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Abstract

Objective To survey genome-scale protease profiles
regulated by the Aspergillus niger transcription factor
PrtT and further controlled by carbon sources.
Results The PrtT disruption mutant (delprtT) and
overexpression (OEprtT) strains were successfully
generated and further confirmed by phenotypic and
protease activity analysis. RNA-seq analysis of WT
and mutants identified 32 differentially expressed
protease genes, which mostly belonged to serine-type
peptidases, aspartic-type endopeptidases, aminopepti-
dases and carboxypeptidases. Furthermore, based on
the MEME predicted motif analysis of the PrtT
promoter, EMSA and phenotypic and qRT-PCR
analyses confirmed that the carbon metabolism
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regulator AmyR directly regulated the protease genes
and their regulatory factor PrtT.

Conclusion Thirty-two  PrtT-regulated protease
genes were identified by RNA-seq, and the secondary
carbon source regulator AmyR was found to have a
negative regulatory effect on the expression of PrtT
and its target protease genes.

Keywords AmyR - Aspergillus niger - Protease -
PrtT - RNA-seq

Abbreviations

CCR Carbon catabolite repression

CD Czapek-Dox medium

DPY Dextrose-peptone-yeast extract medium
EMSA Electrophoretic gel mobility shift assay

qRT-PCR  Quantitative real-time PCR
DEGs Differential expression genes
CWI Cell wall integrity
Introduction

Proteases have long been recognized as one of the
bottlenecks in the expression of target proteins in
Aspergillus (Punt et al. 2008). However, Aspergillus
proteases have also been developed for industrial
production (Budak et al. 2014). A genome survey of A.
niger based on the protein sequences of the verified
proteases and Pfam domains revealed that 314 of the
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11,162 genes are putative proteases (Budak et al.
2014).

Two sets of regulatory genes have been thought to
be involved in the regulation of proteases to date: wide
domain and pathway-specific regulators. The wide
domain regulators, including CreA, AreA and PacC,
are proposed to be involved in the overall regulation of
protease expression in Aspergillus (Jarai and Buxton
1994). As the carbon catabolism repression regulator,
CreA is considered the major wide domain regulator
affecting proteases in protease production and is
severely repressed in medium containing a preferred
carbon source (Katz et al. 2000; Ruijter and Visser
1997). However, there is little literature on the
regulation of protease production by carbon sources.

The transcription factor PrtT, identified as the
pathway-specific regulator of extracellular proteases
in Aspergilli, affects the expression of a broad
spectrum of enzymes (Ballester et al. 2019; Bergmann
et al. 2009; Chen et al. 2014; Hagag et al. 2012; Punt
et al. 2008; Sharon et al. 2009; Shemesh et al. 2017). In
addition, PrtT may compete with AmyR to inhibit five
amylase genes, because the promoter region of these
genes contains overlapping binding sites for AmyR
and PrtT as shown for Penicillium oxalicum (Chen
et al. 2014). Whether the regulation of carbon and
nitrogen metabolism can be linked through AmyR and
PrtT is worthy of further study, and it is also important
to control the carbon source to manage protease
expression in the process of A. niger fermentation. The
reports on the function of prtT in A. niger are mainly
about reducing protease secretion and increasing
heterologous protein production, while the genome-
wide protease expression profile regulated by PrtT and
the relationship between secondary carbon sources
and protease expression are not well studied.

To comprehensively evaluate the role of PrtT as the
master regulator of the proteases in A. niger, we
successfully generated a homokaryotic prtT disruption
mutant (delprtT) and an overexpression mutant
(OEprtT) and performed transcriptome analysis of
the delprtT and OEprtT strains to more thoroughly
characterize the effect of PrtT on protease regulation.
Additionally, based on the analysis of transcriptome
data, we further demonstrated that the secondary
carbon metabolism regulator AmyR is involved in the
transcriptional regulation of proteases and their reg-
ulatory factor.
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Materials and methods
Strains and culture conditions

The Escherichia coli strain Mach 1T1 (Invitrogen,
USA) was used for cloning and plasmid propagation
purposes, while E. coli BL21 (DE3) (TaKaRa, Japan)
served as the host for heterologous expression of
AmyR. The A. niger strain HL-1 and its mutants were
cultivated in minimal medium (Czapek-Dox (CD)
medium) containing 2% (w/v) glucose, 0.3% (w/v)
NaNOs, 0.1% (w/v) KH,POy, 0.2% (w/v) KCl, 0.05%
(w/v) MgS0O,4-7H,0, and 0.001% (w/v) FeSO,-7TH,0O
(pH = 5.5); or in complete medium (DPY medium)
containing 2% (w/v) glucose, 1% (w/v) peptone, 0.5%
(w/v) yeast extract, 0.1% (w/v) KH,PO,, and 0.05%
(w/v) MgSQy4-TH,0. For the protease activity assay,
transformants were further cultured in Mandel’s
solution (Chen et al. 2014) supplemented with differ-
ent carbon sources. For the testing of cell wall
integrity, PDA medium added with 500 pg/ml CR or
100 pg/ml CFW was used.

Construction of plasmids for prtT deletion
and overexpression

All primers used in this study are listed in Supple-
mentary Table 1. To construct the prtT deletion
plasmid, the prtT upstream (ATG start codon) (1 kb)
and downstream (TAA stop codon) (1 kb) regions and
the pyrG gene (1398 bp) were amplified by
prtTuplkb-F/R, prtTdownlkb-F/R and pyrG-F/R,
respectively. The three fragments obtained were
cloned into the pMD20-T vector using an NEBuilder
HiFi Assembly Kit (Cat: E2621L, NEB) to generate
the plasmid pAprT::pyrG. The prtT deletion cassette
fragment obtained from digestion of pApriT::pyrG
with EcoRI was introduced into A. niger by PEG-
mediated protoplast transformation.

To construct the plasmid for prtT overexpression,
the primer sets PglaA-F/R, prtT-F/R, TglaA-F/R and
pyrG-F/pyrG-pMD20-R were used to amplify the
glucoamylase promoter (PglaA) (976 bp), prtT
cDNA, the glucoamylase terminator (TglaA)
(688 bp), and the pyrG gene, respectively. The four
DNA fragments were cloned into the pMD20-T vector
using the NEBuilder HiFi Assembly Kit (Cat:
E2621L, NEB), yielding pOEprtT::pyrG. The over-
expression cassette was sequenced, released from
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pOEpriT::pyrG via Apal restriction digestion, and
used for A. niger transformation.

Extracellular protease activity assay

An extracellular protease activity assay was per-
formed according to a previously described method
(Sharon et al. 2009). Fermentation supernatants were
collected by centrifugation. A 400 pl volume of
azocasein solution (5 mg/ml azocasein) was mixed
with 100 pl of each supernatant and incubated for 2 h
at 37 °C with shaking at 200 rpm. Reactions were
stopped by adding 150 pl of 12% (w/v) trichloroacetic
acid (TCA), and the reaction mixtures were allowed to
stand at room temperature for 30 min. The tubes were
then centrifuged for 5 min at 10,000*g, and 100 pl of
each supernatant was added to 100 pl of 1 M NaOH.
The absorbance at 436 nm of the released azo dye was
determined with a Multiscan Spectrum (Tecan,
Switzerland).

RNA isolation and quantitative real-time PCR
(qRT-PCR) analysis

Total RNA was isolated using RNAisoPlus (TaKaRa)
according to the manufacturer’s instructions. Reverse
transcription was performed with a PrimeScript RT-
PCR Kit (TaKaRa, Japan). The gene-specific primers
used for expression analysis are listed in Supplemen-
tary Table 1. Quantitative real-time PCR (qRT-PCR)
was performed using an ABI 7500 Fast Real-Time
PCR System with gpdA (glyceraldehyde-3-phosphate
dehydrogenase) as the reference gene. The qRT-PCR
was carried out with three replicates per prepared
cDNA sample, and the results were analyzed with the
27AACT method.

RNA-seq analysis

The WT strain and mutant strains (delprtT and
OEprtT) were cultivated in DPY medium at 30 °C
with shaking at 200 rpm for 40 h (exponential phase).
The hypha was frozen by liquid nitrogen and ground
into powder with mortar and pestle. Then total RNA
was extracted using the HiPure Fungal RNA kit
(Magen, China) according to the manufacturer’s
protocols. RNA quality was determined by the Agilent
Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA) to confirm that all samples

had an RNA integrity value above 7.0. Libraries were
constructed for delprtT, WT, and OEprtT, with two
biological replicates per sample (delprtT_1, 2; WT_1,
2; OEprtT_1, 2). The resulting libraries were
sequenced at the Beijing Genomics Institute (BGI)
with 50 bp single-end reads on a BGISEQ-500
platform, averagely generating 24,134,007 raw
sequencing reads and then 23,940,410 reads after
filtering low quality (Supplementary Table S2). After
filtering, the clean reads were mapped to the A. niger
genome and A. niger cDNA using HISAT and
Bowtie2. The gene expression level was quantified
by RSEM (Li and Dewey 2011). The NOISeq method
(Tarazona et al. 2015) was used to screen differentially
expressed genes between the two groups. The raw
sequencing data were deposited in the Sequence Read
Archive (https://www.ncbi.nlm.nih.gov/sra/) of the
National Center for Biotechnology Information under
the accession number PRINA542223.

Electrophoretic gel mobility shift assay (EMSA)

The amyR cDNA sequence was amplified with the
primer set amyR-F/amyR-R and integrated into the
expression vector pET-22b( +) (TaKaRa, Japan) to
generate the plasmid pET-amyR. The AmyR-6 x His
protein was purified from E. coli BL21 (DE3) cells. A
double-stranded probe was prepared by PCR with the
biotin-labeled primer sets prtT-5'biotin-F/prtT-5'bi-
otin-R and pepA-5'biotin-F/pepA-5'biotin-R. A speci-
fic competitor was prepared by the same method as
both non-labeled primers. The purified AmyR-
6 x His protein and probes were then subjected to
EMSA performed according to the manufacturer’s
instructions (Beyotime, China). The protein-probe
complex transferred to the nitrocellulose membrane
was imaged by Image Station 4000MM PRO (Care-
Stream Health, USA) after UV cross-linking, block-
ing, and antibody incubation.

Results

Generation and protease activity analysis
of the delprtT and OEprtT strains

Deletion of the prtT gene was performed by inserting

the pyrG cassette into the prtT ORF (Fig. 1a). The
correct delprtT mutant was confirmed by diagnostic

@ Springer


https://www.ncbi.nlm.nih.gov/sra/

616

Biotechnol Lett (2020) 42:613-624

—>P1 P2 <— ﬂ —>P3 P4 <—

1.8 kb

PILP2  PLP2 P3P4 P3P4 P5P6 P5P6

M del wt del wt del wt M
[l ——

300bp
200bp

Fig. 1 Construction of the delprtT and OEprtT strains and
phenotypic analysis. a Confirmation of prtT gene deletion by
PCR analysis. The entire ORF of prtT was deleted and replaced
with the pyrG marker. b Confirmation of the generated pr¢T gene
overexpression strain by PCR analysis. ¢ qRT-PCR analysis of
prtT. d Phenotypic analysis. Colony morphology of the WT,

PCR using primer sets P1/P2 and P3/P4 to amplify
1.8 kb and 1.5 kb DNA fragments, respectively, in
contrast with the expected absence of a fragment in the
WT strain (Fig. 1a). The homozygous deletion strain
was also confirmed by PCR using the primer set P5/P6
to amplify the inner sequence of prtT (Fig. la). To
obtain the OEprtT strain, we integrated prtT cDNA,
which was under the control of the strong A. niger
glucoamylase promoter (PglaA), into the WT strain.
The primer set P7/P8 was used to confirm the prtT
overexpression strain (Fig. 1b). A 2.8 kb band was
detected for the pr¢T overexpression strain, while, as
expected, no band was observed for the wild-type
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delprtT and OEprtT strains grown on CD containing 0.05%
Triton X-100 and 1.5% SM or 1% casein at 30 °C for 5 days.
e Determination of the extracellular protease activity of the
wild-type and mutant strains under shake flask fermentation
conditions

strain (Fig. 1b). The expression level of prtT under the
control of the glaA promoter was increased by 22.5-
fold in complete medium compared to that in the WT
strain, while no transcription was observed for the
deletion strain (Fig. 1c), suggesting that the prtT
deletion strain and the overexpression strain were
successfully obtained.

Growth of the WT, delprtT, and OEprtT strains on
CD medium containing skim milk (SM) or casein as a
nitrogen source was assessed (Fig. 1d). The OEprtT
strain showed the largest hydrolytic halo, while the
delprtT strain lost its proteolytic capacity (Fig. 1d).
The extracellular protease activities of the cultured
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wild-type strain (WT) and the mutants were further
quantified under shake flask fermentation conditions
(Fig. le). At different time points, the protease activity
consistently exhibited a gradually increasing tendency
from delprtT to OEprtT (Fig. le). Even though the
delprtT mutant had no hydrolytic halo, it still exhibited
weak protease activity during the fermentation process
(Fig. le). The above results confirmed that PrtT is
indeed a key regulator of protease activity in A. niger.

Determine the regulatory function of PrtT
by transcriptome analysis and GO classification

To characterize the effect of prtT on gene expression at
the transcriptional level, we performed transcriptome
analysis. A total of 1281 genes were differentially
expressed between WT and delprtT (Supplementary
Table 3 pl), comprising 598 upregulated (46.7%) and
683 downregulated (52.3%) genes (Fig. 2a). A total of
1000 significant DEGs between the delprtT and
OEprtT samples were identified (Supplementary
Table 3 p3), comprising 467 upregulated (46.7%)
and 533 downregulated (53.3%) genes (Fig. 2a). Only
706 DEGs were identified between WT and OEprtT
(Supplementary Table 3 p2), with 304 upregulated
(43.1%) and 402 downregulated (56.9%) genes
(Fig. 2a). A Venn diagram of the distribution of the
DEGs showed that the union set of differentially
transcribed genes contained 1888 DEGs (Fig. 2b).

To gain insight into the functional categories of the
DEGs, the 1281 DEGs in WT-vs-delprtT group and
706 DEGs in WT-vs-OEprtT group were categorized
into 42 and 36 GO terms, respectively (Fig. 2c and d;
Supplementary Table 4). Figure 2c showed that dele-
tion of prtT resulted in down-regulated of protease
genes, cation transporters, and genes related to nitro-
gen metabolism, while genes involved in secondary
metabolic process, oxidoreductase activity, trans-
porters and binding activity were up-regulated. Mean-
while, Overexpression of prtT in wild type strain can
up-regulate genes involved in proteolysis, carbohy-
drate metabolism and secondary metabolic processes
(Fig. 2d). Conversely, the down-regulated genes in the
OEprtT mutant were enriched in metabolism of
nitrogen source, response to extracellular stimulation
and oxidoreductase activity.

Thirty-two putative protease genes are regulated
by PrtT

Through analysis of the union set of differentially
transcribed genes, the transcriptional level of 32 genes
annotated as putative proteases was found to change
significantly between the host strain and the mutants
(delprtT and OEprtT) (Table 1), including the mainly
acid proteases pepA, pepB and pepF. However, pepD
which was shown no significant expression in prtT
deficient strain by Northern blot (Punt et al. 2008) did
not belong to the DEGs in our RNA-seq data for its
FPKM value < 0.5 (Supplementary Table S3 p4).
Furthermore, the PCR results revealed pepD was
scarcely transcribed in 5 different A. niger strains
(CBS513.88, SH2, FGSC A1279, AS3.350 and HL-1)
(Fig. 3a). Signal peptide analysis of these protein
degradation genes using SignalP 4.0 revealed that 24
of the proteases contained a signal peptide and the
other 8 contained no signal peptide, indicating that
PrtT is not only involved in the regulation of
extracellular proteases but is also involved in the
regulation of intracellular proteases. Surprisingly,
three protease genes (Anl2g08560, Anl15g06280,
and An16g06560) were shown to be upregulated in
delprtT, two of which are intracellular proteases.
Functional classification of the 32 proteolytic enzymes
via  FungiFun  (https://sbi.hki-jena.de/fungifun/
fungifun.php) (Supplementary Table 5) showed that
31 of the proteases had proteolytic activity, including
7 serine-type peptidases (G0:0,008,236), 6 aspartic-
type endopeptidases (GO:0,004,190), 6 aminopepti-
dases (G0:0,004,177), 4 carboxypeptidases
(GO:0,004,180), and 3 metalloaminopeptidases
(GO:0,070,006) (Fig. 3b). These results showed that
in A. niger, in addition to regulating the main acid
proteases (Punt et al. 2008), PrtT also controlled a
broad range of other types of proteases.

The protease regulatory factor PrtT and its effector
genes are inhibited by the amylolytic enzyme
regulator AmyR

The significant conserved consensus sequence was
screened in the 1000 bp upstream regions (relative to
the start codon) of the 32 proteolytic genes by MEME
(https://meme-suite.org/tools/meme). The putative
PrtT binding consensus sequence 5'-CCGHCGG-3'
(H: A/C/T) was identified (Fig. 4a). Interestingly, the
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Fig. 2 Analysis of differentially expressed genes in the WT,
delprtT and OEprtT strains. a Overview of the number of
differentially expressed genes via pairwise comparisons of the
WT vs delprtT, WT vs OEprtT, and delprtT vs OEprtT strains.
b Venn diagrams of the number of overlapping and nonover-
lapping upregulated or downregulated genes via pairwise
comparisons of the WT vs delprtT, WT vs OEprtT, and delprtT
vs OEprtT strains. ¢ ClueGO analysis of differentially up-

enrichment results for the regulatory motifs in the
promoters of the 32 protease genes showed an AmyR
binding motif (CGGN8CGG) in addition to the prtT
core motif (Fig. 4a). We suspected that AmyR may
participate in the regulation of proteases with PrtT. In
support of this hypothesis, the EMSA results showed
that AmyR binds to the promoters of the pepA and prtT
genes (Fig. 4b). To further clarify the regulatory effect
of AmyR on proteases, we cultured the WT strain in
different carbon sources, including glucose, sucrose,
starch, and maltose (Fig. 4c). The phenotypic analysis
in Fig. 4c shows that the wild-type strain exhibited
stronger proteolysis on plates with preferred carbon
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regulated or down-regulated genes in the delprtT strain.
Representation of the main significantly up-regulated and
down-regulated GOTerm (p < 0.05) in the delprtT mutant
strain compared with the WT strain. d ClueGO analysis of
differentially up-regulated or down-regulated genes in the
OEprtT strain. Representation of the main significantly up-
regulated and down-regulated GOTerm (p < 0.05) in the
OEprtT mutant strain compared with the WT strain

sources (glucose, sucrose) and that extracellular pro-
tease activity was significantly downregulated in sec-
ondary carbon sources (Fig. 4d). In addition, the
transcription of prtT was significantly downregulated
in secondary carbon sources (starch and maltose)
compared to that on preferred carbon sources (glucose
and sucrose) (Fig. 4e). These results suggested that the
transcription factor PrtT was regulated by the carbon
source metabolic regulator AmyR and competed with
AmyR to regulate protease genes. Moreover, we
knocked out amyR using homologous recombination.
The gPCR results for the amyR knockout strain
showed that the transcription level of the acid protease
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Table 1 Thirty-two DEGs involved in proteolysis
Gene id Symbol Gene function FPKM Signal
peptide
delprtT WT OEprtT
An01g00530 pepB Aspartic-type endopeptidase activity 4.26 15.905 23021.785 Y
An01g01720 - Cysteine-type endopeptidase activity 6.45 64.145 9.51 Y
An01g01750 - Serine-type endopeptidase activity 1.295 84.82 336.845 Y
An01g11340 - Metalloaminopeptidase activity 1.54 26.57 11.915 N
An02g01000 - Dipeptidyl-peptidase activity 1.41 2.29 0.955 Y
An02g04690 - Serine-type carboxypeptidase activity; 23.67 199.3 412.13 Y
An03g01010 - Serine-type endopeptidase activity 25.88 81.665 407.685 Y
An03g05200 protF Serine-type carboxypeptidase activity 50.575 420.75 385.595 Y
An04g00410 - Dipeptidyl-peptidase activity 59.86 104.045 171.545 Y
An04g03100 - Dipeptidyl-peptidase activity 0.595 1.29 0.73 N
An04g03930 apsA Aminopeptidase activity 70.44 122.8 190.995 N
An05g00070 - Metallopeptidase activity 95.88 243.14 413.6 Y
An06g00190 - Serine-type endopeptidase activity 57.155 259.64 277.925 Y
An06g00310 - Serine-type carboxypeptidase activity 21.985 107.59 94.565 Y
An06g00780 - Aminopeptidase activity 1.095 0.26 1.125 Y
An07g08030 pepF Carboxypeptidase activity 3.335 17.135 37.08 Y
An07g10410 - Metallopeptidase activity 5.49 13.37 10.58 Y
An08g04490 protA Serine-type endopeptidase activity 202.965 614.475 2586.87 Y
An08g04640 protB Serine-type endopeptidase activity 22.75 222.43 1573.055 Y
An09g02830 - Serine-type peptidase activity 2.295 8.755 38.785 Y
An09g03800 - Aminopeptidase activity 0.82 1.76 1.62 N
An11g05920 - Dipeptidase activity 0.96 1.015 0.37 N
An12g03300 protG Aspartic-type endopeptidase activity 13.2 11.98 143.93 Y
An12g05960 - Serine-type peptidase activity 20.855 150.595 154.755 Y
An12g08560 - Similarity to proteinase SIpE -Streptomyces 131.275 67.435 65.535 N
lividans (EC 3.4.-.-)
An14g02080 - Dipeptidase activity 3.86 25.175 33.345 N
Anl14g04710 pPepA Aspartic-type endopeptidase activity 3.74 45.47 10,327.51 Y
An15g06280 pepAa Aspartic-type endopeptidase activity 26.05 17.4 10.435 N
An15g07700 protD Aspartic-type endopeptidase activity 442 15.455 8.315 Y
An16g06560 - Dipeptidyl-peptidase activity 3.305 1.195 1.66 Y
An17g00390 - Aminopeptidase activity 50.47 85.54 119.32 Y
An18g01320 - Aspartic-type endopeptidase activity 50.35 137.7 250.515 Y

gene pepA increased by 228% (Fig. 4f). In addition,
the prtT transcription level in the amyR knockout
strain was 64.85% higher than that in the wild-type
strain (Fig. 4f). These results suggested that knocking
out amyR can abolish its inhibitory effect on protease
activity and further confirmed that the carbon meta-
bolism regulator AmyR is involved in the regulation of
protease activity. However, protease activity analysis
on delamyR and wild-type strain by phenotype, SDS-
page, and protease activity assay showed that delamyR

secreted fewer extracellular protein and had weaker
protease activity in both glucose and starch media
(Supplementary Fig. 1).

DEGs involved in cell wall integrity in A. niger
We identified 10 down-regulated DEGs linked to CWI
in the group of delprtT-vs-WT (Supplementary

Table 6). To further determine whether PrtT has a
role in CWI, the stains were grown on the PDA
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medium added with 500 pg/mL CR and 100 pg/mL
CFW (Fig. 5). Compared with the WT strain, PrtT did
not have a significant effect on the growth of delprtT
and OEprtT strains in PDA medium. However, CFW
and CR had stronger inhibition effect on delprtT,
while CR also inhibited WT and OEprtT. These results
further verified PrtT plays an important role in CWI.

Discussion
We analyzed the function of PrtT in A. niger by

generating a homozygous prtT disruption mutant
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(delprtT) and an overexpression mutant (OEprtT).
Phenotypic analysis and proteolytic activity assays
showed that PrtT is a key protease regulator. Proteome
sequencing of the A. fumigatus AprtT strain identified
strongly reduced secretion of 22 proteases, including
Lapl, Lap2, Cpl, Cp3 Alpl, Alp2, and Mep (Shemesh
et al. 2017). Transcriptome sequencing of P. oxalicum
showed that the expression of 17 proteases changed
significantly between the parental strain 114-2 and the
AprtT mutant (Chen et al. 2014). The differentially
expressed protease profile obtained from comparative
transcriptome analysis identified 32 differentially
expressed protease genes, which suggested that A.
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Fig. 4 Analysis of the starch hydrolase regulator AmyR on
protease activity and its regulatory factor PrtT. a The PrtT
binding motif was identified for the 32 protease genes using
MEME. b DNA binding of AmyR to the promoter regions of
priT and pepA. The “+4” represents the addition of the indicated
ingredient. The “—” represents no addition of the indicated
ingredient. The “—” indicates the AmyR and DNA binding
complex. ¢ Colony morphology of the WT strain cultured in CD

niger contains more PrtT-regulated protease genes
than other filamentous fungi. These differentially
expressed protease genes included not only extracel-
lular proteases but also intracellular proteases. This
result was consistent with that in P. oxalicum (Chen
et al. 2014). It is worth noting that even though studies
by Punt et al. showed that pepD was significantly
down-regulated in prtT-deficient strains, the gene did
not appear in DEGs. This is because the pepD gene is
scarcely transcribed in the A. niger strains (FPKM < 1
or RPKM < 1)(Pullan et al. 2014; van Munster et al.

Relative Quantitation

=]
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Bl delamyR

“w
1

Relative Quantitation
iy T

<
1

\od \od
¢ QQ'Q b

containing 1.5% SM and 0.05% Triton X-100 with different
carbon sources. GLU glucose, SUC sucrose, STA starch, MAL
maltose. d Determination of the extracellular protease activity
of the wild-type strain cultured in different carbon sources. e
qRT-PCR analysis of prtT expression in different carbon
sources. f QRT-PCR analysis was performed on genes (amyR,
priT, pepA and glaA) in the amyR knockout strain. The glaA
gene served as an effector gene for amyR deletion

2014; Borin et al. 2017; Gomaa et al. 2017; Wang et al.
2018), and this result was further verified by PCR in 5
different A. niger strains (Fig. 3a). Extracellular
proteases hydrolyze proteins into smaller peptides
and amino acids for subsequent absorption into cells,
constituting a vital step in nitrogen metabolism.
Intracellular proteases are important for various
metabolic processes in cells, such as protein matura-
tion and cell differentiation, and maintain the home-
ostasis of the cellular protein pool. Three upregulated
protease genes were found in delprtT; this result
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Fig. 5 Cell wall integrity analysis of the delprtT, WT and
OEprtT strains. a Colony morphology of the WT, delprtT and
OEprtT strains grown on PDA medium, and PDA medium

corresponded with the transcriptome data for P.
oxalicum (Chen et al. 2014), was responsible for the
weak extracellular protease activity retained by the
delprtT strain and provided a new perspective to

@ Springer

PDA+
500 pg/mL CR

PDA+
100 pg/mL CFW

1 PDA
= CR

mm CFW

S & 8
MR
OQS &\Q O@Q

containing 500 ng/ml CR or 100 ug/ml CFW at 30 °C for
5 days, respectively. b Statistical analysis of the colony
diameter of the WT, delprtT and OEprtT strains

engineer the A. niger host for heterologous protein
expression.

MEME analysis showed that the binding motif for
prtT in the region upstream of A. niger protease gene
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promoters was CCG(H)CGG (H: A/C/T). We specu-
late that the PrtT protein regulates the expression of
protease genes through direct interaction with the core
DNA motif. The results of EMSA for PrtT in P.
oxalicum (Chen et al. 2014) support the hypothesis that
PrtT directly regulates protease genes and that
increased expression of PrtT is a good indicator of
protease activity.

Protease activity was higher under the carbon-free
conditions than on a preferred carbon source (Fig. 4c
and d), an effect that is generally thought to be caused
by CCR (Katz et al. 2000). Interestingly, protease
activity under secondary carbon source culture condi-
tions was lower than that in culture on preferred
carbon sources (Fig. 4c and d). These results were also
observed in P. oxalicum (Chen et al. 2014). Although
CCR is thought to be an important factor regulating
protease activity, under secondary carbon source
culture conditions, CCR inhibition is relieved, and
the major secondary carbon source regulator AmyR is
activated (Gomi et al. 2000). AmyR is a major amylase
regulator that recognizes CGGN8CGG motifs in the
genome (Tani et al. 2001; Wang et al. 2012). In the
results of MEME enrichment analysis of the 1000 bp
upstream sequence in the 32 differentially expressed
protease genes, a phenomenon was seen in which the
AmyR and PrtT binding motifs overlap, suggesting
that AmyR and PrtT have competitive binding effects
on the regulation of downstream genes. The EMSA
results verified that AmyR has a direct effect on the
main acid protease pepA, and the relative quantifica-
tion analysis of the amyR knockout showed that amyR
deletion led to upregulated transcription of the acid
protease pepA. These results demonstrate that AmyR
represses transcription by directly binding to the
promoter region of protease genes. In addition, the
transcription of prtT is regulated by AmyR, and this
result has not been found in previous studies. Although
the delamyR showed up-regulation of pepA gene at the
transcriptional level, the phenotype showed decreased
extracellular protease activity. (Zhang et al. 2016)
reported the same results, and they found that five
putative protease genes were down-regulated in the
AamyR strain by RNA-seq. We speculated that it was
an indirect effect of AmyR by affecting growth
because none of the 5 genes has an AmyR binding
motif (Zhang et al. 2016).

PrtT also participated in a variety of biological
regulatory functions, including secondary metabolic

process, oxidoreductase activity, transporters, hydro-
lase activity and so on (Chen et al. 2014; Hagag et al.
2012; Shemesh et al. 2017). Our GO analysis further
confirmed the previous results (Fig. 2). Interestingly,
delprtT strain showed a deficiency in CWI. Among the
10 down-regulated CWI-related genes, wscl, agsA,
and acw-6 were related to MAPK pathway, glucan
synthase, and chitinase, respectively. The main factors
regulating the CWI of fungi include glucan synthase,
chitinase, and MAPK signaling pathways (Pel et al.
2007), which might be responsible for the sensitivity
of delprtT to CFW and CR.

In summary, we provided a genome-wide protease
profile of the pathway-specific protease regulator PrtT,
in which a delprtT-induced increase in protease
expression provides a new target for engineering A.
niger as a host. In addition, we showed for the first time
that PrtT and the starch hydrolase regulator AmyR
have a competitive regulatory effect on protease genes,
which exposes new connections between carbon
source and nitrogen source regulation in A. niger.
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Supplementary Figure 1 Extracellular protease activity
analysis of delamyR strain. a Protease secretion phenotype of
wild-type strains (1,2,3) and delamyR (a, b, c¢) under 10% glu-
cose culture condition. b Protease secretion phenotype of wild-
type strains (1,2,3) and delamyR (a, b, c) under 10% starch
culture condition. ¢ SDS-PAGE of extracellular protein from
wild-type strain under glucose and starch fermentation medium.
d SDS-PAGE of extracellular protein from delamyR strain
under glucose and starch fermentation medium. e Determination
of protease activity in wild-type strain and delamyR.

Supplementary Table 1. Primers used in this study.

Supplementary Table 2. Summary and QC of all RNA-seq
libraries.

Supplementary Table 3. Complete list of all differentially
expressed genes in the WT-vs-delprtT, WT-vs-OEprtT, del-
prtT-vs-OEprtT strains.

Supplementary Table 4. Enriched GO terms from all
differentially up-regulated or down-regulated genes in the
delprtT/WT and OEprtT/WT datasets.

Supplementary Table 5. Functional classification of the 32
proteolytic enzymes by FungiFun.

Supplementary Table 6. DEGs related to CWI in the WT-vs-
delprtT group.
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