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Abstract

Heterotrimeric-G-protein-mediated signaling pathways modulate the expression of the essential genes in many fundamental
cellular processes in fungi at the transcription level. However, these processes remain unclear in Penicillium oxalicum. In this
study, we generated knockout and knockout-complemented strains of gng-/ (POX07071) encoding the Gy protein and found
that GNG-1 modulated the expression of genes encoding plant-biomass-degrading enzymes (PBDEs) and sporulation-related
activators. Interestingly, GNG-1 affected expression of the cxrB that encodes a known transcription factor required for the
expression of major cellulase and xylanase genes. Constitutive overexpression of cxrB in Agng-1 circumvented the dependence
of PBDE production on GNG-1. Further evidence indicated that CxrB indirectly regulated the transcription levels of key amylase
genes by controlling the expression of the regulatory gene amyR. These data extended the diversity of Gy protein functions and
provided new insight into the signal transduction and regulation of PBDE gene expression in filamentous fungi.

Key points

* GNG-1 modulates the expression of PBDE genes and sporulation-related genes.
* GNG-1 controls expression of the key regulatory gene cxrB.

* Overexpression of cxrB circumvents dependence of PBDE production on GNG-1.

Keywords G protein gamma subunit - GNG-1 - Plant-biomass-degrading enzyme - CxrB - Penicillium oxalicum

Introduction secretion of carbohydrate-active enzymes (CAZymes), which
are essential for the carbon cycle and climatic changes

Filamentous fungi are widely distributed in soil (Powers-  (Gougoulias et al. 2014). The secretion of CAZymes by fila-
Fletcher et al. 2016; Zhang et al. 2014) and have a strong  mentous fungi is strictly controlled, specifically at the tran-
capacity to degrade macropolymers such as cellulose, xylan,  scription level (Benocci et al. 2017). With decades of effort,
and starch in plant biomass. This ability is dependent uponthe  several transcription factors (TFs) involved in the regulation
of PBDE (plant-biomass-degrading enzyme) gene expression
in fungi have been identified, including AmyR and CxrB (Li
et al. 2017; Schmoll 2018). CxrB positively regulates the ex-
54 Shuai Zhao pression of cellulase and xylanase genes in Penicillium
shuaizha00227 @gxu.edu.cn oxalicum (Schmoll et al. 2009; Yan et al. 2017), and AmyR
activates the expression of major amylase genes and represses
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development, and virulence (Chakravorty and Assmann
2018). The conventional G protein consists of subunits
Ga, G, and Gy, which form the heterotrimeric com-
plex Gafy in the inactive state. In most filamentous
fungi, the Go proteins are classified into three groups.
Groups I and III G proteins contribute to vegetative
growth, development, and pathogenesis, whereas Group
IT proteins play minor roles (Li et al. 2007; Liu et al.
2018). Under environmental stimulation, G-protein-
coupled receptors are activated, and then bind and acti-
vate G proteins, leading to the separation of Gx from
the heterodimer Gy and GTP-GDP exchange on Gu.
The separated G and heterodimer G3y then drive spe-
cific downstream effector proteins, mainly including
adenylate cyclase/cAMP, mitogen-activated protein
(MAP) kinases, and phospholipase C (Chakravorty and
Assmann 2018; Li et al. 2007).

Accumulating evidence indicates that the Gx-protein-
mediated signaling pathway is linked to the regulation of cel-
lulase and amylase genes in filamentous fungi. In
Trichoderma reesei, the Gx proteins GNA1 and GNA3 play
important roles in cellulase gene expression in the presence of
cellulose, and their expression is light-dependent (Schmoll
et al. 2009; Seibel et al. 2009). In the chestnut blight fungus
Cryphonectria parasitica, the G protein CPG-1 is required
for cellobiohydrolase I gene (cbhl) expression (Wang and
Nuss 1995). In P. oxalicum, the deletion of the gene PGA3
encoding G protein PGA3 reduces amylase production and
the transcription of the key amylase gene Amy15A, whereas it
causes no significant change in cellulase production, although
the expression of cellobiohydrolase gene cbhl is increased in
mutant Apga3 (Hu et al. 2013). These data imply that the
function of G is species-independent. Furthermore, the G
proteins of 7. reesei and P. oxalicum are involved in the ex-
pression of cellulase and amylase genes by controlling intra-
cellular cAMP levels (Schmoll et al. 2009; Hu et al. 2013;
Schuster et al. 2012).

In contrast to the G proteins, few studies have re-
ported the roles of the Gf3 and Gy proteins in the pro-
duction of PBDEs in filamentous fungi. Tisch and col-
laborators (Tisch et al. 2011) found that the individual
loss of the Gf3 or Gy proteins GNB1 or GNP1, respec-
tively, increased cellulase production, and conversely
reduced the transcription of major cellulase genes, in-
cluding cbhl, in T. reesei, independently of the light
status. However, how Gfy modulates the expression
of PBDE genes via TFs and whether its functions are
species-specific require further research.

In this study, we showed that the Gy subunit GNG-1
(POX07071) was required for the expression of PBDE (cellu-
lase, xylanase, and amylase) genes and mycelial-
development-related genes, which needed the contribution of
an important TF CxrB in P. oxalicum.
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Materials and methods
Fungal strains and their culture conditions

The P. oxalicum parental strain Aku70, deposited in the China
General Microbiological Culture Collection (CGMCC) under
accession number 3.15650, was derived from wild-type strain
HP7-1 (CGMCC no. 10781) by the deletion of the ku70 gene,
which is involved in the classic non-homologous end-joining
pathway (Zhao et al. 2016). The other P. oxalicum mutants
listed in Table 1 were generated in the parental strain Aku70
with a homologous double-crossover methodology. The cho-
sen transformants were confirmed by PCR amplification with
specific primers (Supplementary Table S1 and Fig. S1A) and
Southern hybridization with specific probes (Supplementary
Table S1 and Fig. S1B). All P. oxalicum strains were cultured
on potato-dextrose agar (PDA) plates at 4°C for temporary
storage. Fungal spores were collected from PDA plates
precultured for 6 days at 28°C with 0.1% Tween 80, and were
adjusted to a concentration of 1 x 10°® per mL, before their use
in fungal reproduction.

The P. oxalicum strains were cultured according to the
method described by Zhao and collaborators (Zhao et al.
2016) for the measurement of cellulase and xylanase produc-
tion, as well as amylase production, except that the carbon
source (Avicel) was replaced with soluble corn starch (SCS)
(Sigma-Aldrich, St. Louis, MO, USA).

For RNA-Seq and RT-qPCR analyses, the P. oxalicum
strains were cultured for 448 h as described above. The mycelia
used for total RNA extraction were collected every 12 h.

The P. oxalicum strains were cultured on MMM plates
containing glucose, Avicel, or soluble corn starch (Sigma-
Aldrich, St. Louis, MO, USA) or on PDA plates at 28°C, for
20 h for microscopic analyses and for 3 days for colony
analyses.

Extraction of fungal DNA and RNA

Total DNA and RNA were extracted from the P. oxalicum
strains as described by Zhao et al. (2016). The quality and
quantity of the extracted DNA and RNA were evaluated with
electrophoresis on 1.0% agarose gel and a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA).

Construction of deletion mutants and
complementation strains

The methods used to construct the deletion mutants and their
corresponding complementation strains in the P. oxalicum pa-
rental strain Aku70 were reported by Yan et al. (2017).
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Table 1 Penicillium oxalicum

strains used in this work Strains Genotypes References
Aku70 ku70™; hph®* (Zhao et al. 2016)
Agng-1 ku707; gng-1-; hph®*; G418~ This study
Agng-1::gng-1 gng-17; "PRE G4 18R, BleRt This study
AcxrB ku707; cxrB 5 hph™*; G418%* (Yan et al. 2017)
AcxrB::cxrB cxrBY; ku707; hph™*; G418%*; Ble™ (Yan et al. 2017)
Agng-1::cxrB gng-1"; ku707; cxrB overexpression; hph™*; G418%*; Ble®* This study
Agng-1::gng-1; g5 ku707; gng-17; gng-1,.s5"; hph™*; G418~ Ble® This study

Hph®* hygromycin B-resistant gene; G4/8%* geneticin-resistant gene; Ble®" bleomycin-resistant gene

Construction of overexpression strains

The overexpression strains of P. oxalicum were constructed as
described for the complementation strains, except that the
encoding sequence of the complementation gene was replaced
by the overexpressed gene with the native promoter or the
constitutive promoter pTEF 1.

RNA-Seq and data analysis

RNA sequencing (RNA-Seq) of the P. oxalicum strains was as
previously reported (Li et al. 2020). Total RNAs were extract-
ed from each P. oxalicum strain cultivated on Avicel for 24 h
after a transfer. Three biological replicates of each sample
were sequenced and further analyzed. The appropriate RNA
was used to construct a library of single-stranded circular
DNAs, which were then sequenced on the BGI-SEQ-500 plat-
form at BGI, Shenzhen, China. The raw reads generated were
filtered with SOAPnuke v1.5.2 (Chen et al. 2018) to generate
clean reads. The clean reads were mapped onto the genome of
P. oxalicum strain HP7-1 and annotated with Hierarchical
Indexing for Spliced Alignment of Transcripts v2.0.4 (Kim
et al. 2015) and Bowtie2 v2.2.5 (Langmead and Salzberg
2012). The transcript levels of the genes were represented as
fragments per kilobase of exon per million mapped reads
(FPKM) values, which were obtained with RSEM v1.2.12
(Li and Dewey 2011). The differentially expressed genes
(DEGs) were detected with DESeq tool (Love et al. 2014),
with cutoff values of ¢ < 0.05 and [log2(fold change)| > 1.

RT-qPCR analysis

RT-qPCR was used to compare the gene transcription levels
in different fungal strains based on a previously described
method (Yan et al. 2017). The specific primers corresponding
to each target gene were shown in Supplementary Table S1.
The relative expression of each target gene was calculated
with the 2722€T method (Livak and Schmittgen 2001). The
actin-encoding gene POX09428 was used as the internal con-
trol gene, and the expression of all the target genes was

normalized to the expression level in the parental strain
Aku70. Three independent biological replicates of each RT—
gPCR experiment were performed.

Measurement of PBDE production

The production of PBDEs, including cellulases, xylanases,
raw-cassava-starch-degrading enzymes (RSDEs), and
soluble-starch-degrading enzymes (SSDEs), were measured
with the methods reported by Yan et al. (2017) and Wang
et al. (2018). The enzymatic activity units (U) for filter paper
cellulase (FPase), carboxymethylcellulase (CMCase),
xylanase, SSDEs and RSDEs were defined as the amount of
enzyme that produced 1 umoL of reducing sugar per minute
from the appropriate substrate, whereas 1 unit of p-
nitrophenyl-3-cellobiosidase (pNPCase) or p-nitrophenyl-[3-
glucopyranosidase (pNPGase) was the amount of enzyme that
produced 1 pmoL of p-nitrophenol per minute from the ap-
propriate substrate. Each experiment was performed indepen-
dently at least three times.

Southern hybridization analysis

The deletion mutant of P. oxalicum was analyzed with
Southern hybridization to confirm the insertion of the knock-
out DNA cassette at a single locus in the chromosome.
Southern hybridization was performed as previously de-
scribed (Zhao et al. 2016).

Measurement of P. oxalicum biomass

The accumulated mycelial weights of P. oxalicum cultured in
MMM containing either glucose or SCS were quantified after
the mycelia were dried at 50°C. When the P. oxalicum strains
were cultured in MMM containing Avicel as the sole carbon
source, the intracellular proteins were extracted from the col-
lected mycelia, and represented the true mycelial accumula-
tion. The intracellular proteins were extracted with protein
extraction buffer (g/L: NaCl 8.5, Na,HPO,4 2.2, NaH,PO,
0.2, phenylmethylsulfonyl fluoride 0.87,
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ethylenediaminetetraacetic acid 1.86, pH 7.4] based on the
method of Li and collaborators (Li et al. 2020). The mycelia
were collected from the P. oxalicum cultures every 12 h until
72 h. All experiments were performed independently in
triplicate.

Determination of asexual spore numbers

Fresh spores (1 x 10°) from the P. oxalicum strains were
spread on plates containing Avicel, SCS, or glucose, or PDA
plates. The inoculated Avicel- and SCS-containing plates
were incubated at 28°C for 10 days, whereas the inoculated
glucose- and PDA-containing plates were incubated for 15
and 3 days, respectively. More than 10 samples (1 cm?) of
each strain were taken with a hole puncher. The asexual spores
were washed with 0.1% Tween 80 and counted with a hemo-
cytometer after the appropriate dilution. Triplicate biological
repetitions of each experiment were performed.

In vitro electrophoretic mobility shift assay (EMSA)
and competitive EMSA

In vitro EMSA and competitive EMSA were performed as
described by Yan et al. (2017). The tested genes were ampli-
fied by PCR with specific primers (Supplementary Table S1).

Bioinformatic analysis

Homologous protein sequences of GNG-1 were screened on
the National Center for Biotechnology Information BlastP
website (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and then
downloaded for further analysis. A phylogenetic tree was
constructed with MEGA version X (Kumar et al. 2018) with
the neighbor-joining method and a Poisson correction model.
Bootstrap values were calculated from 1000 replicates. A se-
quence alignment was constructed in MUSCLE online with
Clustal W (https://www.ebi.ac.uk/Tools/msa/muscle/).

Investigation of colony phenotypes and hyphae

P. oxalicum colonies on solid plates were directly
photographed with a Canon EOS 6D camera (Canon Inc.,
Tokyo, Japan). The hyphae of P. oxalicum were examined
with light microscopy (Olympus DP480; Olympus, Tokyo,
Japan). The harvested hyphae were transferred onto micro-
scope slides with phosphate-buffered saline. The photomicro-
graphs were analyzed with cellSens Dimension digital imag-
ing software (Olympus).

Subcellular localization of protein CxrB

GFP was used as the reporter protein to visualize the subcel-
lular localization of CxrB in P. oxalicum hyphae. The
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expression of gfp-labeled cxrB was enhanced by using the
inducible promoter pPoxEGCel5SB (Wang et al. 2018).

Statistical analysis

All experimental data were analyzed statistically with
Student’s ¢ test in Microsoft Excel (Office 2016) (Microsoft,
Redmond, WA, USA).

Accession number

Sequence of GNG-1 was uploaded in GenBank with acces-
sion number MT993961. Transcriptomic data of P. oxalicum
strains have been deposited in the Sequence Read Archive
database (Accession No. GSE154704)

Results
Sequence analysis of Gy protein GNG-1 in P. oxalicum

When we screened the annotated proteins encoded in the
P. oxalicum strain HP7-1 genome (Zhao et al. 2016),
POX07071 was predicted to encode the G protein subunit
Gvy. The protein POX07071 contained 90 amino acids, a
Gy-like domain (GGL; amino acids 20-90; E-value = 2.39%¢
—14) (Fig. 1A), and the CCAAX (cysteine, cysteine, aliphatic,
aliphatic, X [any residue]) box CCTVM at the C-terminus
(Fig. 1B). A BlastP alignment indicated that POX07071
shared 100%, 95.6%, 67.7%, 65.6%, and 30.95% identity
with Gy proteins in P. oxalicum strain 114-2, Aspergillus
clavatus NRRL 1, T. reesei QMo6a, Neurospora crassa
OR74A, and Saccharomyces cerevisiae S288C, respectively.

A neighbor-joining phylogenetic analysis showed that
POX07071 had close evolutionary relationships with homo-
logues in some Aspergillus, but more distant relationships
with those of 7. reesei and S. cerevisiae (Fig. 1C). To facilitate
further study, POX07071 was redesignated GNG-1.

GNG-1 modulates the production of PBDE in
P. oxalicum

To investigate the effects of GNG-1 on PBDE (cellulase,
xylanase, and amylase) production in P. oxalicum, the dele-
tion mutant Agng-1 was constructed (Supplementary Fig.
S1A), and confirmed with PCR and Southern hybridization
analyses (Supplementary Fig. S1A and B). After preculture in
glucose medium for 24 h, the mutant Agng-/ and the parental
strain Aku70 were cultured for 2—4 days in MMM containing
Avicel (Sigma-Aldrich) as the sole carbon source, and their
cellulase and xylanase production were determined. The pro-
duction of cellulases (FPase, CMCase, and pNPCase) by the
mutant Agng-1 was 50.8-96.1% lower than that of Aku70 and
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Fig. 1 Sequence analysis of G protein gamma subunit GNG-1
(POX07071) of P. oxalicum. (A) Conserved domain of GNG-1: GGL,
G-protein gamma-like domain. (B) Multiple alignment of GNG-1 and its
orthologues. CAA89613.1: Stel8p from Saccharomyces cerevisiae
S288C; XP_00126964.1: Stel8/GpgA from Aspergillus clavatus NRRL
1; XP006963419.1: Gpgl from Trichoderma reesei QM6a; XP_
956152.2: Gpg from Neurospora crassa OR74A. Black frame marks
the conserved CCAAX box (cysteine, cysteine, aliphatic, aliphatic, X
[any residue]). Red residues indicate small amino acids (small +

the production of xylanase was 40.9—-80.6% lower than that of
Aku70 (all P < 0.01; Fig. 2A—C and E). Notably, the deletion
of gng-1 caused a 29-fold increase in pNPGase production
after culture for 2 days, and a 10.7% increase after 4 days (P
< 0.05; Fig. 2D).

After preculture in glucose medium for 24 h, the deletion
mutant Agng-/ and the parental strain Aku70 were cultured for
2-4 days in MMM containing SCS at 28 °C with shaking at
180 rpm, and their production of SSDEs and RSDEs was
measured. SSDE and RSDE production in Agng-/ was
49.3-77.8% lower than that in the parental strain Aku70 (all
P <0.01; Fig. 2F and G).
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XP_956152.2 Neurospora crassa OR74A
XP_006963419.1 Trichoderma reesei QM6a
CAAB89613.1 Saccharomyces cerevisiae S288C
XP_007724175.1 Capronia coronata CBS 617.96
XP_007741351.1 Cladophialophora psammophila CBS 110553
KLJ06448.1 Blastomyces silverae UAMH 139
XP_028484485.1 Byssochlamys spectabilis CBS 101075
XP_002150164.1 Talaromyces marneffei ATCC 18224
GNG-1 Penicillium oxalicum HP7-1

EPS28033.1 P. oxalicum 114-2

PYH89895.1 Asperyillus ellipticus CBS 707.79
XP_001269641.1 Aspergillus clavatus NRRL 1
XP_014537157.1 Penicilliumdigitatum Pd1
XP_002561346.1 Penicilliumrubens Wisconsin 54-1255
XP_001265146.1 Aspergillus fischeriNRRL 181
XP_750270.2 Aspergillus fumigatus Af293

hydrophobic, including aromatic tyrosine). Blue residues indicate acidic
amino acids. Magenta residues indicate basic amino acid histidine. Green
residues indicate hydroxyl + sulthydryl + amine + glycine. “*” indicates
that the amino acids are identical in all the aligned sequences. ““:” indicates
conserved amino acids with very similar properties. “.” 1ndlcates con-
served amino acids with weakly similar properties. (C) Phylogenetlc tree
constructed with MEGA version X software. The neighbor-joining meth-
od was used with a Poisson model. Bootstrap values were calculated from
1000 replicates

To confirm that the change in PBDE production resulted
from the deletion of gng-1 in P. oxalicum, the complementa-
tion experiment was performed. The complementation strain
Agng-1::gng-1 was constructed, with gng-1 expressed under
the native promoter inserted into a protease gene (POX05007)
locus (Supplementary Fig. S1C). The complementation strain
Agng-1::gng-1 restored PBDE production to the levels ob-
served in Aku70 (P > 0.05; Fig. 2). These data demonstrated
that the changes in PBDE production in Agng-1 resulted from
the deletion of gng-1.

The CCAAX motif at the C-terminus of Gy can be mod-
ified with a farnesyl or geranylgeranyl moiety, which is
required for the membrane association of the heterodimer

@ Springer
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Fig. 2 PBDE production in P. oxalicum strains. Mutant strain Agng-1,
parental strain Aku70, complementation strain Agng-1::gng-1, and
truncated complementation strain Agng-1::gng-1, g5 were cultured in
MMM containing Avicel for cellulase and xylanase production or
soluble corn starch for amylase production for 2—4 days at 28°C with
shaking at 180 rpm after their transfer from glucose. (A) FPase; (B)
CMCase; (C) pNPCase; (D) pNPGase; (E) xylanase; (F) SSDE; (G)

Gy (Alvaro and Thorner 2016). To investigate effects of
the CCAAX motif on PBDE production, we constructed the
strain Agng-1::gng-1; g5 in which the introduced gng-I/
lacked the sequence encoding the CCAAX motif
(Supplementary Fig. SID). When cultured for 4 days in
MMM containing Avicel as the sole carbon source, Agng-
1::gng-1;_gs partly lost the ability to produce cellulase, pro-
ducing only 60.8%—73.7% of cellulase produced by Aku70
(P < 0.01; Fig. 2A-D). Surprisingly, the production of
xylanase by Agng-1::gng-1; ¢s was normal (Fig. 2E). As
we expected, SSDE and RSDE production by Agng-
1::gng-1,_ g5 decreased by 35.8% and 32.4% in comparison
with those of Aku70, respectively (P < 0.01; Fig. 2F and G).
These results indicated that the CCAAX motif modified
with a farnesyl or geranylgeranyl moiety was required for
cellulase and amylase production.
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RSDE. FPase, filter paper cellulase; CMCase, carboxymethylcellulase;
pNPCase, p-nitrophenyl--cellobiosidase; pNPGase, p-nitrophenyl-f3-
glucopyranosidase; MMM: modified minimal medium; SSDE: soluble-
starch-degrading enzyme; RSDE: raw-cassava-starch-degrading enzyme.
Data points represent means = standard deviations. ~"P < 0.01 on
Student’s #-test, indicating significant differences between each mutant
or complementation strain and the parental strain Aku70

GNG-1 positively affects mycelial growth and
conidiation in P. oxalicum

To determine the effects of GNG-1 on fungal mycelial
growth, solid MMM plates containing glucose, Avicel, or
SCS or PDA plates were inoculated with the P. oxalicum mu-
tant Agng-1, the parental strain Aku70, or the complementa-
tion strain Agng-1::gng-1 and Agng-1::gng-1,_gs, and incubat-
ed at 28 °C for 3 days. The Agng-1 colonies showed irregular
edge on PDA, glucose and SCS, while colonies of the Aku70,
Agng-1::gng-1, and Agng-1::gng-1,_gs exhibited regular edge.
The Agng-1 colony on SCS was smaller than those of the
others. The color of the Agng-1 on all tested plates showed
some degree of alteration compared with those of the Aku70
and Agng-1::gng-1. The Agng-1::gng-1 colonies were slightly
larger than those of Aku70, whereas their color was similar
(Fig. 3).

After the four P. oxalicum strains were cultured on solid
medium plates for 20 h, the hyphae were collected for
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Fig. 3 Phenotypic analysis of P. oxalicum strains. (A) Colony
characteristics. P. oxalicum mutant strain Agng-1, parental strain Aku70,
complementation strain Agng-1::gng-1, and truncated complementation
strain Agng-1::gng-1; gs were grown directly on solid plates containing

microscopic evaluation. The hyphae of Agng-/ and Agng-
1::gng-1, g5 produced conidiophores, whereas those of
Aku70 and Agng-1::gng-1 did not (Fig. 4A and B).
However, at 48 h, the hyphae of all the P. oxalicum strains
produced conidiophores (Supplementary Fig. S2). It is note-
worthy that the expression of gng-1; g5 in mutant Agng-/ did
not restore conidiospore production to the level in Aku70,
suggesting that the deleted CCAAX motif controlled the time
at which hyphae produce conidiospores. In addition to this
difference in conidiospore production, the branches of the
Agng-1 hyphae were less abundant than those of Aku70,
Agng-1::gng-1, and Agng-1::gng-1,; g5 during the whole cul-
ture period. However, the hyphal branches of Aku70, Agng-
1::gng-1, and Agng-1::gng-1,_gs; were similar (Fig. 4;
Supplementary Fig. S2).

The asexual spores produced by the mutant Agng-/ were
counted grown on PDA plates and plates containing Avicel,
glucose, or SCS. Both Aku70 and Agng-1::gng-1 were used as
controls. The number of spores produced by Agng-1 was only
33.3-50.1% of the control values (P < 0.01), although there
was no significant difference between Aku70 and Agng-
1::gng-1 (Fig. 4C), suggesting that GNG-1 is positively in-
volved in spore production in P. oxalicum. The number of

Agng-1::gng-1

Agng-1::gng-1,_gs Agng-1::cxrB

MMM with different carbon sources for 3 days at 28°C. Scale bar = 0.9
cm. MMM: modified minimal medium; PDA: potato dextrose agar; SCS:
soluble corn starch

spores produced by Agng-1::gng-1; ¢s was also lower than
the number produced by Aku70, indicating that the CCAAX
motif of GNG-1 was involved in spore production by
P. oxalicum.

Liquid MMM containing glucose, Avicel, or SCS was in-
oculated with strain Agng-1 or Aku70 and incubated at 28 °C
for 72 h to construct their growth curves. The biomass accu-
mulation in the Agng-/ culture in MMM containing either
glucose or SCS as the sole carbon source decreased markedly
by 35.1-50.2% or 11.3-57.2%, respectively, of the control
(Aku70) value (both P < 0.05) after 12 h in culture (Fig. 5A
and B). However, at 12 h, the mutants Agng-I and Aku70
showed similar biomass accumulation in glucose (Fig. 5A).
However, the biomass accumulated by Agng-/ in SCS medi-
um was reduced to 49.9% of the control value (Fig. 5B). By
contrast, in medium containing Avicel, the amount of intra-
cellular proteins in Agng-/ was less than that in Aku70 at 12 h
but similar to that in Aku70 at 2448 h, although this was
followed by a 22.4-30.3% reduction relative to that in the
Aku70 (P < 0.05; Fig. 5C). Therefore, GNG-1 was involved
in the growth of P. oxalicum, independently of the carbon
source.
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Aku70 Agng-1 Agng-1::gng-1  Agng-1::gng-1,_gs Agng-1::cxrB
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Fig. 4 Microscopic investigation of hyphae and asexual spores. (A)
P. oxalicum hyphae. Mutant strain Agng-1, parental strain Aku70,
complementation strain Agng-1::gng-1, and truncated complementation
strain Agng-1::gng-1;_gs were cultured on solid medium at 28°C for 20 h.
Mutant Agng-1 displayed phialides, marked with red arrowheads,
whereas neither the parental strain Aku70 nor the complementation
strain Agng-1::gng-1 did. Scale bar = 100 pm. (B) Magnified phialides
are marked with red arrowheads. Scale bar = 25 um. (C) Numbers of

GNG-1 modulates the mRNA levels of major PBDE
genes, known regulatory genes, fungal development-
related genes, and sugar-transporter-encoding genes
in P. oxalicum

RNA-Seq was used to investigate the genome-wide changes
in mRNA expression that resulted from the deletion of the
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asexual spores produced by P. oxalicum. Fungal strains were cultured on
plates containing Avicel or SCS for 7 days, glucose for 8 days, or PDA for
4 days. Each data point is a mean + standard deviation. ~P < 0.01
indicates differences between the mutant Agng-1 and parental strain
Aku70, complementation strain Agng-1::gng-1, or Agng-1::gng-1; g5 on
Student’s ¢ test. PDA: potato dextrose agar; MMM: modified minimal
medium; SCS: soluble corn starch

gng-1 gene in P. oxalicum. After preculture in glucose for
24 h, strains Agng-1 and Aku70 were cultured in MMM con-
taining Avicel for 24 h, and their total RNAs were extracted
and sequenced. The transcriptomic data generated were reli-
able, with a Pearson’s correlation coefficient of R?>>0.96 and
a principal components analysis for three biological repeti-
tions of each strain (Supplementary Fig. S3). A comparative
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Fig. 5 Growth curves of P. oxalicum mutant Agng-1 and parental strain
Aku70. (A) Growth curves measured in MMM containing glucose; (B)
growth curves measured in MMM containing SCS; (C) growth curves
measured in MMM containing Avicel. The appropriate medium was
directly inoculated with the asexual spores (1 x 108) of each
P. oxalicum strain and incubated for 72 h at 28°C with shaking at 180
rpm. Data points represent means =+ standard deviations. MMM: modified
minimal medium; SCS: soluble corn starch

analysis of these transcriptomes identified 1329 differentially
expressed genes (DEGs) (Supplementary Table S2), with
thresholds of |log2(fold change)| > 1.0 and ¢ < 0.05. These
consisted of 739 upregulated and 590 downregulated genes.
Kyoto Encyclopedia of Genes and Genomes (KEGG) anno-
tation showed that approximately 80% of the DEGs were
involved in metabolism, specifically carbohydrate metabolism
and amino acid metabolism (Fig. 6A).

Screening the 1329 DEGs identified 146 genes encoding
putative CAZymes. The transcript levels of 63% of these
genes reduced in Agng-1, with log2 (fold change) ranging

from —5.5 to —1.0. Strikingly, among these 146 DEGs, 17
cellulase genes were detected, including cellobiohydrolase
gene POX05587/Cel7A-2, endo-3-1,4-glucanase genes
POX05571/Cel7B and POX07535/Cell2A, [3-glucosidase
gene POX06835/Cel3A, and six endo-[3-1,4-xylanase genes,
such as POX00063/Xynl10A and POX06783/XynilA. The
transcripts levels of all these genes in Agng-/ showed 50.8
to 97.8% reduced transcripts in the Agng-/ compared with
that in the parental strain Aku70 (Fig. 6B).

Interestingly, three amylase genes (raw-starch-degrading
glucoamylase gene PoxGAI5A [POX01356] and «-
glucosidase genes POX03741 and POX08147) were also de-
tected among the DEGs, and their transcript levels were re-
duced by 81.2%, 50.2%, and 73.0% in Agng-1, respectively
(Fig. 6B).

It should be noted that the deletion of gng-/ must have
altered the expression of TF-encoding genes because TFs di-
rectly control gene expression. A total of 41 TF-encoding
DEGs were identified, including 19 upregulated (1.1 < log,
[fold change] < 7.3) and 22 downregulated genes (—2.9 < log2
[fold change] < -1.0). Nine genes (POX00972, POX02484,
cxrB [POX04420], POX05145, POX05726, brlA
[POX06534], flbD [POX07099], POX09124, and
POX09469) have previously been shown to regulate PBDE
production to various extents (Yan et al. 2017; Zhao et al.
2016, 2019a, 2019b; Qin et al. 2013). Of these, the mRNA
levels of three genes (POX00972, POX02484, and cxrB) were
downregulated by 66.3—81.5% in Agng-1 compared with their
expression in Aku70, whereas the others were upregulated
2.2-85.7-fold in Agng-1 (Fig. 6B). CxrB positively regulates
cellulase and xylanase production (Yan et al. 2017). BrlA
negatively controls cellulase production and positively regu-
lates fungal conidiation (Qin et al. 2013). In addition to br/A,
another two genes that are required for fungal conidiation,
abaA (POX07025) and fIbD (Ojeda-Lopez et al. 2018),
showed 16-fold increases in their transcript levels in Agng-1.

Sugar transporters are required for the expression of PBDE
genes in filamentous fungi, specifically cellodextrin trans-
porters (Li et al. 2013). Therefore, the effects of gng-I on
the expression of genes encoding putative sugar transporters
were investigated. We screened the 1329 DEGs annotated
with the InterPro database using IPR005828 (major facilitator,
sugar transporter-like), IPRO05829 (sugar transporter, con-
served site), and IPR003663 (sugar/inositol transporter). A
total of 28 DEGs encoding putative sugar transporters were
altered at the transcription level in Agng-1, with log2 (fold
change) ranging from —2.7 to 6.6. Remarkably, the transcripts
of the POX05915 gene encoding the cellodextrin transporter
CdtD were reduced by 54.3%, whereas the POX07227 and
POX07576 genes, encoding the homologues of the glucose
transporters RCO-3 (Madi et al. 1997) and GLT1 (Wang
et al. 2017a, b) of N. crassa, respectively, were upregulated
by 20.4- and 53.7-fold, respectively (Fig. 6B).
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Fig. 6 Transcriptomic analysis of A
P. oxalicum mutant Agng-1 and
the parental strain Aku70 grown
in MMM containing Avicel as the
sole carbon source. (A)
Differentially expressed genes
(DEGs) in Agng-1 annotated
with the KEGG database. DEGs
were detected with thresholds of
[log2(fold change)| > 1 and ¢ <
0.05. (B) DEGs encoding PBDEs,
putative transcription factors, and
sugar transporters are shown with
green, purple, and dark red lines,
respectively. Red and blue circles
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Strikingly, transcripts of the POX00158 gene, which en-
codes a FUS3/FSS1-like MAP kinase, were reduced by
66.1% in the mutant Agng-/ compared with their expression
in Aku70 (Supplementary Table S2).

To confirm the effects of gng-1 on the expression of PBDE
genes in P. oxalicum, reverse transcription (RT)-real-time
quantitative PCR (RT-qPCR) was used. P. oxalicum strains
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Agng-1 and Aku70 were cultured for 448 h in MMM con-
taining Avicel at 28°C with shaking at 180 rpm. The tested
genes are shown in Fig. 7. The expression of all the tested
genes was downregulated by 27.7-99.5% in the mutant
Agng-1 at 4-24 h of Avicel induction compared with their
expression in Aku70. In contrast, at 48 h, the transcripts of
POX06783/Xyn11A had decreased by 87.1%, whereas the
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Fig. 7 Regulation of gene mRNA levels by GNG-1 in P. oxalicum de-
tected with RT—qPCR. (A) The mRNA levels of key cellulase and
xylanase genes in the mutant Agng-/ cultured in the presence of Avicel
for 448 h. cbh: cellobiohydrolase gene; eg: endo-3-1,4-glucanase gene;
bgl: 3-1,4-glucosidase gene; xyn: endo-xylanase gene. (B) mRNA levels
of known regulatory genes in mutant Agng-/ cultured in the presence of
Avicel for 4-48 h. CxrB regulates the expression of cellulase and
xylanase genes in P. oxalicum, whereas BrlA, AbaA, and FIbD are in-
volved in asexual development. (C) mRNA levels of major amylase

transcript levels of POX01166/Cel5B, POX05571/Cel7B,
POX03641, and POX06079 had increased by 23.8-116.1%
(Fig. 7A).

The transcript levels of four key regulatory genes, cxrB,
brlA, abaA, and flbD, were also investigated in P. oxalicum
with RT-qPCR assays. The transcripts of cx»B were down-
regulated in the mutant Agng-/ during the whole period of
culture, whereas the transcripts of abaA were upregulated.

genes and their regulatory gene in mutant Agng-/ cultured in the presence
of soluble corn starch for 448 h. Raw-starch-degrading enzyme gene,
PoxGA15A; glucoamylase gene, POX02412; o-amylase gene, amyl3A;
regulatory gene, amyR. (D) cxrB mRNA levels in Agng-1::cxrB cultured
in the presence of Avicel for 448 h. Gene mRNA levels in mutant Agng-
1::cxrB were normalized against the levels in the parental strain Aku70.
Data points represent means + standard deviations. ~P < 0.01 and “P <
0.05 on Student’s ¢ test, indicating significant differences between the
deletion mutant and the parental strain Aku70

The transcripts of both br/A and fIbD increased at 12-24 h
but decreased again at 48 h (Fig. 7B).

Whether the expression of major amylase genes is affected
by GNG-1 was analyzed with RT-qPCR. After preculture in
glucose medium, P. oxalicum strains Agng-1 and Aku70 were
cultured for 4-72 h in MMM containing SCS as the sole
carbon source and their total RNA was extracted. The genes
tested included PoxGAI5A, POX02412, Amyl3A
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(POX09352), and their regulatory gene amyR (POX03890).
The mRNA levels of all the tested amylase genes were 2.2—
22.6-fold higher in Agng-1 than in Aku70 at 4 h after induc-
tion. The expression of amyR was reduced by 35.4%. At 12 h,
the transcripts of PoxGA 15A and POX02412 had increased by
82.2% and 1.2-fold, respectively, in Agng-1, whereas those of
amyR and Amy13A had decreased by 45.5% and 39.2%, re-
spectively. After 12 h, the transcripts of all the tested genes
decreased in Agng-1 by 18%—85.7% (Fig. 7C).

The requirement of GNG-1 for PBDE production, but
not for fungal conidiation, is replaced by constitutive
overexpression of the regulatory gene cxrB

The known regulatory gene cxrB was among the DEGs con-
trolled by gng-1. Therefore, we speculated that the involve-
ment of gng-1 in PBDE gene expression might depend on
cxrB. To test this hypothesis, cxrB was constitutively
overexpressed in the mutant Agng-1. The constructed strain
Agng-1::cxrB was confirmed (Supplementary Fig. S1D) with
PCR using specific primers (Supplementary Table S1). In
Agng-1::cxrB, the transcription of cxrB increased by 45.5%
to 3-fold after Avicel induction for 4-48 h compared with that
in the Aku70 (Fig. 7D). Interestingly, the production of all
cellulases and xylanases by Agng-I::cxrB in the presence of
Avicel, and the production of SSDEs and RSDEs on SCS,
were restored to the levels in both the parental strain Aku70
and the complementation strain Agng-1::gng-1 (P > 0.05; Fig.
2).

The phenotypes of Agng-1::cxrB on plates containing glu-
cose, SCS, or Avicel or on PDA plates were similar to those of
Aku70, except with a slight change in colony color (Fig. 3).
Strangely, Agng-1::cxrB displayed early conidiophore pro-
duction compared with that in Aku70 and Agng-1::gng-1 after
culture for 20 h on all the carbon sources tested (Avicel,
starch, and glucose) and PDA plates, similar to that in mutant
Agng-1. The mutant Agng-1::cxrB showed fewer hyphal
branches than Aku70 or Agng-1::gng-1 but more than Agng-
I (Fig. 4; Supplementary Fig. S2). Moreover, the numbers of
asexual spores produced by mutant Agng-1::cxrB was restored
to the level of spore production by Aku70 (Fig. 4C). These
results indicate that CxrB, acting downstream from GNG-1,
and its overexpression (partially) compensated for the deletion
of gng-1 in PBDE production and fungal development.

CxrB positively regulates the production of RSDEs and
SSDEs in P. oxalicum

GNG-1 affects amylase production of P. oxalicum, and con-
stitutively expressed cxrB restored the amylase production of
the mutant Agng-I to the level in the parental strain Aku70,
suggesting that CxrB regulates the production of amylase in
P. oxalicum. To confirm this, the mutant AcxrB, parental
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strain Aku70, and complementation strain AcxrB::cxrB (Yan
et al. 2017) were cultured at 28°C for 2—4 days in MMM
containing SCS as the sole carbon source. Both SSDE and
RSDE production in mutant AcxrB reduced by 32.6%—
53.5% compared with that in the parental strain Aku70 (P <
0.01). The complementation strain AcxrB::cxrB secreted sim-
ilar amounts of SSDEs and RSDEs to Aku70 (Fig. 8A), veri-
fying that CxrB regulated amylase production in P. oxalicum.

CxrB indirectly regulates the mRNA levels of major
amylase genes by controlling the regulatory gene
amyR and directly regulates the expression of fungal
development-related genes

When the mutant AcxrB was cultured in MMM containing
SCS as the sole carbon source, the transcription levels of ma-
jor amylase genes, including PoxGAI5A, Amyl3A,
POX02412, and amyR, was investigated with RT-qPCR.
The parental strain Aku70 was used as the control. At 4 h after
induction, the mRNA levels of all the genes tested were up-
regulated by 92.0% to 7.3-fold in AcxrB compared with that in
Aku70. At 12 h, the transcript levels of PoxGAI5A and
amyl3A had increased by 180.1% and 70.1%, respectively,
in AcxrB, whereas the other genes were downregulated by
50.8-51.8%. After induction for 12 h, all the tested genes in
AcxrB were downregulated by 38.2-92.1%, except Amyl3A
at 24 h (P < 0.05; Fig. 8B).

An in vitro electrophoretic mobility shift assay (EMSA)
was used to determine whether CxrB binds the promoter re-
gions (500-1000 bp upstream) of major amylase genes and
their regulatory gene amyR. A DNA fragment from gene
POX05989, encoding 3-tubulin, was used as the control.
The putative DNA-binding domain at CxrBjg4 30, which
contains two C2H2-type zinc fingers, was recombinantly
expressed in Escherichia coli and purified, fusing with
thioredoxin (Trx)-, a histidine (His)- and S-tag (Yan et al.
2017; Supplementary Fig. S4). No delayed band was observed
when the recombinant protein rCxrB194 30, Was tested with 6-
FAM (fluorescein azide) -labeled probes from the three amy-
lase genes, or the control proteins bovine serum albumin
(BSA) and Trx—His—S, and DNA fragments competitive
probes and control probe (Supplementary Fig. S5).
Interestingly, delayed bands appeared when the amyR probe
was added to 1.6-2.0 pg of rCxrBjg4_30». Neither BSA nor
Trx—His—S interacted with the amyR probe. The competitive
amyR probe, without 6-FAM, considerably impeded the inter-
action between rCxrBg4 30, and the amyR probe (Fig. 9A).
These data suggested that CxrB specifically bound the pro-
moter region of amyR.

In addition to amylolytic genes, the effects of CxrB on the
mRNA levels of the fungal development-related genes briA
and fIbD were observed under Avicel induction. The expres-
sion of brlA and fIbD in the mutant AcxrB increased by 40.3%
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Fig. 8 Effects of CxrB on amylase production (A) and mRNA levels of
essential amylase genes (B) and asexual-development-related genes (C)
in P. oxalicam. After their transfer from glucose, fungal strains were
cultured in MMM containing soluble corn starch for 2—4 days to test
amylase production (A), for 448 h to test gene expression (B), or in
MMM containing Avicel for 4-48 h (C) at 28°C with shaking at 180

to 28-fold during the whole culture period compared with that
in the parental strain Aku70 (P < 0.05; Fig. 8C). In vitro
EMSA and competitive EMSA also confirmed that recombi-
nant rCxrBjo4 30> specifically bound the promoter regions of
brlA and fIbD (Fig. 9B and C).

CxrB localizes in the nucleus

To visualize the subcellular localization of CxrB in
P. oxalicum, recombinant strains carrying the green fluores-
cent protein (GFP)-labeled fusion protein CxrB—GFP were
constructed with homologous recombination

rpm. Gene mRNA levels in mutant Agng-I were normalized against the
levels in the parental strain Aku70. P <0.01 and “P < 0.05 by Student’s
t-test, indicate significant differences between the deletion mutant and the
parental strain Aku70. MMM: modified minimal medium; SSDE:
soluble-starch-degrading enzyme; RSDE: raw-cassava-starch-degrading
enzyme. Data points represent means + standard deviations

(Supplementary Fig. S6A). The expression of the fusion gene
cxrB—gfp was controlled by the Avicel-induced promoter
pPoxEGCel5B (Wang et al. 2018). The recombinant strains
generated were confirmed with PCR (Supplementary Fig.
S6B-F) using specific primers (Supplementary Table S1).
When the various strains were cultured in MMM containing
Avicel as the sole carbon source, the fluorescent GFP signals
were predominantly detected in the cell nuclei and merged
well with the fluorescence of 4',6-diamidino-2-phenylindole
(DAPI) (Fig. 10), which is used for the microscopic detection
of nuclei and nuclear DNA in live cells (Tarnowski et al.
1991).
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Fig. 9 Interaction between CxrB and target genes revealed by in vitro
electrophoretic mobility shift assay (EMSA). (A) Regulatory gene amyR.
(B) Regulatory gene briA. (C) Regulatory gene fIbD. Recombinant
protein rCxrB1g4 305 (0-2.0 png) was mixed with 50 ng of FAM-labeled
probes. In each EMSA reaction, nonspecific sheared salmon sperm DNA

Discussion

In this study, we characterized the roles of putative G protein
v subunit GNG-1 in P. oxalicum in detail. GNG-1 modulated
PBDE (cellulase, xylanase and amylase) production in
P. oxalicum under Avicel or SCS induction and the expression
of major PBDE genes. Importantly, we have shown for the
first time that GNG-1 affects the production of amylase and
xylanase and the expression of major amylase and xylanase
genes. GNG-1 modulates the expression of PBDE genes
might through affecting the expression of regulatory gene
cxrB. CxrB directly regulates the expression of major cellulase
and xylanase genes on Avicel (Yan et al. 2017) and indirectly
regulates the transcripts of major amylase genes through con-
trolling the expression of another regulatory gene amyR under
SCS induction in P. oxalicum (Fig. 11). AmyR is required for
amylase production by directly regulating the major amylolyt-
ic genes, such as the «-amylase gene amyl3A and the
glucoamylase gene amyl5A, in P. oxalicum, Aspergillus sp.,
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was added to prevent nonspecific binding between the protein and probes.
Probes without the FAM label were used for the competitive EMSA.
BSA, Trx—His-S fusion protein, or the promoter region of the (3-tubulin
gene alone were used as controls. FAM, 6-carboxyfluorescein; BSA,
bovine serum albumin

and Talaromyces pinophilus under starch induction (Li et al.
2015; Zhang et al. 2017; Ma et al. 2021).

A question attacks our attention that how GNG-1 mediates
the expression of cxrB. A possible mechanism is that GNG-1
activates downstream MAP kinase and cAMP-dependent sig-
nal cascades that modulate the expression of cellulase and
xylanase genes (Schmoll 2018; Ma et al. 2021; Wang et al.
2017a, b). The Gf3 could interact with a MAPK scaffold Ste5
that anchored MAPKKK Stel1, MPKK Ste7 and MAPK
Fus3 together (Alvaro and Thorner 2016). Recently, MAP
kinase PoxMK1 as a homolog of Fus3 positively controlled
the expression of cxrB in P. oxalicum (Ma et al. 2021).
However, the exact signal pathway of G protein on regulation
of cellulase and xylanase under Avicel induction still needs to
be further studied.

It should also be noted that the deletion of gng-/ in
P. oxalicum reduced cellulase production, whereas the dele-
tion of its orthologue gng-1 in T. reesei enhanced cellulase
production (Tisch et al. 2011). In T. reesei, the G3 and Gy
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Aku70::cxrB-gfp

AKu70

DIC

DAPI

Fig. 10 Subcellular localization of CxrB in P. oxalicum. Transformants
expressing CxrB—GFP were precultured in MMM with Avicel as the sole
carbon source for 48 h at 28°C with a shaking at 180 rpm, and the parental
strain Aku70 was used as a control. The localization of CxrB was mon-
itored by recording the GFP signal. Fungal nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI). The samples were observed under a
fluorescence microscope (Olympus DP480; Olympus, Tokyo, Japan).
Scale bar = 25 um

with their putative chaperone PhLP1 negatively influence the
abundance of rgs/ transcript, which leads to improved activity
of the G« GNA1. Deletion of gna-1 abolishes the expression
of major cellulase gene in light but enhances it in darkness.
Surprisingly, constitutive activation of GNA1 only enhanced
the expression of cellulase genes in the presence of both cel-
lulose and light (Schmoll 2018). Surprisingly, mutant Agng-1
of T. reesei reduced the transcriptional levels of major cellu-
lase genes but increased cellulase secretion, which might be

Fig. 11 Schematic model of the
proposed roles of G protein
gamma subunit GNG-1 modulat-
ed by the downstream transcrip-
tion factor CxrB in P. oxalicum.
Dashed line indicates that how
GNG-1 modulates the expression
of cxrB is unknown. Bold lines
with arrows represent activation
and barred lines represent
inhibition

due to post-transcriptional regulation (Tisch et al. 2011).
However, there are insufficient evidence supporting those
conclusions thus far, and the detail studies must be carried
out in future. Clearly, signal transduction and regulation of
cellulase gene expression in 7. reseei are different from that
in P. oxalicum.

Moreover, the C-terminal CCAAX motif contributed to the
production of cellulase, hyphal conidiospores, and asexual
spores, but not to hyphal branching in P. oxalicum. When
Gy is released from the activated heterotrimeric G protein,
it activates the downstream MAP kinase cascade, which oc-
curs at the plasma membrane because G[3y is firmly tethered
there by the CCAAX motif in Gy, with the aforementioned
lipophilic moieties (Alvaro and Thorner 2016). The lack of the
CCAAX motif affects the anchoring of Gy to the plasma
membrane, altering the downstream signal transduction path-
ways. The mutant Agng-1::gng-1,_g5 retained approximately
70% of the cellulase production of its parental strain Aku70,
implying that an alternative pathway activated by Gy or an
Gy-independent pathway is also involved in the regulation of
cellulase gene expression in P. oxalicum. Strangely, the C-
terminal CCAAX motif did not contribute to xylanase produc-
tion, which may be attributable to the balance of the regulatory
network formed by downstream TFs. It should be noted that
these results may also be attributable to the different levels of
mRNA and protein expressed from an alternative locus
(POX05007) or the involvement of the cAMP pathway, which
is modulated by G, but these possibilities require further
study.

In addition to PBDE production, GNG-1 was also required
for the vegetative growth and conidiation of P. oxalicum and
the expression of related genes, such as br/A and fIbD, as has
been reported in A. nidulans, T. reesei, and N. crassa (Tisch
et al. 2011; Krystofova and Borkovich 2005; Seo et al. 2005).

/ Sporulation

o |

\<\| .~ BrlA
Vegetative
growth
Xylanase genes [ Cellulase genes | Amylase genes
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Importantly, in this study, we have also shown that CxrB
directly bound the promoter regions of both br/A and fIbD to
repressed their expression under Avicel induction (Fig. 11).
BrlA and FIbD are essential for asexual sporulation in fila-
mentous fungi, and FIbD activates the expression of br/A
(Qin et al. 2013; Arratia-Quijada et al. 2012). The deletion
of either cxrB or brliA affects the vegetative growth of
P. oxalicum (Yan et al. 2017; Qin et al. 2013). Although the
early conidiation in Agng-/ may result from the increased
expression of brlA and fIbD, the number of asexual spores
produced by Agng-1 significantly reduced, which might be
attributable to the reduced mycelial biomass of Agng-1. The
overexpression of cxrB in the mutant Agng-I partly restored
hyphal branching, but did not restore conidiation to the level
in Aku70, thus leading to spore production similar to that in
Aku70. Other possible mechanisms still require investigation.

In summary, we found that GNG-1 modulated the expres-
sion of PBDE genes and mycelial-development-related genes,
which depends on the implementation of the downstream tran-
scription factor CxrB, and in this way, positively affected
PBDE production and fungal development. The generated
results extended the diversity of Gy protein functions and
provided new insight into the signal transduction and regula-
tion of PBDE gene expression in filamentous fungi.
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material available at https://doi.org/10.1007/s00253-021-11370-3.
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