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ABSTRACT Nematode-trapping (NT) fungi can form unique infection structures
(traps) to capture and kill free-living nematodes and, thus, can play a potential role
in the biocontrol of nematodes. Arthrobotrys oligospora is a representative species of
NT fungi. Here, we performed a time course transcriptome sequencing (RNA-seq)
analysis of transcriptomes to understand the global gene expression levels of A. oli-
gospora during trap formation and predation. We identified 5,752 unique differen-
tially expressed genes, among which the rac gene was significantly upregulated.
Alternative splicing events occurred in 2,012 genes, including the rac and rho2 gene.
Furthermore, we characterized three Rho GTPases (Rho2, Rac, and Cdc42) in A. oligo-
spora using gene disruption and multiphenotypic analysis. Our analyses showed that
AoRac and AoCdc42 play an important role in mycelium growth, lipid accumulation,
DNA damage, sporulation, trap formation, pathogenicity, and stress response in A.
oligospora. AoCdc42 and AoRac specifically interacted with components of the Nox
complex, thus regulating the production of reactive oxygen species. Moreover, the
transcript levels of several genes associated with protein kinase A, mitogen-activated
protein kinase, and p21-activated kinase were also altered in the mutants, suggest-
ing that Rho GTPases might function upstream from these kinases. This study high-
lights the important role of Rho GTPases in A. oligospora and provides insights into
the regulatory mechanisms of signaling pathways in the trap morphogenesis and
lifestyle transition of NT fungi.

IMPORTANCE Nematode-trapping (NT) fungi are widely distributed in terrestrial and
aquatic ecosystems. Their broad adaptability and flexible lifestyles make them ideal
agents for controlling pathogenic nematodes. Arthrobotrys oligospora is a model spe-
cies employed for understanding the interaction between fungi and nematodes.
Here, we revealed that alternative splicing events play a crucial role in the trap de-
velopment and lifestyle transition in A. oligospora. Furthermore, Rho GTPases exert
differential effects on the growth, development, and pathogenicity of A. oligospora.
In particular, AoRac is required for sporulation and trap morphogenesis. In addition,
our analysis showed that Rho GTPases regulate the production of reactive oxygen
species and function upstream from several kinases. Collectively, these results
expand our understanding of gene expression and alternative splicing events in A.
oligospora and the important roles of Rho GTPases in NT fungi, thereby providing a
foundation for exploring their potential application in the biocontrol of pathogenic
nematodes.
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Nematophagous fungi are natural enemies of nematodes that predate on nemato-
des by developing trapping devices (traps) by producing extracellular enzymes

and toxic compounds (1, 2). Nematode-trapping (NT) fungi, the main group of nema-
tophagous fungi, are capable of developing specific traps like adhesive networks, ad-
hesive knobs, and constricting rings to capture nematodes and extract nutrients from
them (3). The trap formation is an important indicator for NT fungi to transition from a
saprophytic to a predacious lifestyle (4, 5). Recently, several NT fungi producing differ-
ent kinds of traps have been sequenced to elucidate the molecular basis of the under-
lying regulatory mechanism of trap development and lifestyle transition in NT fungi (4,
6–8). Arthrobotrys oligospora is a typical NT fungus that forms adhesive networks to
capture nematodes and has been widely studied to understand the mechanisms of
trap formation (9). Since the genome of A. oligospora was sequenced (4), several signal-
ing proteins involved in the regulation of trap formation and pathogenicity, such as
mitogen-activated protein kinase (MAPK) (10), G protein b subunit (11), regulators of G
protein signaling (12), and small GTPases Rab-7A (13) and Ras family (14), have been
identified. These studies demonstrate the complexity of the cellular processes involved
in trap formation and lifestyle transition, regulated by various signaling proteins and
pathways in NT fungi.

Transcriptome sequencing (RNA-seq) technology has been widely used to elucidate
the interactions between pathogenic fungi and hosts, such as Magnaporthe oryzae with
Oryza sativa (15) and Beauveria bassiana with Galleria mellonella (16). Recently, Dong
et al. (16) demonstrated an overview of alternative splicing (AS) events for B. bassiana
growing in an insect hemocoel. AS, which generates different mature mRNAs from a sin-
gle precursor mRNA, regulates various biological processes in an organism. Although the
functionality of AS in fungi has not been explored fully, a substantative number of AS
events have been reported in zygomycetes (17), basidiomycetes (18), and ascomycetes
(19, 20). AS significantly contributes to the lifestyle transition and virulence of human
and plant pathogens (e.g., Cryptococcus neoformans and Magnaporthe grisea) and affects
genes associated with fungal stress responses and differentiation (21). However, little is
known about AS events in NT fungi.

The Rho protein family, first identified in Aplysia species, belongs to the family of
small GTPases (22, 23). Most Rho proteins are GTP-hydrolyzing molecular switches that
participate in different signaling pathways for cell growth, morphogenesis, and gene
regulation (24, 25). Several Rho proteins have been characterized in fungi, including
Rho1, Rho2, Cdc42, and Rac1 (26, 27). Rho2 is highly homologous to Rho1 and plays a
partially overlapping function in actin cytoskeleton repolarization and cell wall biosyn-
thesis; however, it is of minor importance for growth and spore formation (28–31). Rac,
highly homologous to Cdc42, has overlapping and distinct functions in dimorphic and
filamentous fungi (32, 33). Cdc42 and Rac play altered important roles in different
fungi. For example, in Talaromyces (formerly Penicillium) marneffei and Candida albi-
cans, Rac1 is not essential for viability but is important for filamentous growth (34–36),
whereas Cdc42 is a master regulator of cell polarity and is essential for viability in T.
marneffei and C. albicans (35–38). In Neurospora crassa, Aspergillus fumigatus, and
Aspergillus niger, Rac is essential for hyphal morphogenesis and apical branching,
whereas Cdc42 plays a central role in hyphal morphogenesis in Aspergillus nidulans (29,
39–41). In addition, in A. fumigatus and A. nidulans, the knockout of the rac gene results
in reduced production of reactive oxygen species (ROS) (40–42). Taken together, these
studies show that the Rho family contains multifunctional proteins that play vital roles
in fungal growth, cell polarity, cell wall biosynthesis, and ROS production. However,
the roles of the Rho family proteins in NT fungi remain elusive.

In this study, we performed a time course RNA-seq analysis to probe the global gene
expression levels during induction of A. oligospora with Caenorhabditis elegans (a model
nematode). Taking the sample obtained at 0 h as a control, the differentially expressed
genes (DEGs) and AS events were analyzed during the trap formation and nematode
predation (12 to 48 h). Furthermore, the characterization of three homologous Rho
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proteins (Rho2 of A. oligospora [AoRho2], AoCdc42, and AoRac) through gene disruption
and multiphenotypic comparison demonstrated the indispensable roles of Rho family
proteins, especially AoRac and AoCdc42, in the growth, development, and pathogenicity
of A. oligospora.

RESULTS
Transcriptome analysis of A. oligospora induced with nematode C. elegans. To

obtain real-time information, we used RNA-seq technology to sequence the transcrip-
tome profiles of A. oligospora induced with nematode C. elegans at different time points
(0 h, 12 h, 24 h, 36 h, and 48 h) (Fig. 1A). After sequencing a mixed sample (A. oligospora
and C. elegans), fungal reads were extracted by searching the RNA-seq reads in the A. oli-
gospora genome (4). Highly reproducible RNA-seq data were obtained from three biologi-
cal replicates per culturing condition, with Spearman correlation coefficients above 0.92
for each sample (Fig. S1A in the supplemental material). A range of clear reads (5.99 to
9.04 Gb) was obtained per sample, and 83.9% to 97.1% of the reads were mapped to the
A. oligospora genome (11,479 genes) (Table S1). Furthermore, 29 genes associated with
MAPK signaling pathways and autophagy were selected to verify the transcriptomic data
by real-time quantitative reverse transcription-PCR (RT-qPCR). The results revealed similar
trends of transcriptomes and mRNA expression levels, indicating a relatively high consis-
tency between the RNA-seq and RT-qPCR analyses (Table S2). Screening of the shared
genes between all the samples identified 9,162 unique expressed genes, accounting for
79.8% of the annotated genes in the A. oligospora genome (Table S3). A survey of the A.
oligospora genome revealed that 77.2% of the protein-coding genes (n = 8,862) con-
tained at least one intron (Fig. 1B and C), predicting an important layer of genome regula-
tion conducted by AS. The 24,895 introns covered 5.2% of the genome sequence
(40.07 Mb). The average intron length was 89 bp, and the intron-containing genes

FIG 1 Deciphering the transcriptome of A. oligospora during trap formation and nematode predation using the dual RNA-seq method. (A) A. oligospora
hyphal blocks of the same size were inoculated into PDA medium covered with cellophane for 3 days and then transferred to water agar (WA) medium
covered with cellophane. Approximately 5,000 nematodes were added to induce trap formation. Mixed samples were collected at 0, 12, 24, 36, and 48 h
after adding nematodes (C. elegans), and three samples at each time point were used for RNA-seq. (B and C) Structural features of A. oligospora genes.
Statistics of the length distribution of all introns (B) and intron composition of each gene (C) are shown.
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harbored an average of 2.1 introns. A total of 36,375 annotated exons with an overall av-
erage length of 472 bp were identified. The exon-containing genes harbored an average
of 3.1 exons (Fig. 2A).

Gene expression levels were normalized by the library and locus size and are indi-
cated as reads per kilobase per million mapped reads (RPKM) (43). Venn diagram analy-
sis of the 50 most abundant genes of the samples at each time point (RPKM values
ranging from 63,116.0 to 1,337.2) identified 24 genes that were present at each time
point (Fig. 2B). These 24 genes encoded eight hypothetical proteins, four heat shock
proteins, two ATPase-related proteins, and 10 proteins representative of ubiquitin fam-
ily protein, TRX family protein, eukaryotic initiation factor 1, and proteolipid membrane
potential modulator (Table S4). These results suggest that abundant transcripts are pri-
marily involved in protein modification and stress responses.

Analysis of DEGs during the trap formation and nematode predation. Taking
the 0-h sample as a control, during the trap formation and nematode predation (12 to
48 h), the number of upregulated DEGs was higher than the number of downregulated
DEGs in the samples at 12, 24, and 36 h, whereas the number of downregulated DEGs
was increased at 48 h (Fig. 2C). After removing the DEGs that were repeated during the
trap formation and nematode predation, we identified 5,752 unique DEGs (covering
50.1% of the genome). As trap formation is a dynamic developmental process, we
focused on the upregulated DEGs. The Venn diagram analysis identified 393 DEGs upreg-
ulated at all four time points (Fig. 2D). Among these 393 DEGs, 73 DEGs were enriched
(P , 0.05) in nine Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, includ-
ing carbohydrate metabolism, amino acid metabolism, and lipid metabolism (Fig. 3A;
Table S5). These results show that trap formation is an energy-consuming process. In
addition, we also performed the KEGG enrichment analysis of the upregulated DEGs at

FIG 2 Whole transcriptome of A. oligospora induced with nematodes. (A) Statistics of the length distributions of all exons. (B) Venn diagram analysis of the
50 most abundant genes of samples at each time point and 24 genes present at each time point. (C) Taking the 0-h sample as a control, the numbers of
differentially expressed genes (DEGs) were analyzed during the trap formation and nematode predation (12 to 48 h). (D) Venn diagram analysis of the
DEGs that were upregulated (n = 393) at all four time points.
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each time point. At 12 h, 1,326 DEGs were enriched (P , 0.05) in 30 KEGG pathways
(Fig. 3B; Table S5). Among these, 26 pathways belong to the metabolic category, includ-
ing amino acid metabolism, carbon metabolism, and lipid metabolism. The remaining
four pathways were related to ribosome biogenesis in eukaryotes, protein export, sphin-
golipid signaling, and vascular endothelial growth factor (VEGF) signaling. At 24 h, 1,612
DEGs were enriched (P , 0.05) in 37 KEGG pathways (Fig. 3C; Table S5), of which 33
pathways were related to metabolism and biosynthesis. The remaining four pathways
were related to aminoacyl-tRNA biosynthesis, the longevity regulating pathway (LRP),
the MAPK signaling pathway, and peroxisome. At 36 h, 1,634 DEGs (P , 0.05) enriched
in 24 KEGG pathways were identified (Fig. 3D; Table S5). Eighteen of these pathways
were related to metabolism and biosynthesis, three belonged to genetic information
processing (ribosome, protein export, and protein processing in endoplasmic reticulum),
and three were related to LRP, VEGF signaling, and peroxisome. At 48 h, 1,740 DEGs
were enriched (P , 0.05) in 27 KEGG pathways (Fig. 3E; Table S5) that included 14 path-
ways related to genetic information processing (spliceosome, RNA transport, protein
export, and basal transcription factors, etc.), 6 pathways related to metabolism, 5 path-
ways related to cellular processes (peroxisome, cell cycle, and phagosome, etc.), and 2
pathways related to MAPK signaling and cytosolic DNA sensing. Overall, the DEGs of rac
were upregulated at three of the four time points (12, 36, and 48 h) and were involved
in sphingolipid, VEGF signaling, and phagosome pathways. Rac is a small GTPase of the
Rho family that regulates the polarization, hyphal growth, hyphal morphogenesis, coni-
dial production, and pathogenicity of pathogenic fungi (44).

Identification of AS events during the trap formation and nematode predation.
AS contributes significantly to the lifestyle transition and virulence of fungi and exerts
significant effects on genes associated with fungal stress responses and differentiation
(21). Transcriptome alignment identified 3,058 to 4,488 splicing events in 15 sample

FIG 3 Analysis of the DEGs and identification of AS events during the process of infection. (A) The 393 DEGs upregulated at all four time points were
significantly enriched (P , 0.05) in nine Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. (B) KEGG enrichment of DEGs at 12 h: 1,326 DEGs
were significantly enriched (P , 0.05) in 30 KEGG pathways. (C) KEGG enrichment of DEGs at 24 h: 1,612 DEGs were significantly enriched (P , 0.05) in 37
KEGG pathways. (D) KEGG enrichment of DEGs at 36 h: 1,634 DEGs were significantly enriched (P , 0.05) in 24 KEGG pathways. (E) KEGG enrichment of
DEGs at 48 h: 1,740 DEGs were significantly enriched (P , 0.05) in 27 KEGG pathways. (F) Genes demonstrating alternative splicing (AS) were subjected to
KEGG annotation and classified into 21 KEGG secondary classes.
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libraries (Fig. S2A; Table S6). All splicing events were categorized into five types: reten-
tion intron (RI), alternative 59 splice site (A5SS), alternative 39 splice site (A3SS), mutu-
ally exclusive exon (MXE), and skipped exon (SE). The most abundant AS type was SE,
accounting for ;37.2% of splicing events, followed by RI (29.7%), A3SS (19.0%), A5SS
(11.2%), and MXE (2.7%). Relative to 0 h, during the trap formation and nematode pre-
dation, the transcriptome alignment identified 3,430, 3,489, 3,764, and 3,748 AS events
at 12, 24, 36, and 48 h, respectively (Table S6). The AS events in the 12- to 48-h libraries
occurred in 1,629, 1,677, 1,729, and 1,754 genes, representing 14.1%, 14.6%, 15.0%,
and 15.2% of total genes, respectively. Overlapping genes between the three replicates
were considered final results for each splicing type. Overall, AS events occurred in
2,012 genes during trap formation and nematode predation. To understand the func-
tionality of the genes demonstrating AS, they were subjected to KEGG annotation and
enrichment analysis. The analysis classified these genes into 21 KEGG secondary
classes, including the metabolism of carbohydrates, amino acids, energy, and lipids,
transcription, reproduction and translation of genetic information, transport, and signal
transduction. Among them, seven pathways were significantly enriched (P , 0.05),
including the tricarboxylic acid (TCA) cycle, metabolism, RNA transport, and phago-
some (Fig. 3F; Table S7). To further understand the involvement of AS in fungal patho-
genicity, 737 genes potentially involved in pathogenicity were identified via BLAST
analysis of the AS-demonstrating genes against the PHI database (Table S8). Of these,
482 genes were annotated as loss or reduction of pathogenicity and lethal. These
genes, including signal transduction-related genes (e.g., ste50, hog1, and slt2), autoph-
agy or mitophagy-related genes (e.g., atg4, atg15, and mtor), small GTPases (e.g., rab7,
rac, and rho2), and several other genes (e.g., hog1, slt2, atg4, and rab7), were confirmed
to contribute to A. oligospora development and pathogenicity (13, 14, 45, 46). Rho2
and Rac, the small GTPase of the Rho family, regulate cell wall integrity in filamentous
fungi (44). Furthermore, RT-PCR analysis confirmed the AS events of Aorho2 and Aorac
genes (Fig. S2B and C). These results suggested a possible important role of Rho
GTPases in the trap formation and nematode predation of A. oligospora. Therefore, the
three Rho proteins Rho2, Rac, and Cdc42, closely related to Rac, were selected to vali-
date the effects of Rho GTPases on the mycelial development, differentiation, and
pathogenicity of A. oligospora.

Sequence and transcription analyses of three Rho GTPases. The partial sequence
properties of AoRho2, AoCdc42, and AoRac of A. oligospora are summarized in Table 1
and Fig. S3. InterProScan analysis showed that these proteins have no signal peptide,
but all shared a conserved P loop containing nucleoside triphosphate hydrolases
(IPR027417) and a small GTP-binding protein domain (IPR005225). The predicted three-
dimensional (3-D) structures of AoRho2, AoCdc42, and AoRac proteins were not similar,
suggesting that they might be involved in different functions in A. oligospora (Fig. S4A).
A phylogenetic tree of Rho GTPases from diverse filamentous fungi was constructed
based on their amino acid sequences, and the orthologs of Rho2, Cdc42, and Rac were
separated into three clades (Fig. S4B). Furthermore, the increased transcription levels of
Aorho2, Aocdc42, and Aorac during the incubation of A. oligospora with nematodes sug-
gested the upregulation of these genes during trap formation (Fig. S2D).

Aocdc42 and Aorac regulate mycelial growth and mycelial morphology. To
study the function of Aorho2, Aocdc42, and Aorac, three mutants of each Rho GTPase

TABLE 1 Partial sequence properties of three Rho GTPases in A. oligospora

Gene
Size of open reading
frame (bp)

No. of:

Isoelectric
point

Mol wt
(kDa)

G box
motifsaIntrons

Amino acid
residues

Aorho2 1,067 6 201 5.57 22.46 G1 to G5
Aocdc42 804 3 195 5.47 21.61 G1 to G5
Aorac 1,079 4 264 8.40 29.10 G1 to G5
aConserved motifs are marked in Fig. S2.

Yang et al.

Volume 10 Issue 1 e01759-21 MicrobiolSpectrum.asm.org 6

https://www.MicrobiolSpectrum.asm.org


gene were generated by replacing the open reading frame with the hygromycin resist-
ance gene as a selectable marker in A. oligospora, and the generated gene deletion
was confirmed by PCR and Southern blot analyses (Fig. S5). The hyphal growth and col-
ony morphology of the wild type (WT) and each mutant strain were compared on dif-
ferent media, including tryptone-yeast extract-glucose agar (TYGA), potato dextrose
agar (PDA), and tryptone-glucose (TG). Knockout of Aocdc42 and Aorac resulted in slow
growth in all three media, and knockout of Aorho2 showed no significant change com-
pared with the growth of the WT (Fig. 4A and B). The average colony diameters of the
WT and the DAorho2, DAocdc42, and DAorac mutant strains on the TYGA medium were
8.5, 8.3, 5.3, and 3.5 cm, respectively, those on the PDA medium were 8.5, 8.5, 5.3, and
3.1 cm, and those on the TG medium were 8.5, 8.5, 5.0, and 3.5 cm (Fig. 4B). The colony
morphologies of the DAorac mutant strains were irregular, and the DAorho2 mutant
strains produced brown pigment on the TG medium (Fig. 4A). Furthermore, substantial
hyperbranching or twisting was observed in the DAorho2, DAocdc42, and DAorac
mutants, which was more pronounced in the DAocdc42 and DAorac mutants. Hyphal
swelling was also observed in the DAocdc42 and DAorac mutants (Fig. 4C). This hyper-
branching and swelling found in hyphae of the DAocdc42 and DAorac mutant strains
was not commonly observed in the other mutants or the WT strain. Moreover, com-
pared with the WT, about 42% and 95% of the mycelia of the DAocdc42 and DAorac
mutants, respectively, were swollen (Fig. 4D). Hyphal tips of both DAocdc42 and
DAorac mutants showed meandering growth, in contrast to the straight hyphae of WT,
indicating that both Aocdc42 and Aorac were at least partially involved in the mainte-
nance of hyphal polarity. The transcript expression levels of Aocdc42 and Aorac were

FIG 4 Comparison of colony morphologies and mycelial growth between the wild-type (WT) and mutant (DAorho2, DAocdc42, and DAorac) strains. (A)
Colonies from the WT and mutant strains were cultured on PDA, TG, and TYGA plates for 7 days at 28°C. (B) Colony diameters of the WT and mutant
strains cultured on different media for 7 days. (C) Hyphae of each strain grown on PDA plates for 3 days and monitored with a light microscope. Red
bar = 100 mm, blue bar = 10 mm. (D) Proportions of deformed hyphal cells of the WT and mutant strains cultured on PDA media for 7 days. (E) Relative
transcript levels (RTLs) of Aorho2, Aocdc42, and Aorac genes in the WT strain at different time points (fold changes). The red line indicates the standard
(with RTL = 1) for statistical analysis of the RTL of each gene in the respective deletion mutant compared to that in the WT strain under a given condition.
(B and E) Bars and error bars represent mean values 6 SD. (B, D, and E) *, significant difference between mutant and WT strain (n = 3 for the WT strain [B
and D], n = 9 for each mutant strain [B and D], and n = 3 for each gene [E]) (Tukey’s HSD, P , 0.05).
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higher during the conidiation stage (from 3 to 7 days) than during the vegetative-
growth stage (day 2). In particular, the expression of Aorac was remarkably upregulated
during different time points of the conidiation stage (Fig. 4E).

Deletion of Aocdc42 and Aorac resulted in lipid accumulation and DNA damage
in hyphae. The lipids in mycelia were observed by fluorescent dye boron dipyrrome-
thene (BODIPY) staining and transmission electron microscopy. Compared with the
WT, large amounts of lipids were accumulated in the DAocdc42 and DAorac mutant
strains, especially in the swollen mycelia (Fig. 5A and B). After staining the cell nucleus
with 49,6-diamidino-2-phenylindole (DAPI), multiple nuclei were observed in hyphal
cells of the WT strain, whereas the nuclei of the DAocdc42 and DAorac mutants were
difficult to stain, as they appeared diffused and fragmented (Fig. 5A). A prominent fea-
ture of cell apoptosis is the degradation of chromosomal DNA, which is a relatively
common phenomenon (47). Therefore, the fragmentations of chromosomal DNA in
the mycelia of the WT and mutants were detected via terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) assay (48), and the nuclei were
stained using propidium iodide (PI). Both the WT and mutant strains were stained with
fluorescein isothiocyanate (FITC)-dUTP, and the nuclei of DAocdc42 and DAorac
mutants were observed to be in a diffused form. Moreover, the FITC-dUTP fluorescence
intensity (FI) of the mutants was higher than that of the WT (Fig. 5C). As most of the
nuclei of the mutants were distributed in a diffused state, the FI ratios of FITC-dUTP
and PI were estimated to analyze the differences in DNA damage and cell apoptosis

FIG 5 Comparison of lipid accumulation, DNA fragmentation, and cell apoptosis in mycelia of WT and mutant strains. (A) Mycelia of the WT and mutants
stained with DAPI and the fluorescent dye boron dipyrromethene (BODIPY). (a) DAPI, (b) BODIPY, (c) observed under differential interference contrast
microscopy (DIC). Samples were examined under a confocal laser scanning microscope. Bar = 10 mm. (B) Lipid droplets (LDs) observed in the WT and
mutant using transmission electron microscopy. Bar = 2 mm. (C) Mycelial morphology and TUNEL assay. Fungi were cultured on the PDA medium for
7 days, and mycelia were then stained with calcofluor white (CFW), followed by TUNEL analysis. (a) Mycelia stained with CFW. (b) Nuclei of the hyphae
stained with PI. (c) Free DNA of the hyphae restained with FITC-dUTP. (d) Merged images from panels a to c. Samples were examined under a confocal
laser scanning microscope. Bar = 10 mm. (D) Analysis of DNA fragmentation and cell apoptosis in hyphal cells. The ratio of green to red fluorescence
intensity was determined for at least 30 fields observed under a microscope. (D) Error bars show SD. *, significant difference between mutant and WT
strain (Tukey’s HSD, P , 0.05).
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between the WT and mutants. The FI ratios of WT and DAorho2, DAocdc42, and DAorac
mutant strains were 0.35, 0.39, 0.48, and 0.56, respectively (Fig. 5D).

Aocdc42 and Aorac regulate conidiation. The disruption of the Aocdc42 gene
resulted in reduced conidial production, whereas the disruption of the Aorac gene led to
loss of the ability to produce conidia. The spore yields of the WT and the DAorho2 and
DAocdc42 mutants were estimated to be 2.5 � 107, 2.4 � 107, and 1.2 � 107 spores/ml,
respectively (Fig. 6C). The conidia of the WT strain are usually obovoid in shape, with one
septum formed near the base of the spore (49). In contrast, all conidia of the DAocdc42
mutant were morphologically abnormal—89% were smaller and round, and 11% were
elongated—compared with those of the WT strain. Similarly, relative to the conidia of
the WT strain, 40% of the conidia of the DAorho2 mutant were smaller and round, and
16% were elongated (Fig. 6A and B). However, compared with the WT, no difference in
conidial germination of the DAorho2 and DAocdc42 mutants was observed. At 8 h,
94.3%, 98.8%, and 93.7% of the spores of the WT strain and the DAorho2 and DAocdc42
mutants, respectively, were germinated (Fig. 6D). The expression levels of eight sporula-
tion-related genes, abaA, aspB, flbC, flbD, fluG, veA, velB, and vosA, were determined in
the WT and mutants by RT-qPCR after they were cultured on corn-maizena yeast extract
(CMY) medium for 3, 5, and 7 days, respectively. Our results showed that the expression
levels of these eight genes were significantly downregulated (P , 0.05) at each time
point in the DAorac mutants compared with their expression levels in the WT, whereas
their expression levels were significantly downregulated (P , 0.05) in DAocdc42 mutants
on the 3rd and 5th days. Additionally, two genes (fluG and veA) were upregulated, and
other genes did not show a significant difference on the 7th day. In contrast, in the
DAorho2 mutant, four genes (flbD, aspB, veA, and velB) were upregulated on the 3rd day,
and the expression levels of six genes (aspB, veA, vosA, flbD, velB, and flbC) were upregu-
lated on the 5th and 7th days. In contrast, the expression levels of abaA and fluG were
significantly downregulated (P, 0.05) at each time point (Fig. 6E).

FIG 6 Comparison of conidiation, conidial morphologies, and germination rates between the WT and mutant strains. (A) Conidia of the WT and mutants
stained with CFW. (a) Conidial morphologies of the WT and mutant strains observed under DIC. (b) Conidia stained with CFW and observed under a
confocal laser scanning microscope. Bar = 10 mm. (B) Proportions of deformed spores of the WT and mutant strains cultured on CMY medium for 14 days.
(C) Comparison of conidial yields between the WT and mutant strains. (D) Conidial germination rates of the WT and mutants. (E) RTLs of sporulation-
related genes in the mutants compared with the WT strain at different time points. The red line indicates the standard (RTL = 1) for statistical analysis of
the RTL of each gene in the respective deletion mutant compared to that in the WT strain under a given condition. (C to E) Error bars show SD. *,
significant difference between mutant and WT strain (n = 3 for the WT strain [C to E], n = 9 for each mutant strain [C to E], and n = 3 for each gene [F])
(Tukey’s HSD, P , 0.05).
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Aorho2, Aocdc42, and Aorac regulate stress response. Compared with the WT,
the DAorac mutants showed remarkable differences in sensitivity to chemical stressors.
The relative growth inhibition (RGI) values of DAorac mutants were significantly
increased (P , 0.05) in the presence of any concentration of H2O2 (5 to 15 mM), mena-
dione (0.01 to 0.05 mM), sodium dodecyl sulfate (SDS; 0.01 to 0.03%), Congo red (20 to
100 ng/ml), NaCl (0.1 to 0.3 M), or sorbitol (0.25 to 0.5 M). Similarly, the DAorho2
mutants showed differential sensitivities to these chemical agents. The RGI values of
the DAorho2 mutants were significantly increased (P , 0.05) in the presence of 5 mM
H2O2, menadione (0.03 to 0.05 mM), SDS (0.02 to 0.03%), Congo red (20 to 100 ng/ml),
NaCl (0.1 to 0.3 M), or sorbitol (0.25 to 0.5 M). In contrast, the DAocdc42 mutants were
only suppressed in Congo red (20 to 50 ng/ml) or sorbitol (0.25 to 0.5 M) (Fig. 7A, B,
and C; Fig. S6A, B, and C and Fig. S7A and B).

To probe the regulatory mechanisms of Rho GTPases in stress resistance, the expres-
sion levels of seven putative genes involved in antioxidation, gld, gstA, glr, prx, trxB, trxR,
and trx, were analyzed. The expression levels of these seven genes were downregulated
in the DAorac mutants at the tested time points. Compared with their expression levels
in the WT, the expression levels of five genes, namely, gld, gstA, glr, trxR, and trx, were up-
regulated in DAorho2 mutants on the 3rd day, one gene (trx) was upregulated on the
5th day, and five genes (gld, gstA, glr, prx, and trx) were upregulated on the 7th day. In
the DAocdc42 mutants, the expression levels of five genes (gld, glr, trxB, trxR, and trx)
were upregulated on the 3rd day, four genes (gld, glr, trxR, and trx) were upregulated on
the 5th day, and one gene (gld) was upregulated on the 7th day (Fig. S6D).

Similarly, the expression levels of the chs1, gfpa, gls, chs2, glu, hex, and pgm genes,
involved in cell wall synthesis, and trs, involved in trehalose synthesis, were compared

FIG 7 Comparison of stress tolerance abilities of strains exposed to cell wall-perturbing agents. (A) Colony morphologies of the WT and mutant strains in
the presence of cell wall-perturbing agents. (B and C) Colony diameters and relative growth inhibition (RGI) values of the strains cultured in the presence
of 0.01 to 0.03% SDS (B) or 20 to 100 ng/ml Congo red (C). (D) RTLs of cell wall synthesis-related genes in the mutants compared with the WT strain at
different time points. The red line indicates the standard (RTL = 1) for statistical analysis of the RTL of each gene in the respective deletion mutant
compared to that in the WT strain under a given condition. (B to D) Error bars show SD. *, significant difference between mutant and WT strain (n = 3 for
the WT strain [B and C], n = 9 for each mutant strain [B and C], and n = 3 for each gene [D]) (Tukey’s HSD, P , 0.05).
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between the WT and mutant strains. The expression levels of these genes were down-
regulated on the 3rd day. Additionally, the expression levels of these genes were
downregulated in DAorac mutants on the 5th and 7th days. On the 5th day, two genes
(gfpa and chs2) in DAocdc42 mutants and four genes (glu, trs, hex, and pgm) in
DAorho2 mutants were upregulated. On the 7th day, all of these genes in DAocdc42
mutants and four of these genes (glu, trs, hex, and pgm) in DAorho2 mutants were up-
regulated (Fig. 7D).

Rho GTPases regulate the biocontrol potential of A. oligospora. After the conidia
of the WT and mutant strains (DAorho2 and DAocdc42) were incubated on water agar
(WA) plates at 28°C for 3 days, nematodes were added to induce the fungal strains to
produce traps. The WT and DAorho2mutant strains produced immature traps containing
one or two hyphal rings at 12 h, whereas the DAocdc42 mutants did not produce traps.
Subsequently, at 24 h and 36 h, the WT and DAorho2 mutant strains formed mature
traps containing five or more hyphal rings, and a few mature traps were produced by
the DAocdc42 mutants (Fig. 8A and B). Almost all of the nematodes were captured by
the WT (90.2%) and DAorho2 (94.5%) mutant strains, whereas only 57.7% of nematodes
were captured by the DAocdc42 mutants at 36 h (Fig. 8C). Since the DAorac mutants did
not produce conidia, mycelium blocks were cultured in CMY medium at 28°C for 5 days,
and then nematodes were added to induce trap formation. At 36 h, the WT strain pro-
duced a large number of traps and resulted in a higher killing rate of the nematodes,
whereas the DAoracmutants did not produce traps until 48 h (Fig. S8A and B).

Moreover, the proteolytic activities of the DAorho2 and DAoracmutants were signif-
icantly decreased on casein plates (Fig. S8C). Additionally, the proteolytic activity of

FIG 8 Comparison of trap formation, nematocidal activities, and extracellular proteolytic activities in the WT and mutant strains. (A) Trap formation in the
WT and mutant strains induced by nematodes at different time points. Red arrows show the traps produced by the WT strain and mutants. Bar = 50 mm.
(B) Numbers of traps produced by the WT and mutant strains. (C) Percentages of captured nematodes at different time points. (D) Comparison of the total
extracellular proteolytic activities of the WT and mutant strains exhibited on the 7-day-old PD broth. (E) RTLs of the genes encoding serine proteases in the
mutants compared with the WT strain at different time points. The red line indicates the standard (RTL = 1) for statistical analysis of the RTL of each gene
in the respective deletion mutant compared to that in the WT strain under a given condition. (B to E) Error bars show SD. *, significant difference between
mutant and WT strain (n = 3 for the WT strain [B to D], n = 9 for each mutant strain [B to D], and n = 3 for each gene [E]) (Tukey’s HSD, P , 0.05).
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the WT strain was 23.1 U/g hyphae, whereas those of DAorho2 and DAorac mutants
were decreased by 70.2% (6.9 U/g) and 87.9% (2.8 U/g) (Fig. 8D), respectively. In addi-
tion, the expression levels of seven genes (112g42, 75g8, 215g702, 78g136, 54g992,
76g4, and 75g14) encoding serine proteases were downregulated in the DAorho2 mu-
tant at the tested time points. On the contrary, in the DAocdc42 mutant, the expression
levels of six genes were upregulated, and one gene (75g14) was downregulated at the
tested time points. In addition, the expression of the PII gene (76g4) was considerably
upregulated (21.9-fold) compared with its expression in the WT on the 5th day. In the
DAorac mutant, the expression levels of all genes were downregulated on the 3rd day,
three genes were upregulated and four were downregulated on the 5th day, and six
genes were downregulated and one gene was upregulated on the 7th day (Fig. 8E).

AoCdc42 and AoRac specifically interact with components of the Nox complex
and regulate ROS production. Previous studies have shown that Rac plays a con-
served role in ROS production in mammals, plants, and fungi (50). To probe the role of
DAocdc42 and DAorac in ROS production of A. oligospora, we tested the possible inter-
actions between AoCdc42 and AoRac and components of the Nox complex (AoNoxR,
AoBem1, and AoCdc24) by performing yeast two-hybrid (Y2H) assays. The results dem-
onstrated that AoNoxR, AoBem1, and AoRac interacted with each other, whereas
AoCdc42 and AoRac interacted with AoBem1 and AoCdc24, respectively (Fig. 9A).
Furthermore, we investigated the effects of Aorho2, Aocdc42, and Aorac deletions on
hyphal ROS production. The hyphal production of ROS was compared between WT
and mutant strains by counting dihydroethidium (DHE)-stained hyphae. The percen-
tages of DHE-stained hyphae in the WT, DAorho2, DAocdc42, and DAorac strains were
93%, 86%, 74%, and 54%, respectively (Fig. 9B and C; Fig. S8D). The FI values for DHE in

FIG 9 Interactions of AoCdc42 and AoRac with components of Nox complex and comparison of ROS production of WT and mutant strains. (A) Yeast two-
hybrid assay with AoCdc42 or AoRac as the bait and AoBem1, AoNoxR, and AoCdc24 as the prey. The interactions between pGBKT7-53 and pGADT7-T and
between pGBKT7-lam and ADT7T were the positive and negative control, respectively. (B) Mycelia of the WT and mutants stained with dihydroethidium
(DHE). (a) DIC showing the production of ROS; hyphal tips stained with DHE are shown by arrowheads. (b) DHE-stained hypha observed under a confocal
laser scanning microscope. (c) Merged images from panels a and b. Red arrows indicate the ROS produced by the WT strain and mutants. Bar = 10 mm. (C)
Frequencies of DHE-stained hyphae of WT and mutants. Numbers in the bars indicate hyphal counts. (D) Analysis of the ROS in hyphal cells. ROS
production was detected as fluorescence intensity, which was determined for at least 30 fields observed under a microscope. (E) Values of fluorescence
intensity relative to that of the WT. (F) RTLs of the Nox-encoding genes (AonoxA and AonoxB) in the mutants compared with the WT strain at different time
points. The red line indicates the standard (with RTL = 1) for statistical analysis of the RTL of each gene in the respective deletion mutant compared to
that in the WT strain under a given condition. (E and F) Bars and error bars represent mean values 6 SD. (C to F) *, significant difference between mutant
and WT strain (n = 3 for each gene [F]) (Tukey’s HSD, P , 0.05).
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the WT and mutant strains (DAorho2, DAocdc42, and DAorac) were 53.6, 50.5, 36.8, and
11.4, respectively (Fig. 9D). Compared with the WT, the ROS production was reduced
by 36% and 79% in the DAocdc42 and DAorac mutants, respectively (Fig. 9E). In addi-
tion, the expression levels of two Nox-encoding genes, which we named AonoxA and
AonoxB, were downregulated in the DAorac mutant at the tested time points. In the
DAocdc42 mutant, the AonoxA gene was downregulated on the 3rd and 5th days,
whereas the AonoxB gene was downregulated on the 3rd and 7th days. In the DAorho2
mutant, AonoxA and AonoxB were upregulated at the tested time points (Fig. 9F).

Deletion of Rho GTPase genes affected the expression of downstream
effectors. Reportedly, the activated Rho GTPases act on multiple effector molecules,
such as p21-activated kinases (PAKs) and MAPKs that regulate numerous cellular proc-
esses (51). In this study, the expression levels of seven genes, encoding regulatory sub-
units of PKA (pka-r), Hog1-MAPK (hog1), mammalian target of rapamycin (tor), and four
PAKs (p21, cla4, pak, and ste20), were compared between the WT and mutant strains. In
the DAorho2 mutant, seven genes were downregulated on the 3rd day. In contrast,
most genes were upregulated or no significant difference was observed on the 5th
and 7th days, whereas Pka-r and Hog1 were downregulated on the 7th day. In the
DAocdc42 mutant, Pka-r and P21, and in the DAorac mutant, Pka-r, Hog1, and P21, were
significantly downregulated (P, 0.05) at the tested time points (Fig. 10A).

DISCUSSION

In eukaryotes, gene transcription is essential for the realization of gene function
(52). In this study, RNA-seq technology was used to generate a comprehensive tran-
scriptome for A. oligospora induced with C. elegans. Our transcriptomic analysis dem-
onstrated that nearly half of all genes were differentially expressed during the trap
morphogenesis and infection process (12 to 48 h). AS occurred in 17.5% of the total

FIG 10 Transcription levels of Rho GTPases’ downstream effectors and summary of functions of Rho GTPases in A. oligospora. (A) RTLs of genes encoding
downstream effectors of AoRho2, AoCdc42, and AoRac. The red line indicates the standard (with RTL = 1) for statistical analysis of the RTL of each gene in
the respective deletion mutant versus that in the WT strain under a given condition. Bars and error bars represent mean values 6 SD. *, significant
difference between mutant and WT strain (n = 3 for each gene) (Tukey’s HSD, P , 0.05). (B) Summary of functions of Rho GTPases and interactions
between factors in the Nox complex and AoCdc42 and AoRac. AoNoxR, AoBem1, and AoRac interact with each other, and AoCdc42 and AoRac interact
with AoBem1 and AoCdc24, respectively. AoCdc24 is a guanine nucleotide exchange factor (GEF) that activates AoRac; AoCdc42 may be activated by other
GEFs. Activated AoRho2, AoCdc42, and AoRac play different roles in mycelium growth, lipid accumulation, DNA damage, sporulation, trap formation,
pathogenicity, and stress response of A. oligospora.
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genes in A. oligospora. It has been shown that the AS rates in pathogenic fungi are
higher than in nonpathogenic fungi; however, the rates vary among different patho-
genic fungi (21). In Ustilago maydis, M. grisea, B. bassiana, and C. neoformans, the AS
rates were estimated to be 3.6%, 7.9%, 19.9%, and 5.3%, respectively. At present, five
main types of AS processes have been demonstrated, including SE, MXE, A5SS, A3SS,
and RI in fungi (53). Here, we show that five types of splicing events occur in A. oligo-
spora during trap development and infection; however, the relationship between AS
events and pathogenicity needs further study. Analysis of the upregulated DEGs and
AS-demonstrating genes during the trap development and infection process revealed
that trap formation requires not only energy but also a series of complex cellular proc-
esses, such as metabolism of carbohydrates, amino acids, and lipids, biosynthesis,
transport, and catabolism of secondary metabolites, peroxisome, phagosome cellular
processes, cell cycle, and signal regulation. These results are consistent with those of
our previous studies on genomic and proteomic analyses of the trap formation in A.
oligospora (4, 5). In our previous studies, we have shown that signal pathways play a
direct and primary role during the trap formation and lifestyle transition of A. oligo-
spora (4, 5). In this study, several genes involved in MAPK and VEGF signaling pathways
were upregulated at some time points during the infection process. In these pathways,
Aorac was upregulated at three of the four tested time points (12, 36, and 48 h) and
was significantly enriched to sphingolipid signaling, VEGF signaling, and phagosome
pathways. Furthermore, Aorho2 and Aorac demonstrated AS, and annotation with the
PHI database revealed their association with loss or reduction of pathogenicity and
lethality. These analyses implied that Rho GTPases play an essential role in the trap for-
mation and nematode predation of A. oligospora.

Rho GTPases are highly conserved in fungi and participate in diverse critical proc-
esses, such as morphogenesis, development, and host infection (32, 54–58). Although
Rho proteins are structurally similar and highly conserved across fungal species,
increasing pieces of evidence suggest that their biological functions differ significantly
(33, 41, 59, 60). To further elucidate the roles of Rho GTPases in NT fungi, we identified
three orthologous Rho proteins (AoRho2, AoCdc42, and AoRac) in A. oligospora and
investigated their roles in the physiology and pathogenicity of the fungus. The findings
demonstrate that in A. oligospora, AoRho2 regulates mycelium branching, oxidation re-
sistance, hyperosmotic resistance, cell wall synthesis, spore morphology, and extracel-
lular proteolytic activity. This result is consistent with those observed in Saccharomyces
cerevisiae, Ashbya gossypii, A. niger, and N. crassa—the rho2 gene is required for
branching and cell wall biosynthesis, and its deletion results in hyphal and colony mor-
phologies similar to those of WT strains (28–31). Furthermore, we also showed that,
like AoRac, AoCdc42 regulates mycelium branching, growth, and morphology, lipid
accumulation, DNA damage and apoptosis, spore production, trap formation, nemato-
cidal activity, and ROS production; however, AoRac was more prominent. Importantly,
the DAorac mutants lost the sporulation and trap formation abilities. The main func-
tionality difference between AoCdc42 and AoRac was that the former regulates spore
morphology, whereas the latter regulates the extracellular proteolytic activity and
stress resistance. Concordant with these findings, the functions of Rac proteins have
been shown to be prominent in N. crassa, A. fumigatus, and A. niger (29, 39, 40).
Studies have also shown that Rac1 and Cdc42 are required for polar growth in A. nidu-
lans (41), N. crassa (39), M. oryzae (32, 55), and Fusarium graminearum (58). In M. oryzae,
Rac1, essential for conidiation, plays an important role in functional appressorium for-
mation and is critical for virulence (32). Furthermore, in F. graminearum, deletion of the
Fgrac1, Fgcdc42, and Fgrho4 genes led to abnormal conidium morphology (58). Taken
together, it can be inferred that AoRac and AoCdc42, more specifically AoRac, play a
significant role in the regulation of phenotypic traits in A. oligospora.

Rac is a multifunctional small GTPase belonging to the Rho subgroup; one of its
conserved functions is the activation of NADPH oxidases to produce ROS (50). NoxR is
an essential regulatory component of the filamentous fungal NADPH oxidase (NoxA/
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NoxB) complex, and polarity proteins Bem1 and Cdc24 are components of the NoxA/
NoxB complex (61). Our analysis showed that AoNoxR, AoBem1, and AoRac could inter-
act with each other, whereas AoCdc42 and AoRac interacted with AoBem1 and
AoCdc24, respectively. In accordance with this, the interaction of RacA and Cdc42 with
NoxR and BemA, respectively, is evident in the endophytic fungus Epichloë festucae
(50). Similarly, in U. maydis, Cdc24 interacts with Rac (62). However, further studies are
required to verify the interactions and their effects in A. oligospora. Moreover, our anal-
ysis showed that the intracellular ROS level was decreased in DAocdc42 and DAorac
mutants, and the reduction was more pronounced in DAorac mutants. We have also
shown that the expression levels of AonoxA and AonoxB were downregulated in the
DAorac (at all tested times) and DAocdc42 (at some time points) mutant strains.
Reportedly, ROS act as a signal for cell differentiation to form traps, and knockout of
AonoxA markedly reduces aerial hyphal growth, conidiation, ROS levels, trap formation,
and insecticidal capacity (63). It was partially similar to the phenotypes observed in
DAocdc42 and DAorac mutants. Taken together, we conjectured that ROS levels
between DAocdc42 and DAorac mutant strains could be partly determined by their
specific interactions with components of the Nox complex.

The Rho GTPases are highly conserved in eukaryotes. The core downstream effec-
tors for Rho GTPases can be categorized into three distinct classes, namely, protein ki-
nases, actin-binding proteins, and lipid-modifying enzymes (64). In M. grisea, F. grami-
nearum, Verticillium dahliae, and Claviceps purpurea, the p21-activated kinase Cla4
homolog (Chm1 in M. grisea) functions downstream from Rac (32, 58, 65, 66). This
study demonstrated that in the DAocdc42 and DAorac mutant strains, the expression
levels of genes encoding regulatory subunits of PKA, MAPK, and PAKs were downregu-
lated (P , 0.05), and thus, PKA, P21, and Hog1 could be the downstream effectors of
Rho GTPases in A. oligospora. However, we failed to obtain the p21 deletion strain and
demonstrate its interactions through Y2H. A recent study has shown that Hog1 is
involved in the hyperosmotic resistance, conidiation, and trap formation of A. oligo-
spora (45). Therefore, the pleiotropic effect of fungal Rho GTPases, presumably caused
by the sharing of multiple downstream effectors, requires further analysis to elucidate
the mechanism of how Rho GTPases activate various cellular events.

In summary, this study investigates the transcriptome profile of A. oligospora against C.
elegans during the trap formation and infection process. Approximately half of the ge-
nome (5,752 DEGs) and a modest AS rate (;17.5%) are identified to be involved in the
trap formation and infection process. Analysis of DEGs and genes in which AS occurred
during these processes revealed that trap formation is an energy-consuming process and
involves a series of complex cellular processes. More significantly, three Rho GTPases
exerted differential effects on mycelium growth and morphology, lipid accumulation, DNA
damage and apoptosis, spore production and morphology, trap formation, nematocidal
activity, and ROS production in A. oligospora (Fig. 10B). Collectively, the current work pro-
vides an overview of gene expression and AS events in A. oligospora during trap develop-
ment and nematode predation and highlights the important roles of the Rho family in fun-
gal growth, development, trap formation, and lifestyle transition. The findings will help to
elucidate the mechanisms of trap morphogenesis and to develop a more effective strategy
for the biocontrol of pathogenic nematodes.

MATERIALS ANDMETHODS
Fungal strains and culture conditions. The WT strain Arthrobotrys oligospora (strain ATCC 24927)

and its derived mutants were cultured on PDA (200 g/liter potato, 20 g/liter dextrose, and 20 g/liter agar)
plates at 28°C in the dark. Caenorhabditis elegans was incubated at 26°C on oatmeal agar medium (67).

Sequence and phylogenetic analyses of AoRho2, AoCdc42, and AoRac. The orthologous rho2,
rac, and cdc42 genes on the A. oligospora genome were identified using the sequences of the orthologs
retrieved from the model fungi S. cerevisiae, N. crassa, and A. nidulans as queries. The amino acid sequen-
ces of AoRho2 (AOL_s00215g387), AoCdc42 (AOL_s00043g439), and AoRac (AOL_s00079g171) were
downloaded from GenBank (http://www.ncbi.nlm.nih.gov/genbank/). The theoretical isoelectric point
(pI) and molecular weight were calculated by the pI/Mw tool (http://web.expasy.org/compute_pi/). The
conserved functional domains were predicted using InterProScan (http://www.ebi.ac.uk/Tools/pfa/
iprscan/), and the amino acid sequences of Rho GTPases from different fungi were aligned using the
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DNAman software package (version 5.2.2; LynnonBiosoft, St. Louis, Canada). A neighbor-joining tree was
constructed using the Molecular Evolutionary Genetics Analysis (MEGA) version 6 software package (68).
The three-dimensional structures of Rho GTPases were predicted by iterative threading assembly refine-
ment (69).

Knockout of Aorho2, Aocdc42, and Aorac genes. For DNA isolation, mycelium was grown in a 500-
ml Erlenmeyer flask (EF) containing 250 ml of PDB medium (200 g/liter potato and 20 g/liter dextrose)
and incubated at 28°C and 180 rpm for 3 to 7 days. For gene deletion, a knockout cassette was con-
structed using the homologous recombination approach, as described previously (70). The primers used
to amplify the flanking sequences of each gene are listed in Table S9. A. oligospora genomic DNA was
used as a template. The hygromycin-resistance gene cassette (hph) was amplified using the primers
hphF and hphR and the plasmid pCN44 as a template. The whole knockout cassette containing the hph
gene with two homologous recombination arms was amplified using PCR with the primers 5f and 3r
and was then used to transform into A. oligospora following a protoplast-based protocol (71). The posi-
tive transformants were further confirmed through PCR amplification using Yf and Yr primers for each
gene (Table S9) and Southern blot analyses. The primer pairs Tf and Tr of each gene (Table S9) were
used to generate the Southern hybridization probe using a PCR method. The restriction enzymes XhoI,
BstEII, and HindIII were used to digest the genomic DNA of A. oligospora and the corresponding mutants
(DAorho2, DAocdc42, and DAoracmutants, respectively) for Southern blot analysis.

Comparison of mycelial growth and morphology between the WT and mutants. The WT and
mutant strains were inoculated onto PDA, TYGA (10 g/liter tryptone, 5 g/liter yeast extract, 10 g/liter glu-
cose, 5 g/liter molasses, and 20 g/liter agar), and TG (10 g/liter tryptone, 10 g/liter glucose, and 20 g/liter
agar) media and incubated at 28°C for 7 days. Subsequently, their colony diameters and morphologies
were recorded. The experiment was repeated three times for each strain.

Comparison of stress resistance. The WT and mutant strains were inoculated into TG medium sup-
plemented with different concentrations of chemical stressors at 28°C for 7 days. The chemical stressors
employed for the experiment were as follows: sorbitol (0.25, 0.5, and 1 M) and NaCl (0.1, 0.2, and 0.3 M)
as osmotic stressors, SDS (0.01 to 0.03%) and Congo red (20 to 100 ng/ml) as cell wall-perturbing agents,
and H2O2 (5 to 15 mM) and menadione (0.01 to 0.05 mM) as oxidative stressors. The RGI values of the
strains were calculated as previously described (10).

Comparison of conidial yield and germination rate. The mutant and WT strains were inoculated
in 250 ml EF containing 30 ml of CMY agar medium (20 g/liter Maizena, 20 g/liter agar, and 5 g/liter
yeast extract), followed by incubation at 28°C for 14 days. The conidia of WT and mutants were collected
from CMY medium by scraping them off with a glass spatula into sterile distilled H2O. The number of
conidia was determined using a hemocytometer (72, 73).

For conidial germination tests, approximately 1 � 105 conidia were inoculated into 30 ml Vogel’s
medium (minimal) (20 ml/liter Vogel’s salts and 15 g/liter sucrose) in a 250-ml EF and incubated at 28°C
and 180 rpm for 4, 8, and 12 h to assess conidial germination rates (14). The experiments were per-
formed in triplicate.

Bioassay against the nematode C. elegans. Approximately 1 � 104 conidia were cultivated on WA
plates. After 3 days of incubation at 28°C, 200 nematodes (C. elegans) were added to the center of each
plate. Since DAorac mutants did not produce conidia, mycelium blocks were cultured in CMY agar me-
dium at 28°C, and 200 nematodes were added to induce trap formation when the colony size was uni-
form. The numbers of traps and captured nematodes were counted under a light microscope (BX51;
Olympus, Tokyo, Japan) at 12-h time intervals.

Determination of proteolytic activity. The fungal strains were inoculated into PDB medium and
incubated at 28°C and 180 rpm for 7 days. The fermented liquid was collected, and the proteolytic activ-
ity was determined on casein plates (74). Moreover, the protease activity was quantified using a caseino-
lytic method described previously (74, 75). One unit (U) of protease activity was defined as the amount
of enzyme that hydrolyzed the substrate and produced 1mg of tyrosine in 1 min under the specific assay
conditions.

Transcriptome sequencing and analysis. The A. oligospora strains (WT and mutant) were cultured
in PDA medium for 3 days, and then they were transferred to WA medium with low nutrition.
Subsequently, the mycelia of fungal strains were treated with C. elegans from 0 to 48 h, and 15 samples
were obtained for further analysis. Mycelial samples were sent to Wuhan Seqhealth Technology Co. Ltd.
for transcriptome sequencing and analysis. GO and KEGG analyses were performed using the OmicShare
tools, a free online platform for data analysis (https://www.omicshare.com/tools). AS analysis was per-
formed using the free online platform of Majorbio Cloud Platform (http://www.majorbio.com).

Morphological observation, nuclear staining, and TUNEL analysis. For the observation of myce-
lial and conidial morphology, the WT and mutant strains were stained with 10 mg/ml calcofluor white
(Sigma-Aldrich, St. Louis, MO, USA), and the cell nuclei of mycelia and conidia were visualized by staining
the cells with 10 mg/ml DAPI for 30 min (76). The samples were observed under a confocal laser scan-
ning microscope (Leica, Mannheim, Germany) or light microscopy.

DNA fragmentation and cell apoptosis were determined via the TUNEL assay, followed by staining
the nucleus with 10 mg/ml PI for 10 min. TUNEL assay using the one-step TUNEL apoptosis detection kit
(Beyotime, Jiangsu, China) was performed according to the manufacturer’s protocol. The cells were then
observed under a confocal laser scanning microscope, and the fluorescence intensity was estimated
using the ImageJ software (https://imagej.net/Welcome).

Analysis of the ROS levels and lipid accumulation. ROS and lipid droplets were stained with
10 mg/ml DHE (Beyotime, Jiangsu, China) and BODIPY (Sigma-Aldrich, St. Louis, MO, USA) for 10 min
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each. The samples were observed under a confocal laser scanning microscope. The fluorescence inten-
sities were determined using the ImageJ software (https://imagej.net/Welcome).

Y2H assay. Yeast two-hybrid assays using pGADT7 or pGBKT7 (Clontech, Kusatsu, Japan)-based con-
structs were performed according to the manufacturer’s instructions (Matchmaker two-hybrid system 3;
Clontech). Yeast strain AH109 was transformed with prey (pGADT7 derivatives) and bait (pGBKT7 deriva-
tives) vectors. Transformants were plated on synthetic dropout medium lacking leucine and tryptophan
(double dropout [DDO]), or leucine, tryptophan, histidine, and adenine (quadruple dropout [QDO]).
Growth on the latter indicates an interaction between bait and prey.

Preparation of RNA and RT-qPCR analysis. Total RNA was isolated from the samples using an RNA
extraction kit (Axygen, Jiangsu, China) and reverse transcribed into cDNA with a PrimeScriptHRT reagent
kit (with genomic DNA [gDNA]; TaKaRa, Kusatsu, Japan). The cDNA was used as a template to determine
the mRNA expression of candidate genes associated with phenotypes like conidiation and stress resist-
ance by performing RT-qPCR with specific paired primers and the LightCycler 480 with SYBR green I
master mix (Roche, Basel, Switzerland) (Table S9). b-Tubulin was used as an internal standard. All
RT-qPCR experiments were performed in triplicates. The relative transcript level (RTL) of each gene was
calculated as the ratio of the cycle threshold (CT) value for the gene in the mutant strain to that in the
WT strain using the 22DDCT method (77).

Validation of AS events. RT-PCR was used to validate the alternative splicing events. Total RNA
extraction and cDNA synthesis were performed as described above. Primers used in this study are listed
in Table S9.

Statistical analyses. The data from each experiment were expressed as mean values 6 standard
deviations (SD). One-way analysis of variance followed by an honestly significant difference (HSD) test
was used for statistical analyses, and a P value of , 0.05 was considered significant. All statistical analy-
ses were performed using the GraphPad Prism software version 5.00 for Windows (GraphPad Software,
San Diego, CA, USA).

Data availability. All data generated or analyzed during this study are included in the published pa-
per and associated supplemental files. All transcriptomic data are reported in supplemental files of this
paper. The raw sequence has been deposited to GEO under accession number GSE192443.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.4 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 4, XLSX file, 4.5 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 6, XLSX file, 0.04 MB.
SUPPLEMENTAL FILE 7, XLSX file, 3.2 MB.
SUPPLEMENTAL FILE 8, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 9, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 10, XLSX file, 0.02 MB.

ACKNOWLEDGMENTS
We thank Guo Yingqi (Kunming Institute of Zoology, Chinese Academy of Sciences)

for her help in obtaining and analyzing transmission electron microscopy images.
Funding for this study was provided by the National Natural Science Foundation of

China (grants no. 31960556 and U1402265) and the Applied Basic Research Foundation
of Yunnan Province (grant no. 202001BB050004).

REFERENCES
1. Yang JK, Liang LM, Li J, Zhang KQ. 2013. Nematicidal enzymes from micro-

organisms and their applications. Appl Microbiol Biotechnol 97:7081–7095.
https://doi.org/10.1007/s00253-013-5045-0.

2. Degenkolb T, Vilcinskas A. 2016. Metabolites from nematophagous fungi
and nematicidal natural products from fungi as an alternative for biologi-
cal control. Part I: metabolites from nematophagous ascomycetes. Appl
Microbiol Biotechnol 100:3799–3812. https://doi.org/10.1007/s00253-015
-7233-6.

3. Jiang X, Xiang M, Liu X. 2017. Nematode-trapping fungi. Microbiol Spectr
5:5.1.10. https://doi.org/10.1128/microbiolspec.FUNK-0022-2016.

4. Yang JK, Wang L, Ji XL, Feng Y, Li XM, Zou CG, Xu JP, Ren Y, Mi QL, Wu JL,
Liu SQ, Liu Y, Huang XW, Wang HY, Niu XM, Li J, Liang LM, Luo YL, Ji KF,
Zhou W, Yu ZF, Li GH, Liu YJ, Li L, Qiao M, Feng L, Zhang KQ. 2011.
Genomic and proteomic analyses of the fungus Arthrobotrys oligospora

provide insights into nematode-trap formation. PLoS Pathog 7:e1002179.
https://doi.org/10.1371/journal.ppat.1002179.

5. Ji XL, Yu ZF, Yang JK, Xu JP, Zhang Y, Liu SQ, Zou CG, Li J, Liang LM, Zhang
KQ. 2020. Expansion of adhesion genes drives pathogenic adaptation of
nematode-trapping fungi. Iscience 23:101057. https://doi.org/10.1016/j
.isci.2020.101057.

6. Meerupati T, Andersson KM, Friman E, Kumar D, Tunlid A, Ahren D. 2013.
Genomic mechanisms accounting for the adaptation to parasitism in
nematode-trapping fungi. PLoS Genet 9:e1003909. https://doi.org/10
.1371/journal.pgen.1003909.

7. Liu KK, Zhang WW, Lai YL, Xiang MC, Wang XN, Zhang XY, Liu XZ. 2014.
Drechslerella stenobrocha genome illustrates the mechanism of constrict-
ing rings and the origin of nematode predation in fungi. BMC Genomics
15:114–114. https://doi.org/10.1186/1471-2164-15-114.

Rho GTPases Regulate Lifestyle Transition of A. oligospora

Volume 10 Issue 1 e01759-21 MicrobiolSpectrum.asm.org 17

https://imagej.net/Welcome
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE192443
https://doi.org/10.1007/s00253-013-5045-0
https://doi.org/10.1007/s00253-015-7233-6
https://doi.org/10.1007/s00253-015-7233-6
https://doi.org/10.1128/microbiolspec.FUNK-0022-2016
https://doi.org/10.1371/journal.ppat.1002179
https://doi.org/10.1016/j.isci.2020.101057
https://doi.org/10.1016/j.isci.2020.101057
https://doi.org/10.1371/journal.pgen.1003909
https://doi.org/10.1371/journal.pgen.1003909
https://doi.org/10.1186/1471-2164-15-114
https://www.MicrobiolSpectrum.asm.org


8. Youssar L, Wernet V, Hensel N, Yu X, Hildebrand HG, Schreckenberger B,
Kriegler M, Hetzer B, Frankino P, Dillin A, Fischer R. 2019. Intercellular
communication is required for trap formation in the nematode-trapping
fungus Duddingtonia flagrans. PLoS Genet 15:e1008029. https://doi.org/
10.1371/journal.pgen.1008029.

9. Nordbring-Hertz B. 2004. Morphogenesis in the nematode-trapping fungus
Arthrobotrys oligospora—an extensive plasticity of infection structures.
Mycologist 18:125–133. https://doi.org/10.1017/S0269915X04003052.

10. Zhen ZY, Xing XJ, Xie MH, Yang L, Yang XW, Zheng YQ, Chen YL, Ma N, Li
Q, Zhang KQ, Yang JK. 2018. MAP kinase Slt2 orthologs play similar roles
in conidiation, trap formation, and pathogenicity in two nematode-trap-
ping fungi. Fungal Genet Biol 116:42–50. https://doi.org/10.1016/j.fgb
.2018.04.011.

11. Yang CT, de Ulzurrun GVD, Goncalves AP, Lin HC, Chang CW, Huang TY,
Chen SA, Lai CK, Tsai IJ, Schroeder FC, Stajich JE, Hsueh YP. 2020. Natural
diversity in the predatory behavior facilitates the establishment of a ro-
bust model strain for nematode-trapping fungi. Proc Natl Acad Sci U S A
117:6762–6770. https://doi.org/10.1073/pnas.1919726117.

12. Ma N, Zhao YN, Wang YC, Yang L, Li DN, Yang JL, Jiang KX, Zhang KQ,
Yang JK. 2021. Functional analysis of seven regulators of G protein signal-
ing (RGSs) in the nematode-trapping fungus Arthrobotrys oligospora. Viru-
lence 12:1825–1840. https://doi.org/10.1080/21505594.2021.1948667.

13. Yang XW, Ma N, Yang L, Zheng YQ, Zhen ZY, Li Q, Xie MH, Li J, Zhang KQ,
Yang JK. 2018. Two Rab GTPases play different roles in conidiation, trap
formation, stress resistance, and virulence in the nematode-trapping fun-
gus Arthrobotrys oligospora. Appl Microbiol Biotechnol 102:4601–4613.
https://doi.org/10.1007/s00253-018-8929-1.

14. Yang L, Li X, Xie M, Bai N, Yang J, Jiang K, Zhang KQ, Yang J. 2021. Pleio-
tropic roles of Ras GTPases in the nematode-trapping fungus Arthrobotrys
oligospora identified through multi-omics analyses. Iscience 24:102820.
https://doi.org/10.1016/j.isci.2021.102820.

15. Kawahara Y, Oono Y, Kanamori H, Matsumoto T, Itoh T, Minami E. 2012. Si-
multaneous RNA-Seq analysis of a mixed transcriptome of rice and blast
fungus interaction. PLoS One 7:e49423. https://doi.org/10.1371/journal
.pone.0049423.

16. Dong WX, Ding JL, Gao Y, Peng YJ, Feng MG, Ying SH. 2017. Transcrip-
tomic insights into the alternative splicing-mediated adaptation of the
entomopathogenic fungus Beauveria bassiana to host niches: autophagy-
related gene 8 as an example. Environ Microbiol 19:4126–4139. https://
doi.org/10.1111/1462-2920.13862.

17. Baba Y, Shimonaka A, Koga J, Kubota H, Kono T. 2005. Alternative splicing
produces two endoglucanases with one or two carbohydrate-binding
modules in Mucor circinelloides. J Bacteriol 187:3045–3051. https://doi
.org/10.1128/JB.187.9.3045-3051.2005.

18. Ho EC, Cahill MJ, Saville BJ. 2007. Gene discovery and transcript analyses
in the corn smut pathogen Ustilago maydis: expressed sequence tag and
genome sequence comparison. BMC Genomics 8:334. https://doi.org/10
.1186/1471-2164-8-334.

19. Leal J, Squina FM, Freitas JS, Silva EM, Ono CJ, Martinez-Rossi NM, Rossi A.
2009. A splice variant of the Neurospora crassa hex-1 transcript, which
encodes the major protein of the Woronin body, is modulated by extrac-
ellular phosphate and pH changes. FEBS Lett 583:180–184. https://doi
.org/10.1016/j.febslet.2008.11.050.

20. Plass M, Codony-Servat C, Ferreira PG, Vilardell J, Eyras E. 2012. RNA sec-
ondary structure mediates alternative 39ss selection in Saccharomyces cer-
evisiae. RNA 18:1103–1115. https://doi.org/10.1261/rna.030767.111.

21. Grutzmann K, Szafranski K, Pohl M, Voigt K, Petzold A, Schuster S. 2014.
Fungal alternative splicing is associated with multicellular complexity
and virulence: a genome-wide multi-species study. DNA Res 21:27–39.
https://doi.org/10.1093/dnares/dst038.

22. Madaule P, Axel R. 1985. A novel ras-related gene family. Cell 41:31–40.
https://doi.org/10.1016/0092-8674(85)90058-3.

23. Ridley AJ. 2006. Rho GTPases and actin dynamics in membrane protru-
sions and vesicle trafficking. Trends Cell Biol 16:522–529. https://doi.org/
10.1016/j.tcb.2006.08.006.

24. Arellano M, Coll PM, Pérez P. 1999. Rho GTPases in the control of cell mor-
phology, cell polarity, and actin localization in fission yeast. Microsc Res
Tech 47:51–60. https://doi.org/10.1002/(SICI)1097-0029(19991001)47:1,51::
AID-JEMT5.3.0.CO;2-3.

25. Etienne-Manneville S, Hall A. 2002. Rho GTPases in cell biology. Nature
420:629–635. https://doi.org/10.1038/nature01148.

26. Du YX, Shi Y, Yang J, Chen XL, Xue MF, Zhou W, Peng YL. 2013. A serine/
threonine-protein phosphatase PP2A catalytic subunit is essential for

asexual development and plant infection in Magnaporthe oryzae. Curr
Genet 59:33–41. https://doi.org/10.1007/s00294-012-0385-3.

27. Fu T, Kim JO, Han JH, Gumilang A, Lee YH, Kim KS. 2018. A small GTPase
Rho2 plays an important role in pre-infection development in the rice
blast pathogen Magnaporthe oryzae. Plant Pathol J 34:470–479. https://
doi.org/10.5423/PPJ.OA.04.2018.0069.

28. Marcoux N, Cloutier S, Zakrzewska E, Charest PM, Bourbonnais Y, Pallotta
D. 2000. Suppression of the profilin-deficient phenotype by the Rho2 sig-
naling pathway in Saccharomyces cerevisiae. Genetics 156:579–592. https://
doi.org/10.1093/genetics/156.2.579.

29. Kwon MJ, Arentshorst M, Roos ED, van den Hondel C, Meyer V, Ram AFJ.
2011. Functional characterization of Rho GTPases in Aspergillus niger
uncovers conserved and diverged roles of Rho proteins within filamen-
tous fungi. Mol Microbiol 79:1151–1167. https://doi.org/10.1111/j.1365
-2958.2010.07524.x.

30. Richthammer C, Enseleit M, Sanchez-Leon E, Marz S, Heilig Y, Riquelme
M, Seiler S. 2012. Rho1 and Rho2 share partially overlapping functions in
the regulation of cell wall integrity and hyphal polarity in Neurospora
crassa. Mol Microbiol 85:716–733. https://doi.org/10.1111/j.1365-2958
.2012.08133.x.

31. Nordmann D, Lickfeld M, Warnsmann V, Wiechert J, Jendretzki A, Schmitz
HP. 2014. The small GTP-binding proteins AgRho2 and AgRho5 regulate
tip-branching, maintenance of the growth axis and actin-ring-integrity in
the filamentous fungus Ashbya gossypii. PLoS One 9:e106236. https://doi
.org/10.1371/journal.pone.0106236.

32. Chen JS, Zheng W, Zheng SQ, Zhang DM, Sang WJ, Chen X, Li GP, Lu GD,
Wang ZH. 2008. Rac1 is required for pathogenicity and chm1-dependent
conidiogenesis in rice fungal pathogen Magnaporthe grisea. PLoS Pathog
4:e1000202. https://doi.org/10.1371/journal.ppat.1000202.

33. Mahlert M, Leveleki L, Hlubek A, Sandrock B, Bolker M. 2006. Rac1 and
Cdc42 regulate hyphal growth and cytokinesis in the dimorphic fungus
Ustilago maydis. Mol Microbiol 59:567–578. https://doi.org/10.1111/j
.1365-2958.2005.04952.x.

34. Boyce KJ, Hynes MJ, Andrianopoulos A. 2001. The Cdc42 homolog of the
dimorphic fungus Penicillium marneffei is required for correct cell polar-
ization during growth but not development. J Bacteriol 183:3447–3457.
https://doi.org/10.1128/JB.183.11.3447-3457.2001.

35. Michel S, Ushinsky S, Klebl B, Leberer E, Thomas D, Whiteway M,
Morschhauser J. 2002. Generation of conditional lethal Candida albicans
mutants by inducible deletion of essential genes. Mol Microbiol 46:
269–280. https://doi.org/10.1046/j.1365-2958.2002.03167.x.

36. Ushinsky SC, Harcus D, Ash J, Dignard D, Marcil A, Morchhauser J, Thomas
DY, Whiteway M, Leberer E. 2002. Cdc42 is required for polarized growth
in human pathogen Candida albicans. Eukaryot Cell 1:95–104. https://doi
.org/10.1128/EC.1.1.95-104.2002.

37. Bassilana M, Blyth J, Arkowitz RA. 2003. Cdc24, the GDP-GTP exchange
factor for Cdc42, is required for invasive hyphal growth of Candida albi-
cans. Eukaryot Cell 2:9–18. https://doi.org/10.1128/EC.2.1.9-18.2003.

38. Boyce KJ, Hynes MJ, Andrianopoulos A. 2003. Control of morphogenesis
and actin localization by the Penicillium marneffei rac homolog. J Cell Sci
116:1249–1260. https://doi.org/10.1242/jcs.00319.

39. Araujo-Palomares CL, Richthammer C, Seiler S, Castro-Longoria E. 2011.
Functional characterization and cellular dynamics of the CDC-42-RAC-
CDC-24 module in Neurospora crassa. PLoS One 6:e27148. https://doi.org/
10.1371/journal.pone.0027148.

40. Li HY, Barker BM, Grahl N, Puttikamonkul S, Bell JD, Craven KD, Cramer RA.
2011. The small GTPase RacA mediates intracellular reactive oxygen spe-
cies production, polarized growth, and virulence in the human fungal
pathogen Aspergillus fumigatus. Eukaryot Cell 10:174–186. https://doi
.org/10.1128/EC.00288-10.

41. Virag A, Lee MP, Si HY, Harris SD. 2007. Regulation of hyphal morphogen-
esis by cdc42 and rac1 homologues in Aspergillus nidulans. Mol Microbiol
66:1579–1596. https://doi.org/10.1111/j.1365-2958.2007.06021.x.

42. Semighini CP, Harris SD. 2008. Regulation of apical dominance in Aspergil-
lus nidulans hyphae by reactive oxygen species. Genetics 179:1919–1932.
https://doi.org/10.1534/genetics.108.089318.

43. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. 2008. Mapping
and quantifying mammalian transcriptomes by RNA-Seq. Nat Methods 5:
621–628. https://doi.org/10.1038/nmeth.1226.

44. Arkowitz RA, Bassilana M. 2015. Regulation of hyphal morphogenesis by
Ras and Rho small GTPases. Fungal Biol Rev 29:7–19. https://doi.org/10
.1016/j.fbr.2015.02.003.

45. Kuo CY, Chen SA, Hsueh YP. 2020. The high osmolarity glycerol (HOG)
pathway functions in osmosensing, trap morphogenesis and conidiation

Yang et al.

Volume 10 Issue 1 e01759-21 MicrobiolSpectrum.asm.org 18

https://doi.org/10.1371/journal.pgen.1008029
https://doi.org/10.1371/journal.pgen.1008029
https://doi.org/10.1017/S0269915X04003052
https://doi.org/10.1016/j.fgb.2018.04.011
https://doi.org/10.1016/j.fgb.2018.04.011
https://doi.org/10.1073/pnas.1919726117
https://doi.org/10.1080/21505594.2021.1948667
https://doi.org/10.1007/s00253-018-8929-1
https://doi.org/10.1016/j.isci.2021.102820
https://doi.org/10.1371/journal.pone.0049423
https://doi.org/10.1371/journal.pone.0049423
https://doi.org/10.1111/1462-2920.13862
https://doi.org/10.1111/1462-2920.13862
https://doi.org/10.1128/JB.187.9.3045-3051.2005
https://doi.org/10.1128/JB.187.9.3045-3051.2005
https://doi.org/10.1186/1471-2164-8-334
https://doi.org/10.1186/1471-2164-8-334
https://doi.org/10.1016/j.febslet.2008.11.050
https://doi.org/10.1016/j.febslet.2008.11.050
https://doi.org/10.1261/rna.030767.111
https://doi.org/10.1093/dnares/dst038
https://doi.org/10.1016/0092-8674(85)90058-3
https://doi.org/10.1016/j.tcb.2006.08.006
https://doi.org/10.1016/j.tcb.2006.08.006
https://doi.org/10.1002/(SICI)1097-0029(19991001)47:1%3c51::<?A3B2 re3j?>AID-JEMT5%3e3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-0029(19991001)47:1%3c51::<?A3B2 re3j?>AID-JEMT5%3e3.0.CO;2-3
https://doi.org/10.1038/nature01148
https://doi.org/10.1007/s00294-012-0385-3
https://doi.org/10.5423/PPJ.OA.04.2018.0069
https://doi.org/10.5423/PPJ.OA.04.2018.0069
https://doi.org/10.1093/genetics/156.2.579
https://doi.org/10.1093/genetics/156.2.579
https://doi.org/10.1111/j.1365-2958.2010.07524.x
https://doi.org/10.1111/j.1365-2958.2010.07524.x
https://doi.org/10.1111/j.1365-2958.2012.08133.x
https://doi.org/10.1111/j.1365-2958.2012.08133.x
https://doi.org/10.1371/journal.pone.0106236
https://doi.org/10.1371/journal.pone.0106236
https://doi.org/10.1371/journal.ppat.1000202
https://doi.org/10.1111/j.1365-2958.2005.04952.x
https://doi.org/10.1111/j.1365-2958.2005.04952.x
https://doi.org/10.1128/JB.183.11.3447-3457.2001
https://doi.org/10.1046/j.1365-2958.2002.03167.x
https://doi.org/10.1128/EC.1.1.95-104.2002
https://doi.org/10.1128/EC.1.1.95-104.2002
https://doi.org/10.1128/EC.2.1.9-18.2003
https://doi.org/10.1242/jcs.00319
https://doi.org/10.1371/journal.pone.0027148
https://doi.org/10.1371/journal.pone.0027148
https://doi.org/10.1128/EC.00288-10
https://doi.org/10.1128/EC.00288-10
https://doi.org/10.1111/j.1365-2958.2007.06021.x
https://doi.org/10.1534/genetics.108.089318
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.1016/j.fbr.2015.02.003
https://doi.org/10.1016/j.fbr.2015.02.003
https://www.MicrobiolSpectrum.asm.org


of the nematode-trapping fungus Arthrobotrys oligospora. J Fungi (Basel)
6:191. https://doi.org/10.3390/jof6040191.

46. Zhou DX, Xie MH, Bai N, Yang L, Zhang KQ, Yang JK. 2020. The autoph-
agy-related gene Aolatg4 regulates hyphal growth, sporulation, autopha-
gosome formation, and pathogenicity in Arthrobotrys oligospora. Front
Microbiol 11:59224. https://doi.org/10.3389/fmicb.2020.592524.

47. Nagata S, Nagase H, Kawane K, Mukae N, Fukuyama H. 2003. Degradation
of chromosomal DNA during apoptosis. Cell Death Differ 10:108–116.
https://doi.org/10.1038/sj.cdd.4401161.

48. Gavrieli Y, Sherman Y, Ben-Sasson SA. 1992. Identification of programmed
cell death in situ via specific labeling of nuclear-DNA fragmentation. J Cell
Biol 119:493–501. https://doi.org/10.1083/jcb.119.3.493.

49. Xie MH, Wang YC, Tang LY, Yang L, Zhou DX, Li Q, Niu XM, Zhang KQ,
Yang JK. 2019. AoStuA, an APSES transcription factor, regulates the coni-
diation, trap formation, stress resistance and pathogenicity of the nema-
tode-trapping fungus Arthrobotrys oligospora. Environ Microbiol 21:
4648–4661. https://doi.org/10.1111/1462-2920.14785.

50. Kayano Y, Tanaka A, Takemoto D. 2018. Two closely related Rho GTPases,
Cdc42 and RacA, of the endophytic fungus Epichloe festucae have con-
trasting roles for ROS production and symbiotic infection synchronized
with the host plant. PLoS Pathog 14:e1006840. https://doi.org/10.1371/
journal.ppat.1006840.

51. Bishop AL, Hall A. 2000. Rho GTPases and their effector proteins. Biochem
J 348:241–255. https://doi.org/10.1042/bj3480241.

52. Moore MJ. 2005. From birth to death: the complex lives of eukaryotic
mRNAs. Science 309:1514–1518. https://doi.org/10.1126/science.1111443.

53. Ast G. 2004. How did alternative splicing evolve? Nat Rev Genet 5:
773–782. https://doi.org/10.1038/nrg1451.

54. Park HO, Bi EF. 2007. Central roles of small GTPases in the development of
cell polarity in yeast and beyond. Microbiol Mol Biol Rev 71:48–96.
https://doi.org/10.1128/MMBR.00028-06.

55. Zheng W, Zhao ZY, Chen JS, Liu WD, Ke HY, Zhou J, Lu GD, Darvill AG,
Albersheim P, Wu SC, Wang ZH. 2009. A Cdc42 ortholog is required for
penetration and virulence of Magnaporthe grisea. Fungal Genet Biol 46:
450–460. https://doi.org/10.1016/j.fgb.2009.03.005.

56. Harris SD. 2011. Cdc42/Rho GTPases in fungi: variations on a common
theme. Mol Microbiol 79:1123–1127. https://doi.org/10.1111/j.1365-2958
.2010.07525.x.

57. Nesher I, Minz A, Kokkelink L, Tudzynski P, Sharon A. 2011. Regulation of
pathogenic spore germination by CgRac1 in the fungal plant pathogen
Colletotrichum gloeosporioides. Eukaryot Cell 10:1122–1130. https://doi
.org/10.1128/EC.00321-10.

58. Zhang CK, Wang Y, Wang JQ, Zhai ZZ, Zhang LH, Zheng WH, Zheng W, Yu
WY, Zhou J, Lu GD, Shim WB, Wang ZH. 2013. Functional characterization
of Rho family small GTPases in Fusarium graminearum. Fungal Genet Biol
61:90–99. https://doi.org/10.1016/j.fgb.2013.09.001.

59. Adams AEM, Johnson DI, Longnecker RM, Sloat BF, Pringle JR. 1990.
Cdc42 and Cdc43, two additional genes involved in budding and the
establishment of cell polarity in the yeast Saccharomyces cerevisiae. J Cell
Biol 111:131–142. https://doi.org/10.1083/jcb.111.1.131.

60. Miller PJ, Johnson DI. 1994. Cdc42p GTPase is involved in controlling
polarized cell growth in Schizosaccharomyces pombe. Mol Cell Biol 14:
1075–1083. https://doi.org/10.1128/mcb.14.2.1075-1083.1994.

61. Takemoto D, Kamakura S, Saikia S, Becker Y, Wrenn R, Tanaka A,
Sumimoto H, Scott B. 2011. Polarity proteins Bem1 and Cdc24 are compo-
nents of the filamentous fungal NADPH oxidase complex. Proc Natl Acad
Sci U S A 108:2861–2866. https://doi.org/10.1073/pnas.1017309108.

62. Frieser SH, Hlubek A, Sandrock B, Bolker M. 2011. Cla4 kinase triggers
destruction of the Rac1-GEF Cdc24 during polarized growth in Ustilago

maydis. Mol Biol Cell 22:3253–3262. https://doi.org/10.1091/mbc.E11-04
-0314.

63. Li X, Kang YQ, Luo YL, Zhang KQ, Zou CG, Liang LM. 2017. The NADPH oxi-
dase AoNoxA in Arthrobotrys oligospora functions as an initial factor in
the infection of Caenorhabditis elegans. J Microbiol 55:885–891. https://
doi.org/10.1007/s12275-017-7169-x.

64. Cotteret S, Chernoff J. 2002. The evolutionary history of effectors down-
stream of Cdc42 and Rac. Genome Biol 3:reviews000. https://doi.org/10
.1186/gb-2002-3-2-reviews0002.

65. Rolke Y, Tudzynski P. 2008. The small GTPase Rac and the p21-activated
kinase Cla4 in Claviceps purpurea: interaction and impact on polarity, de-
velopment and pathogenicity. Mol Microbiol 68:405–423. https://doi.org/
10.1111/j.1365-2958.2008.06159.x.

66. Tian H, Zhou L, Guo WZ, Wang XY. 2015. Small GTPase Rac1 and its inter-
action partner Cla4 regulate polarized growth and pathogenicity in Verti-
cillium dahliae. Fungal Genet Biol 74:21–31. https://doi.org/10.1016/j.fgb
.2014.11.003.

67. Niu QH, Huang XW, Zhang L, Xu JP, Yang DM, Wei KB, Niu XM, An ZQ,
Bennett JW, Zou CG, Yang JK, Zhang KQ. 2010. A Trojan horse mechanism
of bacterial pathogenesis against nematodes. Proc Natl Acad Sci U S A
107:16631–16636. https://doi.org/10.1073/pnas.1007276107.

68. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 2013. MEGA6: molec-
ular evolutionary genetics analysis version 6.0. Mol Biol Evol 30:
2725–2729. https://doi.org/10.1093/molbev/mst197.

69. Yang JY, Yan RX, Roy A, Xu D, Poisson J, Zhang Y. 2015. The I-TASSER suite:
protein structure and function prediction. Nat Methods 12:7–8. https://
doi.org/10.1038/nmeth.3213.

70. Colot HV, Park G, Turner GE, Ringelberg C, Crew CM, Litvinkova L, Weiss
RL, Borkovich KA, Dunlap JC. 2006. A high-throughput gene knockout
procedure for Neurospora reveals functions for multiple transcription fac-
tors. Proc Natl Acad Sci U S A 103:10352–10357. https://doi.org/10.1073/
pnas.0601456103.

71. Tunlid A, Ahman J, Oliver RP. 1999. Transformation of the nematode-trap-
ping fungus Arthrobotrys oligospora. FEMS Microbiol Lett 173:111–116.
https://doi.org/10.1111/j.1574-6968.1999.tb13491.x.

72. Doehlemann G, Berndt P, Hahn M. 2006. Different signalling pathways
involving a G alpha protein, cAMP and a MAP kinase control germination
of Botrytis cinerea conidia. Mol Microbiol 59:821–835. https://doi.org/10
.1111/j.1365-2958.2005.04991.x.

73. Qiu L, Zhang TS, Song JZ, Zhang J, Li Z, Wang JJ. 2021. BbWor1, a regula-
tor of morphological transition, is involved in conidium-hypha switching,
blastospore propagation, and virulence in Beauveria bassiana. Microbiol
Spectr 9:e0020321. https://doi.org/10.1128/Spectrum.00203-21.

74. Zhao ML, Mo MH, Zhang KQ. 2004. Characterization of a neutral serine
protease and its full-length cDNA from the nematode-trapping fungus
Arthrobotrys oligospora. Mycologia 96:16–22.

75. Wang M, Yang JK, Zhang KQ. 2006. Characterization of an extracellular
protease and its cDNA from the nematode-trapping fungus Monacrospo-
rium microscaphoides. Can J Microbiol 52:130–139. https://doi.org/10
.1139/w05-110.

76. Guo M, Chen Y, Du Y, Dong YH, Guo W, Zhai S, Zhang HF, Dong SM,
Zhang ZG, Wang YC, Wang P, Zheng XB. 2011. The bZIP transcription fac-
tor MoAP1 mediates the oxidative stress response and is critical for path-
ogenicity of the rice blast fungus Magnaporthe oryzae. PLoS Pathog 7:
e1001302. https://doi.org/10.1371/journal.ppat.1001302.

77. Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2DDCT method. Methods 25:
402–408. https://doi.org/10.1006/meth.2001.1262.

Rho GTPases Regulate Lifestyle Transition of A. oligospora

Volume 10 Issue 1 e01759-21 MicrobiolSpectrum.asm.org 19

https://doi.org/10.3390/jof6040191
https://doi.org/10.3389/fmicb.2020.592524
https://doi.org/10.1038/sj.cdd.4401161
https://doi.org/10.1083/jcb.119.3.493
https://doi.org/10.1111/1462-2920.14785
https://doi.org/10.1371/journal.ppat.1006840
https://doi.org/10.1371/journal.ppat.1006840
https://doi.org/10.1042/bj3480241
https://doi.org/10.1126/science.1111443
https://doi.org/10.1038/nrg1451
https://doi.org/10.1128/MMBR.00028-06
https://doi.org/10.1016/j.fgb.2009.03.005
https://doi.org/10.1111/j.1365-2958.2010.07525.x
https://doi.org/10.1111/j.1365-2958.2010.07525.x
https://doi.org/10.1128/EC.00321-10
https://doi.org/10.1128/EC.00321-10
https://doi.org/10.1016/j.fgb.2013.09.001
https://doi.org/10.1083/jcb.111.1.131
https://doi.org/10.1128/mcb.14.2.1075-1083.1994
https://doi.org/10.1073/pnas.1017309108
https://doi.org/10.1091/mbc.E11-04-0314
https://doi.org/10.1091/mbc.E11-04-0314
https://doi.org/10.1007/s12275-017-7169-x
https://doi.org/10.1007/s12275-017-7169-x
https://doi.org/10.1186/gb-2002-3-2-reviews0002
https://doi.org/10.1186/gb-2002-3-2-reviews0002
https://doi.org/10.1111/j.1365-2958.2008.06159.x
https://doi.org/10.1111/j.1365-2958.2008.06159.x
https://doi.org/10.1016/j.fgb.2014.11.003
https://doi.org/10.1016/j.fgb.2014.11.003
https://doi.org/10.1073/pnas.1007276107
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1073/pnas.0601456103
https://doi.org/10.1073/pnas.0601456103
https://doi.org/10.1111/j.1574-6968.1999.tb13491.x
https://doi.org/10.1111/j.1365-2958.2005.04991.x
https://doi.org/10.1111/j.1365-2958.2005.04991.x
https://doi.org/10.1128/Spectrum.00203-21
https://doi.org/10.1139/w05-110
https://doi.org/10.1139/w05-110
https://doi.org/10.1371/journal.ppat.1001302
https://doi.org/10.1006/meth.2001.1262
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Transcriptome analysis of A. oligospora induced with nematode C. elegans.
	Analysis of DEGs during the trap formation and nematode predation.
	Identification of AS events during the trap formation and nematode predation.
	Sequence and transcription analyses of three Rho GTPases.
	Aocdc42 and Aorac regulate mycelial growth and mycelial morphology.
	Deletion of Aocdc42 and Aorac resulted in lipid accumulation and DNA damage in hyphae.
	Aocdc42 and Aorac regulate conidiation.
	Aorho2, Aocdc42, and Aorac regulate stress response.
	Rho GTPases regulate the biocontrol potential of A. oligospora.
	AoCdc42 and AoRac specifically interact with components of the Nox complex and regulate ROS production.
	Deletion of Rho GTPase genes affected the expression of downstream effectors.

	DISCUSSION
	MATERIALS AND METHODS
	Fungal strains and culture conditions.
	Sequence and phylogenetic analyses of AoRho2, AoCdc42, and AoRac.
	Knockout of Aorho2, Aocdc42, and Aorac genes.
	Comparison of mycelial growth and morphology between the WT and mutants.
	Comparison of stress resistance.
	Comparison of conidial yield and germination rate.
	Bioassay against the nematode C. elegans.
	Determination of proteolytic activity.
	Transcriptome sequencing and analysis.
	Morphological observation, nuclear staining, and TUNEL analysis.
	Analysis of the ROS levels and lipid accumulation.
	Y2H assay.
	Preparation of RNA and RT-qPCR analysis.
	Validation of AS events.
	Statistical analyses.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

