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There is well-conserved PacC/Rim101 signaling among ascomycete fungi to mediate environmental pH
sensing. For pathogenic fungi, this pathway not only enables fungi to grow over a wide pH range, but it
also determines whether these fungi can successfully colonize and invade the targeted host. Within the
pal/PacC pathway, palH is a putative ambient pH sensor with a seven-transmembrane domain. To
characterize the function of a palH homolog, AopalH, in the nematophagous fungus Arthrobotrys oli-

gospora, we knocked out the encoding gene of AopalH through homologous recombination, and the
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transformants exhibited slower growth rates, greater sensitivities to cationic and hyperoxidation
stresses, as well as reduced conidiation and reduced trap formation, suggesting that the pH regulatory
system has critical functions in nematophagous fungi. Our results provide novel insights into the
mechanisms of pH response and regulation in fungi.

© 2019 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

1. Introduction

A conserved pH regulatory system in fungi has evolved that
enables them to survive in a wide pH range (Arst and Penalva,
2003; Bertuzzi et al., 2014). In Aspergillus nidulans, the pH
signaling pathway named pal/PacC includes six dedicated compo-
nents (palA, palB, palC, palF, palH, and pall) and one zinc-finger
transcription factor PacC — this signaling is equivalent to the RIM/
Rim101p signaling in Saccharomyces cerevisiae (Caddick et al., 1986;
Penalva and Arst, 2002; Arst and Penalva, 2003; Penalva et al,,
2008, 2014). Within this signaling, palH acts upstream of all other
Pal proteins with the exception of pall (Calcagno-Pizarelli et al.,
2007). In PacC/Rim101 pH-responsive signaling, palH is a putative
ambient pH sensor with a seven-transmembrane domain while pall
is another pH sensor with a four-transmembrane domain that acts
upstream of or in concert with palH (Calcagno-Pizarelli et al., 2007;
Lucena-Agell et al., 2016). The cytosolic tail of palH interacts with
palF and the pH signal transduces through the palF-palH complex
to the downstream components palA and palC as well as the

* Corresponding author. Fax: +86 871 65034838.
** Corresponding author. Fax: +86 871 65034838.
E-mail addresses: juanli@ynu.edu.cn (J. Li), kgzhang@ynu.edu.cn (K.-Q. Zhang).

https://doi.org/10.1016/j.funbio.2019.05.008

signaling protease palB at alkaline pH (Negreteurtasun et al., 1997;
Hervas-Aguilar et al., 2010; Galindo et al., 2012). PalB triggers the
zinc finger transcription factor PacC by catalyzing its C-terminal
proteolysis (Futai et al., 2001). In general, PacC acts as a transcrip-
tional activator of alkaline-expressed genes and a repressor of acid-
expressed genes under alkaline pH (Tilburn et al., 1995). There is
abundant evidence indicating that mutations in the five pal genes
(palA, palB, palC, palF and palH) and the transcription factor PacC
can result in the suppression of alkaline-expressed genes and the
activation of acid-expressed genes (Negreteurtasun et al., 1999;
Denison, 2000; Penalva and Arst, 2002; Penalva et al., 2008).

In pathogenic ascomycete fungi, pH is one of the key environ-
mental factors affecting the activity of virulence factors secreted by
pathogens. Thus, the PacC/Rim101 pH-responsive signaling not
only plays an important role in ambient pH sensing but it also
determines the organism's pathogenicity (Davis, 2009; Cupertino
et al., 2012; Cornet and Gaillardin, 2014; Huang et al., 2015). For
instance, the two entomophagous fungi, Beauveria bassiana and
Metarhizium anisopliae, can secrete enzymes such as proteases,
chitinases, glycosidases, and lipases to kill the host by, for example,
host cuticle penetration by hyphae (St Leger et al., 1997). It is sug-
gested that these enzymes require an appropriate pH range to
function properly (Wang and Feng, 2014; Zhu et al., 2016). Previous
studies have shown that both the cuticle-degrading enzymes in
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M. anisopliae and oxalic acid in B. bassiana were pH-dependent
virulence factors (St Leger et al., 1998; Kirkland et al., 2005). Also,
the rapid propagation of the pathogen within the host is the result
of their successful response to osmotic stress in the hemocoel and
in evading host defenses (Lewis et al., 2009; Chen et al., 2014).

Among the pathogenic fungi, nematophagous fungi are a group
of natural enemies of nematodes. Nematophagous fungi can attack
and kill nematodes through diverse processes (Nordbring-Hertz
et al.,, 2006; Zhang and Hyde, 2014). These fungi have been pro-
posed as potential biological control agents for managing harmful
plant-parasitic nematodes (Li et al, 2015). Among the nem-
atophagous fungi, Arthrobotrys oligospora is the most-studied
model for examining the molecular mechanisms of
fungus—nematode interaction (Li et al., 2015). This fungus can
capture nematodes by forming special trapping devices named
adhesive networks (Nordbring-Hertz et al., 2006). These trapping
devices can be induced by the presence of nematodes, resulting in
profound morphological transitions and pronounced lifestyle
switches from saprophytes to predators. Recently, the genome of
A. oligospora was sequenced, and a model of the formation of the
nematode traps was proposed, which involve multiple signal
transduction pathways. The model suggested genes associated with
diverse cellular processes such as energy metabolism, biosynthesis
of cell wall and adhesive proteins, cell division, peroxisome
biogenesis, among others, were involved their formation (Yang
et al,, 2011). Nematophagous fungi have a worldwide distribution
which suggests that the PacC/Rim101 pH-responsive signaling may
play important roles enabling these fungi to adapt to wide range of
environmental conditions. Moreover, it has been shown that
nematophagous fungi can secrete several extracellular enzymes,
such as serine proteases, chitinases and collagenases to destroy the
cuticle integrity of the nematodes and facilitate fungal penetration
and colonization during the infection process (Huang et al., 2004;
Yang et al, 2007). Intriguingly, the consensus binding motif,
GCCARG, for the pH transcription factor PacC, has been identified in
the promoter regions of a subtilisin-like cuticle-degrading enzyme
(designated PrC) in the nematophagous fungus Clonostachys rosea
(Zou et al., 2010b). In transcription factor ApacC mutants, the
expression of prC was downregulated (Zou et al., 2010a). Also, the
transcript level of prC was significantly higher under alkaline
growth conditions than under acidic growth conditions (Zou et al.,
2010a). All of these studies suggests that the pH regulatory pathway
may play a pivotal role in nematophagous fungi.

In this study, we characterized a homologue of the pH sensing
receptor palH, called AopalH, in the nematode-trapping fungus
A. oligospora. The encoding gene of AopalH was knocked out
through homologous recombination, and the knockout strain
exhibited a slower growth rate and a greater sensitivity to cationic
stress. Also, our results suggested the involvement of AopalH in the
regulation of conidation and trap formation in A. oligospora.

2. Materials and methods
2.1. Strain and growth conditions

The wild type strain of A. oligospora ATCC24927 was purchased
from American Type Culture Collection (ATCC, Manassas, Virginia,
USA) and maintained on cornmeal agar (CMA) at 28 °C. S. cerevisiae
(FY834) was grown in yeast extract peptone dextrose (YPD) plates.
Plasmid pRS426 was kept in Escherichia coli strain DH5a (Takara,
Shiga, Japan) (Christianson et al., 1992). 200 pg/mL hygromycin B
(Amresco, Solon, USA) was used for selecting transformants on
regeneration medium (PDASS, PDA supplying with 0.6 M sucrose,
0.3 g/L yeast extract, 0.3 g/L tryptone, 0.3 g/L peptone) (Zhao et al.,
2014). Caenorhabditis elegans grown on oatmeal agar medium at

room temperature were separated using the Baerman funnel
technique (Gray, 1984).

2.2. Phylogenetic analysis of palH homologs

By using the amino acid sequence of palH (GenBank: AAF70858)
from A. nidulans as a query, a total of 24 palH amino acid sequences
from 24 ascomycetes fungi were downloaded from NCBI. MUSCLE
v3.5 was used to generate a protein alignment (Edgar, 2004).
Gblocks 0.91b was used to remove the ambiguous areas of the
alignment with default parameters (Castresana, 2000; Talavera and
Castresana, 2007). Finally, an alignment consisting of 322 amino
acids was obtained (Supplementary File. S1) and used to perform
Neighbor-joining (NJ) analysis with the Kimura-2 parameter dis-
tance model in MEGA 6 (Tamura et al., 2013). The reliability of the
tree topologies was evaluated using bootstrap analysis with 1000
replicates for NJ (Felsenstein, 1985).

2.3. Gene knockout of AopalH in A. oligospora

The gene encoding the pH signal transduction protein AopalH
(GenBank XP_011117902) of A. oligospora was knocked out
following the method described in (Colot et al., 2006). The ampli-
fied hygromycin resistant gene and the 5’ and 3’ flanking fragments
of AopalH were co-transformed into S. cerevisiae strain FY834 to
form the disruption vector pRS426-AopalH-hph (Table 1). The
vector pRS426-AopalH-hph was transformed into A. oligospora
protoplasts (Tunlid et al., 1999). Transformants were confirmed by
both PCR and Southern blot analyses.

2.4. Comparison of vegetative growth and conidia yield between
the wild type and AAopalH strains under different conditions

Mycelial plugs 1 cm in diameter from the wild-type and the
AAopalH mutant strains were incubated on PDA, TYGA, and CMA
media for 5 d at 28 °C. In addition, the same size colony of the wild-
type and the 4AopalH mutant strains were inoculated onto TG
media (1 % Tryptone, 1 % Glucose) at pH 5, pH 7, and pH 9 for 5 d at
28 °C.

To compare their stress response capabilities, the same size
mycelial plugs (1 cm in diameter) of the wild-type and the two
AAopalH mutant strains were cultivated on TG media with: 0.1, 0.2,
and 0.3 M Nadl; 5, 10, 15 mM H,0,; and 0.01, 0.02, 0.03 % SDS. The
diameters of colonies were measured every day until the mycelia
covered the whole surface of the 6 cm diameter plates.

The sporulation capacity of the wild-type and the A4AopalH
mutant strains was also analyzed. The same size mycelial plugs
(1 cm in diameter) of the wild-type and the 4AopalH mutant strains
were inoculated on CMY media with different pHs (5, 6, 7, 8, 9, and
10) for 14 d at 28 °C. The conidia were collected using 5 mL sterile
water, and then filtered to remove the mycelial debris by using four
layers of lens paper. The number of conidia per square millimeter of
the colonies was determined using a hemocytometer (Xie et al.,
2012).

Three replicates of all of the experiments described above were
performed.

2.5. Induction of trap formation

To assess trap formation in A. oligospora strains, approximately
10* of conidia of the wild-type and the AAopalH mutant strains
were inoculated on CMA media with different pHs (5, 6, 7, 8, 9, and
10) and incubated at 28 °C. After 4—5 d of growth, 100-150 adult
nematodes were added to the A. oligospora mycelia. The traps were
counted at specified time intervals using light microscopy
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Table 1

List of PCR primers used for homologous recombination in this study.
Primers Sequence (5'-3') Length(bp) Description
palH-5f GTAACGCCAGGGTTTTCCCAGTCACGACGTCGGTCGTGATAAAGGAATCTTT 2002 Amplify the 5’ flanking region of the palH gene
palH-5r ATCCACTTAACGTTACTGAAATCTCCAACTCCACAGAGTAGTCGGAGTAGGTG
palH-3f CTCCTTCAATATCATCTTCTGTCTCCGACCACCGCCAGACCAAGTCG 2153 Amplify the 3’ flanking region of the palH gene
palH-3r GCGGATAACAATTTCACACAGGAAACAGCAAATTCATCGCCGAAACCTC
hphF GTTGGAGATTTCAGTAACGTTAAGTGGAT 1447 Amplify the hph cassette
hphR GTCGGAGACAGAAGATGATATTGAAGGAGC
palH-Tf1 TCCTTCCGACCACCTTGTTAC 1972/2,713° Amplify the transformants and wild-type strain
palH-Tr1 AGGGACTACTAGATGTGCCTTCC
palH-Sf1 AGCAACAGCAGCAACCCAAC 625 Used for making Southern blot probe 1
palH-Sr1 TGGCGGCGTAAGGATGAC
palH-R1 CCCGAGGCAGTAATCCAGT 547 Used for making Northern blot probe
palH-R2 TGAGAATGCGAGTGCGAGT
palH-Tf2 GGAATACCAACACGCACAT 1341 Amplify the transformants and wild-type strain
palH-Tr2 TCTCCCTTACGAAACCACTT
palH-Sf2 AACCCGCTCGTCTGGCTAA 465 Used for making Southern blot probe 2
palH-Sr2 TCGCCCTTCCTCCCTTTATT

2 1972 for transformants and 2713 for wild type strain.

(Olympus, Tokyo, Japan). Data from individual treatments were
expressed as mean + SE. Differences were determined by ANOVA
using GraphPad Prism software (version 6.0, GraphPad Software,
USA), and P values < 0.05 were considered significant.

2.6. Northern blot analysis

25 pg of RNA was resolved on a 1.2 % formaldehyde agarose gel
and blotted onto a nylon membrane. The membrane was UV-cross-
linked and hybridized overnight at 65 °C with either [a->?P] dATP-
labeled probes in Ultrahyb buffer (PerfectHyb™ Plus Hybridization
Buffer 1x, Ambion, Austin, Texas, USA). Blots were washed twice
with 0.5 x SSC and 0.1 % SDS for 20 min at 65 °C. DNA probes were
obtained by random-primer labeling (GE Rediprime™ II DNA La-
beling System, Amersham Pharmacia Biotech, USA) of specific DNA
fragments generated by using the PCR primers palH-R1 and palH-
R2. GAPDH RNA were used as loading controls.

3. Results

3.1. Identification and phylogenetic analysis of AopalH in
A. oligospora

Using the amino acid sequence of palH (GenBank: AAF70858)
from A. nidulans as a query (Negreteurtasun et al., 1999), a single
copy gene encoding the AopalH protein was identified in the
A. oligospora genome. This gene encodes a polypeptide of
997 amino acids that contains three introns. In addition, seven
strong transmembrane regions were predicated by using the
TMpred program (results not shown), which is consistent with the
gene from A. nidulans. The amino acid sequence of AopalH shared a
high degree of identity to palH orthologs from other ascomycetes
fungi. Phylogenetic analysis showed that these palH proteins was
consistent with the taxonomic relationships of these species, which
were inferred by analysis of other gene sequences (Fig. 1) (James
et al, 2006). The palH proteins identified from the three
nematode-trapping fungi A. oligospora, Drechslerella stenobrocha
and Dactylellina haptotyla, which belong to Orbiliomycetes, formed
one congruent clade while those from Eurotiomycetes, Sordar-
iomycetes and Leotiomycetes formed three separate clades (Fig. 1).

3.2. Screening and confirmation of the AAopalH mutants

The encoding gene of AopalH in A. oligospora was knocked out
through homologous recombination (Fig. 2A). Compared to a

2713-bp fragment from the wild-type strain, a 1972-bp fragment
was amplified from 9 transformants using the primers palH-Tf1/
palH-Tr1, while no fragment was obtained from the trans-
formants by using the primers palH-Tf2/palH-Tr2 (Fig. 2B, C,
Table 1). Southern blot analysis detected a single band in the wild-
type strain and the transformants using probe P1 and the re-
striction enzyme Apal, respectively, and the sizes were consistent
with their predicted values (Fig. 2D and Table 1). However, only
one band was observed in the transformants using probe P2 and
the restriction enzyme Apal, and no band was obtained in the
wild-type strain (Fig. 2E and Table 1). We also assessed the
transcript levels of AopalH during the process of trap formation by
Northern blot analysis. After the addition of a nematode extract
(NE), the transcript level of AopalH increased when compared to
the no-NE control, suggesting that AopalH is likely involved in
trap formation (Fig. 2F).

= Eurotiomycetes Aspergillus nidulans (AAF70858)
Aspergillus niger (GAQ42737)
Aspergillus luchuensis (EED49361)
Aspergillus fumigatus (EAL91289)
Penicilli KV05608)
Penicillium brasilianum (00 Q85530)

Coccidioides immitis (EAS28176)

mm— Sordariomycetes
mmm Leotiomycetes

s Orbiliomycetes

Tri (EGD97462)
Histoplasma capsulatum (E G C44380)
Blastomyces dermatitidis (EGE80966)

Glarea lozoyensis (EPE26948)
Diplocarpon rosae (PBP27903)
Botrytis cinerea (AAT81149 )
Magnaporthe oryzae (AEK 70426)
Neurospora crassa (EAA27758)
ia bassiana (E JP68851)
dahliae (EGY15507)
Metarhizium robertsii (E FZ00881)
(EW C45329)
100 Arthrobotrys oligospora (XP_011117902) K
100 Dactylellina haptotyla (XP_011115905)
cerevisiae (KZV08330)
[~ Candida albicans (AO W 29624)
100 L— Candida dubliniensis (XP_002420485)
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0.2

Fig. 1. Phylogenetic analysis of palH homologs from 22 different filamentous
fungi. Phylogenetic analyses were performed on an alignment of 322 amino acids from
24 ascomycetes fungi using MEGA 6 (Tamura et al., 2013). The Neighbor-joining (N])
algorithm using the Kimura-2 parameter distance model and pairwise deletion option
for gaps was used. The reliability of the tree topologies was evaluated using bootstrap
analysis with 1000 replicates for NJ (Felsenstein, 1985). GenBank accession numbers
are shown in brackets, and the palH proteins from Candida albicans, Saccharomyces
cerevisiae and Candida dubliniensis were used as outgroups.
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Fig. 2. Deletion of the AopalH gene in A. oligospora. A. A diagram of the replacement of the AopalH gene using homologous recombination. The restriction site of Apal, probe 1 (P1)
and probe 2 (P2) used for the Southern blot analysis are shown. The fragments amplified by using the primers palH-Tf1 (Tf1)/palH-Tr1 (Tr1) and palH-Tf2 (Tf2)/palH-Tr2 (Tr2) were
used to distinguish transformants from wild-type strain. B. Transformants were confirmed by agarose gel electrophoresis of PCR amplicons created using the primers palH-Tf1/palH-
Tr1. WT, the wild-type strain; M, marker (DL2000). C. AopalH gene was analyzed by agarose gel electrophoresis of PCR amplicons created using the primers palH-Tf2/palH-Tr2. WT,
the wild-type strain; marker (DL2000). D. Southern blot analysis of the wild-type strain (WT) and 4AopalH mutants using probe P1 and restriction enzyme Apal. E. Southern blot
analysis of the wild-type strain (WT) and 4AopalH mutants using probe P2 and restriction enzyme Apal. F. Northern blot analysis of the AopalH gene during trap formation in
A. oligospora. 1, A. oligospora without NE induction; 2, 3, 4 are A. oligospora induced by NE 10 h, 24 h, and 40 h after NE treatment, respectively.

3.3. Effect of AAopalH mutation on hyphal growth

The growth rate and colony morphology of the wild-type strain
and A4AopalH mutants (4AopalH-8 and A4AopalH-12) were
compared. On TYGA and CMA media, the 4AopalH strains grew
slower. On the CMA medium, the aerial hyphae were much less
abundant in the mutants. However, no obvious differences between
the wild-type strain and the 4AopalH mutants were observed on
PDA medium (Fig. 3).

To investigate whether growth rate was influenced by AopalH in
different pH environments, colony growth rates of the wild-type
and the two 4AopalH strains (4AopalH-8 and 4AopalH-12) were
evaluated on TG medium under acidic (pH 5), neutral (pH 7) and
alkaline (pH 9) conditions. At pH 5, the two mutant strains and the
wild-type strain all showed slower growth rates. However, at the
neutral and alkaline pHs, the two mutant strains grew significantly
slower than the wild-type strain (Fig. 4).

3.4. Effect of different stress conditions on the growth of the wild-
type strain and AAopalH mutants

The growth rate and colony morphology of the wild-type strain
and the 4AopalH mutants were compared on TG medium with
different stress factors. No obvious differences were observed in
growth between the 4AopalH and wild-type strains on media with
various amounts of SDS and H;0; (Fig. 5). However, the mutants

WT

AAopalH-8 AAopalH-12

Fig. 3. Comparison of the growth rates and colony morphologies of the wild-type
strain and the 4AopalH mutants on PDA, TYGA, and CMA media. Fungi were grown
on PDA for 5 d at 28 °C. Colony edges are marked by blue dotted lines. The 4AopalH
strains (4AopalH-8 and 4AopalH-12) grew slower than the wild-type strain on TYGA
and CMA media, but there were no differences on PDA media. The mutant strains had
fewer aerial hyphae than the wild-type strain on CMA media. . (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)



J. Li et al. / Fungal Biology 123 (2019) 547—554

AAopalH-8

AAopalH-12 :

Radius(cm)

Radius(cm)

H =5

E — wr
— MopalH-§
— AMopalH-12

/

i
1d 2d 3d 4d 54 6d 7d

pH=7

— wr
— AMopalH-§
— AdopalH-12

Radius(cm)

2d 3d

WT
Adopalli-§
AdopalHi-12

551

Fig. 4. Comparison of the growth rates and colony morphologies of the wild-type strain and the 4AopalH mutant strains on TG media with different pHs. Fungi were grown
on PDA for 5 d at 28 °C. Colony growth rates of the wild-type strain and the two 4AopalH mutant strains (4AopalH-8 and 4AopalH-12) were evaluated on TG media with different
pHs. At pH 5, the two mutant strains and the wild-type strain both exhibited slow growth rates. However, at the neutral and alkaline pHs, the two mutant strains grew significantly
slower than the wild-type strain, which was determined by ANOVA using GraphPad Prism software (version 6.0, GraphPad Software, USA), **P < 0.01.

exhibited significantly slower growth rates than the wild-type
strain on media with 0.2 M NaCl and 5 mM H;0,, while the
growth rate of the wild-type and mutant strains were both reduced
on media with 0.3 M NaCl (Fig. 5). This indicated that the wild-type
and mutant strains have different responses to cationic and

hyperoxidation stresses.
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3.5. Effect of AAopalH mutation on conidiation and trap formation

The growth rates and capacities to produce conidia and traps of
the wild-type and mutant strains in response to different Na™*
concentrations were investigated (Supplementary File S1-S2). The
capacity of the wild-type and mutant strains to produce conidia
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Fig. 5. Comparison of the abilities of the wild-type and 4AopalH mutant strains to grow under different stresses. The growth conditions of the wild-type and 4AopalH mutants
on TG media supplemented with: 0.1, 0.2, and 0.3 M Nacl; 5, 10, 15 mM H,0,; and 0.01, 0.02, 0.03 % SDS. Differences were determined by ANOVA using GraphPad Prism software

(version 6.0, GraphPad Software, USA), *P < 0.05; **P < 0.01.
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and traps were gradually decreased with increasing Na™
concentrations.

The wild-type strain and 4AopalH mutants were incubated on
CMY media with different pHs for 14 d at 28 °C to allow conidiation.
Our analyses showed that conidiation was significantly reduced in
the absence of the AopalH gene (Fig. 6; Supplementary File S1).

In the wild-type strain, trap structures were observed 12 h after
inoculation. A large number of traps were produced 24 h after
inoculation and almost all of the nematodes were captured and
degraded after 48 h. In contrast, the 4AopalH mutants did not form
traps at 24 h, and only a few of the traps were produced on or
around the nematodes at 48 h (Fig. 6). The trap numbers were also
significantly reduced in the 4AopalH mutants at all of the pHs
tested (Supplementary File S1).

4. Discussion

In this study, a homologous gene of palH, AopalH, was examined
to characterize its role in the nematode-trapping fungus
A. oligospora. AopalH has high amino acid sequence identity with
palH homologs from other fungi, especially those from two
nematode-trapping fungi, D. stenobrocha and D. haptotyla
(Meerupati et al., 2013; Liu et al., 2014). Phylogenetic analysis
showed that the palH orthologs from nematode-trapping fungi
formed a distinct clade separated from the other non-
nematophagous filamentous fungi (Fig. 1), which was consistent
with their taxonomic relationships.

We also determined that the capacity to produce conidia and
traps was significantly inhibited when the AopalH gene was
knocked out (Fig. 6). Northern blot analysis showed that the tran-
script level of the AopalH gene was up-regulated after the addition
of NE in A. oligospora (Fig. 2F), suggesting that the PacC/Rim101 pH-
responsive signaling, and specifically the putative ambient pH
sensor AopalH, may play a critical role in trap formation of
A. oligospora. In comparison with the wild-type strain, the 4AopalH

AAopalH-8

12h

24h

36h

48h

strains exhibited slower growth rates on TYGA and CMA meidia
(Fig. 3). Also, at neutral and alkaline pHs, the 4AopalH mutants
grew slower than the wild type strain (Fig. 4). These results indi-
cated that the absence of AopalH impacted the vegetative growth of
A. oligospora. In addition, the mutant strains showed lower growth
rates than the wild-type strain on media with 0.2 M NaCl and
5 mM H,0; (Fig. 5), suggesting that AopalH might also influence
A. oligospora's response to cationic and hyperoxidation stresses.
However, this difference in growth rates was not observed at 0.3 M
NaCl, because all of the strains did not grow well under these
conditions. All of these phenotypes indicate that the pH sensing
receptor AopalH likely plays a pivotal role in conidiation, trap de-
vices, vegetative growth as well as cationic and hyperoxidation
stress response in A. oligospora.

The pal/PacC mediated pH signal transduction pathway has
been reported to regulate several biological processes in filamen-
tous fungi. For example, in A. nidilans, genes involved in cellulolytic
processes are regulated by PacC/Rim101 pH-responsive signaling
(Xia et al., 2010). Also, the deletion of individual genes in the Pal/Pac
signaling pathway can result in drastically reduced expression of
some enzymes required for the syntheses of oxalic and lactic acids
in B. bassiana (Zhu et al., 2016). In this study, we identified for the
first time that this pH regulatory pathway may play critical roles in
fungal conidiation and trap formation in A. oligospora. Previously,
an orthologue of the transcription factor PacC, which acts down-
stream of PalH in PacC/Rim101 pH-responsive signaling, has been
functionally identified in another nematophagous fungus, C. rosea
(Zou et al., 2010). In C. rosea, disruption of pacC resulted in a slower
growth rate at alkaline pH, altered filamentation, reduced con-
idiation and attenuated virulence to nematodes, suggesting that
PacC functions as a positive regulator of virulence to nematodes in
C. rosea (Zou et al., 2010). In our study, the disruption of AopalH in
A. oligospora reduced conidiation and prevented the formation of
traps. Although the mechanisms used by these two fungi to attack
nematodes are different, the pH regulatory systems in both

AAdopalH-12 B

Numbers of Traps at 48h

Numbers of Coindiospores

ey

ok

@
S

-3
o

S
S

20

x10* coindiospore/m!

Fig. 6. Comparison of trap formation and conidiation between the wild-type and the 4AopalH mutant strains. A. Wild-type and 4AopalH mutant strains 12 h, 24 h, 36 h and
48 h after being induced by nematode extract (NE). B. Induction of trap formation in the wild type and mutant strains. C. Sporulation of the wild-type and 4AopalH mutant strains.
Differences were determined by ANOVA using GraphPad Prism software. ***P < 0.001 versus WT (wild type). The results are the means + SE of three independent experiments.
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nematophagous fungi have critical functions. Our results highlight
the complexity of pH regulatory pathways in fungi and that mul-
tiple abiotic and biological factors are involved in regulating con-
idiation and trap formation.
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