2 Fig. Phenotype of aerial hyphae of the Afphl and the fphIC strains. (A). Aerial hyphae
growth analysis of wild type, Afphl, and fph1© strains. All strains were cultivated on PDA
plates under dark or light conditions. The hyphae were observed under a stereoscope. (B).
Thickness measurement of aerial hyphae of the wild type, Afph1, and fph1° strains. Error bars
represent the SD of five biological replicates. Statistically significant difference was evaluated
by Student’s ¢-test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s. means no signif-
icant difference.

(PDF)

S3 Fig. Conidiation of wild type, Afphl and Ahogl strains in response to red and far-red
light. (A). Phenotypes of wild type, Afphl and Ahogl strains in red and far-red light. All strains
were cultured on 9 cm PDA plates at 28°C under different light conditions for five days. (B).
Quantification of conidia of each strain. Mean values for the three samples biological replicates
were displayed. Bars present mean values * SD. Statistically significant difference is evaluated
by Student’s ¢-test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

(PDF)

$4 Fig. Validation of transcriptome data using RT-qPCR. (A). Expression level of DEGs
dependent on HOGL1. The mean values were calculated from three independent biological rep-
licates and the error bars represent the standard deviation (SD). (B). Expression level of DEGs
dependent on both FPH1 and HOGL. (C). Expression level of DEGs dependent on neither
FPHI1 nor HOGL. (D). DEGs repressed by red and far-red light.

(PDF)

$5 Fig. Domain arrangements of A. nidualans FluG and its homologs in T. guizhouense. A
blast search against the genome with the protein sequence of A. nidulans FluG as query was
performed. Two putative proteins OPB45185 and OPB45752 with high similarity to A. nidu-
lans FluG (Sequence identity: OPB45185, 30%, e-value: 3e-61; OPB45752, 31%, e-value: 2e-54)
were identified and referred to as fluG and fluG-like, respectively.

(PDF)

S6 Fig. Antagonistic activity of the Ahogl and Aatf] mutants under red and far-red light
conditions. Wild type, Ahogl and Aatfl strains were confronted with the phytopathogenic
fungi at 28°C for 5 days under different light conditions.

(PDF)

S7 Fig. Two replicates of Western blot for the detection of HOG1 phosphorylation detec-
tion under different light conditions.
(PDF)

S8 Fig. Phenotype of aerial hyphae and antagonistic activity of five mutants screened via
UV-mutagenesis. (A). Phenotype of aerial hyphae of the mutants. (B). Thickness measure-
ment of aerial hyphae in wild type and five mutants. Error bar represents the standard devia-
tion (SD) of five biological replicates. (C). Antagonistic ability analysis of the mutants.
Mutants were confronted with the phytopathogenic fungi A. alternata (Aa), F. oxysporum
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