SCIENCE ADVANCES | RESEARCH ARTICLE

MICROBIOLOGY

MSB2-activated pheromone pathway regulates fungal
plasma membrane integrity in response to

herbicide adjuvant

Jianwei Pu't, Xiuju Long't, Yifan Li't, Jian Zhang', Fei Qi?, Jiangtao Gao?,

Qirong Shen', Zhenzhong Yu'#

Glyphosate-based herbicides (GBHs) are used worldwide for weed management. However, GBHs pose a threat to
soil fungal community, although fungi can degrade and use glyphosate as a nutrient source. How fungi respond
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to GBHs remains enigmatic. Here, we found that, not as in plants, the commercial GBH Roundup does not target
the 5-enolpyruvyl-shikimate-3-phosphate synthase in the soil-derived fungus Trichoderma guizhouense, whereas
it impairs fungal growth. We demonstrate that the herbicide adjuvant Triton CG-110 is more toxic to fungal cells
than pure glyphosate. It limits nitrogen uptake, which induces the expression of proteinase YPS1 to catalyze the
shedding of the MSB2 extracellular domain from the plasma membrane, leading to the activation of the MAPK
TMK1 pheromone pathway. The downstream B2H2-type transcription factor STE12 directly regulates ergosterol
biosynthesis, affecting membrane fluidity and stability. To our knowledge, this is the first evidence that the phero-
mone pathway is implicated in ergosterol biosynthesis and plasma membrane integrity.

INTRODUCTION

Glyphosate-based herbicides (GBHs), formulated with glyphosate
and formulants, are the most frequently used herbicides for weed
management worldwide (1). Glyphosate, as the active constituent of
GBHp, kills plants mainly by targeting the 5-enolpyruvyl-shikimate-
3-phosphate synthase (EPSPS) of the shikimate pathway to block
the biosynthesis of aromatic amino acids (2). However, the massive
use of GBHs in agriculture poses a potential threat to soil microor-
ganisms. Recent studies have shown that GBH application negatively
affects soil fungal communities, although fungi can degrade glypho-
sate (3, 4). Notably, the commercial GBHs appear to exert more
detrimental side effects on fungi than the pure glyphosate (5, 6).
The mechanisms underlying the side effects of GBHs on fungi
remain enigmatic.

Fungi have evolved multiple mitogen-activated protein (MAP)
kinase signaling pathways to sense and respond to external signals
(7, 8). The pheromone pathway, as the most well-studied one, is
implicated in various biological processes, such as asexual and sexual
development, cell fusion, secondary metabolism, and virulence (9-
13). The core module of this pathway generally consists of three
kinases—MAPKKK, MAPKK, and MAPK—and scaffold and adaptor
proteins. The upstream receptors that activate the core module
involve the G protein—coupled receptors (GPCRs), which constitute
the largest family of the cell surface receptors in eukaryotes, and other
receptors such as signaling mucin and plasma membrane-spanning
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protein for surface signal sensing (14-17). Activation of the phero-
mone pathway leads to the phosphorylation of MAPK that subse-
quently interacts with the transcriptional regulators to regulate
gene expression, eliciting a characteristic response to a specific
stimulus (12).

The integrity of the plasma membrane is integral to the environ-
mental signal sensing of cells, as membrane-bound receptors detect
external stimuli and trigger intracellular signaling cascades. Sterols
are the basal components of the plasma membrane, crucial for mem-
brane fluidity, permeability, and stability (18). Ergosterol, absent in
animals and plants, is the major sterol of the fungal plasma mem-
brane, and its biosynthesis relies on a long multistep route involving
approximately 20 enzymes in fungi (19). Trichoderma species as
effective biocontrol agents and plant growth stimulators are widely
used in agriculture (20, 21). In this study, we investigate the effects of
the commercial GBH Roundup (R450) on Trichoderma species and
reveal how the GBH adjuvant Triton CG-110 induces the shedding
of a signaling mucin MSB2 (multicopy suppressor of a budding
defect) from the cell surface to activate the pheromone pathway and
thus changes the integrity of the plasma membrane by regulating er-
gosterol biosynthesis.

RESULTS

R450 inhibits fungal hyphal growth and

conidial germination

In recent years, more and more beneficial microorganisms have
been identified and applied in agriculture, which are inevitably ex-
posed to GBHs (6, 22). Trichoderma species are known for their
excellent biocontrol and plant growth-promoting roles, in which
Trichoderma guizhouenese, Trichoderma harzianum, and Trichoderma
atroviride are frequently studied for their interactions with plants
and pathogens and applied in agriculture as biocontrol agents and
plant growth stimulants (21). To investigate the effect of GBHs on
the growth of Trichoderma species, T. guizhouenese, T. harzianum,
and T. atroviride were exposed to different concentrations (0.075 to
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0.225%) of R450, which are all far below the recommended field
application rate (2%). We found that the vegetative growth of all the
strains tested was inhibited, and the colony edge images showed
that the mycelium of T. guizhouense was fractured and lysed (Fig. 1, A
and B). We further stained the plasma membrane and cell wall with
FM 4-64 and Calcofluor White (CEW), respectively, and found that
the fluorescence signals for the plasma membrane were increased
notably upon R450 treatment (Fig. 1, C and D). Moreover, conidial
germination was notably inhibited by R450 (Fig. 1, E and F). These
results indicate the negative effects of R450 on hyphal growth and
conidial germination.

EPSPS in T. guizhouense is not the target of GBH

EPSPS enzymes are categorized into two major classes based on the
presence of two specific amino acid markers, glycine-101 and alanine-
122, that interact with glyphosate (23). Class I enzymes have these
crucial amino acid residues and thus are putatively sensitive to glypho-
sate, whereas class II enzymes are putatively resistant to glyphosate
because of the absence of these amino acids. To predict whether the
EPSPS enzymes of Trichoderma species are sensitive to glyphosate,
a phylogenetic analysis was performed on the basis of the EPSPS
sequences from a variety of fungi including the representative class I
and II EPSPS sequences from Vibrio cholerae and Coxiella burneti,
respectively (Fig. 1G). It revealed that the EPSPS enzymes of Trichoderma
species—including T. guizhouense, T. harzianum, and T. atroviride—
cluster within the class I group, suggesting their potential sensitivity to
glyphosate. However, we failed to delete the EPSPS-encoding gene,
probably due to the essential role of EPSPS in the shikimate pathway
for the biosynthesis of the aromatic amino acids. Nevertheless, the
resistance to R450 should be elevated by the overexpression of
EPSPS. To test it, we overexpressed the EPSPS-encoding gene under
the control of the tef promoter in T. guizhouense. However, the mutant
strain showed no change in sensitivity to R450 (fig. S1A). In plants,
glyphosate blocks the biosynthesis of three aromatic amino acids—r-
phenylalanine (Phe), L-tyrosine (Tyr), and L-tryptophan (Try)—by
targeting EPSPS (21), whereas the contents of these amino acids were
not affected by the presence of R450 in the wild-type strain (fig. S1B).
These results demonstrate that R450 does not target the EPSPS
enzyme in T. guizhouense.

Triton CG-110 is more toxic than glyphosate

Next, we queried, except glyphosate, whether the additives in GBHs
are toxic to fungi. The commonly used adjuvant Triton CG-110, an
alkyl polyglycoside, has replaced POEA in Europe because of its
toxicity to human cells (24-26). Therefore, we compared the effect
of glyphosate and Triton CG-110 on the growth of T. guizhouense.
Fungi can degrade glyphosate as a source of phosphorus, carbon,
and nitrogen (27). We found that, instead of the inhibitory effect,
glyphosate could promote vegetative growth, further confirming
that glyphosate does not target EPSPS in T. guizhouense. However,
Triton CG-110 inhibited the growth notably, indicating its higher
toxicity than glyphosate (Fig. 1, H and I).

We observed that the inhibitory effect on growth was exacerbated
slightly by the combination of Triton CG-110 and glyphosate (Fig. 1,
H and I). In mammalian cells, the overaccumulation of glyphosate
elevates the intracellular levels of reactive oxygen species (ROS) (28).
We, therefore, hypothesized that the presence of Triton CG-110
could increase the intracellular accumulation of glyphosate and thus
cause the increase of the hydrogen peroxide content in hyphae. To
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test this hypothesis, the intracellular glyphosate and hydrogen per-
oxide contents were measured. In comparison to the treatment with
only glyphosate, the addition of Triton CG-110 led to a nearly
tenfold increase of the glyphosate content in the mycelium (Fig. 1J),
and consistently, the hydrogen peroxide content was also notably
increased (Fig. 1K).

Overall, these results demonstrate that Triton CG-110 is the
primary harmful factor for T. guizhouense. Moreover, it can facilitate
cellular uptake of glyphosate, resulting in enhanced toxicity.

TMK1 pheromone pathway is implicated in Triton

CG-110 response

Three MAPK signaling pathways—the pheromone pathway, the cell
integrity pathway and the high osmolarity glycerol pathway corre-
sponding to three Trichoderma MAP kinases TMK1, TMK2, and
TMK3 (HOG1)—have been identified in Trichoderma species (29).
Given the crucial role of the MAPK signaling pathways in regulating
fungal environmental signal responses (14, 30, 31), we asked wheth-
er any of them were involved in the response of T. guizhouense to
Triton CG-110. The wild-type, Atmkl, Atmk2, and Ahogl strains
were cultured with the potato dextrose agar (PDA) medium contain-
ing 0.075% Triton CG-110 for 48 hours. We found that the AtmkI
strain was susceptible to Triton CG-110, suggesting the involvement
of the TMK1 pheromone pathway (Fig. 2, A and B). Likewise, upon
Triton GC-110 treatment, the conidial germination rate of the
Atmk] strain was decreased notably in comparison to other strains
(Fig. 2C). The colony edge images showed that the mycelium of the
Atmk] strain appeared to be lysed, and it seemed that the cellular
materials were fanned out at the tips of the hyphae (Fig. 2D). We
further analyzed the TMKI1 phosphorylation and the expression
level of the tmkI gene upon Triton GC-110. Consistently, Western
blot analysis indicated that Triton GC-110 treatment caused the
phosphorylation of TMKI1 (Fig. 2E), while real-time quantitative
polymerase chain reaction (RT-qPCR) analysis showed that tmkl
expression was not affected by the addition of Triton GC-110 (fig.
S2). Similarly, we constructed a tmk1 deletion strain in T. harzianum,
which also showed sensitivity to Triton CG-110 (fig. S3). We further
tested other non-ionic and ionic surfactants and found that only tri-
ton CG-110 caused notable growth inhibition of the Atmkl strain
(fig. S4), suggesting the specificity of the pheromone pathway for
Triton CG-110 response.

Identification of the components implicated in Triton

CG-110 response

Next, we screened for the components up- and down-stream of
TMKI1. We first constructed the Astell and Aste7 strains corre-
sponding to the MAPKKK STE11 and MAPKK STE7 in the TMK1
pheromone module, respectively. Both strains grew as slowly as the
Atmk] mutant in the presence of Triton CG-110 (Fig. 2H).

GPCRs that can activate the pheromone pathway have been char-
acterized in Saccharomyces cerevisiae (16). Using these GPCRs as
queries, three potential upstream GPCR-encoding genes—termed
gprl, gpr3 and gpr4—were identified by basic local alignment search
tool (BLAST) searches in T. guizhouense. The corresponding mutants
grew a little bit more slowly than the wild type in the presence of Triton
CG-110 while still much faster than the AtmkI strain (Fig. 2, G to I).
GPCRs signaling activates adenylyl cyclase, leading to increased
production of intracellular cyclic adenosine 3’,5’-monophosphate
(cAMP). cAMP can activate the pheromone pathway in Ustilago
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Fig. 1. Effects of R450, glyphosate, and Triton CG-110 on the growth of Trichoderma species. (A) Images of T. guizhouenese (1g), T. harzianum (Th), and T. atroviride (Ta)
grown on PDA plates containing R450. Each strain was incubated on PDA supplemented with 0, 0.075, 0.15, and 0.225% R450 at 25°C for 48 hours. (B) Effects of R450 on
mycelia morphology. T. guizhouense was cultured on PDA at 25°C for 24 hours, and the colony edges were photographed using a stereoscopic microscope. Scale bar, 40 pM.
(C and D) Florescent staining of cell membrane and cell wall. Fluorescent dyes of FM 4-64 and CFW were used for cell membrane and cell wall staining, respectively. Scale
bars, 20 pm. Quantification of fluorescence intensity after staining using imageJ. n = 3. (E) Germination of conidia grown under different concentrations of R450. Scale bar,
20 pm. (F) Germination rates of conidia grown under different concentrations of R450. Data presented are means + SD. n = 3. Different letters indicate significant differ-
ences at P < 0.05 according to one-way analysis of variance (ANOVA) and post hoc Duncan’s test. (G) Phylogenetic tree of the EPSPS from different fungi was constructed
using the neighbor-joining method. (H and 1) Effects of glyphosate and Triton CG-110 on vegetative growth and conidia germination of T. guizhouense. Strain was incu-
bated on PDA containing 0.075% Triton CG-110 and/or 4 mM glyphosate at 25°C for 48 hours. (J) Intracellular glyphosate content under Triton CG-110 treatment. Strain
was cultured on PDA with glyphosate or glyphosate and 0.075% Triton CG-110 at 25°C for 48 hours. Data presented are means + SD. n = 3. (K) Intracellular H,0, content
under Triton CG-110 treatment. Data presented are means + SD. n = 3.[(C), (D), (J), and (K)] P value was calculated using a t test. *P < 0.05, ***P < 0.01; ns, not significant.
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Fig. 2. The pheromone pathway responds to Triton CG-110 stimulation. (A and B) Growth phenotype of wild type, Atmk1, Atmk2, and Ahog1 mutants on PDA plates
supplemented with different concentrations of Triton CG-110 at 25°C for 48 hours. The Atmk1 mutant showed increased sensitivity to Triton CG-110. Data presented are
means =+ SD. n = 3. (C) Germination of wild-type spores after 12 hours of incubation in PDB containing 0.075% Triton CG-110. Data presented are the means + SD.n = 3.
(D) Mycelial morphology of wild-type, Atmk1, Atmk2, and Ahog1 mutants under Triton CG-110 treatment. The strains were cultured at 25°C for 48 hours and then photo-
graphed under a stereoscopic microscope. Scale bar, 10 pm. (E and F) Phosphorylation of TMK1 in response to Triton CG-110 treatment. A total of 1 x 10° wild-type spores
were inoculated into PDB and cultured at 25°C and 180 rpm for 24 hours and then treated with Triton CG-110 for 10, 20, and 30 min. (G) Schematic model of fungal
pheromone pathway. (H and 1) Identification of the components of pheromone pathway involved in Triton CG-110 response. Wild-type and mutant strains deficient in
gprl1, gpr3, gprd, msb2, shol, pde®, ste11, ste7, tmk1, ste12, and vel were cultured on PDA or PDA containing 0.075% Triton CG-110 at 25°C for 48 hours, and the mycelial
growth inhibition rate was calculated for each strain. Data presented are means + SD. n = 3. [(B) and (C)] P value was calculated using a t test. *P < 0.05. [(F) and (1)] Differ-
ent letters indicate significant differences at P < 0.05 according to one-way ANOVA and post-hoc Duncan'’s test.
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maydis, which can be hydrolyzed by the phosphodiesterase (PDE)
(32). Therefore, we tested whether the overexpression of pde could
increase the sensitivity to Triton CG-110. The sensitivity of the over-
expression strain (pde®") to Triton CG-110 was only increased slight-
ly compared to the wild type, suggesting that three GPCRs and cAMP
do not play a pivotal role in this case (Fig. 2H).

In plant pathogenic fungi—Magnaporthe oryzae, U. maydis, and
Fusarium oxysporum—the signaling mucin Msb2 and the plasma
membrane-spanning protein Shol can recognize surface signals to
activate the pheromone pathway (33-35). We identified their ho-
mologous proteins in T. guizhouense and constructed the corre-
sponding deletion mutants Amsb2 and Ashol. The Amsb2 strain
exhibited the same sensitivity to Triton CG-110 as the AtmkI strain.

In Aspergillus nidulans, the downstream transcription factors of
the pheromone pathway are SteA-regulating vegetative growth, cell
fusion, asexual and sexual development, and VeA crucial for sec-
ondary metabolism (12). The genes encoding their orthologs STE12
and VEI1 in T. guizhouense were deleted, and only the Astel2 strain
has the same phenotype as the AtmkI mutant in the presence of
Triton CG-110 (Fig. 2H). In summary, these results demonstrate a
clear signal transduction pathway from the receptor MSB2 to the
TMKI1 pheromone module and then to the transcription factor
STE12 in response to Triton CG-110.

Triton CG-110 regulates membrane and steroid

biosynthesis genes

Next, we investigated the transcriptomic profiles of the wild type
and Atmk] strains grown on the medium with or without Triton
CG-110. In the presence of Triton CG-110, 443 genes in wild type
were differentially expressed (|[log,(fold change)| > 1, P < 0.05) and
66.4% (294 of 443) of these differentially expressed genes (DEGs)
were regulated by the TMK1 pheromone pathway (Fig. 3A). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and
Gene Ontology (GO) functional enrichment analyses were per-
formed on the basis of the DEGs identified in the wild-type strain.
The GO analysis revealed a notable enrichment of these genes in the
terms related to cell structure, specifically in the cell wall and mem-
brane terms. We analyzed the cell wall-related genes within the cell
wall term and identified 25 genes in total, of which 6 (24%) were
differentially expressed, primarily associated with chitinase and hy-
drophobins. However, crucial enzymes for cell wall structure, such
as B-glucan and chitin synthases, were not differentially expressed.
Steroids and fatty acids are integral to the eukaryotic cell membrane,
playing crucial roles in regulating membrane fluidity and permea-
bility (19). While fatty acid biosynthesis genes showed no notable
differential expression (fig. S6), steroid biosynthesis was one of the
top 12 enriched pathways in the KEGG analysis with erg6A and
erg6B being the most highly up-regulated genes (Fig. 3, B and C).

STE12 mediates plasma membrane integrity by regulating
ergosterol biosynthesis

In A. nidulans, S. cerevisiae, and M. oryzae, the orthologs of TMK1
interact with the orthologs of STE12 to regulate gene expression
(12, 36). To confirm the interaction between TMKI1 and STE12,
STE12 was labeled with green fluorescent protein (GFP). Co-
immunoprecipitation (Co-IP) assay, performed with the antibodies
against GFP and TMK]I, indicated the interaction between STE12
and TMK1 (fig. S5). We further analyzed the transcriptomes of the
wild-type, Atmk1, and Astel2 strains, which revealed that 908 DEGs
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were coregulated by TMK1 and STE12. The GO functional enrich-
ment analysis of these DEGs resulted in a notable enrichment in the
cell membrane term (111 of 908, P = 0.000023), indicating the regu-
latory role of TMK1 and STE12 for cell membrane (Fig. 3, D and E).

Plasma membrane integrity (PMI) is vital for cell survival and
function (37). To analyze the effect of Triton CG-110 treatment on
PMI, we stained the germlings with propidium iodide (PI) and
Hoechst to assess membrane integrity. In the presence of Triton
CG-110, we observed a notable increase in PI fluorescence signal
particularly in the Atmkl and Astel2 strains (Fig. 3F), suggesting
increased plasma membrane damage. To further evaluate PMI, PI
staining of protoplasts combined with the fluorescence-activated cell
sorting approach was conducted. Before treatment, there was no no-
table difference in PI fluorescence intensity between different strains,
but upon Triton CG-110 treatment the fluorescence intensity in the
AtmklI and Astel2 strains was notably higher than that of the wild-
type strain (Fig. 3, G to J). Evan’s blue was used to examine PM sta-
bility. Spectrophotometry quantitation showed that the Atmkl and
Astel2 strains exhibited a higher stain content than the wild-type
strain after Triton CG-110 treatment (Fig. 3K). These indicate no-
table changes of PMI in the AtmkI and Astel2 strains upon Triton
CG-110 treatment.

Because ergosterol is the major sterol of fungal cell membrane
and critical for membrane integrity and stability, we measured the
content of ergosterol in the wild-type, Atmkl, and Astel2 strains.
Ergosterol content in wild-type strain was increased after the
treatment, while in the Atmk1 and Astel2 strains, it was markedly
decreased (Fig. 3L), indicating the impaired ergosterol biosynthesis
in the AtmkI and Astel2 strains upon Triton CG-110 treatment. These
results demonstrate that STE12 and TMK1 regulate PMI by controlling
ergosterol biosynthesis.

STE12 binds to the promoters of ergosterol

biosynthesis genes

Ergosterol biosynthesis in fungi involves multiple biochemical reac-
tions that convert acetyl-CoA to ergosterol (19). In T. guizhouense,
25 ergosterol biosynthesis genes (ergs) were identified by BLAST
searches based on ergs in yeast. Transcriptomic analysis revealed no-
table upregulation of most ergs in the wild-type strain upon Triton
CG-110 treatment, which, however, was not the case in the AtmkI
strain, suggesting that a regulatory mechanism relies on tmkI
(Fig. 4A). RT-qPCR analyses further confirmed that erg6A, erg6B,
erg7, ergll, erg20A, and erg24B were under the control of TMK1 and
STE12 (fig. S7 and Fig. 4B).

In addition, we performed gene knockouts of erg6A, erg6B, erg7,
ergll, and erg24B, which were differentially expressed (|log,(fold
change)| > 1, P < 0.05) after Triton CG-110 treatment. All the genes
were knocked out except erg7, which might be essential. Given the
functional redundancy of erg6A and erg6B in converting zymosterol
to fecosterol (37), a double knockout strain Aerg6AAerg6B was also
created. These mutants—especially Aerg6A, Aergll, Aerg24A and
Aerg6AAerg6B—exhibited increased sensitivity to Triton CG-110,
demonstrating the involvement of ergosterol synthesis (Fig. 4,
C and D).

To evaluate the direct regulatory relationship between the tran-
scription factor STE12 and ergs, yeast one-hybrid (Y1H) assays were
performed. Y1H assays showed that STE12 directly bound to the
1-kb promoter regions of erg6A, erg6B, erg7, ergll, and erg24B
(Fig. 4E). In M. oryzae, the STE12 ortholog Mst12 putatively binds
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Fig. 3. PMI of T. guizhouense in response to Triton CG-110 treatment by the regulation of TMK1 and STE12. (A) Venn Diagram of DEGs in T. guizhouense in response
to Triton CG-110 treatment. The strains were cultured on PDA containing 0.075% Triton CG-110 at 25°C for 24 hours. (B and C) GO and KEGG pathway enrichment analysis
of DEGs exposed to Triton CG-110. Each diagram represents the top 12 pathways based on the enrichment significance. (D) Venn diagram analysis of the DEGs in Atmk1
and Aste12 mutants. (E) GO enrichment analysis of coregulated DEGs of tmk1 and ste12 exposed to Triton CG-110. (F) Staining of the germlings Hoechst and propidium
iodide (PI) upon Triton CG-110 treatment. (G to J) Pl staining and fluorescence-activated cell sorting (FACS) analyses of protoplasts from wild-type, Atmk1, and Aste12
strains before and after exposure to Triton CG-110. The protoplasts were treated with 0.075% Triton-CG 110 for 10 min and then stained with 10 mM PI for 15 min. SSC-A,
side scatter area. n = 3. Percentage of Pl-positive and Pl-negative cells was shown. Data presented are means =+ SD. n = 3. (K) Quantification of plasma membrane stability
through Evan’s blue assay. Strains were incubated with Evan’s blue solution for 15 min and subsequently lysed using SDS, followed by centrifugation. Data presented are
means + SD. n = 3. (L) Ergosterol content analysis in wild-type, Atmk1, and Aste12 strains. A total of 1 x 10° spores were inoculated into PDB or PDB containing 0.075%

Triton CG-110 and cultured at 25°C and 180 rpm for 24 hours. Data presented are means + SD. n = 3. (1 to L) P value was calculated using a t test. *P < 0.05, **P < 0.01, and
#k¥P < 0.01.
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Fig. 4. Regulatory of tmk1 and ste12 on ergosterol biosynthesis genes in T. guizhouense. (A) Transcriptome analyses of ergosterol biosynthesis genes (ergs) in
T. guizhouense under Triton CG-110 treatment. The fragment per kilobase of transcript per million mapped reads (FPKM) values of ergs were used to create the heatmap
with the Complex Heatmap package in RStudio. (B) Expression levels of ergs in the wild-type, Atmk1, and Aste12 strains. All strains were grown on PDA and PDA with
0.075% Triton CG-110 at 25°C for 24 hours. The total RNA was extracted from four separate cultures. Expression levels were normalized to the reference gene tef1. Data
presented are means + SD. n = 3. (C) Effect of Triton CG-110 on mycelial growth in the ergs deletion strains. The strains were cultured on PDA or PDA containing 0.075%
Triton CG-110 at 25°C for 48 hours. Data presented are means + SD. n = 3. (D) Inhibition rates of strains in (C). The mycelial growth inhibition was calculated for each strain.
Data presented are means + SD. n = 3. Different letters indicate significant differences at P < 0.05 according to one-way ANOVA and post hoc Duncan’s test. (E) STE12 binds
to the promoter of ergs in Y1H assays. The native ~1-kb promoter of ergs was used as bait and the pGADT7-STE12 as the prey. (F) Verification of the binding of STE12 with
the cis-element by EMSA. Lane 1, a biotin-labeled motif of ergs without STE12; lane 2 to 4, dilute the 10 nM biotin-labeled motif 10, 20, and 30 times with STE12.
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to several motifs identified by ChIP sequencing to regulate appres-
sorium maturation and plant infection (36). On the basis of these
DNA binding motifs of Mstl2, we conducted a comparative se-
quence analysis of these gene promoters to identify cis-elements
targeted by STE12. This analysis revealed a putative cis-element con-
taining the 5'-ATTTA-3" sequence. Recombinant protein of STE12
was expressed in Escherichia coli and purified for electrophoretic
mobility shift assay (EMSA), which confirmed the binding of STE12
to the region containing the above motif (Fig. 4F and fig. S8).

Shedding of MSB2 activates the TMK1 pheromone pathway
The growth of the Amsb2 strain was notably inhibited by Triton CG-
110, suggesting the roles of MSB2 in Triton CG-110 sensing and

TMKI1 pheromone pathway activation. In addition, PI fluorescence
intensity of Amsb2 was similar to that of AtmkI upon Triton CG-110
treatment (fig. S9). To confirm the activation of TMK1 pheromone
pathway by MSB2 under Triton CG-110 treatment, we analyzed the
phosphorylation of TMKI1 in the wild-type and Amsb2 strains and
found that the phosphorylation level of TMKI in the Amsb2 strain
remained unchanged in comparison to that in the wild-type strain
(Fig. 5, A and B).

Msb2, as a signaling mucin, has a single transmembrane region
that divides the protein into a large glycosylated extracellular domain
and a small cytoplasmic domain. In S. cerevisiae, the extracellular
domain of Msb2p ortholog MSB2 sheds from the plasma membrane
under the catalysis of the aspartyl protease Yps1p (38, 39). The presence
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Fig. 5. MSB2 activates TMK1 by regulating shed through YPS1 under nitration limitation. (A and B) Phosphorylation of TMK1 in response to Triton CG-110 treatment
in wild-type and Amsb2 strains. The average relative density was quantified using ImagelJ. n = 3. (C) Relative expression level of yps7 under Triton CG-110 treatment. Expres-
sion levels were normalized to the reference gene tef1. Data presented are means + SD. n = 3. (D and E) Effect of Triton CG-110 on mycelial growth in the AypsT strain. Data
presented are means + SD. n = 3. (F and G) Secretion of GFP-tagged MSB2 protein during growth under Triton CG-110 treatment. Secretion of GFP-tagged MSB2 was puri-
fied by affinity chromatography. The average relative density was quantified using ImageJ. n = 3. (H) Quantification of GFP in secreted MSB2°" domain using enzyme-linked
immunosorbent assay, normalized to the fresh weight of the mycelium. (I) Phosphorylation of TMK1 in response to Triton CG-110 and PA treatment. The average relative
density was quantified using ImageJ. n = 3. (J) Relative expression level of are under Triton CG-110 treatment. Expression levels were normalized to the reference gene tef1.
Data presented are means + SD. n = 3. (K) Nitrogen use efficiency of wild type under Triton CG-110. Data presented are means + SD. n = 3. (L and M) Effect of NO5;™ on wild
type under Triton CG-110 treatment. Data presented are means + SD. n = 3. (N) Relative expression level of ypsT under various concentrations of KNOs. Expression levels
were normalized to the reference gene tef1. Data presented are means + SD. n = 3. [(C), (E), (J), (K), (M), and (N)] P value was calculated using a t test. *P < 0.05, **P < 0.01,
and ***P < 0.01.[(B), (G), (H), and (I)] Different letters indicate significant differences at P < 0.05 according to one-way ANOVA and post hoc Duncan’s test.
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of Triton CG-110 up-regulated the expression of the Yps1p ortholog-
encoding gene, ypsI, in T. guizhouense (Fig. 5C), and moreover, the
yps1 deletion notably increased the sensitivity of the strain to Triton
CG-110 (Fig. 5, D and E). Therefore, we hypothesized that Triton CG-
110 could promote the shedding of MSB2 extracellular domain from
the plasma membrane, thereby leading to the phosphorylation of
TMKI. To test this hypothesis, we fused a GFP to the extracellular re-
gion of MSB2 in T. guizhouense, and thus, it could be enriched using
anti-GFP magnetic beads. The GFP-labeled strain was cultured in po-
tato dextrose broth (PDB) medium with or without Triton CG-110.
The extracellular domain shed into the medium was enriched and
analyzed by Western blot. As shown in Fig. 5 (F to H), in the presence
of Triton CG-110, more MSB2 extracellular domains were detected in
the medium. Consistently, in the presence of the specific aspartic pro-
tease inhibitor (PA), shedding of the MSB2 extracellular domain was
reduced. PA inhibited the potential protease activity to reduce the
cleavage of MSB2. Furthermore, we found that the phosphorylation
level of TMK1 did not change upon Triton CG-110 treatment when
PA was present (Fig. 5I). These results demonstrate that the shedding
of the MSB2 extracellular domain activates the pheromone pathway
under Triton CG-110 treatment.

Triton CG-110 induces yps1 expression by limiting

nitrogen uptake

Nitrogen uptake relies on membrane potential maintenance, and plas-
ma membrane damage disrupts electrochemical gradients, hindering
active nitrogen uptake (40). AreA is a global transcription factor regu-
lating genes involved in nitrogen uptake, transport, and catabolism
in filamentous fungi and induced under nitrogen-limited conditions
(41). We found that the arel gene encoding a homolog of the Aspergillus
niger AreA was up-regulated notably under the Triton CG-110 treat-
ment (Fig. 5]). Moreover, nutrition limitation can increase Ypslp ex-
pression in S. cerevisiae, which is the primary Yps protease required for
shedding of Msb2p (39). We then speculated that Triton CG-110 treat-
ment might impair the uptake of nitrogen source, leading to the up-
regulation of the ypsI gene expression. Therefore, we cultured the
wild-type strain with the PDA medium supplemented with 1% °N-
labeled KNOj3. The nitrogen use efficiency was notably decreased in
the presence of Triton CG-110 (Fig. 5K). Consistently, supplementa-
tion of 2% KNOj3 in the PDA medium attenuated the inhibitory effect
of Triton CG-110 on the vegetative growth (Fig. 5, L and M). To con-
firm that nitrogen limitation can induce ypsI expression, the wild-type
strain was cultured in the medium supplemented with varying pro-
portions of KNOs;. RT-qPCR analysis indicated that ypsI expression
was increased with the decrease of the KNO; proportion (Fig. 5N).
These results demonstrate that Triton CG-110 can restrict nitrogen
uptake in T. guizhouense, leading to the induction of ypsI expression.

DISCUSSION

Although soil microorganisms can degrade glyphosate, the main ac-
tive constituent of GBHs, a large body of literature highlights the
negative effects of GBHs on soil fungi. In this study, we found that R450
impairs the hyphal growth and conidial germination of Trichoderma
species and further found that the herbicide adjuvant Triton CG-110
is more toxic than glyphosate to fungal cells. We demonstrate that
Triton CG-110 exposure leads to restricted nitrogen uptake, which induces
the expression of the aspartyl proteinase-encoding gene YPS1 (Fig. 6).
YPS1 catalyzes the cleavage of MSB2, resulting in the activation of
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the TMK1 pheromone pathway. Phosphorylated TMKI1 interacts
with STE12 that directly regulates ergosterol biosynthesis, affecting
membrane fluidity and stability. Nutrient uptake primarily relies on
cell membrane transporters and the integrity of the cell membrane is
paramount, as it regulates the passage of essential nutrients and ions.
We speculate that the change of PMI caused by Triton CG-110 expo-
sure impairs the functions of those cell membrane transporters, there-
by reducing nitrogen use efficiency, which induces the expression of
ypsl. In addition to its own cytotoxicity, Triton CG-110 causes the
overaccumulation of intracellular glyphosate and thus elevates intra-
cellular ROS levels. The cellular toxicity caused by the accumulation
of glyphosate with the aid of the adjuvant should also not be over-
looked. On the other hand, the sensitivity of the T. harzianum tmkl
deletion strain to Triton CG-110 treatment suggests that other fila-
mentous fungi may also use the same mechanism to sense Triton CG-
110 signal.

In fungi, 92% of the EPSPS enzymes belong to class I (2), which are
probably sensitive to glyphosate due to the absence of the residues
essential for glyphosate resistance commonly found in class II. However,
to our knowledge, there is still no wet lab experimental evidence that
glyphosate can target the shikimate pathway in fungi. Likewise, we
demonstrate that, although EPSPS in T. guizhouense was classified into
class I, R450 does not target the shikimate pathway in T. guizhouense.
EPSPS in A. nidulans is also classified into class I, whereas R450, rather
than the pure glyphosate, inhibits the vegetative growth (6). Therefore,
if the class I EPSPS enzymes in other fungi are targeted by glyphosate,
then it is worthy of further investigation.

It is unexpected that ergosterol biosynthesis and PMI are regulated
by the MSB2-mediated pheromone pathway. It is known that ergosterol
biosynthesis in most fungi and cholesterol biosynthesis in mammals
are regulated by the membrane-bound transcription factor SREBP
(19, 42). Cleaved by the DSC complex and rhomboid protease, SREBP
releases the N-terminal transcriptional activation domain to the cyto-
plasm, which can translocate into the nucleus to regulate ergosterol or
cholesterol biosynthesis genes. In addition, another membrane-bound
transcription factor Upc2, tethered to the membrane through its
ergosterol-binding domain, is released under ergosterol-depleted con-
ditions and then translocates into the nucleus to regulate ergosterol
biosynthesis in S. cerevisiae (43). However, the pheromone pathway
seems not associated with SREBP and Upc2. While the filamentous
fungus Aspergillus fumigatus encoding two orthologs of SEEBP, SrtbA
and SrbB (19), in T. guizhouense we only found the SrbA ortholog,
named SRBI. It belongs to the basic helix-loop-helix (HLH) family of
transcription factors and has no high similarity with STE12 in its DNA
binding domain. STE12 in S. cerevisiae targets a 5'-(A)TGAAACA-3’
motif, known as the pheromone response element (PRE) (44), whereas
similar motifs were not found in the promoters of ergs and the
T. guizhouense STE12 binds to a distinct motif of 5'-ATTTA-3".

In conclusion, our study unravels how the MSB-mediated phero-
mone pathway regulates fungal PMI and emphasizes the necessity to
re-evaluate the side effects of herbicides from the aspect of adju-
vants. The impact of the adjuvants on soil microorganisms is worthy
of concern.

MATERIALS AND METHODS

Strains, media, and culture conditions

Strains used in this study were listed in table S1. T. guizhouense
NJAU4742 and its transformants were cultured at 25°C on PDA or
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Fig. 6. A proposed model of T. guizhouense under Triton CG-110 treatment. Upon exposure to Triton CG-110, T. guizhouense encounters nitrogen limitation, prompt-
ing the up-regulation of the aspartic protease yps1. This promotes the cleavage and activation of the transmembrane protein MSB2, subsequently initiating the phero-
mone pathway. Furthermore, downstream STE12 can interact with the promoters of multiple ergosterol biosynthesis genes, thereby preserving the PMI of T. guizhouense

in response to Triton CG-110 treatment.

in PDB. E. coli DH5a and BL21 were used for plasmid construction
and protein expression in LB medium with appropriate antibiotics,
respectively. S. cerevisiae Y187 and its transformants were grown at
30°C on yeast peptone dextrose adenine (YPDA) medium.

Strain construction

To construct plasmids and linear DNA fragments, ClonExpress
MultiS One Step Cloning Kit (Vazyme, China) and 2X Phanta Max
Master Mix (Dye Plus) (Vazyme, China) were used. PCR amplifica-
tions were performed on Thermo Fisher ProFlex PCR according to
the standard instructions of different polymerases.

To obtain deletion mutants of corresponding genes, ~1.5-kb
upstream and downstream fragments of target genes were amplified
from T. guizhouese genomic DNA. The hygromycin B phosphotrans-
ferase—(hph) and neomycin phosphotransferase—(neo) encoding genes
were used as the selective marker genes. The deletion cassettes of
targeted genes were constructed by homologous recombination. To
construct STE12-eGFP strains, ~1.5-kb upstream and downstream
fragments of the stop codon of targeted genes and the cassettes with
eGFP and hph were inserted into the pUC19. All plasmids were veri-
fied by PCR. Primers used in this study are listed in table S2, respec-
tively. Each deletion cassette and gfp cassette was transformed into
T. guizhouense strain according to a polyethylene glycol-mediated
protoplast transformation method described previously.

Phenotypic analysis of different strains

T. guizhouense and its mutants were cultured on PDA containing
Triton CG-110 or glyphosate-based herbicide at 25°C for 48 hours.
The hyphae at the colony edge were photographed under a stereo-
scopic microscope. Each experiment was conducted in three bio-
logical replicates. To analyze the conidial germination, fresh conidia

Puetal, Sci. Adv. 11, eadt8715 (2025) 28 February 2025

(1 x 10° spores per plate) were spread on PDA plates and incubated
for 12 hours in the dark. Conidial germination was observed under
a microscope.

Determination of glyphosate content by LC-MS/MS

Wild type was cultured on PDA containing 4 mM glyphosate or
4 mM glyphosate and 0.075% Triton CG-110 at 25°C for 48 hours.
The 1 g of sample was then soaked in 15 ml of ultrapure water for 30 min
before adding 10 ml of dichloromethane. The mixture was centri-
fuged at 4000 rpm for 10 min. The aqueous layer was transferred to
another tube, and the process was repeated by adding another 15 ml
of water to the residue for a second extraction. The combined aqueous
solutions were thoroughly mixed. A C18 SPE column was activated
sequentially with 5 ml of acetonitrile and 5 ml of water. For de-
rivatization, 1 ml of the purified sample was mixed with 200 pl of
5% borate buffer and 200 pl of a Fmoc-Cl (30 g/liter) in acetone
solution. The mixture was incubated at 30°C in the dark for 6 hours.
The derivatized solution was then filtered through a 0.45-pm aque-
ous phase filter. The samples were separated by liquid chromatogra-
phy tandem mass chromatography (LC-MS/MS) on a ZORBAX
Eclipse Plis C18 column (2.1 mm by 150 mm, 3.5 pm) with a mobile
phase consisting of 95% methanol and 5% water. Each sample was
prepared in triplicate.

Total RNA extraction and RT-qPCR

To detect the expression levels of ergs, fresh mycelia were inoculated
on PDA or PDA containing 0.075% Triton CG-110 covered with
cellophane in 6-cm petri dishes and incubated at 25°C for 24 hours
in the dark. To detect the expression level of ypsI, fresh mycelia were
inoculated on glucose synthetic medium (GSM) containing 0.5, 1,
and 2% KNO; covered with cellophane in 6-cm petri dishes and

100f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

incubated at 25°C for 24 hours in the dark. Subsequently, the my-
celia were harvested and frozen in liquid nitrogen for RNA isola-
tion immediately.

Total RNA extraction was conducted utilizing the SteadyPure
Plant RNA Extraction Kit (Accurate Biotechnology, China). There-
after, 1 pg of total RNA was used for cDNA synthesis using the HiS-
cript II Q RT SuperMix for qPCR (Vazyme, China). qRT-PCR was
carried out using the qPCR SYBR Green Master Mix (Yeasen, China)
on a qTOWER 2.2 system (Jena, Germany). The fef gene served as
the reference for normalization. All statistical analyses were based
on data obtained from four independent biological replicates.

Transcriptome sequencing

T. guizhouense and its mutants were incubated on PDA or PDA
containing 0.075% Triton CG-110 covered with cellophane in 6-cm
petri dishes at 25°C in the dark for 24 hours. The mycelium was
harvested and frozen immediately in liquid nitrogen. Transcriptome
sequencing was conducted using the Novaseq platform by Gene
Denovo Biotechnology (Guangzhou, China). Each experimental
group comprised three independent biological replicates for tran-
scriptome sequencing.

Following stringent quality control measures, clean reads were
aligned to the reference genome of T. guizhouense using HASAT?2
v2.1.0. RNA sequencing (RNA-seq) alignment of potential tran-
scripts is assembled by StringTie v1.3.1, with the calculation of
fragment per kilobase of transcript per million mapped reads values.
DEGs were identified using DEGseq2 with the thresholds of |logx(fold
change)| > 1 and false discovery rate < 0.05. The gplots package
was used for the expression enrichment analysis of DEGs, and the
ClusterProfiler package v3.0.5 was used for their functional annota-
tion. The RNA-seq data are available in the National Center for Bio-
technology Information Sequencing Read Archive (SRA) (accession
no. PRINA1202995).

Protein extraction and immunoblot detection

Fresh conidia were inoculated into 50 ml of PDB and cultured at
25°C for 24 hours, and then, 0.075% Triton CG-110 was added. The
mycelia were harvested at 10, 20, and 30 min after adding Triton CG-
110 and frozen in liquid nitrogen immediately for protein extraction.
After separation, proteins were transferred to polyvinylidene difluo-
ride membranes. The immunoblotting was performed following the
standard procedure with the anti-phospho-p44/42 MAP kinase
antibodies, anti-p44/42 antibodies (Cell Signaling Technology, USA),
and horseradish peroxidase (HRP)-conjugated monoclonal anti-
body (Yeasen, China) at the dilution of 1:1000. To normalize protein
levels, B-actin (Abmart, China) was used as a loading control. Each
experiment was repeated three times, and protein band intensities
were quantified using Image].

The secreted MSB2°"" domain was purified by affinity chroma-
tography from the culture grown in PDB, PDB containing 0.075%
Triton CG-110 and PDB containing 0.075% Triton CG-110, and
10 mM PA using BeyoMag Anti-GFP Magnetic Beads. Following
three times of washing with PBS, the beads were resuspended in
SDS-polyacrylamide gel electrophoresis loading buffer and heated
at 95°C for 5 min to elute the proteins. The immunoblotting was per-
formed following the standard procedure with the anti-GFP anti-
bodies and HRP-conjugated monoclonal antibody (Yeasen, China)
at the dilution of 1:1000. The amount of GFP in the purified secreted
MSB“*? domain was further quantified using a GFP ELISA kit
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(Abcam, England). Absorbance was measured at 450 nm using a mi-
croplate reader, and the protein quantity was normalized to the fresh
weight of the mycelium to ensure comparability between samples.

Co-IP assay

To explore the in vivo interaction between TMKI and STE12, a
STE12-GFP strain was generated. Fresh spores (1 X 10°) were inoc-
ulated into 50 ml of PDB medium and incubated in a shaking incu-
bator at 25°C and 180 rpm for 24 hours. Subsequently, the total
protein of T. guizhouense was extracted. Briefly, mycelia were ground
in liquid nitrogen and suspended in 1 ml of extraction buffer [50 mM
tris-HCI (pH 7.5), 100 mM NaCl, 5 mM EDTA, and 1% Triton
X-100] supplemented with 10 pl of PA cocktail. The lysate was cen-
trifuged at 13,200 rpm for 20 min at 4°C, and the supernatant was
incubated with anti-GFP agarose. Proteins eluted from agarose or
supernatant fractions were analyzed through Western blot using
antibodies against GFP (Yeasen, China) and phosphorylated p44/42
(Cell Signaling Technology, USA). This was followed by incubation
with HRP-conjugated secondary antibodies, specifically anti-rabbit
immunoglobulin G (IgG)-HRP (Yeasen, China) and anti-mouse
IgG-HRP (Yeasen, China). Detection was subsequently performed
using enhanced chemiluminescence.

Ergosterol extraction and HPLC analysis

T. guizhouense and its mutants were cultured in 50 ml of PDB at 25°C
and 180 rpm for 24 hours, and the mycelia were collected and freeze-
dried. Subsequently, the dried mycelia (200 mg) were combined with
3 ml of KOH-methanol solution (6 g of KOH dissolved in 5 ml of
methanol and diluted with ddH,O to 10 ml) and then incubated at
70°C in a water bath for 2 hours. The extraction products were mixed
with 3 ml of n-hexane, followed by centrifugation at 3000g for 5 min
to isolate the supernatant. The supernatants were blown dry under
nitrogen, followed by resuspension in 500 pl of ethanol. Quantitative
analysis was conducted using high-performance liquid chromatog-
raphy (HPLC: Agilent Technologies, USA). The collected samples were
separated by HPLC on C18 column (2.1 mm by 150 mm, 3.5 pm)
with a mobile phase consisting of 95% methanol and 5% water and
detected at 283-nm ultraviolet.

Measurements of membrane integrity and stability
To detect the content of Evans, strains (1 X 10° spores) were cultured
in PDB at 25°C and 180 rpm for 24 hours and then exposed to a
0.01% Evan’s blue solution for 15 min, followed by three times for
washing with 0.1 M CaCl, solution (pH 5.6). Subsequently, the
mycelia were weighed and ground in liquid nitrogen. The supernatant
was collected after adding 1% SDS for lysing for 20 min and cen-
trifugation at 13,000g for 10 min. The optical density of the resulting
supernatants was spectrophotometrically measured at 600 nm. The
standard curve was generated using Evan’s blue.

For PI staining, protoplasts from different strains were prepared
by gradient centrifugation. Mycelia were placed into Solution A
[MgSO47H,0, 0.2 M Na,HPO,4 and 0.2 M NaH,POy, and 1.5% lyase
(pH 5.5)] for 2 hours and then divided into a 15-ml tube. Solution B
[0.6 M sorbitol and 1 M tris-HCI (pH 7.5)] was then added onto the
top of solution A and centrifuged at 5000g for 15 min. A pipette was
used to extract protoplasts from the middle layer. A total of 0.075%
Triton CG-110 was added before staining with 10 pl of 1.5 mM PI
solution. The samples were resuspended and analyzed using BD
FACSCanto II Flow Cytometry (BD Biosciences, USA). A minimum
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of 10,000 events were collected and excited by a 48-nm laser line after
establishing exclusion gates based on forward scatter and side scatter
to eliminate cellular debris.

To stain the germlings with Hoechst and PI, fresh conidia were
incubated on the coverslip with 500 pl of PDB or PDB with 0.075%
Triton CG-110 at 28°C for 16 hours. After incubation, germlings
were washed with PBS and stained with Hoechst (10 pg/ml; Beyo-
time) for 5 min, followed by a wash with PBS. Subsequently, PI (5 pg/
ml; Beyotime) was added, and then, the germlings were incubated
for 5 min. After three washes with PBS, germlings were observed un-
der a Leica SP8 confocal microscope using appropriate settings for
Hoechst (excitation 405 nm, emission 346 to 460 nm) and PI (excita-
tion, 535 nm; emission, 617 nm).

Y1H assays
To confirm the binding of STE12 to the promoters of ergs, Y1H assay
was carried out. Y1H plasmids were created using the ClonExpress
MultiS One Step Cloning Kit (Vazyme, China). The cDNA of stel2
was cloned into the Bam HI-cleaved pHIS vector, and the upstream
1-kb promoters of ergs were cloned into the Eco RI-cleaved pGADT?7
vector separately. Each pair of plasmids was cotransformed sepa-
rately into S. cerevisiae Y187 following the one-step yeast transfor-
mation protocol.

Transformants were spotted on SD-Leu-Trp and SD-Leu-Trp-His
with 60 mM 3AT. The plates were incubated at 30°C for 48 hours. Three
independent experiments were performed to confirm the Y1H results.

Electrophoretic mobility shift assay

The STE12 expression plasmid synthesized by Sangon Biotech was
transformed into E. coli (BL21) competent cells for protein expression.
The E. coli strain was grown at 37°C and 180 rpm and induced with
0.1 mM IPTG at 16°C for 16 hours. The recombinant protein expressed
in E. coli cells was subsequently applied to a Ni** affinity column
(Ni-NTA Superflow, Thermo Fisher Scientific) and washed with five
column volumes of binding buffer. Elution of the recombinant proteins
was achieved using 8 ml of elution buffer containing 250 mM imidazole
[20 mM Na,HPOy,, 250 mM imidazole, and 300 mM NaCl (pH 8.0)].
The purified proteins were concentrated using an ultrafiltration centri-
fuge tube (Millipore) and stored at —80°C for subsequent analysis.

An electrophoretic mobility shift assay was conducted utilizing a
Chemiluminescent EMSA Kit (Beyotime, Shanghai). Specifically,
0.5 pg of His:STE12 protein was combined with 1 pl of biotin-
labeled probe (1 ng) and incubated at 25°C for 20 min. The sequences
of these probes are provided in Supplementary Data.

Calculation of nitrogen use efficiency

The wild-type strain was inoculated onto PDA supplemented with 0.4 g
of "°N-labeled KNOj or it containing 0.075% Triton CG-110 at 25°C
for 48 hours. Subsequently, the mycelium was collected and lyophi-
lized. A 2 mg of dried mycelial powder was weighed for isotopic anal-
ysis using Delta V Advantage (Thermo Fisher Scientific, USA).

Supplementary Materials
The PDF file includes:

Figs.S1to S9

Legends for tables S1 and S2

Other Supplementary Material for this manuscript includes the following:
Tables S1 and S2
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