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Arrestins are a family of scaffold proteins that play a crucial role in regulating numerous
cellular processes, such as GPCR signaling. The Arthrobotrys oligospora arrestin family
contains 12 members, which have highly conserved N-terminal and C-terminal domains.
In the presence of ammonia, A. oligospora can change its lifestyle from saprotrophic to
carnivorous. During this transition, the expression pattern of arrestin-coding (AoArc) genes
was markedly upregulated. Therefore, we disrupted seven AoArc genes from A.
oligospora to identify their functions. Although individual arrestin mutant strains display
similar pathogenesis, phenotypes, and stress resistance, the fundamental data on the
roles of AOArc genes in A. oligospora are obtained in this study. Membrane endocytosis in
AoArc mutants was significantly reduced. Meanwhile, the capacity of trap device
formation against nematodes and ammonia was impaired due to AoArc deletions. We
also found that AoArc genes could regulate conidial phenotypes, cell nuclear distribution,
pH response, and stress resistance. Results of gRT-PCR assays revealed that
sporulation-regulated genes were affected after the deletion of AoArc genes. In
particular, among the 12 arrestins, AoArc2 mediates pH signaling in the fungus A.
oligospora. Notably, combined with the classical paradigm of arrestin-GPCR signal
transduction, we suggest that arrestin-regulated trap formation in A. oligospora may be
directly linked to the receptor endocytosis pathway.

Keywords: arrestin, Arthrobotrys oligospora, trap formation, sporulation, pathogenicity, pH signal,
stress resistance

INTRODUCTION

All eukaryotic organisms fine-tune the abundance and activity of cell surface proteins in response to
fluctuations in nutrient availability (Boeckstaens et al., 2015). Effective and rapid turnover of
membrane transporters is vital for the proper uptake of external cues and signal transduction (Busto
et al., 2018). During this process, the endocytosis machinery tightly regulates the stability and
dynamics of plasma membrane (PM) proteins, especially G-protein-coupled receptors (GPCR)
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(Wolfe and Trejo, 2007; Apaja and Lukacs, 2014). GPCRs are
integral players in the signal transduction of various biological
phenomena. They can respond to and transduce diverse
extracellular signals via receptor internalization and trigger a
series of signaling cascades (Latorraca et al., 2018). Internalizing
GPCRs involve a sequential binding of B-arrestin, the clathrin
adaptor AP-2, and clathrin, then engage in various signaling
activities, such as mitogen-activated protein kinase (MAPK)
signaling (Pierce et al., 2000; Laporte et al., 2002).

The proteins of the arrestin family act as adaptor proteins
important for the trafficking of nutrients and signaling receptors,
especially in the desensitization and endocytosis of transmembrane
proteins (Shenoy and Lefkowitz, 2011). Specifically, upon
stimulation of an external agonist, B-arrestin is recruited to many
activated GPCRs or other membrane receptors. Its subsequent
inactivation and internalization lead to receptor degradation and
G-protein signal termination. Thus, arrestin functions as a
desensitizing molecule that is an important regulatory aspect of
the receptor endocytosis process (Jean-Charles et al., 2017). The
arrestin family constitutes the highly conserved B-class arrestins
(visual and P-arrestins) and the a-class arrestins (Aubry et al,,
2009). The common feature in the structures of all arrestins is that
they contain N-terminal/C-terminal arrestin domains, which
contribute to the uncoupling of the receptors downstream of the
G-protein after the receptors are phosphorylated by GPCR kinases
(Ferguson, 2001).

Among them, o-arrestins are believed as the predecessor of
visual and non-visual B-arrestins. Apart from receptor
desensitization and internalization like other arrestins, fungal o-
arrestins often function in signaling cascades and also act as
adaptors facilitating the proper localization of other proteins
(Telzrow et al., 2019). Moreover, a general amino acid permease
(Gap1) and an arginine-specific permease (Canl) serve as linkers
for ubiquitin ligases to facilitate the function of arrestins (Ghaddar
et al.,, 2014): that is, arrestins can bind the WW domains in E3
ubiquitination ligase Rsp5 through prolinerich ubiquitin ligase
binding motifs (PxY sites). Subsequently, the receptor proteins
are ubiquitinated and endocytosed for further downregulation, thus
allowing cells to adapt better to nutrient inavailability and stress
stimulation (Baile et al., 2019). In Saccharomyces cerevisiae, the
ART-Rsp5 ubiquitin ligase network forms a plasma membrane
quality control system that can protect yeast cells from proteotoxic
stress through endocytosis and degradation of misfolded proteins
(Zhao et al., 2013).

Plant-parasitic nematodes cause a dramatic crop loss throughout
the world annually (Ahmad et al., 2021). Nematode-trapping fungi
(NTF) are a large and diverse group of natural enemies against
nematode pathogens in the soil. They can be a powerful weapon in
eliminating nematode hazards (Hsueh et al., 2013). The saprotrophic
NTF can quickly respond and adapt to environmental changes by
carnivorous growth. Such morphological conversion is characterized
by the formation of a variety of fungal capturing devices, including
adhesive nets, adhesive knobs, adhesive branches, and constricting
and non-constricting rings (Zhang et al., 2020). In the presence of
nematodes, the predacious fungi enable these special structures to
capture and consume nematode pests. Therefore, understanding the

mechanism of growth-form conversion in NTF is important for their
bio-utilization against nematodes. Arthrobotrys oligospora is the most
typical NTF and has been used as the model for studying the
evolution of trapping devices and the interaction between fungi
and nematodes (Ji et al., 2020). This fungal species mainly grows as
saprotrophs under nutrient-rich conditions and as predator in the
presence of nematodes and other external substrates, such as amino
acids, urea, and ascarosides (Friman et al., 1985; Hsueh et al., 2013;
Wang et al., 2014). The trapping structure helps A. oligospora to
immobilize and kill nematodes. To date, many fungal pathogenicity-
related genes have been defined, such as the coding genes of mitogen-
activated protein kinase Slt2 and the Rab GTPase AoRab-7A (Yang
et al.,, 2018; Zhen et al., 2018).

We previously identified a novel mechanism for maintaining the
stability of bacteria, fungi, and nematodes in the soil environment, by
which bacteria can induce NTF to capture and kill nematodes in their
habitats. Bacteria, facing their predators, can rapidly excrete urea to
trigger NTF to form massive adhesive nets to control the nematode
population. After the uptake of urea, it can be carbonated with
ammonia and CO,. Finally, ammonia signals NTF to switch from
vegetative to predacious growth (Wang et al., 2014). Therefore, in this
study, we used ammonia as an induction cue for trap formation to
clarify the roles of arrestin proteins in the growth-form conversion of
A. oligospora. We documented the functions of arrestins relative to
endocytosis, virulence-associated cell differentiation and
conidiogenous cell development, and multistress resistance in the
nematode-trapping fungus A. oligospora.

MATERIALS AND METHODS

Fungal Strains and Culture Conditions
Arthrobotrys oligospora Fres. (ATCC 24927) was maintained on a
common fungal nutrient medium (potato dextrose agar, PDA) at
28°C, and AoArc mutants were cultured on a PDA supplement with
hygromycin resistance at 28°C. TGA (1% tryptone, 1% glucose,
1.5% agar) and TYGA (TGA with 0.5% yeast extracts and 1%
molasses) were used for fungal phenotype tests and CMYA (CMA
with 0.5% yeast extracts) was used for sporulating culture (Long
etal,, 2021). All the above fungal strains were stored in the culture
collection of the Key Laboratory for Conservation and Utilization of
Bio-resource, Yunnan University, China. The nematode
Caenorhabditis elegans N2 was maintained on nematode growth
media (NGM) at 20°C (Roh et al., 2010).

Sequence and Phylogenetic Analyses

All arrestin protein sequences were retrieved from NCBI (ATCC
24927) and UniProt using the search keywords “arrestin and
Arthrobotrys oligospora”. The individual arrestin homologs from
other organisms were searched and downloaded from GenBank.
The sequences of arrestins from different organisms were used to
construct neighbor-joining trees for arrestins using the MEGA6
software package (Kumar et al., 2016). Conserved arrestin
domains were predicted based on Pfam (http://pfam.xfam.org)
and SMART (http://smart.embl.de/).
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FM4-64 Staining Analysis

To test endocytosis, the fungus blocks of the wild-type (WT) and
mutant strains were cultured on two-layer water agar (WA)
plates for 3 days; then, the upper medium was cut and these
fungal blocks were stained with 100-fold diluted FM4-64
(Biotium, CA, USA) for 1 and 10 min, respectively. Then, the
samples were washed with ddH,O three times and observed with
a fluorescence microscope (Nikon, Tokyo, Japan) (Ma
et al., 2020).

Deletion of AoArc Genes

The sequences of seven AoArc genes were downloaded from the
whole genome sequence on the NCBI website. Gene knockout was
carried out according to the method described by Liang et al. (2017).
The gene knockout cassette was constructed using three fragments:
HygR cassette and the 5" and 3’ flanking sequences of the target
gene (Table S2). Then, the individual cassette was introduced into
fungal cells using protoplast-mediated transformation. The fungal
transformant genomes were obtained following the steps of the
cetyltrimethylammonium bromide (CTAB) method (Niu et al,
2008). Correct gene mutants were confirmed by PCR and
Southern blot.

Comparison of Mycelia Growth and
Conidiation

Seven- to 10-day-old WT strain and mutant strains were
phenotypically analyzed in this study. For the comparison of
colony growth, 8-mm diameter hyphal discs were transferred
onto the center of 9-cm PDA, TG, and TYGA plates and 6 cm
WA plates. After incubating for 7 days, the hyphal diameter of
each colony was measured. For the comparison of conidiation,
14-day-old fungal colonies on CMY media were washed with 20
ml ddH,0, and conidia yields and their morphologies were next
determined through microscope observation. About 100 conidia
from the WT strain and mutants were analyzed for germination
rate, morphology, and nuclear numbers (Ma et al., 2020).
Conidia were spread on WA plates and placed at 28°C. After
12 and 36 h, the germinated conidia were counted.

We used a grinding wheel to divide the cover glass into four parts
for sterilization, and then inserted it into a PDA medium containing
hyphal disc at 45° for the hyphal-crawling growth. After incubating
for 5 days at 28°C, we used the CFW dye with KOH for staining and
observation. For conidial staining, we used 5 pl of conidial
suspensions for CFW staining and imaging. The hyphal and
conidial samples were stained in DAPI dye for 30 min in the dark
for nuclear analysis. Thereafter, we used the CFW dye (with 250-
fold dilution) for restaining. The images were captured for counting
the number of nuclei (Ma et al., 2020).

Trap Induction and Pathogenicity Analysis

The conidial suspension from 14-day-old WT strain and
mutants on CMY medium was washed from the plates. About
1 x 10° conidia were spread over 6 cm of WA plates and cultured
for 2 days at 28°C. Thereafter, about 400 nematodes were
transferred to the ready mycelia plates. After 6 h at 25°C, we
started observing the trap formation and the nematodes

captured. The observation lasted for 24 h. For the analysis of
ammonia-induction trap formation, we added 1 ml 26.6 uM
ammonia solution and observed the trap production for 48 h.
The observations were repeated three times.

Stress Resistance Analysis

The chemicals disturbing the osmosis, oxidation, and cell wall
synthesis were used for the stress tolerance tests. We added
different doses of sorbitol (0.25, 0.50, and 0.75 M) for osmotic
stress, H,O, (5, 10, and 15 mM) for oxidative stress, and SDS
(0.01%, 0.02%, and 0.03%) for the cell wall perturbing agent into
solid TG plates. Then, 8-mm fungal discs from individual
mutants were placed on the center of the stress testing plate.
After 7 days at 28°C, we observed the fungal morphology and
measured the diameters of each plate (Xie et al., 2021).

pH Tolerance Test

To avoid the effect of high temperature on pH values, we first
prepared sterilized TG broth, and then an equal volume of 2.5%
agar media was added for the final making of TG plates (pH = 5,
7, and 9). Fungal discs (8 mm) were transferred to the center of
the plates. After 7 days, we observed and measured the size of
fungal colonies.

Analyses of Trap Formation and Pathogenicity
Conidia (about 1 x 10°) from WT and mutant strains were
spread over WA for incubation at 28°C for 36 h. Approximately
500 C. elegans or 1 ml of 22.6 uM ammonia solution was added
on a ready mycelia plate for the induction of trap formation in A.
oligospora. Trap formation was observed and counted after 6 h of
induction. The captured nematodes were counted under a light
microscope at 24 h.

RT-PCR Analysis

The WT conidial suspension was incubated in CM broth for 48 h
at 28°C, and the liquid media was pipetted. The mycelium was
exposed to 5 ml of ammonia solution for 2 h. Total RNA from
the mycelia was extracted using the TaKaRa RNA extraction kit
(Takara, Dalian, China, TaKaRa Bio). qRT-PCR analysis was
performed using the TaKaRa kit (PrimeScript' " RT reagent Kit
with gDNA Eraser; TB Green'" Premix Ex Taq  II). Specific
paired primers of targeted genes and the internal conference
genes were designed using the online software of Primer 3.0 plus
(https://bioinfo.ut.ee/primer3-0.4.0/). Transcription levels of
sporulation and anti-stress genes were also analyzed. The
relative transcription levels (RTLs) of the candidate genes were
calculated as the ratio of transcripts in the mutants to that in the
WT strain at a given time using the 2**“" method.

Statistical Analyses

GraphPad Prism version 8.00 (GraphPad Software, San Diego,
CA, USA) was used for the images and the statistical analyses.
One-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test was used to analyze the observations,
measurements, and estimates. p <0.05 was considered significant.
Every experiment was repeated three times.
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RESULTS

Arthrobotrys oligospora Is Abundant in
Arrestin Proteins

To determine the abundance of arrestin proteins in the fungus A.
oligospora, we first retrieved all arrestin proteins from https://
www.uniprot.org/uniprot/?. There are 12 members containing
highly conserved N- and C-terminal domains in A. oligospora
(Figure 1A). We named these proteins as AoArrl to AoArrl2
(Table S1), and the corresponding coding genes were named
AoArcl to AoArcl2. The lengths of AoArr proteins are of 297 to
859 amino acids with predicted pI from 6.47 to 9.77 and without
signal peptides (http://www.cbs.dtu.dk/services/SignalP/). Next,
to define whether these AoArrs are type o or type B, we
performed phylogenetic tree analysis using AoArrs against
others from model organisms of yeast, worm, fly, fish, and
human. The phylogenetic tree analysis indicated that all
arrestins from A. oligospora are completely separated from [3-
arrestin, indicating that they belonged to o-arrestins
(Figure 1B). This analysis result is highly consistent with the
data obtained in other fungi (Alvarez, 2008; Becuwe et al., 2012;
Dong et al., 2016; Telzrow et al., 2019).

AoArc Genes Respond to Ammonia
Induction for Trap Formation

Although nematodes and their extracts can promote trap
production in predatory fungi, ammonia had been defined as a

simple and effective signaling molecule for the formation of an
adhesive network in A. oligospora after adding ammonia for 24 h
(Figure 2A). We analyzed the transcription levels of AoArc genes
using the transcriptome sequencing data of mycelia samples treated
with ammonia for 4 h. Differential analysis results showed that the
values of log, fold change in the mycelia after ammonia addition
ranged from 0.19668 to 5.6401 (Table S1). We then used gRT-PCR
to measure the expression difference of ammonia-treated mycelia at
4 h. The expression levels of AoArcl, AoArc2, AoArc5, AoArcé,
AoArc7, and AoArc8 were increased by over 3-fold (Figure 2B).
Therefore, we hypothesized that the AoArc genes might be involved
in the process of trap formation in A. oligospora.

AoArc Genes Do not Obviously Affect
Fungal Growth in Arthrobotrys oligospora
To characterize the function of AoArc genes, we carried out
knockout experiments of the seven AoArc genes (AoArcl, AoArc2,
Ao0Arc5, AoArc6, AoArc7, AoArcl0, and AoArcl2), of which five
were upregulated genes and two were without change after
ammonia induction. The corresponding mutants were verified
using PCR amplification, Southern blot, and transcriptional level
assays (Figure S1). Subsequently, all strains were inoculated on the
nutrient-rich media of PDA, TG, and TYGA and on the nutrient-
poor media of WA at 28°C. The disruption of AoArc genes did not
inhibit the growth rate on PDA and TG; however, growth was
significantly inhibited for AAoArcl and AAoArc2 on TYGA plates
and AAoArc2 on WA plates. The growth of AAoArc2 mutant was
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FIGURE 1 | Bioinformatics analysis of arrestin-related proteins. (A) Prediction of the domain of arrestin-related proteins in Arthrobotrys oligospora. The number
represents the number of amino acids in each protein, and the pink module represents low complexity. Among them, Bul1_C, LDB19, and Vps26 domains belong to
the arrestin family. (B) The phylogenetic tree analysis of arrestin of related species. The 12 arrestin proteins of A. oligospora studied in this paper are represented by
orange characters, the blue dashed box represents the B-arrestin family, and the remaining black lines represent the o-type arrestin family. The evolutionary tree is
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FIGURE 2 | Ammonia-induced expression analysis of AoArc genes in Arthrobotrys oligospora. (A) Ammonia can induce A. oligospora to produce traps. With the
extension of the ammonia incubation time, the number of traps produced increased significantly, and the blue arrow represents the trap (bar = 500 um). (B) Analysis
of the expression of arrestin-related genes after 4 h of ammonia induction. Among them, the samples were cultured at 28°C for 4 h, that is, the arrestin expression of
the samples without ammonia induction as a standard (CK), which was used for the statistical analysis of RTL. Each experiment was performed three times. Error
bars: standard deviation; asterisk: significant difference between ammonia treatment and no treatment (Tukey’s HSD, p < 0.05).

nearly 50% and 30% slower than the WT on TYGA and WA plates,  that of the WT (Figure 3C). These observations suggested that
respectively, and AAoArcl on TYGA plates was nearly 30% slower  individual AoArc genes, especially AoArcl, AoArc2, AoArc5,
than the WT (Figures 3A, B; Supplementary Figure S2).  AoArc6, and AoArc7, did not primarily regulate the growth of A.
Moreover, CFW dye staining demonstrated that the distance  oligospora and partially affected the development of hyphae
between two septa in AAoArc5 and AAoArc7 was shorter than  cell length.
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FIGURE 3 | Comparison of hyphae growth and hyphae cell length between WT and AoArc mutants. (A) Comparison of mycelial growth between wild-type (WT) and
AoArc mutants; fungal strains were cultured on PDA at 28°C for 7 days (bar = 1 cm). (B) Comparison of mycelial growth between WT and AAoArc2 mutant; fungal
strains were cultured on WA at 28°C for 7 days. WA is a nutrient-poor medium with weak hyphae growth. The white circle is used to indicate the size of the colony
(bar = 1 cm). (C) Comparison of hyphal septum between WT and mutants. The white arrow indicates the septum (bar = 20 um).
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AoArc Genes Contribute to Trap

Formation and Pathogenicity in
Arthrobotrys oligospora

Since the transcriptional levels of AoArc genes were changed
significantly during ammonia-induced trap formation, we tested
the ability of trap formation in AoArc knockout strains. The
mycelia of all strains could form adhesive nets after ammonia

addition for 48 h. However, the level of trap formation in AoArc
mutant strains of AAoArcl, AAoArc2, AAoArc5, AAoArc6, and
AAoArc7 was significantly lower than that of the WT strain, with
52.12%, 55.31%, 52.12%, 61.70%, and 51.07% of the trap yield
compared with the WT strain, respectively. The mutants of
AAoArcl0 and AAoArci2 were slightly lower than the WT
strain (Figures 4A, B). For nematode-induced trap formation,
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FIGURE 4 | Comparison of trap formation and nematocidal activity between the WT and mutants. (A) The formation of traps after 48 h of ammonia treatment (bar =
50 um). (B) Statistics of the number of traps after 48 h of ammonia treatment. (C) Trap formation of fungal strains induced by nematodes at 6, 12, and 24 h. White
arrows: traps. Bar: 50 um. (D) The number of traps in the WT and mutant strains was compared at 24 h after nematode induction. (E) Comparison of captured
nematodes by the WT and mutant strains at 24 h. The asterisk indicates a significant difference compared with the WT (p < 0.05).

Traps /em?

mWT
AAoArcl
3 AAoArc2
AAoArc5
AAoArc6
AAoArc7
AAoArcl0
9 AAoArcl2

304

<3
<>
1

101

The WT and mutants

e WT

AAoArcl
3 AAoArc2
AAoArc5
0 AAoArc6
i AAoAre7
ez AAoArcl0
€ AAoArcl2

w
=3
I

The WT and mutants

e WT
AAoArcl
&3 AAoArc2
A AoArc5
AAoArc6
AAoArc7
22 A AoArcl0
€0 AAoArcl2

The WT and mutants

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

February 2022 | Volume 12 | Article 754333


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Zhou et al.

Arrestins Regulate Endocytosis and Pathogenicity

A. oligospora showed a similar response against ammonia
solution (Figures 4C, D). Contrary to WT, all AoArc mutants
could produce adhesive nets and capture nematodes, but the
time of trap appearance lagged in all of the AoArc mutants. WT
strains started to form traps at 6 h after nematode addition,
whereas the AoArc mutants required 12 h; accordingly, the
nematode mortality in all mutants was significantly decreased
at 12 h. Prominently, the capture rates of nematodes from
AAoArcl, AAoArc2, AAoArc5, AAoArc6, AAoArc7, AAoArclO,
and AAoArcl2 were 39.44%, 39.56%, 31.38%, 30.87%, 47.71%,
37.09%, and 52.32%, respectively, and that of the WT is
79.51% (Figure 4E).

AoArc Genes Contribute to Conidial
Morphology

To further investigate the effect of AoArc genes on conidiophores,
mutant and WT strains were grown on TYGA medium for 7 days.
In comparison with the WT strain, the number of conidiophores
from AAoArc2, AAoArc5, AAoArc6,and AAoArc7 strains on TYGA
media was less, whereas the number of conidiophores from
AAoArcl, AAoArcl0 and AAoArcl2 mutants did not change
obviously compared with the WT (Figure 5A). Then, the conidia
were washed with 20 ml ddH,O, and the conidial number was
counted under a microscope. There was no significant difference in
the conidial yield in AAoArcl, AAoArcl0, and AAoArcl2 strains
compared with the WT which produced nearly 7.2 x 10*/ml of
conidia. On the other hand, the mutants AAoArc2, AAoArc5,
AAoArc6, and AAoArc7 had 46.56%, 47.33%, 36.43%, and 41.50%
of conidial number compared with the WT strains, respectively
(Figure 5B). Furthermore, conidial morphology in all strains was
analyzed using CFW staining. The deletions noticeably changed the
conidial morphology relative to the WT (Figure 5C). For example,
WT conidia are obovoid and contain one septum near the base of
the spores; however, there were relatively high abnormalities
(10.43%-22.7%) observed in all AoArc mutant conidia. For
abnormal conidia, a lack of septum, a change in cell shape, and
mislocalized septa were observed. WT conidial morphology also
had abnormalities with a low probability of 2.3%.

Additionally, nuclei morphological changes between the
WT and mutants were observed after CFW and DAPI
staining (Figure 5D). The average number of nuclei in a
single spore of the WT strain was 13 to 25. However,
significant variations in the nuclei distribution were present
in all AoArc mutants. The number of nuclei reduced to 4 to 12
in each mutant conidium. Similarly, mutants also contained
only 4-13 nuclei in uninucleate hyphal compartments, but
under the same condition, the WT hyphal nuclei number
reached up to 20-23 (Figures S3A, B). Meanwhile, the rates
of conidial germination in AoArc2, AoArc5, AoArc6, and
AoArc7 strains were reduced nearly by 20% compared with
that in the WT strain (Figure S3C). Moreover, the expression
pattern of sporulation-regulated genes (FIbA, VosA, VelB,
AbaA, NsdD, FIbC, VeA, MedA, RodA, and AspB) was
determined based on the qRT-PCR analysis. These genes
were markedly downregulated following the disruption of
AoArc2, AoArc5, AoArc6, and AoArc7 (Figure 5E). All the

above data demonstrated that AoArc genes regulate the conidial
development and morphology in A. oligospora.

AoArc Genes Contribute to the
Endocytosis Process

As lipophilic FM4-64 is an endocytic tracer, we tested the plasma
membrane response against the FM4-64 dye for 1 and 10 min. Upon
the addition of FM4-64, the plasma membrane was labeled
immediately in WT hyphal cells at 1 min. At 1 min, some red
fluorescent signals in the WT hyphal cells moved to the cytoplasm
from the cell surface, whereas almost none of the dye was confined
in the cytoplasm of all AoArc mutants under similar conditions.
Besides, at exposure for 10 min, large amounts of the dye were
retained in the cytoplasm of WT cells, whereas only a few visible dye
patches accumulated in the cytoplasm of the mutants. These
observations indicate that the deletion of AoArcs could block the
endocytosis process (Figures 6A, B). Thereafter, to confirm
whether AoArc deletion-initiated endocytosis weakening would
affect G-protein signaling, we checked the transcription levels of
the five subunits of G protein in this pathway (Figure 6C). In
AAoArcl, AAoArc2, AAoArc5, AAoArc6,and AAoArc7 mutants, the
RTLs of these subunit genes were significantly upregulated in
comparison with the WT strain. In AAoArcl0 and AAoArcI2
mutants, the expression of genes encoding the three G-protein
subunits (Gal, Go2, Ga3) was increased by over 2.5-fold, but the
genes Gf and Gy were unaffected in the AAoArc10 and AAoArcl2
mutants. These data suggested that disruption of arrestin led to
activation of G-protein signaling.

AoArc Genes Regulated Stress Resistance
in Arthrobotrys oligospora

Current models assume that PalF, an ot-arrestin protein member,
is involved in pH signaling pathway. We examined whether
colony growth was different between the AoArc mutants and WT
strain under acidic (pH 5.0), neutral (pH 7.0), and alkaline
conditions (pH 9.0) (Figure 7A). The A. oligospora WT strain
could grow in a wide pH range from 5.0 to 9.0, but only the
AAoArc2 mutant strain failed to adapt to the pH variations; other
AoArc mutants grew under different pH conditions. These data
highlighted that among these AoArc genes, the AoArc2 was the
dominant pH-response regulator protein in A. oligospora.

The ability to resist stressors in the WT and mutants was
evaluated using different chemicals: cell wall perturbing agent
(SDS), oxidative agent (H,O,), and osmotic salts (D-sorbitol).
We chose the gradient doses of these chemicals for the stress
sensitivity tests. Although 0.01% of SDS had a similar inhibitory
effect on the growth of WT and mutants of AAoArcI0 and
AAoArci2, the effect became more severe in AAoArcl, AAoArc2,
AAoArc5, AAoArc6, and AAoArc7 strains (Figure 7B). With
respect to D-sorbitol, the mutant strains, especially the AAoArc2,
AAoArc5, AAoArc6, and AAoArc7 strains, showed noticeable
sensitivity to 1 mM D-sorbitol (Figure 7C). AoArc mutants
displayed higher resistance to 10 mM H,0O,, in which the colony
growth of WT was almost completely suppressed, but under
similar conditions, the growth of AoArc mutants was only nearly
30% (Figure S4). Overall, the A. oligospora arrestin family played

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

February 2022 | Volume 12 | Article 754333


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Zhou et al.

Arrestins Regulate Endocytosis and Pathogenicity

AAoArel

AAoArc2 AAoArcs

M i - m - - -

AAoArc6 AAoAre7

AAoArcl0 “ AAoArcl2 E

(o

RTLs (folds)

Number of spores (/mL)

e WT
AAoArcl
=3 AAoArc2
A AoArc3
A AoArc6
AAoArc7
22 A AoArcl0
2 AAoArcl2

Strians

RTLs (folds)

RTLs (folds)

asterisk: significant difference between mutant and WT (Tukey’s HSD, p < 0.05).

"
,;4 % = I
s =
[y €
£ "
= = I *
: I T RN R
TS TNTE TS

FIGURE 5 | Comparison of aerial hyphae, conidia yield, morphology, number of conidia nuclei, and sporulation-related gene transcription between WT and AoArc
mutants. (A) Comparison of conidiophores between WT and AoArc mutants on TYGA at 28°C for 7 days. (B) The conidia yields collected from strains grown on
CMY for 7 days. (C) The spores are stained by CFW, and the percentage in the upper right corner indicates the conidia deformation rate. Bar: 10 um. (D) After the
fungal strains were grown on CMY medium for 7 days, the conidia of WT and each mutant strain were collected and stained with 4’,6-diamidino-2-phenylindole
(DAPI); the samples were inspected with an inverted fluorescence microscope. Bar: 10 um. (E) Comparison of sporulation-related genes between WT and AoArc
mutants. CK (A. o B-tubulin) is expressed as the standard of RTL statistical analysis. Each experiment was performed three times. Error bars: standard deviation;

important roles in cellular adaption to external stress and
resisting unfavorable conditions.

DISCUSSION

Arrestin proteins are abundant in eukaryotes and are important
players in terminating the signaling of seven-transmembrane
receptors. Accumulating research supports that arrestins act as
an adaptor or scaffold by binding PM receptors and subsequently

inhibit downstream G-protein signal transduction. Our main
results about the functions of arrestins in A. oligospora are
consistent with the findings in other model organisms.
Arthrobotrys oligospora arrestins are multifunctional proteins
in the regulation of endocytosis, trap formation, pathogenicity,
sporulation, nuclei distribution, pH adaptation, and stress
resistance. From the classical arrestin signaling paradigm, we
suggest that arrestin-regulated multiple cellular morphologies
and virulence in A. oligospora may be directly linked to the
receptor endocytosis pathway (Figure 8).
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The NTF A. oligospora has 12 arrestin members. The higher
abundance of arrestins suggests that these proteins are important
for the regulation of cellular processes. Based on structure,
arrestin can be classified as visual and P-arrestins, ci-arrestins,
and Vps26-related proteins, and these subgroups have similar
regulatory functions in different organisms (Kang et al., 2014). In
mammals, visual and B-arrestin-mediated endocytosis has been
widely proposed in GPCRs and other receptor desensitization
(Beautrait et al., 2017). For instance, disruption of B-arrestins can
block the glucocorticoid receptor, severely retarding lung and
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FIGURE 6 | Arrestin is involved in the regulation of fungal endocytosis. (A) Comparison of FM4-64 staining between WT and AoArc mutants; the samples were
inspected with an inverted fluorescence microscope. Bar: 10 um. (B) Analyze the fluorescence intensity of FM4-64 after staining. Top: dyeing for 1 min; Bottom:
dyeing for 10 min. (C) Comparison of the transcription level of G protein subunits between WT and AoArc mutant strains. CK (A. o S-tubulin) is expressed as the
standard of RTL statistical analysis. Each experiment was performed three times. Error bars: standard deviation; asterisk: significant difference between mutant and
WT (Tukey’s HSD, p < 0.05).

liver development in mice (Zhang et al., 2011). In yeast, 13 o-
arrestins mediate endocytosis and PM quality control via Rsp5
ubiquitin ligase-ART adaptor networks (Nikko and Pelham,
2009). The lack of Rsp5 adaptors in yeast cells is likely to
cause the accumulation of PM proteins on the cell surface,
causing proteotoxic stress (Zhao et al., 2013). Although
we did not demonstrate the interaction between AoRsp5
(AOL_s00188g58) and AoArr in this study, we confirmed that
most of the AoArr proteins contain PxY motifs required for
binding Rsp5 in yeast and animal cells (Table S1). Therefore, the
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FIGURE 7 | Arrestin responds to stress stimulation. (A) Under different pH conditions, comparison of the growth of WT and mutant strains on TG medium.
(B) Colonial morphology of fungal strains under cell wall-interfering agent stress. (C) Colonial morphology of fungal strains under osmotic stress. Bar: 1 cm. Red box:

regulatory role of AoArrs in A. oligospora may be similar in yeast
and other eukaryotes.

Importantly, lifestyle conversion in predatory fungi is crucial for
the fungal infection process. A previous study from our team has
shown that G proteins and MAPK are important for signal
transduction mechanism in fungi, and mutations of the MAPK
protein AoSlt2, Aolme2, and Rab protein AoRab-7A can affect
hyphal growth, cell nucleus development, conidiation, trap
formation, and pathogenicity in A. oligospora (Yang et al., 2018;
Zhenetal., 2018; Xieetal., 2020). Besides, G-protein 3-subunit gpb1
mutants were significantly defective in trap morphogenesis in
response to C. elegans (Yang et al., 2020). As arrestins block the
signal transduction by preventing the interaction between
cytoplasmic receptor domains and heterotrimeric G proteins
(Herranz et al., 2005), we hypothesized that the loss of arrestins
would increase GPCR retention on the PM, blocking the
endocytosis process. Our observations using FM4-64 dye staining
supported this speculation. Noticeably, FM4-64 internalization was
significantly weakened in all AoArc mutants. Meanwhile, arrestin

gene disruptions also lead to lower levels of the trapping cell
formation and nematode deaths. Although inhibition of
endocytosis was demonstrated in this study, its physiological
importance in the NTF remains largely unaddressed. It seems
that endocytosis is linked to fungal pathogenicity, as arrestin
mutants demonstrated reduced trap formation and capturing of
nematodes. The role of G proteins in regulating trap formation and
pathogenicity in NTF is very well established. Thus, it is possible
that as scaffolds associated with GPCRs, arrestin proteins are
involved in controlling NTF growth pattern conversion and
pathogenicity by regulating endocytosis. Therefore, interruption
of various proteins in the G-protein signaling pathway may affect
the normal growth and development of traps in A. oligospora.
Moreover, the importance of the Pal/Rim pathway for fungal
adaptation to ambient pH has been proven in Beauveria
bassiana, Aspergillus nidulans, and Saccharomyces cerevisiae.
This pathway involves seven proteins: PalH, Pall, PalF, PalC,
PalA, PalB, and PacC (Selvig and Alspaugh, 2011; Zhu et al,
2016). After sensing the extracellular alkaline pH, membrane
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FIGURE 8 | A proposed model for the regulation of AoArc genes in
Arthrobotrys oligospora. Arthrobotrys oligospora senses the nematode or
ammonia stress signals and transmits them to G protein-coupled receptors in
cells. Arrestin triggers various regulatory pathways by inactivating GPCRs and
participating in endocytosis, thereby terminating G protein signals to regulate
the series of biological processes including trap formation, pathogenicity,
sporulation, nuclei distribution, pH adaptation, and stress resistance. The
dashed arrow indicates the assumed connection; the solid arrow indicates
the experimental result.

proteins PalH and Pall providing pH-sensing activity are bound
by arrestin-related protein PalF. PalF is phosphorylated and
ubiquitinated in a PalH-dependent manner, indicating PalF as
the possible link between ambient pH sensor(s) (Landraud et al.,
2013; Zhu et al., 2016). These cascades mediate fungal adaptation
to environmental pH. Our results displayed that AoArc2 deletion
caused severe growth defects in mutants compared with the WT
strain under acidic and alkaline conditions, which is consistent
with the observation in PalH mutant, the most upstream of all
other Pal proteins, causing similar growth defects: A. oligospora
lacking AopalH has reduced conidiation and formation of traps.
Thus, arrestins similarly regulate pH adaptation in A. oligospora.

Furthermore, o-arrestins regulate conidiation patterns in
Magnaporthe oryzae. ARRDCI (Arrestin domain containing 1)
is considered as an autophagy-associated protein. The absence of
ARRDCI affects the expression profile of virulence-related
transcription factor CCA1 and generates an acropetal array of
conidia (Banguela-Castillo et al., 2020). After the co-localization of
ARRDCI1 and Autophagy-related protein 8 (ATGS8), other arrestin
proteins enter the autophagic flux before autophagosome
maturation (Dong et al., 2016). Our results showed that
mutations in arrestin-coding genes result in a high proportion
of defective conidia, and the nuclei numbers in each hyphal
compartment and conidial cells are almost halved compared

with the WT cells. This observation is relative to the autophagy
regulation pathway in which cellular components, including
nuclei, are degraded (Corral-Ramos et al., 2015). ATG5
mutation in A. oligospora caused a significant reduction in the
number of cell nuclei, as found in the case of arrestin mutations
(Zhou et al., 2021). Therefore, arrestin protein is an important
factor in regulating conidial development in A. oligospora.

Finally, for responding to these unfavorable conditions,
mammalian and model fungal arrestins help regulate viability
and virulence. Our data showed that arrestins are important for
the adaption of A. oligospora to several stress conditions. In the
analysis of oxidative, hyperosmotic, and cell wall perturbing
stresses, mutants revealed increased sensitivity toward stress
cues. Furthermore, the stress-regulated genes were also
affected. In animal cells, the knockdown of B-arrestin has been
shown to decrease ROS and NADPH oxidase 4 (NOX4)
expressions (Sun et al.,, 2020). The a-arrestin protein Alil in
Cryptococcus neoformans acts as a novel regulator of cytokinesis
in the presence of stress. In the alil mutant, cell surface integrity
was impaired in the presence of various cell surface stressors,
such as calcofluor white, Congo red, SDS, and caffeine.
Individual arrestin mutants display distinct, but overlapping,
phenotypes in the presence of acidic (pH 5.0) and alkaline (pH
9.0) conditions, cell wall perturbing agent (SDS), oxidant agent
(H,0,), and osmotic salts (D-sorbitol) (Telzrow et al., 2019).
In addition, in the soil amoeba Dictyostelium, the arrestin-
domain-containing protein AdcA also helps to respond to a
variety of stressors, such as glucose, glycerol or NaCl, heat shock,
mitochondrial uncoupler FCCP, and oxidative stress. Therefore,
arrestin proteins facilitate the maintenance of cell integrity and
cellular functions against various extracellular stressors.

This study demonstrates that 12 arrestin proteins in A.
oligospora play multifaceted roles in response to environment
change. The trap signaling molecule, such as ammonia, triggers
the higher expression of six arrestins (AoArcl, AoArc2, AoArc5,
AoArc6, AoArc7, and AoArc8) to facilitate fungal lifestyle switch,
and cellular differentiation may be mediated by endocytosis.
Arrestin-related proteins mediate pH signaling as an important
mechanism through which fungi can adapt to a changed pH
condition. Similar to yeast PalF, the AoArc2 is the dominant pH-
response regulator protein in A. oligospora. Through a series of
analysis of phenotypes on growth, stress resistance, virulence,
and conidiation, AoArc2, AoArc5, AoArc6, and AoArc7 all
regulate these process. Considering the high conservation of
arrestin family members, we did not investigate the roles of the
remaining five genes (AoArc3, AoArc4, AoArc8, AoArc9, and
AoArcll). Thus, it is highly possible that AoArc8 has a similar
function with AoArcl, AoArc2, AoArc5, AoArc6, and AoArc7,
and AoArc3, AoArcd, AoArc9, and AoArcll are similar with
those of AoArcl0 and AoArcl2.

Overall, arrestin proteins serve as the scaffolding molecules
linking membrane receptors to multiple cytosolic proteins for
initiating multiple signal transduction processes. Through
arrestin-bound receptor internalization, cells maintain the
dynamics and stability of the plasma membrane in response to
external cues. Despite the mechanistic novelty of the fungal
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arrestin signaling transduction pathway, this work provides
robust evidence to delineate the multifaceted functions of
arrestin proteins in conidiation, stress adaptation,
morphogenesis, trap-related pathogenesis, and endocytosis.

CONCLUSION

There are 12 o-arrestin proteins containing the N- and C-arrestin
domain in the NTF A. oligospora. They are highly functionally and
structurally conservative proteins. Here, the role of seven AoArc
genes was analyzed in the regulation of growth, conidiation, trap
formation and pathogenicity, endocytosis process, and pH
signaling. Our study provides the possible mechanism of trap
formation where arrestin-mediated endocytosis regulates the trap-
structure biogenesis in NTF. Besides, further investigation is needed
to unveil how arrestin proteins interact for tuning PM stability after
the environmental stimuli.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

REFERENCES

Ahmad, G., Khan, A,, Khan, A. A,, Ali, A., and Mohhamad, H. I. (2021). Biological
Control: A Novel Strategy for the Control of the Plant Parasitic Nematodes.
Antonie van Leeuwenhoek. 114 (7), 885-912. doi: 10.1007/s10482-021-01577-9.

Alvarez, C. E. (2008). On the Origins of Arrestin and Rhodopsin. BMC Evol. Biol. 8
(1), 1-13. doi: 10.1186/1471-2148-8-222

Apaja, P. M., and Lukacs, G. L. (2014). Protein Homeostasis at the Plasma
Membrane. Physiology 29 (4), 265-277. doi: 10.1152/physiol.00058.2013

Aubry, L., Guetta, D., and Klein, G. (2009). The Arrestin Fold: Variations on a
Theme. Curr. Genomics 10 (2), 133-142. doi: 10.2174/138920209787847014

Baile, M. G., Guiney, E. L., Sanford, E. J., MacGurn, J. A., Smolka, M. B., and Emr,
S.D. (2019). Activity of a Ubiquitin Ligase Adaptor Is Regulated by Disordered
Insertions in its Arrestin Domain. Mol. Biol. Cell 30 (25), 3057-3072. doi:
10.1091/mbc.E19-08-0451

Banguela-Castillo, A., Ramos-Gonzalez, P. L., Pena-Marey, M., Godoy, C. V., and
Harakava, R. (2020). An Updated Phylogenetic Classification of Corynespora
Cassiicola Isolates and a Practical Approach to Their Identification Based on
the Nucleotide Polymorphisms at the Ga4 and Caa5 Loci. Mycologia 112 (1),
24-38. doi: 10.1080/00275514.2019.1670018

Beautrait, A., Paradis, J. S., Zimmerman, B., Giubilaro, J., Nikolajev, L., Armando,
S., et al. (2017). A New Inhibitor of the B-Arrestin/AP2 Endocytic Complex
Reveals Interplay Between GPCR Internalization and Signalling. Nat.
Commun. 8 (1), 1-16. doi: 10.1038/ncomms15054

Becuwe, M., Herrador, A., Haguenauer-Tsapis, R,, Vincent, O., and Léon, S.
(2012). Ubiquitin-Mediated Regulation of Endocytosis by Proteins of the
Arrestin Family. Biochem. Res. Int. 2012, 1-12. doi: 10.1155/2012/242764

Boeckstaens, M., Merhi, A., Llinares, E., Van Vooren, P., Springael, ].-Y., Wintjens,
R, et al. (2015). Identification of a Novel Regulatory Mechanism of Nutrient
Transport Controlled by TORCI1-Nprl-Amul/Par32. PloS Genet. 11 (7),
€1005382. doi: 10.1371/journal.pgen.1005382

Busto, J. V., Elting, A., Haase, D., Spira, F., Kuhlman, J., Schifer-Herte, M., et al.
(2018). Lateral Plasma Membrane Compartmentalization Links Protein
Function and Turnover. EMBO ]. 37 (16), €99473. doi: 10.15252/
embj.201899473

AUTHOR CONTRIBUTIONS

XW and GL conceived and designed the study. LZ, XW, and GL
wrote the manuscript. LZ and ML conducted the experiments.
PC, MT, YX, and ML analyzed the data. XW, GL, XZ, and KZ
revised the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This research was jointly supported by the National Natural
Science Foundation of China (31760024 and U1802233), the
Applied Basic Research Foundation of Yunnan Province
(2018FB024, 2019FB123), the Department of Science and
Technology of Yunnan Province (202001BB050061), and the
Scientific Research Fund Project of Yunnan Provincial
Department of Education (2021Y048).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcimb.2022.754333/
full#supplementary-material

Corral-Ramos, C., Roca, M. G., Di Pietro, A., Roncero, M. I. G., and Ruiz-Roldan,
C. (2015). Autophagy Contributes to Regulation of Nuclear Dynamics During
Vegetative Growth and Hyphal Fusion in Fusarium Oxysporum. Autophagy 11
(1), 131-144. doi: 10.4161/15548627.2014.994413

Dong, B, Xu, X,, Chen, G., Zhang, D., Tang, M., Xu, F,, et al. (2016). Autophagy-
Associated Alpha-Arrestin Signaling is Required for Conidiogenous Cell
Development in Magnaporthe Oryzae. Sci. Rep. 6 (1), 1-13. doi: 10.1038/srep30963

Ferguson, S. S. (2001). Evolving Concepts in G Protein-Coupled Receptor
Endocytosis: The Role in Receptor Desensitization and Signaling. Pharmacol.
Rev. 53 (1), 1-24.

Friman, E., Olsson, S., and Nordbring-Hertz, B. (1985). Heavy Trap Formation by
Arthrobotrys Oligospora in Liquid Culture. FEMS Microbiol. Ecol. 1 (1), 17-21.
doi: 10.1111/j.1574-6968.1985.tb01126.x

Ghaddar, K., Merhi, A, Saliba, E., Krammer, E.-M., Prévost, M., and Andre, B.
(2014). Substrate-Induced Ubiquitylation and Endocytosis of Yeast Amino Acid
Permeases. Mol. Cell. Biol. 34 (24), 4447-4463. doi: 10.1128/MCB.00699-14

Herranz, S., Rodriguez, J. M., Bussink, H.-J., Sanchez-Ferrero, J. C., Arst, H. N,
Penalva, M. A,, et al. (2005). Arrestin-Related Proteins Mediate pH Signaling in
Fungi. Proc. Natl. Acad. Sci. 102 (34), 12141-12146. doi: 10.1073/
pnas.0504776102

Hsueh, Y.-P., Mahanti, P., Schroeder, F. C., and Sternberg, P. W. (2013).
Nematode-Trapping Fungi Eavesdrop on Nematode Pheromones. Curr. Biol.
23 (1), 83-86. doi: 10.1016/j.cub.2012.11.035

Jean-Charles, P.-Y., Kaur, S., and Shenoy, S. K. (2017). GPCR Signaling via B-
Arrestin-Dependent Mechanisms. J. Cardiovasc. Pharmacol. 70 (3), 142. doi:
10.1097/FJC.0000000000000482

Ji, X., Yu, Z., Yang, J., Xu, J., Zhang, Y., Liu, S., et al. (2020). Expansion of Adhesion
Genes Drives Pathogenic Adaptation of Nematode-Trapping Fungi. Iscience 23
(5), 101057. doi: 10.1016/j.is¢i.2020.101057

Kang, D. S., Tian, X., and Benovic, J. L. (2014). Role of B-Arrestins and Arrestin
Domain-Containing Proteins in G Protein-Coupled Receptor Trafficking.
Curr. Opin. Cell Biol. 27, 63-71. doi: 10.1016/j.ceb.2013.11.005

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular Evolutionary
Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol. 33 (7), 1870—
1874. doi: 10.1093/molbev/msw054

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

February 2022 | Volume 12 | Article 754333


https://www.frontiersin.org/articles/10.3389/fcimb.2022.754333/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.754333/full#supplementary-material
https://doi.org/10.1186/1471-2148-8-222
https://doi.org/10.1152/physiol.00058.2013
https://doi.org/10.2174/138920209787847014
https://doi.org/10.1091/mbc.E19-08-0451
https://doi.org/10.1080/00275514.2019.1670018
https://doi.org/10.1038/ncomms15054
https://doi.org/10.1155/2012/242764
https://doi.org/10.1371/journal.pgen.1005382
https://doi.org/10.15252/embj.201899473
https://doi.org/10.15252/embj.201899473
https://doi.org/10.4161/15548627.2014.994413
https://doi.org/10.1038/srep30963
https://doi.org/10.1111/j.1574-6968.1985.tb01126.x
https://doi.org/10.1128/MCB.00699-14
https://doi.org/10.1073/pnas.0504776102
https://doi.org/10.1073/pnas.0504776102
https://doi.org/10.1016/j.cub.2012.11.035
https://doi.org/10.1097/FJC.0000000000000482
https://doi.org/10.1016/j.isci.2020.101057
https://doi.org/10.1016/j.ceb.2013.11.005
https://doi.org/10.1093/molbev/msw054
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Zhou et al.

Arrestins Regulate Endocytosis and Pathogenicity

Landraud, P., Chuzeville, S., Billon-Grande, G., Poussereau, N., and Bruel, C. (2013).
Adaptation to pH and Role of PacC in the Rice Blast Fungus Magnaporthe
Oryzae. PloS One 8 (7), €69236. doi: 10.1371/journal.pone.0069236

Laporte, S. A., Miller, W. E., Kim, K.-M., and Caron, M. G. (2002). B-Arrestin/AP-
2 Interaction in G Protein-Coupled Receptor Internalization: Identification of a
B-Arrestin Binding Site in 2-Adaptin. J. Biol. Chem. 277 (11), 9247-9254. doi:
10.1074/jbc.M108490200

Latorraca, N. R.,, Wang, J. K., Bauer, B., Townshend, R. J., Hollingsworth, S. A.,
Olivieri, J. E., et al. (2018). Molecular Mechanism of GPCR-Mediated Arrestin
Activation. Nature 557 (7705), 452-456. doi: 10.1038/s41586-018-0077-3

Liang, L., Gao, H.,, Li, ], Liu, L., Liu, Z., and Zhang, K.-Q. (2017). The Woronin
Body in the Nematophagous Fungus Arthrobotrys Oligospora is Essential for
Trap Formation and Efficient Pathogenesis. Fungal Biol. 121 (1), 11-20. doi:
10.1016/j.funbio.2016.08.010

Long, X., He, N.-M,, Tan, L.-X,, Yang, Y.-H., Zhou, J.-P., Liu, Z.-Y., et al. (2021).
Methylglyoxal Has Different Impacts on the Fungistatic Roles of Ammonia and
Benzaldehyde, and Lactoylglutathione Lyase Is Necessary for the Resistance of
Arthrobotrys Oligospora to Soil Fungistasis. Front. Cell. Infect. Microbiol. 11.
doi: 10.3389/fcimb.2021.640823

Ma, Y., Yang, X, Xie, M., Zhang, G., Yang, L., Bai, N, et al. (2020). The Arf-GAP
AoGlo3 Regulates Conidiation, Endocytosis, and Pathogenicity in the
Nematode-Trapping Fungus Arthrobotrys Oligospora. Fungal Genet. Biol.
138, 103352. doi: 10.1016/j.fgb.2020.103352

Nikko, E., and Pelham, H. R. (2009). Arrestin-Mediated Endocytosis of Yeast
Plasma Membrane Transporters. Traffic 10 (12), 1856-1867. doi: 10.1111/
j-1600-0854.2009.00990.x

Niu, C., Kebede, H., Auld, D. L., Woodward, J. E., Burow, G., and Wright, R. J.
(2008). A Safe Inexpensive Method to Isolate High Quality Plant and Fungal
DNA in an Open Laboratory Environment. Afr. J. Biotechnol. 7 (16), 2818-
2822. doi: 10.5897/AJB08.504

Pierce, K. L., Maudsley, S., Daaka, Y., Luttrell, L. M., and Lefkowitz, R. J. (2000).
Role of Endocytosis in the Activation of the Extracellular Signal-Regulated
Kinase Cascade by Sequestering and Nonsequestering G Protein-Coupled
Receptors. Proc. Natl. Acad. Sci. 97 (4), 1489-1494. doi: 10.1073/pnas.97.4.1489

Roh, J.-Y., Park, Y.-K., Park, K., and Choi, J. (2010). Ecotoxicological Investigation of
CeO2 and TiO2 Nanoparticles on the Soil Nematode Caenorhabditis Elegans
Using Gene Expression, Growth, Fertility, and Survival as Endpoints. Environ.
Toxicol. Pharmacol. 29 (2), 167-172. doi: 10.1016/j.etap.2009.12.003

Selvig, K., and Alspaugh, J. A. (2011). pH Response Pathways in Fungi: Adapting
to Host-Derived and Environmental Signals. Mycobiology 39 (4), 249-256. doi:
10.5941/MYCO.2011.39.4.249

Shenoy, S. K., and Lefkowitz, R. J. (2011). B-Arrestin-Mediated Receptor
Trafficking and Signal Transduction. Trends Pharmacol. Sci. 32 (9), 521-533.
doi: 10.1016/j.tips.2011.05.002

Sun, J.-C,, Du, J.-J,, Li, X.-Q,, Li, N., Wei, W., and Sun, W.-Y. (2020). Depletion of
B-Arrestin 2 Protects Against CCl4-Induced Liver Injury in Mice. Biochem.
Biophys. Res. Commun. 522 (2), 485-491. doi: 10.1016/j.bbrc.2019.11.093

Telzrow, C. L., Nichols, C. B., Castro-Lopez, N., Wormley, F. L.Jr., and Alspaugh, J.
A. (2019). A Fungal Arrestin Protein Contributes to Cell Cycle Progression and
Pathogenesis. MBio 10 (6), €02682-e02619. doi: 10.1128/mBi0.02682-19

Wang, X,, Li, G. H,, Zou, C. G, Ji, X. L,, Liu, T, Zhao, P. J., et al. (2014). Bacteria
can Mobilize Nematode-Trapping Fungi to Kill Nematodes. Nat. Commun. 5,
5776. doi: 10.1038/ncomms6776

Wolfe, B. L., and Trejo, J. (2007). Clathrin-Dependent Mechanisms of G Protein-
Coupled Receptor Endocytosis. Traffic 8 (5), 462-470. doi: 10.1111/j.1600-
0854.2007.00551.x

Xie, M, Bai, N, Yang, J., Jiang, K., Zhou, D., Zhao, Y., et al. (2020). Protein Kinase
Ime2 is Required for Mycelial Growth, Conidiation, Osmoregulation, and

Pathogenicity in Nematode-Trapping Fungus Arthrobotrys Oligospora. Front.
Microbiol. 10. doi: 10.3389/fmicb.2019.03065

Xie, M., Yang, ], Jiang, K., Bai, N., Zhu, M., Zhu, Y., et al. (2021). AoBckl and
AoMKKkl1 are Necessary to Maintain Cell Wall Integrity, Vegetative Growth,
Conidiation, Stress Resistance, and Pathogenicity in the Nematode-Trapping
Fungus Arthrobotrys Oligospora. Front. Microbiol. 12. doi: 10.3389/
fmicb.2021.649582

Yang, C.-T., de Ulzurrun, G. V.-D., Gongalves, A. P., Lin, H.-C,, Chang, C.-W.,
Huang, T.-Y., et al. (2020). Natural Diversity in the Predatory Behavior
Facilitates the Establishment of a Robust Model Strain for Nematode-
Trapping Fungi. Proc. Natl. Acad. Sci. 117 (12), 6762-6770. doi: 10.1073/
pnas.1919726117

Yang, X,, Ma, N,, Yang, L., Zheng, Y., Zhen, Z,, Li, Q. et al. (2018). Two Rab
GTPases Play Different Roles in Conidiation, Trap Formation, Stress
Resistance, and Virulence in the Nematode-Trapping Fungus Arthrobotrys
Oligospora. Appl. Microbiol. Biotechnol. 102 (10), 4601-4613. doi: 10.1007/
500253-018-8929-1

Zhang, Y., Li, S, Li, H., Wang, R., Zhang, K.-Q,, and Xu, J. (2020). Fungi-
nematode Interactions: Diversity, Ecology, and Biocontrol Prospects in
Agriculture. J. Fungi 6 (4), 206. doi: 10.3390/j0f6040206

Zhang, M., Teng, H., Shi, J., and Zhang, Y. (2011). Disruption of B-Arrestins
Blocks Glucocorticoid Receptor and Severely Retards Lung and Liver
Development in Mice. Mech. Dev. 128 (7-10), 368-375. doi: 10.1016/
j-.mod.2011.07.003

Zhao, Y., MacGurn, J. A., Liu, M., and Emr, S. (2013). The ART-Rsp5 Ubiquitin
Ligase Network Comprises a Plasma Membrane Quality Control System That
Protects Yeast Cells From Proteotoxic Stress. Elife 2, €00459. doi: 10.7554/
eLife.00459.029

Zhen, Z., Xing, X., Xie, M., Yang, L., Yang, X., Zheng, Y., et al. (2018). MAP Kinase
Slt2 Orthologs Play Similar Roles in Conidiation, Trap Formation, and
Pathogenicity in Two Nematode-Trapping Fungi. Fungal Genet. Biol. 116,
42-50. doi: 10.1016/j.fgb.2018.04.011

Zhou, D., Zhu, Y., Bai, N,, Yang, L., Xie, M., Yang, J., et al. (2021). AoATGS5 Plays
Pleiotropic Roles in Vegetative Growth, Cell Nucleus Development,
Conidiation, and Virulence in the Nematode-Trapping Fungus Arthrobotrys
Oligospora. Sci. China Life Sci. 64, 1-14. doi: 10.1007/s11427-020-1913-9

Zhu, J., Ying, S.-H., and Feng, M.-G. (2016). The Pal Pathway Required for
Ambient pH Adaptation Regulates Growth, Conidiation, and Osmotolerance
of Beauveria Bassiana in a pH-Dependent Manner. Appl. Microbiol. Biotechnol.
100 (10), 4423-4433. doi: 10.1007/s00253-016-7282-5

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhou, Li, Cui, Tian, Xu, Zheng, Zhang, Li and Wang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

February 2022 | Volume 12 | Article 754333


https://doi.org/10.1371/journal.pone.0069236
https://doi.org/10.1074/jbc.M108490200
https://doi.org/10.1038/s41586-018-0077-3
https://doi.org/10.1016/j.funbio.2016.08.010
https://doi.org/10.3389/fcimb.2021.640823
https://doi.org/10.1016/j.fgb.2020.103352
https://doi.org/10.1111/j.1600-0854.2009.00990.x
https://doi.org/10.1111/j.1600-0854.2009.00990.x
https://doi.org/10.5897/AJB08.504
https://doi.org/10.1073/pnas.97.4.1489
https://doi.org/10.1016/j.etap.2009.12.003
https://doi.org/10.5941/MYCO.2011.39.4.249
https://doi.org/10.1016/j.tips.2011.05.002
https://doi.org/10.1016/j.bbrc.2019.11.093
https://doi.org/10.1128/mBio.02682-19
https://doi.org/10.1038/ncomms6776
https://doi.org/10.1111/j.1600-0854.2007.00551.x
https://doi.org/10.1111/j.1600-0854.2007.00551.x
https://doi.org/10.3389/fmicb.2019.03065
https://doi.org/10.3389/fmicb.2021.649582
https://doi.org/10.3389/fmicb.2021.649582
https://doi.org/10.1073/pnas.1919726117
https://doi.org/10.1073/pnas.1919726117
https://doi.org/10.1007/s00253-018-8929-1
https://doi.org/10.1007/s00253-018-8929-1
https://doi.org/10.3390/jof6040206
https://doi.org/10.1016/j.mod.2011.07.003
https://doi.org/10.1016/j.mod.2011.07.003
https://doi.org/10.7554/eLife.00459.029
https://doi.org/10.7554/eLife.00459.029
https://doi.org/10.1016/j.fgb.2018.04.011
https://doi.org/10.1007/s11427-020-1913-9
https://doi.org/10.1007/s00253-016-7282-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Arrestin-Coding Genes Regulate Endocytosis, Sporulation, Pathogenicity, and Stress Resistance in Arthrobotrys oligospora
	Introduction
	Materials and Methods
	Fungal Strains and Culture Conditions
	Sequence and Phylogenetic Analyses
	FM4-64 Staining Analysis
	Deletion of AoArc Genes
	Comparison of Mycelia Growth and Conidiation
	Trap Induction and Pathogenicity Analysis
	Stress Resistance Analysis
	pH Tolerance Test
	Analyses of Trap Formation and Pathogenicity
	RT-PCR Analysis
	Statistical Analyses

	Results
	Arthrobotrys oligospora Is Abundant in Arrestin Proteins
	AoArc Genes Respond to Ammonia Induction for Trap Formation
	AoArc Genes Do not Obviously Affect Fungal Growth in Arthrobotrys oligospora
	AoArc Genes Contribute to Trap Formation and Pathogenicity in Arthrobotrys oligospora
	AoArc Genes Contribute to Conidial Morphology
	AoArc Genes Contribute to the Endocytosis Process
	AoArc Genes Regulated Stress Resistance in Arthrobotrys oligospora

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


