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Abstract

Mitogen-activated protein kinase (MAPK) cascades are broadly conserved and play essential roles in multiple cellular processes,
including fungal development, pathogenicity, and secondary metabolism. Their function, however, also exhibits species and
strain specificity. Penicillium oxalicum secretes plant-biomass-degrading enzymes (PBDEs) that contribute to the carbon cycle in
the natural environment and to utilization of lignocellulose in industrial processes. However, knowledge of the MAPK pathway
in P. oxalicum has been relatively limited. In this study, comparative transcriptomic analysis of P. oxalicum, cultured on different
carbon sources, found ten putative kinase genes with significantly modified transcriptional levels. Six of these putative kinase
genes were knocked out in the parental strain APoxKu70, and deletion of the gene, Fus3/Kssi-like PoxMKI (POX00158),
resulted in the largest reduction (91.1%) in filter paper cellulase production. Further tests revealed that the mutant APoxMK1
lost 37.1 to 92.2% of PBDE production, under both submerged- and solid-state fermentation conditions, compared with
APoxKu70. In addition, the mutant APoxMKI had reduced vegetative growth and increased pigment biosynthesis.
Comparative transcriptomic analysis showed that PoxMK]1 deletion from P. oxalicum downregulated the expression of major
PBDE genes and known regulatory genes such as PoxCIlrB and PoxCxrB, whereas the transcription of pigment biosynthesis-
related genes was upregulated. Comparative phosphoproteomic analysis revealed that PoxMK1 deletion considerably modified
phosphorylation of key transcription- and signal transduction-associated proteins, including transcription factors Mcm1 and Atf1,
RNA polymerase II subunits Rpbl and Rpb9, MAPK-associated Hogl and Ste7, and cyclin-dependent kinase Kin28. These
findings provide novel insights into understanding signal transduction and regulation of PBDE gene expression in fungi.

Key points

* PoxMK1 is involved in expression of PBDE- and pigment synthesis-related genes.

* PoxMK1 is required for vegetative growth of P. oxalicum.

» PoxMK]1 is involved in phosphorylation of key TFs, kinases, and RNA polymerase I1.

Keywords MAP kinase PoxMK1 - Plant-biomass-degrading enzymes - Penicillium oxalicum - Regulation of PBDE gene
expression
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Introduction

It is a fundamental property of living organisms to sense and
respond appropriately to external environmental stimuli,
through signal transduction pathways, in which protein ki-
nases play central roles by mediating protein phosphorylation.
The mitogen-activated protein kinase (MAPK) signaling path-
way is evolutionarily conserved in all eukaryotes, from yeast
to mammals, with diverse regulatory functions in cell differ-
entiation, proliferation, stress response, aging, and apoptosis
(Hagiwara et al. 2016). The MAPK pathway is composed of
three sequentially activated kinases, MAPK kinase kinase
(MAPKKK), MAPK kinase (MAPKK), and MAPK. The ac-
tivated form of MAPK phosphorylates, and in turn activates,
downstream target proteins (Martinez-Soto and Ruiz-Herrera
2017).

Three MAPK signaling pathways have been identified in
many filamentous fungi, which are orthologous to Hog1, Slt2,
and Fus3/Kssl in Saccharomyces cerevisiae (Segorbe et al.
2017; Tong and Feng 2019). Of these, the Fus3/Kssl-like
pathway is involved in multiple physiological and develop-
mental processes, such as sexual and asexual sporulation, veg-
etative growth, and production of secondary metabolites
(Martinez-Soto and Ruiz-Herrera 2017). For example, dele-
tion of MpkB, or AnFus3 from Aspergillus, resulted in uncom-
pleted sexual development, aberrant conidiophores, slowed
hyphal growth, and low aflatoxin production (Priegnitz et al.
2015). In contrast, deletion of Fus3-like Tmk1 from
Trichoderma reesei accelerated vegetative growth on several
carbon sources, such as Avicel (Wang et al. 2017), whereas
deletion of Tmk1 had no effect on growth and sporulation, in
the presence of sugarcane bagasse (de Paula et al. 2018).
Wang et al. (2017) reported that Tmk1 negatively affected
cellulase production in 7. reesei, but had no effect on the
expression of cellulase genes in response to Avicel plus wheat
bran. Conversely, de Paula et al. (2018) found that deletion of
Tmkl from T. reesei cultured on sugarcane bagasse reduced
cellulase production, by repressing the expression of major
cellulase genes. In addition, Tmk1 mediates the expression
of xylanase genes. These findings suggest that the functions
of Tmkl1 vary between different fungal species, different
strains of the same species, and different carbon sources.

The filamentous fungus, Penicillium oxalicum, is one of
the most important industrial workhorses for cellulase pro-
duction in China, because of its high 3-glucosidase (BGL)
activity and superior hydrolytic performance (Yan et al.
2017). In P. oxalicum, the expression of genes encoding
plant-biomass-degrading enzymes (PBDEs) such as cellu-
lase, xylanase, and amylase is regulated by their corre-
sponding signal transduction pathways and downstream
transcription factors (TFs). P. oxalicum can produce large
amounts of PBDEs during both submerged-state (SmF)
and solid-state fermentation (SSF) (Zhao et al. 2019a).
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Most previous studies, however, were carried out under
SmF conditions.

In this study, we identified a Fus3/Fss1-like PoxMK1 that
was induced by wheat bran at the transcriptional level. The
effects of PoxMK1 on PBDE production during both SmF
and SSF, vegetative growth, and pigment biosynthesis were
characterized. Subsequently, transcriptomic and
phosphoproteomic analysis were employed to elucidate the
mechanism of PoxMK1 function.

Materials and methods
Fungal strains

P. oxalicum wild-type strain HP7-1 (China General
Microbiological Culture Collection [CGMCC], #10781) and
the parental strain APoxKu70 (CGMCC 3.15650) were de-
scribed previously (Zhao et al. 2016). The strain APoxKu70
was generated by deleting the gene PoxKu70, which is in-
volved in a non-homologous end-joining pathway, in the
wild-type strain HP7-1. The deletion mutants of six putative
kinase genes (Table 1) and the complementation strain
CPoxMK1 were constructed by homologous recombination
techniques, in the parental strains APoxKu70 and
APoxMK1, respectively. All these P. oxalicum strains were
maintained on potato dextrose agar (PDA; Sigma-Aldrich,
Darmstadt, Germany) plates and stored at 4 °C for up to 1
month. For long-term storage, fungal strains were grown on
PDA plates at 28 °C for 6 days, and the asexual spores pro-
duced were harvested with sterile H,O containing 0.1% (w/v)
Tween-80 (Sango, Shanghai, China). The final concentration
of spores was adjusted to 1 x 10® per milliliter. Fungal spores
were stored in 25% (v/v) glycerol (Sango) at — 80 °C.

Mutant generation and complementation

Deletion mutants of putative kinase-encoding genes and their
corresponding complementation strains were constructed by
homologous recombination, as described previously (Yan
et al. 2017). A knockout cassette was constructed for gene
deletion, by fusion PCR with specific primer pairs
(Supplementary Table S1), to replace each target gene in the
parental strain APoxKu70. The knockout cassette consisted of
the G418-resistance gene fragment and each of the upstream
and downstream DNA fragments flanking the target gene
(Supplementary Fig. S1). Similarly, for the complementation
strains of APoxMK1, a complementary cassette was generat-
ed by fusion PCR of four DNA fragments to replace an
aspartic protease gene PoxPepA, consisting of the complete
PoxMK]1 coding region, along with its native promoter and
terminator, the bleomycin resistance gene fragment, and the
left- and right-flanking sequences of the PoxPepA gene



Appl Microbiol Biotechnol (2021) 105:661-678

663

Table 1 Ten putative kinase genes selected by comparative transcriptomic analysis
Gene ID  GenBank Putative kinase Homologous known Identity Log2 FC (HP7- Log2 FC FPase activity of
accession kinases (%) 1 WA/HP7- (HP7-1_ mutant
number 1 GLU WB/HP7- relative to
1 GLU APoxKu70 (%)
POX00158 MT468552 Mitogen-activated protein Aspergillus ibericus CBS 97.7 - 0.97 8.9 £2.5%*
kinase 121593
MpkB/Fus3
POX01286 MT468553 Serine/threonine protein  Penicillium rolfsii F1880 83.1 -1.18 -1.49 84.3 £ 4.6*
kinase Kspl
POX01822 MT468554 PIK related kinase Penicillium griseofulvum 84.8 - -1.77 ND
PG3
FATC
POX02455 MT468555 Serine/threonine protein  P. rolfsii F1880 81.6 -2.26 —2.03 81.4 £6.8*%
kinase Atgl
POX02629 MT468556 Serine/threonine protein  Penicillium subrubescens CBS 90.5 - 1.64 -1.32 103.6 £3.7
kinas 132785
Srkl
POX02702 MT468557 Serine/threonine protein  P. subrubescens CBS 132785 84.0 - -1.29 90.8 £2.2*
kinase Ppk6
POX04065 MT468558 Phosphatidylinositol P. rolfsii F1880 94.3 - 1.68 -2.14 ND
3-kinase Tor2
POX05156 MT468559 Protein kinase C Penicillium brasilianum 87.0 - - 1.15 ND
PKC
POX07454 MT468560 Serine/threonine protein  Aspergillus udagawae IFM 71.4 -2.28 —2.68 102.5+£2.2
kinase 46973
Riml5
POX09508 MT468561 Glycogen synthase kinase P. rolfsii F1880 98.0 -1.29 -1.32 ND
Gsk3

ND not determined; WA wheat bran plus Avicel; GLU glucose; WB wheat bran. The asterisks present significant difference of FPase activities between
the deletion mutant and the parental strain APoxKu70 (*p < 0.05; **p < 0.01), as assessed by Student’s ¢ test

(Wang et al. 2018). The cassette fragments for knockout, or
complementation, were generated and then directly trans-
formed into fresh protoplasts of APoxKu70 and APoxMK].
The transformants were selected on a PDA medium supple-
mented with the antibiotics G418 (0.5 mg/mL; Biotopped,
Beijing, China) and bleomycin (0.08 mg/mL; Roche, Basel,
Switzerland), as selective markers for the deletion mutants and
complementation strains, respectively.

Enzymatic activity assays
Sample preparation

For preliminary screening of mutants in putative kinase genes,
1 x 10® spores of each P. oxalicum mutant were directly in-
oculated into modified minimal medium (MMM, 4.0 g/L
KH,POy, 4.0 g/ (NH4),SO4, 0.6 g/ MgSO,4-7H,0, 0.6 g/
L CaCl,, 1.0 mL/L Tween-80; 0.005 g/L FeSO4:7H,O0,
0.0016 g/L MnSOQy,, 0.0017 g/L ZnCl, and 0.002 g/L. CoCly;
pH 5.0; Yan et al. 2017) with Avicel (2.0% w/v) and cultured
for 6 days at 28 °C, with shaking at 180 rpm. Subsequently,
the culture was centrifuged at 11,300 x g, for 10 min at 4 °C,
then the supernatant (crude enzyme solution) was used direct-
ly to assay enzymatic activity.

For transfer experiments from glucose, 1.0 x 10® fresh
spores of P. oxalicum mutants were inoculated into MMM
with 1% (w/v) glucose and pre-cultured at 28 °C with shaking,
at 180 rpm for 24 h. Hyphae (~ 1.0 g) were harvested and
transferred, for SmF, into liquid medium (MMM with 2% w/v
Avicel or 1.0% w/v soluble corn starch [SCS]). For SSF, hy-
phae (~ 1.0 g) were harvested and transferred onto solid me-
dium (6.0 g rice straw, 4.0 g wheat bran, and 20 mL mineral
salt solution [2.5 g/ MgSO,4-7H,0, 2.5 g/ KH,PO,, 5.0 mg/
L FeSO,47H,0, 1.6 mg/L MnSO4-H,0, 1.4 mg/L ZnSOy-
7H,0, 2.0 mg/L CoCl,, 5.0 g/L yeast extract, and 1.0 mL/L
Tween-80, pH 5.0]) and cultured for 2—4 days at 28 °C. Crude
enzyme solution was extracted from liquid media as above
and from solid media as described previously (Su et al. 2017).

Enzymatic assay procedures

The activity assays for cellulase and xylanase activities were
as reported previously (Zhao et al. 2016), and that for amylase
activity was as described previously (Xu et al. 2016). The
activity unit (U) for filter paper cellulase (PFase),
carboxymethylcellulase (CMCase), xylanase, soluble starch-
degrading enzyme (SSDE), and raw starch-degrading enzyme
(RSDE) was defined as the amount of enzyme required to
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produce 1 pumol of glucose or xylose per min from the sub-
strate under optimal conditions; the unit (U) for p-
nitrophenyl-f3-cellobiosidase (pNPCase) and p-
nitrophenyl-3-glucopyranosidase (pNPGase) activity was de-
fined as the amount of enzyme required to produce 1 pmol of
pNP per min from the substrates.

Total DNA extraction and Southern hybridization
analysis

Genomic DNA extraction from P. oxalicum, using a modified
phenol-chloroform method, was carried out as described pre-
viously (Zhao et al. 2016). Briefly, 1 x 10® spores were inoc-
ulated into liquid complete medium (CM; 10.0 g/L D-glucose,
2.0 g/L peptone, 1.0 g/L yeast extract, 1.0 g/L acid hydrolyzed
casein, and 50 mL/L 20 x nitrate solution [120.0 g/L NaNOs3,
10.40 g/L. KCl, 10.40 g/L MgSO,4-7H,0, 30.40 g/L KH,POy;
pH 6.5]) at 28 °C for 24 h, with shaking at 180 rpm. The
mycelia were collected and used for DNA extraction.

Total DNAs were digested with PsfI (TaKaRa Bio Inc.
Dalian, China). The resulting DNA fragments were fraction-
ated on a 0.8% (w/v) agarose gel and transferred onto Hybond
N* (GE Healthcare Limited, Amersham, UK). Southern hy-
bridization was performed following the manufacturer’s pro-
tocols. The probe for Southern hybridization was amplified by
PCR with a primer pair (Supplementary Table S1).

Determination of biomass and intracellular protein

To compare vegetative growth of the different P. oxalicum
strains, equal numbers of spores were inoculated into MMM
(100 mL), supplemented with different carbon sources and
incubated with shaking, at 180 rpm and 28 °C. For glucose
(1.0% w/v) or SCS medium, the hyphae were collected every
12 h until 72 h and dried at 50 °C for 48 h, to determine dry
weight. For Avicel (2.0% w/v) medium, the growth profile
was evaluated by the content of intracellular protein in the
mycelia. Protein extraction was carried out as described by
Zhao et al. (2016), and total protein concentration was quan-
tified with a Bradford Assay Kit (Pierce Biotechnology,
Rockford, IL) according to the manufacturer’s instructions.

Total RNA extraction, real-time quantitative PCR, and
RNA-sequencing analysis

For total RNA extraction, spores (1 x 10%) were pre-cultured
in MMM with glucose (1% w/v) for 24 h, then transferred to
liquid medium and solid medium with 2.0% (w/v) Avicel, or
1.0% SCS, respectively. The hyphae were harvested after a
shift from glucose at 4, 12, 24, and 48 h for real-time quanti-
tative PCR (RT-qPCR), as well as 24 h for RNA sequencing.
Total RNA of fungal strains was extracted using TaKaRa
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RNAiso Plus (TaKaRa Bio Inc.) in accordance with the man-
ufacturer’s instructions and stored at — 80 °C until needed.

For RT-qPCR analysis, total RNA (1.0 pg) was used as the
template to synthesize first-strand cDNA with TransScript®
One-Step gDNA Removal and cDNA Synthesis SuperMix
(Transgen, Beijing, China). Reaction mixtures (20 puL) were
prepared using SYBR Premix Ex Taq II (10 uL; TaKaRa Bio
Inc.), first-strand cDNA (0.2 pL), and special primers (0.8 puL;
10 uM). Subsequently, RT-qPCR was performed on an ABI
7500 Real-time PCR system (Thermo Fisher Scientific,
Waltham, MA). The actin gene (POX09248) of P. oxalicum
was used as the internal reference, and the relative gene ex-
pression was normalized against that of the parental strain of
APoxKu70 and calculated by the 22T method (Livak and
Schmittgen 2001). All RT-qPCR assays were performed in
triplicate for each sample.

RNA-sequencing (RNA-seq) was carried out at BGI,
Shenzhen, China, on an Illumina HiSeq2000 platform. The
generated clean reads were mapped onto the referred genome
of P. oxalicum strain HP7-1 for functional annotation by
BWA software, version 0.7.10-r789, and Bowtie2, version
2.1.0 (Langmead and Salzberg 2012). The relative gene ex-
pression abundances were represented by FPKM (fragments
per kilobase of exon per million mapped reads) and calculated
with RSEM software, version 1.2.12 (Li and Dewey 2011).
Differentially expressed genes (DEGs) were screened for by
DESeq_2 tools (Love et al. 2014) with |log2 fold change| > 1
and probability > 0.8. The reliability of different biological
replicates from each sample was assessed by Pearson’s corre-
lation coefficient.

Phosphoproteomic analysis

Mycelia from P. oxalicum mutants APoxKu70 and
APoxMK] were harvested after a shift from glucose to
MMM containing Avicel and incubation for 4 h. Total
protein was extracted as described previously (Xiong
et al. 2014). Total protein samples were sent to BGI
(Shenzhen) for quantitative phosphoproteomic sequenc-
ing. Briefly, protein (100 pg from each sample) was
digested with trypsin (Promega, Madison, WI; 25 pg/g
total protein) at 37 °C for 4 h, then the same amount of
trypsin was added for a second digestion, for a further 8 h.
Subsequently, the resulting peptides were desalted with a
Strata X C18 SPE column (Phenomenex, Guangzhou,
China) and then labeled with 4-plex iTRAQ reagents
(AB Sciex, Foster City, CA) according to the manufac-
turer’s instructions. After labeling, the tryptic peptides
were desalted and enriched using TiO,. The enriched pep-
tides were fractionated by high pH reversed-phase HPLC
using a Betasil C18 column (5-um particle size, 10 x 250
mm; Thermo Fisher).
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For LC-MS/MS analysis, a nano-flow LC system
(Shimadzu, Kyoto, Japan) coupled with a Q Exactive HF mass
spectrometer (Thermo Fisher) was employed. The fractionat-
ed peptides, as described above, were dissolved in phase A
(2.0% acetonitrile and 0.1% formic acid) and centrifuged at
13000 x g at4 °C for 15 min. The supernatant was loaded onto
a Trap column (Thermo Fisher), to concentrate and desalt the
sample, then transferred to a reversed-phase analytical column
(Thermo Fisher) to separate the peptides at a flow rate of 0.3
pL/min. The linear gradient elution program started at 5%
(v/v) phase B (98% acetonitrile and 0.1% formic acid) for 8
min, increased to 21% at 76 min, 32% at 82 min, and 80% at
90 min. The eluted peptides were detected by tandem mass
spectrometry (MS/MS), in the data-dependent acquisition
mode.

The resulting phosphoproteomic data were analyzed quan-
titatively with Proteome Discoverer 1.4 (Thermo Scientific)
and Mascot 2.3 (Matrix Science, Boston, MA). The LC-MS/
MS spectra were matched against all the proteins of
P. oxalicum strain HP7-1. Pearson’s correlation coefficient
was used to assess the reliability of three biological replicates
from APoxKu70, or APoxMK1, according to the peptide sig-
nal intensity (PSI) of each sample. The phosphorylation site
location confidence was determined by phosphoRS 3.1 (Taus
et al. 2011) with a phosphoRS probability > 0.75.
Differentially expressed phosphopeptides were screened for
and selected with a threshold of an absolute fold-change of >
1.5 and P < 0.05.

For the analysis of differential phosphopeptide motifs, the
MEME software version 5.0.4 (https://meme-suite.org/tools/
momo) was used to enrich the kinase phosphorylation motifs
with the following settings: verbosity 1, motif width 15,
elimination repeats 15, minimum occurrences 20 and score
threshold 1.0E-6, central T/P residues with the same modifi-
cation mass combined, and expansion of modified peptides
extracted from protein database of P. oxalicum.

Sequence analysis and deposition

The conserved domain of PoxMK1 (POX00158) was an-
alyzed by SMART online (http://smart.embl.de/).
Multiple alignments were carried out using MUSCLE
(https://www.ebi.ac.uk/Tools/msa/muscle/). Construction
of the phylogenetic tree was performed with MEGA 7.0,
using the neighbor-joining method and 1000 replicates
were used for calculating the bootstrap values (Kumar
et al. 2016).

The sequence of PoxMKI1 and transcriptomic data were
submitted to GenBank and SRA at NCBI with accession num-
ber MT468552 and GSE154636, respectively.
Phosphoproteomic data were deposited in ProteomeXchange
with accession number PXD020729.

Results

Deletion of POX00158 in P. oxalicum significantly
reduces the production of filter paper cellulase

Comparative transcriptomic data from P. oxalicum HP7-1
grown in MMM containing glucose, wheat bran, or wheat
bran plus Avicel, for 72 h (Yan et al. 2017), were re-
analyzed; expression of ten genes encoding putative protein
kinases showed significant alteration, with a threshold of
probability > 0.8 (Table 1). Most of these candidate genes
were annotated to encode serine/threonine protein kinases, in
particular, genes POX00158 and POX05156 encoded putative
MpkB/Fus3 and protein kinase C, respectively. Comparative
transcriptional analysis indicated that the transcriptional levels
of all the genes, except for POX00158, were downregulated in
P. oxalicum strain HP7-1, with a log2 fold change between —
2.68 and — 1.15, when cultured in MMM containing wheat
bran, compared with MMM containing glucose. Gene
POX00158, however, was upregulated by 95.9% on wheat
bran. Five genes, POX01286, POX02455, POX02629,
POX04065, and POX07454, were downregulated with a
log2 fold change between — 2.28 and — 1.18, when cultured
on wheat bran plus Avicel, compared with glucose (Table 1).

To investigate the effects of these putative kinase genes on
cellulase production, we tried to knock them out in the
P. oxalicum parental strain APoxKu70. A total of six deletion
mutants (APOX00158, APOX01286, APOX024535,
APOX02629, APOX02702, and APOX07454) were success-
fully constructed and confirmed by PCR amplification
(Supplementary Fig. S1A) with specific primers
(Supplementary Table S1). All six deletion mutants were di-
rectly inoculated into MMM containing Avicel as the sole
carbon source and cultured for 6 days; crude enzyme extracts
were collected for measurement of filter paper cellulase
(FPase) activity. The parental strain APoxKu70 was used as
a control. Four of the deletion mutants, i.e., APOX00158,
APOX01286, APOX02455, and APOX02702, had significant-
ly reduced FPase production (by 9.2-91.1%), compared with
APoxKu70. The greatest reduction in FPase production was
in APOX00158 (Table 1); hence, we selected POX00158 for
further investigation.

Southern hybridization analysis was employed to confirm
that no additional recombination events had occurred in the
APOX00158 chromosome. The probe used was generated by
PCR, using a special primer pair (Supplementary Table S1).
Two bands of approximately 4.5 kb and 2.9 kb appeared in
APoxKu70 and APOX00158, respectively, which was as ex-
pected (Supplementary Fig. S1B).

The complementation strain of APOX00158, CPOX00158,
was constructed simultaneously, via homologous recombina-
tion and confirmed by PCR amplification (Supplementary
Fig. S2) using specific primers (Supplementary Table S1).
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Gene POX00158 encodes a Fus3/Kss1-like MAPK in
P. oxalicum

In the genome of P. oxalicum strain HP7-1, POX00158 was
1754 bp in length, contained two introns, and encoded a pro-
tein of 478 amino acids. The POX00158 protein contained a
conserved serine/threonine protein kinase catalytic (S_TKc)
domain (amino acid residues 140-428; E-value = 1.03e-98;
Fig. la), as determined by Simple Modular Architecture
Research Tool (SMART) analysis. NCBI BlastP alignment
analyses revealed that POX00158 shared 100%, 97.5%,
96.9%, and 93.1% identity in amino acid sequence with
PDEO08196 (GenBank accession number EPS33234.1) in
P. oxalicum 114-2, MpkB (XP_014534839.1) in Penicillium
digitatum Pd1, MpkB (AAF12815) in Aspergillus nidulans
FGSC4, and Tmk1 (EGR49073.1) in T. reesei QM6a, respec-
tively. However, POX00158 had a lower identity with Kss1
(60.7%) and Fus3 (59.7%) in S. cerevisiae S288c.
Surprisingly, multiple alignment analysis of POX00158 from
P. oxalicum strain HP7-1 (Fig. 1a) revealed that it was over
100 amino acids longer than other homologous proteins at the
N-terminus. Phylogenetic analysis indicated that POX00158
was closely grouped into the Fus3/Kssl branch, and clearly
separated from MAP kinases SIt2 and Hogl (Fig. 1b). For the
purpose of further study, POX00158 was re-designated as
PoxMKI.
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PoxMK1 is required for PBDE production in
P. oxalicum

The effects of PoxMKI on the production of PBDEs
including cellulase, xylanase, and amylase were investi-
gated in detail under both SSF and SmF conditions.
P. oxalicum mutant APoxMKI, complementation strain
CPoxMK]1, and the parental strain APoxKu70 were pre-
cultured in MMM containing glucose for 24 h, then
transferred to SmF in MMM containing Avicel or
SCS, as well as SSF on wheat bran plus rice straw,
for 2-4 days. Enzymatic activity assays determined that
cellulase and xylanase production by APoxMKI de-
creased by 52.8-82.4% in SmF, except for pNPGase
production on day 2, which increased by 174.2% (P <
0.01; Fig. 2(a—e)), compared with APoxKu70. As ex-
pected, the production of cellulase and xylanase from
SSF of APoxMK1 decreased by 37.1-92.2% (P < 0.01;
Fig. 2(h-1)). Surprisingly, the mutant APoxMK]/ had re-
duced production of amylases, including SSDE and
RSDE, until 4 days of SCS induction (Fig. 2(f-g)).
The complementation strain CPoxMK] partially restored
production of all the assayed PBDEs, compared with
that of APoxMKI (P < 0.01; Fig. 2), suggesting that
the changes in PBDE production by APoxMK]1 resulted
from the deletion of PoxMK].
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Fig. 1 Sequence analyses of PoxMK1 (POX00158) from P. oxalicum. a
Mutiple alignment analysis. Blue frame represents S TKc domain.
CAA84835.1: KSS1 of Saccharomyces cerevisiae S288C;
CAA97038.1: FUS3 of S. cerevisiae S288C. EKV07229.1: PAMpkB of
Penicillium digitatum PHI26; EHA18509.1: MpkB of Aspergillus niger
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ATCC 1015; b Unrooted phylogenetic tree of POX00158 and its
orthologs. The phylogenetic tree was constructed using MEGA 7.0 with
the neighbor-joining method and a Poisson model. The bootstrap values
at the nodes were calculated with 1,000 replicates. S TKc: serine/
threonine protein kinase catalytic domain
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Fig. 2 PBDE production by P. oxalicum strains. (a—d) Cellulase
production and (e) xylanase production, when P. oxalicum strains were
cultured in MMM containing Avicel as the sole carbon source by SmF,
for 2—4 days at 28 °C, after a transfer from glucose. (a) FPase; (b)
CMCase; (c) pNPCase; (d) pNPGase. (f-g) Amylase production when
cultured in MMM containing SCS for for 2—4 days by SmF at 28 °C, after
a transfer from glucose. (f) SSDE with SCS as substrate; (g) RSDE with
raw cassva flour as the substrate. (h—k) Cellulase production and (1)
xylanase production when cultured in MMM containing wheat bran plus
rice straw as the carbon source for 2—4 days by SSF at 28 °C, after a
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transfer from glucose. (h) FPase; (i) CMCase; (j) pNPCase; (k) pNPGase.
FPase, filter paper cellulase; CMCase, carboxymethylcellulase;
pNPCase, p-nitrophenyl-{3-cellobiosidase; pNPGase, p-nitrophenyl-f3-
glucopyranosidase. MMM, modified minimal medium; SCS, soluble
corn strach; SSDE, soluble starch-degrading enzyme; RSDE, raw cassava
starch-degrading enzyme; SmF, submerged-state fermentation; SSF,
solid-state fermentation. ** and * represent P < 0.01 and P < 0.05 by
Student’s # test, which show significant differences between the deletion
mutant and the parental strain APoxKu70, and between the deletion mu-
tant and the complementation strain CPoxMK 1, respectively
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PoxMK1 is involved in vegetative growth and
pigment biosynthesis in P. oxalicum

To explore the effects of PoxMK1 on vegetative growth
of P. oxalicum, fresh spores of both the mutant
APoxMK]1 and parental strain APoxKu70 were directly
inoculated into MMM containing glucose, SCS, or
Avicel and CM, cultured for 72 h, and the accumulated
mycelial biomass, or mycelial intracellular protein were
measured. APoxMKI had reduced vegetative growth
during the later period of culture in MMM, containing
either glucose or Avicel, compared with APoxKu70
(Fig. 3(a and b)), whereas there was no significant dif-
ference in CM, or MMM containing SCS (Fig. 3(c and
d)).

In addition, when APoxMKI, APoxKu70, and
CPoxMK1 were cultured in MMM containing glucose,
Avicel, or SCS for 2 days, considerable differences
were observed in the colors of the cultures. APoxMK]I
cultures were light gray/orange to yellow, whereas
APoxKu70 and CPoxMKI were white to pale orange
(Fig. 3(e)). These data suggested that PoxMKI1 in
P. oxalicum influences vegetative growth and pigment
biosynthesis.

b 51_m- APoxKu70 b
—@- APoxMK1

0.94

0.6

Dry biomass weight (g/L)

0.3+

w
Intracellular protein (mg/mL)
S
\\l
/|
l—Q—l/}—I—i
o - N w S (4] (] ~ © ©

Transcriptomic analyses showed that PoxMK1 is
involved in global regulation in P. oxalicum

To gain more insights into the effects of PoxMK 1 on genome-
wide transcriptional profiling, RNA-Seq was employed. Total
RNAs were extracted from P. oxalicum strains APoxMK1 and
APoxKu70, cultured in MMM containing Avicel as the sole
carbon source, for 24 h, after a transfer from glucose. The
reproducibility of three biological repeats of each
P. oxalicum strain was verified by Pearson’s correlation coef-
ficient (R* > 0.98) (Supplementary Fig. S3). About 24 million
clean reads with a length of 100 bp were obtained from each
sample, over 90% of which were mapped onto the HP7-1
genome (Supplementary Table S2). A total of 1037 differen-
tially expressed genes (DEGs) were selected, using a thresh-
old of |log2 fold change| > 1 and probability > 0.8, including
521 upregulated genes (1.0 < log2 fold change < 14.3) and
516 downregulated genes (— 6.9 < log2 fold change < — 1.0) in
APoxMK1, relative to APoxKu70 (Table S3). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis indicated that most of these selected DEGs were involved
in metabolism (accounting for 80.0%), including carbon me-
tabolism (23.2%), amino acid metabolism (14.6%), and lipid
metabolism (6.9%) (Fig. 4a).
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Fig. 3 Growth and pigment production of P. oxalicum mutant strains. (a)
Growth curves in MMM containing glucose; (b) growth curves in MMM
containing Avicel; (c) growth curves in MMM containing SCS; (d)
growth curves in complete medium. (e) Pigment biosynthesis by the
mutant APoxMK1, the complementation strain CPoxMKI, and the

@ Springer

APoxKu70 APoxMK1 CPoxMK1 Control

parental strain APoxKu70. All P. oxalicum strains were directly inocu-
lated into the corresponding medium and incubated for 72 h for growth
measurement and six days for culture color determination at 28 °C, with
shaking at 180 rpm. MMM, modified minimal medium; SCS, soluble
corn starch
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<« Fig. 5 Transcription analyses of selected genes in P. oxalicum mutant
strain APoxMK by real-time quantitative reverse transcription-PCR. (a)
Expression of major cellulase and xylanase genes in the presence of
Avicel under SmF conditions, for 4-24 h. (b) Expression of major amy-
lase genes in the presence of soluble corn starch under SmF conditions,
for 4-24 h. (c) Expression of major cellulase and xylanase genes in the
presence of wheat bran plus rice straw under SSF conditions, for 12-48 h.
(d) Expression of the known regulatory genes in the presence of Avicel
under SmF conditions, for 424 h. POX01960/CIrB and POX00972/CIrC
regulate the expression of cellulase and xylanase genes in P. oxalicum,
whereas POX06534/BrlA and POX07099/FIbD are involved in asexual
development. (e) Expression of the known regulatory genes in the pres-
ence of soluble corn starch under SmF conditions, for 4-24 h.
POX03890/AmyR positivaly regulates the expression of amylase genes
in P. oxalicum. (f) Expression of the known regulatory genes in the
presence of wheat bran plus rice straw under SSF conditions, for 12-48
h. (g) Expression of pigment biosynthesis-relative genes. Gene expres-
sion levels in the mutant APoxMK 1 were normalized against those in the
parental strain APoxKu70. ** and * represent P < 0.01 and P < 0.05 by
Student’s ¢ test, which show significant differences between the deletion
mutant and the parental strain APoxKu70

Of the 1037 DEGs, 113 encoded carbohydrate-active en-
zymes (CAZymes), including 69 downregulated genes (— 5.1
< log2 fold change < — 1.0) and 44 upregulated genes (1.0 <
log2 fold change < 13.2). Of these, 43 DEGs were annotated
to encode plant cell wall-degrading enzymes (CWDEs) and
almost all had decreased expression in APoxMKI compared
with that in APoxKu70. In particular, the key cellulase and
xylanase genes were included, such as cellobiohydrolase gene
POX05587/Cel7A-2, endo-3-1,4-glucanase genes
POX05571/Cel7B, POX07535/Cell2A, [3-1,4-glucosidase
gene POX06835/Bgl3A, and endo-xylanase genes
POX00063/Xyn10A and POX06783/Xynl 1A (Fig. 4b).

Expression of fungal cellulase and xylanase genes was
tightly regulated by transcription factors (TFs). A total of 38
putative TF-encoded DGEs was detected, most of which were
annotated as zinc finger proteins (Fig. 4c). Remarkably, there
were 12 (POX07025/AbaA, POX06534/BriA, POX05726,
POX01118, POX5692, POX09469, POX01960/CIrB,
POX06337, POX04860/HtfA, POX00972/ClrC, POX06759,
and POX04420/CxrB) reported as participating in the regula-
tion of fungal PBDE production (Li et al. 2017; Li et al. 2020;
Liao et al. 2018; Yan et al. 2017; Zhao et al. 2019a, b), five
(POX01257/Stel2, POX06534/BriA, POX04860/HtfA,
POX07025/AbaA, and POX07099/FIbD) contribute to fungal
development and conidiation, and two DGEs (POX06534/
BriA and POX07025/AbaA) are related to synthesis of second-
ary metabolites (Park and Yu 2012).

Carbohydrate uptake by fungi from the extracellular envi-
ronment, which is also necessary for PBDE induction, re-
quires sugar transporters (Li et al. 2013). Screening for
DEGs encoding putative sugar transporters detected 27 genes
with a log2 fold change from — 4.4 to 8.4. Of those, 19 genes
showed downregulated transcripts. Notably, two genes

POX05915 and POX06051 encoding cellodextrin transporters
CdtC and CdtD had transcription reduced by 60.5% and
72.5%, respectively, whereas gene POX07576 encoding the
homologous protein of glucose transporter RCO-3 in
N. crassa (Madi et al. 1997) was upregulated by 4151.8%
(Fig. 4d).

Previous experiments confirmed that PoxMK1 influences
pigment synthesis in P. oxalicum (Fig. 3(e)), which may result
from altered expression of the corresponding genes. Six DEGs
were involved in dihydroxynaphthalene melanin (DHN-
melanin) biosynthesis (Perez-Cuesta et al. 2020), i.e.,
POX01390/aygl, POX01391/abrl, POX01430/albl/wA,
POX01431/abr2/yA, POX03412/arpl, and POX03413/arp2.
Their expression was upregulated with a log2 fold change of
5.1-9.7 in APoxMK1, compared with APoxKu70 (Fig. 4e).

RT-qPCR analysis indicated that PoxMK1 is
dynamically involved in expression of genes related
to PBDE production and pigment synthesis in

P. oxalicum

To confirm the findings from transcriptomic analysis and dy-
namic regulation of PoxMK1, RT-qPCR was employed. The
expression of all tested genes decreased by 15.1-97.7% in
APoxMK1, compared with APoxKu70 (P < 0.05; Fig. 5(a)).
In addition to cellulase genes, the transcription of tested amy-
lase genes first increased considerably, by 410.7-917.6% at 4
h, then decreased sharply by 56.3-94.6% at 12 and 24 h (P <
0.01), during induction by SCS (Fig. 5(b)).

Similarly, the expression of cellulase and xylanase genes in
SSF was reduced to various degrees in APoxMK1, compared
with APoxKu70. Four genes, POX04786/Cel6A, POX05587/
Cel7A-2, POX01166/Cel5B, and POX06835/BgI3A, were
downregulated by 13.6-91.2% at 12-48 h. Two genes,
POX06079 and POX08484/Xynl 1A, decreased before 24 h,
while both POX05571/Cel7B and POX00063/Xyn10A de-
creased at 12 h and 48 h, respectively (P < 0.05; Fig. 5(c)).

The expression of several known regulatory genes, related
to the expression of PBDE genes, exhibited various changes
in APoxMK]1. In SmF using Avicel as the sole carbon source,
POX01960/ClrB significantly decreased by 21.8-26.0% at 4—
24 h. By contrast, POX00972/ClrC increased its expression
by 260% and 448% at 4 and 12 h, respectively, while de-
creased by 74.6% at 24 h (Fig. 5(d)). When cultured by SmF
with SCS, the expression of POX01960/ClrB, POX00972/
ClrC, and POX03890/AmyR decreased by 31.7-78.5% (Fig.
5(e)). In SSF with wheat bran plus rice straw, the transcrip-
tional levels of both POX01960/ClrB and POX00972/CirC
were downregulated by 21.7-77.0% during the whole induc-
tion period, except for POX01960/CirB at 48 h, which in-
creased by 24.4% (P < 0.05; Fig. 5(f)).

The changes in pigment biosynthesis-related genes,
resulting from deletion of PoxMKI, cultured by SmF with
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Avicel, was further investigated by RT-qPCR. Transcriptional
levels of all six above mentioned genes involved in DHN-
melanin biosynthesis increased considerably, up to a thou-
sand-fold, during the whole induction period (P < 0.01; Fig.
5(g)). Taken together, these findings indicate that PoxMK1 is
involved in both PBDE production and pigment biosynthesis,
by regulating transcriptional levels of the corresponding
genes.

Phosphoproteomic analysis revealed putative targets
of PoxMKT1 in P. oxalicum

To further characterize PoxMK1-dependent phosphorylation,
comparative phosphoproteomic analysis was performed, be-
tween P. oxalicum mutant APoxMK] and the parental strain
APoxKu70, cultured in MMM containing Avicel, for 4 h, after
a transfer from glucose. The resulting phosphoproteomic data
from three biological replicates of each strain were analyzed
by Pearson’s correlation coefficient, which determined that
they were reliable, with R > 0.91 (Supplementary Fig. S4).
A total of 1649 phosphopeptides, with lengths of 9-45 amino
acids, was identified (Supplementary Fig. S5a). Of these,
1409 phosphosites, belonging to 887 phosphoproteins, were
further characterized using phosphoRS, with probability >
0.75 as a threshold (Supplementary Fig. S5b), in which the
relative frequency of serine/threonine/tyrosine was 79/20/0.8
(Supplementary Fig. S5c), comparable with the reported pro-
tein phosphorylation in 7. reesei (Nguyen et al. 2016). Most
phosphosites were detected in peptides carrying a single phos-
phate (Supplementary Fig. S5d). Further analysis indicated
that the phosphosites identified by PoxMK1 were predicted
as shown in Fig. Supplementary S5e.

Using an absolute fold change of > 1.5 and p < 0.05 as
thresholds, 770 phosphopeptides were detected, representing
462 unique proteins that were differentially phosphorylated in
the mutant APoxMK1, compared with the parental strain
APoxKu70 (Supplementary Table S4). These included 121
phosphopeptides from 84 unique proteins with reduced phos-
phorylation and 649 phosphopeptides from 378 unique pro-
teins with increased phosphorylation. KEGG pathway analy-
sis revealed that these phosphorylated proteins were mainly
involved in metabolism and genetic information processing,
specifically carbohydrate metabolism and translation
(Supplementary Fig. S51).

Among the 462 phosphorylated proteins, 22 were annotat-
ed to bind DNA (Table 2) and most of them were found to
have one phosphosite. Only two of these proteins showed
reduced phosphorylation, including POX03695 with
phospho-Ser at position 4 (S4) and POX04493 with
phospho-Ser at position 12 (S12). POX03695 and
POX04493 were annotated as RNA polymerase II (RNA
Pol II) subunit Rpb9 and SRF-MADS protein Mcml, respec-
tively. The remaining 20 proteins had increased
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phosphorylation, suggesting that these resulted indirectly
from PoxMKI1 depletion (Table 2). One of these,
POX03016, a bZIP protein Atfl, with a phosphorylation site
at amino acid T136, negatively regulated the production of
cellulase and xylanase in P. oxalicum (Zhao et al. 2019b).

In addition to TFs, 11 putative kinase proteins showed
altered phosphorylation to various degrees (Table 3).
However, only two kinase proteins had decreased phosphor-
ylation, POX07703 (at amino acids S10, S17 and T222) and
POX07948 (at S461). POX07703 and POX07948 were anno-
tated as cyclin-dependent kinase 7 (CDK7, or Kin28) and
MAPK kinase MAPKK Ste7, respectively. MAPK Hogl pro-
tein, POX06496, had increased phosphorylation, at amino
acids T171 and Y173.

Discussion

In this study, we found through comparative transcriptomic
analysis that the Fus3/Fss-like gene, PoxMK1, is induced by
culture of P. oxalicum on wheat bran as sole carbon source.
Furthermore, PoxMK1 was required for plant-biomass-
degrading enzyme (PBDE; cellulase, xylanase and amylase)
production under both submerged (SmF)- and solid-state
(SSF) fermentation conditions, as well as pigment biosynthe-
sis, vegetative growth, and the expression of their correspond-
ing genes. Comparative transcriptomic and phosphoproteomic
analyses indicated that PoxMK1 mediated phosphorylation of
key kinases, RNA polymerase II, and transcription factors
(TFs), as well as the transcriptional levels of genes encoding
essential TFs and sugar transporters (Fig. 6). These findings
have expanded knowledge of the functional diversity of Fus3/
Fssl-like proteins in fungi and provide novel insights into
understanding the mechanism of signal transduction and ex-
pressional regulation of fungal PBDE genes.

Previous accumulated evidence showed that the regulatory
functions of Fus3/Kss1-like kinase depended on both the car-
bon source and the fungal species/strain. For example, in
Fusarium oxysporum, deletion of Fmkl impacted hyphal
growth on both nutrient-poor minimal medium and nutrient-
rich medium (Segorbe et al. 2017), whereas in 7. reesei, Tmk1
had no effect on fungal vegetative growth, when grown on
sugarcane bagasse, but negatively regulated vegetative growth
when grown on Avicel. Similarly, the effects of PoxMK1 on
vegetative growth in P. oxalicum varied depending on carbon
source. There was no significant difference in CM and MMM
with SCS, while a decrease in MMM containing either glu-
cose or Avicel (Fig. 3). Regarding the regulation of genes
encoding PBDEs, TmK1 positively regulated cellulase genes
in the presence of sugarcane bagasse, but did not on wheat
bran plus Avicel (de Paula et al. 2018; Wang et al. 2017).
However, our findings suggested that PoxMK1 is involved
in regulation of cellulase, xylanase, and amylase gene
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Table 2 Putative transcription factors with differential phosphorylation in the mutant APoxMK1

Name Phosphopeptide P- Domain description ~ Known homologous Identity Phospho-levels
site protein (%) (APoxMK]1/
APoxKu70)
POX00259 RRSEATQLR S3  Myb-like NA NA 2.02
POX00620 LLNPAEQSPGTYIYGDESK S8  Homeodomain-like ~ NA NA 3.55
POX00625 TVSPTHQDLELSR T1  Zinc finger, GATA  Talaromyces 5922 2.07
type marneffei PM1
Asd-4
POX01437 AESAENVGPEL S3  AT-rich interaction  Penicillium 78.63 3.78
region digitatum Pd1
Ruml
POX03016 GFPTPNESSLR T4  Basic-leucine zipper  Aspergillus 75.58 1.8
(bZIP) fumigatus Af293
AtfA
POX03199 GLTPLATNLASSTASSASAR; S18; CCR4-Not complex NA NA 1.79; 3.02
EQGSQPGDSER S4 component Notl
POX03695 SASPAASGAADVKPADQIHFR S3  Zinc finger, Saccharomyces 55.38 0.61
C2C2-type cerevisiae S288C
RNA polymerase 11
subunit Rpb9
POX04493 ADMAPVDEKLSPNQHDDLQQPGNGTDAR S11  MADS-box P. digitatum Pd1 86.32 0.61
Mcml
POX04510 TVSTPNAQALLR; KNSIQQAPSNLIASR S3;  Zinc finger, GATA  P. digitatum Pd1 7032 3.91;292
S3 type AreA
POX04520 MPLQSPGGQSALSYPR S10  Zinc finger, NA NA 1.81
C2H2-type
POX04604 EEGGAQLVGSTPK T11 Myb-like Aspergillus cristatus  81.93 1.59
Pre-mRNA-splicing
factor Cefl
POX04740 ATSLPAQAR T2;  Winged helix NA NA 2.34,3.77
S3 repressor
DNA-binding
POX04853 HMDPDADETDDEGPASQLR T9  Heteromeric CCAAT NA NA 1.98
factors
POX05243 SASPNSLPR S1  Zinc finger, Penicillium 63.47 1.62
GATA-type roqueforti FM164
SreP
POX05524 RESTGAAGAGANR S3  Zinc finger, Aspergillus flavus ~ 75.21 2.1
C2H2-type AmdX
POX05819 ATSPAPGPR S3  Winged helix Penicillium rolfsii ~ 90.15 1.57
repressor F1880
DNA-binding Rho-GTPase
activating protein
8
POX06892 TTVDEDEESDEE S9  Winged helix NA NA 247
repressor
DNA-binding
POX06930 NENQGRPGSSGFGAGGQVGGAGQSR S9  Heteromeric CCAAT Aspergillus niger 69.72 433
factors HapC
POX07009 AGSPGPK S3 HMG-box NA NA 3.55
POX07588 RAPSPNVMHIDR; DADSFGRPPSDYR S4;  Zinc finger, NA NA 252,273
S- C2H2-type
10
POX07901 SAISPQTGVSPSAASNIHR S4  Zinc finger, NA NA 1.72
Zn2Cys6-type
POX08308 SIFTPIDDR T4  MADS-box Aspergillus 59.84  6.57
fumigatus Af293
RlmA

NA not annotation
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Table 3 Putative protein kinases with differential phosphorylation in the mutant APoxMK1
Name Phosphopeptide P-site Domain description Known homologous Identity Phospho-ratio
protein (%) (APoxMK1/
APoxKu70)
POX02455 AVEVNAFADELAHSPR S14  Serine/Threonine P. rolfsii F1880 81.61 1.76
protein kinase (S Serine/Threonine protein
TKc) kinase ATG1
POX03265 VYTYIQSR; Y4;  Serine/Threonine P. rolfsii F1880 78.05 1.54;1.95;
TISPTDAR; RQSLAQNAAGTASGAR S3; protein kinase (S Dual-specificity protein 1.76
S3 TKc) kinase Pom1
POX04031 DPSFGSIPE S6 Serine/Threonine Aspergillus clavatus 88.06 1.75
protein kinase (S NRRL 1
TKc) Serine/Threonine protein
kinase YPK1
POX04065 LGAQESPDRTTLTAER;RPSILEGGILDVQEGGTEAR S6;  Phosphatidylinositol ~ A. fiumigatus Af293 85.59 2.83;2.18
S3 kinase TOR pathway
phosphatidylinositol
3-kinase TorA
POX05169 SASAIDLGK S3 Serine/Threonine P. rolfsii F1880 84.85 2.74
protein kinase (S_ Serine/Threonine protein
TKc) kinase Oca2
POX06023 RISFGGLLGHDDGR; ARTHGEDEVTETLK; S3; Serine/Threonine Aspergillus clavatus 71.86 1.68;2.06;
TMSLGHAR T3; protein kinase (S_ NRRL 1 1.85
S3 TKc) Serine/Threonine protein
kinase Kinl
POX06093 SPVNVSQPRPQATSYEAEDGR S1 Serine/Threonine Aspergillus clavatus 62.57 4.01
protein kinase (S NRRL 1
TKc) Serine/Threonine protein
kinase Kin4
POX06496 IQDPQMTGYVSTR T7;  Serine/Threonine S. cerevisiae S288C 84.46 1.81;1.93
Y9 protein kinase (S_ p38 MAP kinase Hogl
TKc)
POX07454 SLVLPGLSSSPR; ISGPHSPLR; S10;  Serine/Threonine Aspergillus udagawae 71.35 2.63;1.79;
TLSPQSEFR S- protein kinase (S IFM 46973 443
2; TKc) Serine/threonine-protein
S3 kinase RIM15
POX07703 SFADPYLNMTHQVITR; T10; Serine/Threonine S. cerevisiae S288C 51.00 0.61;0.51;
SPSVTVASPNSALR S- protein kinase (S Cyclin-dependent kinase 1.66
1;- TKc) Kin28
S8
POX07948 SAQSPPPPSLEHLSLDSR S4 Serine/Threonine S. cerevisiae S288C 44.33 0.62

protein kinase (S_
TKc)

Mitogen-activated
protein kinase kinase
Ste7

expression in P. oxalicum, independent of both carbon source
and fermentation mode.

SSF, a fungal fermentation mode that uses moist solid sub-
strates with low water activity, has been used industrially for
three decades to produce a number of extracellular fungal
enzymes, including PBDEs and is a potential technology for
developing lignocellulosic biomass-based biorefineries
(Bentil et al. 2018; Diaz et al. 2016; Marone et al. 2019).
SSF offers several advantages over SmF, such as greater en-
zyme yields (resulting from the reduced catabolite repression),
enhanced enzyme stability, high volumetric productivities,
and low manufacturing costs, resulting from simulation of a
natural habitat and favoring the growth of filamentous fungi
over other micro-organisms (Diaz et al. 2016; Su et al. 2017).

@ Springer

Therefore, it is important to improve understanding of the
regulatory mechanisms controlling enzyme production during
SSF with P. oxalicum. An important finding from this study
was that PoxMK1 positively regulates PBDE production dur-
ing SSF with P. oxalicum, which will contribute to improving
the production of industrial enzymes.

Deletion of PoxMK]1 resulted in changes to the color of
P. oxalicum cultures and upregulation of DHN-melanin bio-
synthesis-cluster gene expression, suggesting that PoxMK1
participates in signal transduction of DHN-melanin biosynthe-
sis. This is consistent with a report that depletion of the Fus3
ortholog, MpkB, in Aspergillus fumigatus induced a strong
enhancement of DHN-melanin production, thereby resulting
in a more strongly colored culture (Perez-Cuesta et al. 2020).
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Fig. 6 Proposed schematic model illustrating PoxMK1-dependent func-
tions in P. oxalicum. Under induction of Avicel, PoxMK1 is involved in
regulation of PBDE genes through complex pathways. PoxMK1 pro-
motes the phosphorylation of transcription factor POX04493/Mcml, ki-
nase POX07703/Kin28, and RNA polymerase II subunit POX03695/
Rpb9, as well as the expression of essential regulatory genes
POX01960/ClrB and POX04420/CxrB, and cellodextrin transporter-
encoding genes POX06051/CdtC and POX05915/CdtD. Mcm1 and
CIrB synergistically co-regulate expression of cellulase and xylanase
genes, and Mcm1 can assist in ClrB recruitment to the promoter regions
of target genes. CxrB positively regulates the expression of cellulase and
xylanase genes, as well as amylase genes and ClrB (Zhao et al., unpub-
lished). Both CdtC and CdtD are required for cellobiose consumption and

The DHN-melanin biosynthesis-cluster includes six genes,
aygl, abrl, albl/wA, abr2/yA, arpl, and arp2. The polyketide
synthase Albl/wA catalyzes (3-ketoacyl condensation of
malonyl-CoA and acetyl-CoA to generate the heptaketide
napthopyrone YWAI1, which is yellow. The heptaketide
hydrolyase Aygl hydrolyzes YWAI1 to generate 1,3,6,8-
tetrahydroxynaphthalene flaviolin (1,3,6,8-THN), which is
transformed to scytalone by 1,3,6,8-THN reductase Arp2.
Scytalone is converted to 1,3,8-THN after dehydrogenation
by scytalone dehydratase Arpl, and, in turn, to vermelon by
Arp2. Subsequently, the multicopper oxidase Abrl converts
vermelon to 1,8-DHN, followed by polymerization to form
DHN-melanin by laccase Abr2. These precursors of melanin
are yellowish to brown (Perez-Cuesta et al. 2020). The color
of a particular culture is related to the relative amounts of the
various intermediates during melanin biosynthesis. The
signal-transduction pathway that activates the DHN-melanin
biosynthesis cluster remains unknown, but may be associated
with G protein—mediated signaling (Perez-Cuesta et al. 2020).
The MAPK pathway generally functions downstream of G
protein—mediated signaling (Hagiwara et al. 2016).
Comparative phosphoproteomic analysis identified three
potential targets for PoxMK1, with reduced phosphorylation
in the mutant APoxMK1, i.e., POX03695/Rpb9, POX04493/

induce the expression of cellulase genes. Kinase Kin28 can phosphorylate
the largest subunit of RNA polymerase II POX06706/Rpbl, which is
involved in DNA transcription, as well as another subunit, Rpb9. In
addition, PoxMK1 enables repression of the phosphorylation of the
MAPK kinases POX06496/Hogl and Rpb9, as well as the expression
of glucose transporter—encoding gene POX07576/RCO-3. Hogl phos-
phorylates and activates the transcription factor POX03016/Atf1, which
negatively regulates the production of cellulase and xylanase. RCO-3
facilitates glucose uptake, resulting in carbon catabolite repression.
PoxMK1 negatively regulates pigment biosynthesis through repressing
the expression of the corresponding genes. Dashed lines indicate that the
relationship has not yet been confirmed experimentally

Mcml, and POX07703/Kin28, but this finding needs confir-
mation. The SRF-MADS protein Mcm1/McmA is involved in
the regulation of asexual development and extracellular en-
zyme production, including that of cellulase, hemi-cellulase,
and protease (Li et al. 2016a). McmA and ClIrB synergistically
co-regulate expression of cellulase and hemi-cellulase genes
in A. nidulans, and McmA assists recruitment of ClrB to the
promoter regions of target genes, not vice versa (Li et al.
2016b).

Mcml is N-terminally phosphorylated at amino acids
S2 and T8, and putatively recognized by casein kinase II
and I in S. cerevisiae, under high salt stress (Kuo et al.
1997). However, alignment analysis indicated that
POX04493/Mcm1 has 74.2% sequence-identity with
S. cerevisiae Mcml (accession number NP _013757.1),
but with a different N-terminal sequence (data not
shown). This study identified the phosphosite of
POX04493/Mcml1 at amino acid S12, in agreement with
that recognized by Fus3 (Mok et al. 2010).

Rpb9, as a nonessential subunit of RNA Pol II, facilitates
transcription-coupled RNA repair in S. cerevisiae (Li and Li
2017). Rpb9 participates in transcriptional proofreading, can
slow down RNA Pol Il chain-elongation after a
misincorporation event, and enhances TFIIS-mediated error
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excision, thereby ensuring transcriptional fidelity (Knippa and
Peterson 2013). Deletion of rpb9 resulted in change off Rad2
chromatin binding and increased Rad2 occupancy on
Mediator complex—bound upstream activating sequences
(Georges et al. 2019).

Cyclin-dependent kinase Kin28 phosphorylates Rpb1, the
largest subunit of RNA Pol II, at amino acid S5 of the se-
quence YSPTSPS, in the carboxyl-terminal domain, which
facilitates the association of RNA Pol II with factors involved
in transcriptional elongation, including the Mediator and
SAGA complexes (Suh et al. 2013). Kin28 depletion, or inac-
tivation, inhibits dissociation of RNA Pol II from its promoter
and stabilizes Mediator complex association (Knoll et al.
2020). Kin28 is activated by phosphorylation of CDK-
activated kinase Cakl (Espinoza et al. 1998). Surprisingly,
POX06076/Rpbl was found to increase its phosphorylation
at amino acids S1536 and S1553 that seemed to be different
from that recognized by Kin28.

Surprisingly, MAPKK POX07948/Ste7 reduced its phos-
phorylation level in APoxMK]. It is known to localize up-
stream of PoxMK1 and phosphorylate MAPK Fus3/Kssl.
Therefore, it needs to be further studied. Moreover, the known
target protein Stel2 of Fus3/Kssl, or its orthologs, was not
detected by comparative phosphoproteomic analysis. Stel2
and Stel2-like proteins share conserved functions involved
in the regulation of fungal development and pathogenicity
(Wong and Dumas 2010). POX01257, which encodes Stel2,
was detected through comparative transcriptomic analysis of
P. oxalicum cultured on Avicel, because its expression was
reduced in the mutant APoxMKI. In addition, deletion of
POX01257 significantly affected cellulase and xylanase pro-
duction of P. oxalicum (Zhao et al. unpublished).

It is notable that POX03016, which codes for Atfl, a bZIP
protein with a phosphorylation site at amino acid T136, neg-
atively regulated the production of cellulase and xylanase in
P. oxalicum (Zhao et al. 2019b). Atfl is phosphorylated by
MAPK Styl/Hogl in Schizosaccharomyces pombe, which is
required for its functions under oxidative stress (Salat-Canela
et al. 2017). Screening for kinase proteins with altered phos-
phorylation found a MAPK Hogl protein, POX06496, with
increased phosphorylation at amino acids T171 and Y173
(Table 2). Depletion of PoxMK1 weakened and/or eliminated
secretion of PBDEs, thereby leading to the changes in osmo-
larity that occurred as a result of the presence or absence of
free sugars in the extracellular environment (Huberman et al.
2017). However, the mechanism for PoxMK1 depletion
resulting in increased phosphorylation of POX06496/Hogl
needs to be further studied.

To sum up, this work characterized PoxMK1 in
P. oxalicum as an ortholog of the Fus3/Kssl MAP kinase
and revealed that it positively regulates PBDE production of
the fungus in both SSF and SmF, represses pigment biosyn-
thesis, and affects fungal vegetative growth. Moreover,

@ Springer

transcriptomic and phosphoproteomic analysis provided nov-
el insights into understanding signal transduction and regula-
tion of PBDE gene expression in the filamentous fungi.
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