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ABSTRACT Basic-region helix-loop-helix (bHLH) proteins are a superfamily of tran-
scription factors that are often involved in the control of growth and differentiation.
Recently, it was reported that the bHLH transcription factor DevR is involved in both
asexual and sexual development in Aspergillus nidulans and regulates the conidial
melanin production in Aspergillus fumigatus. In this study, we identified and charac-
terized an Aspergillus oryzae gene that showed high similarity with devR of A. nidu-
lans and A. fumigatus (AodevR). In the AodevR-disrupted strain, growth was delayed
and the number of conidia was decreased on Czapek-Dox (CD) minimal agar plates,
but the conidiation was partially recovered by adding 0.6 M KCl. Simultaneously, the
overexpression of AodevR was induced and resulted in extremely poor growth when
the carbon source changed from glucose to polysaccharide (dextrin) in the CD agar
plate. Scanning electron microscopy (SEM) indicated that the overexpression of
AodevR resulted in extremely thin aberrant hyphal morphology. Conversely, the de-
letion of AodevR resulted in thicker hyphae and in more resistance to Congo red rel-
ative to the control strain. Quantitative reverse transcriptase PCR (RT-PCR) further
indicated that AoDevR significantly affects chitin and starch metabolism, and impor-
tantly, the overexpression of AodevR inhibited the expression of genes related to
starch degradation. A yeast one-hybrid assay suggested that the DevR protein possi-
bly interacted with the promoter of amyR, which encodes a transcription factor in-
volved in amylase production. Importantly, AoDevR is involved in polysaccharide
metabolism and affects the growth of the A. oryzae strain.

IMPORTANCE Aspergillus oryzae is an industrially important filamentous fungus;
therefore, a clear understanding of its polysaccharide metabolism and utilization is
very important for its industrial utilization. In this study, we revealed that the basic-
region helix-loop-helix (bHLH) transcription factor AoDevR is importantly involved in
chitin and starch metabolism in A. oryzae. The overexpression of AodevR strongly
suppressed the expression of amylase-related genes. The results of a yeast one-
hybrid assay suggested that the DevR protein potentially interacts with the pro-
moter of amyR, which encodes a transcription factor involved in amylase production
and starch utilization. This study provides new insight for further revealing the regu-
lation mechanism of amylase production in A. oryzae.

KEYWORDS �-amylase production, Aspergillus oryzae, bHLH transcription factor,
polysaccharide metabolism, yeast one hybrid

Aspergillus oryzae is regarded as an industrially important filamentous fungus uti-
lized for traditional fermentative manufacture and commercial enzyme production.

Despite the significance of A. oryzae in the field of industrial production and the fact
that its whole genome has been sequenced (1, 2), the function of a large number of
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genes encoding proteins is still unclear, which limits its industrial production and
utilization.

The basic helix-loop-helix (bHLH) proteins belong to a superfamily of transcription
factors widely distributed in eukaryotic organisms, with members involved in develop-
mental processes, including cellular proliferation and differentiation. The bHLH domain
of this protein family is approximately 60 amino acids, including two functionally
distinct regions: the basic region and the helix-loop-helix region (3, 4). It has been
reported that some bHLH proteins can form homodimers or heterodimers and bind to
sequences containing a consensus core element called the E box (5=-CANNTG-3=) to
affect the transcription of downstream target genes (5).

In the Aspergillus genus of filamentous fungi, some bHLH transcription factors have
been described. These transcription factors are reported to be important for penicillin
biosynthesis, cell cycle progression, sexual and asexual development, and other cellular
regulations and physiological functions (6–9). In Aspergillus oryzae, bHLH transcription
factor SclR was found to play an important role in hyphal morphology, asexual
conidiospore formation, and sclerotial production (10, 11). At the same time, the
deletion of sclR leads to rapid cell lysis and protein degradation under liquid cul-
ture conditions. Recently, it was reported that SclR is significantly involved in carbo-
hydrate metabolism in A. oryzae (12). In addition, sclR overexpression may also promote
the formation of heterokaryotic sclerotia and heterokaryotic fusants formed by hyphal
fusion before or during sclerotial formation in A. oryzae (13). Many bHLH proteins form
homodimers and heterodimers with more than one partner, some of which also exhibit
bifunctional roles as activators or repressors of downstream target gene transcription
to perform their own complex functions (14–16). In A. oryzae, another bHLH transcrip-
tion factor, EcdR, has also been characterized. EcdR plays a major role in conidiation,
especially at the early stage of conidiophore development in A. oryzae. Yeast two-
hybrid assays indicated that EcdR and SclR, both bHLH proteins, competitively inter-
acted with each other to form homo/heterodimers and resulted in a mutual inhibition
of function in A. oryzae (17). Except for these, it was reported that DevR, a bHLH
transcription factor, is important for both asexual and sexual development in Aspergillus
nidulans (18). The devR gene deletion showed that the gene is nonessential for
vegetative growth. However, the deletion caused wrinkled colonies and resulted in a
yellow pigment, and the strain did not form conidia on minimal agar plates. Addition-
ally, DevR also regulates conidial melanin production in Aspergillus fumigatus (19). As an
essential component of the cell wall, melanin plays a significant role in protecting
organisms from external stresses (20). Dihydroxynaphthalene (DHN)-melanin is respon-
sible for the pigmentation of A. fumigatus conidia, and six genes are involved in its
biosynthesis (21–23). Among these genes, pksP, a polyketide synthase gene, plays a
core role. It has been reported that DevR and another MADS box transcription factor,
RlmA, may bind to the pksP promoter to induce the transcription activity of pksP, thus
regulating melanin production (19).

In this study, a gene (AO090026000797) homologous to A. nidulans devR was
isolated and characterized in A. oryzae and was designated AodevR. The deletion of
AodevR resulted in thicker hyphae and more resistance to Congo red than in the control
strain. Conversely, the overexpression of AodevR resulted in extremely thin aberrant
hyphal morphology, and the strain displayed increasing sensitivity to Congo red.
Quantitative PCR (qPCR) results indicated that the expression levels of certain genes
related to chitin and starch metabolisms were significantly changed in the AodevR
deletion and/or overexpression strains, suggesting that AoDevR is potentially involved
in polysaccharide metabolism in A. oryzae.

RESULTS
Deletion and overexpression of the AodevR gene in A. oryzae. In this study, we

searched for the gene homologous to A. nidulans devR in the A. oryzae genome
database (http://www.bio.nite.go.jp/dogan/project/view/AO) using the BLAST search
and found AO090026000797, which was designated AodevR. The identified AodevR
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gene encodes a protein of 510 amino acids, which shares relatively high similarity with
DevR proteins of A. nidulans (69.6%) and A. fumigatus (76.9%). Especially as a member
of the bHLH family, the bHLH domain of this protein shows even higher similarity and
displays 100% and 92.3% identity with those of A. nidulans and A. fumigatus, respec-
tively (see Fig. S1 in the supplemental material). At the same time, the protein also
shares relatively high similarity with hypothetical proteins in other Aspergillus species or
its related genera, such as Penicillium.

To investigate the function of DevR in A. oryzae, the AodevR gene disruptant and its
overexpressing strains were constructed. First, the devR gene deletion cassette was
constructed by fusion PCR as described in Materials and Methods (10). The constructed
deletion cassette was transformed into the parent strain, RkuN16ptr1, and grown on
selective Czapek-Dox (CD) agar medium. Genomic DNA obtained from the transfor-
mants was digested with SmaI, and the deletion of AodevR was confirmed using
Southern blot analysis (see Fig. S2A and B). Additionally, the devR-overexpressing strain
was constructed with pyrG as a selectable marker. The A. oryzae amyB promoter was
used to induce overexpression of devR (Fig. S2C). Genomic DNA of the transformants
was isolated and digested with PstI, and then a Southern blot analysis was performed
using the devR open reading frame (ORF) as a probe. The change in band shift indicated
that the plasmid for AodevR overexpression was integrated into the chromosome of the
strain (Fig. S2D). To validate further whether the AodevR was overexpressed, the
transcription level of AodevR was investigated by semiquantitative reverse transcriptase
PCR (RT-PCR) analysis. Dextrin-containing CD medium was used to induce the A. oryzae
amyB promoter, and the result showed that AodevR was more effectively transcribed in
the AodevR-overexpressing strain (Fig. S2E).

AoDevR affects the growth of the strain and conidiation. The generated AodevR-
disrupted and AodevR-overexpressing strains were first spot cultivated onto malt agar
medium, and their phenotypes were observed and compared. In contrast to the control
strain, the AodevR-disrupted strain formed compact colonies with significantly reduced
diameters. Although the deletion of AodevR caused a growth defect, the aerial hyphae
grew taller (Fig. 1A). The ΔdevR strain also showed a significant decrease in conidiation
compared to that of the control strain (Fig. 1A). In addition, the AodevR-overexpressing
strain only displayed slightly delayed growth and reduced conidial formation compared
to those of the control strain (Fig. 1A). The growth of these strains was further
compared under different culture conditions. On CD minimal medium, both devR-
overexpressing (OE-devR) strains showed a delay in growth and conidial formation
compared to those of the control strain (Fig. 1B). However, the decreased conidiation
in the ΔdevR strain was partially recovered by adding 0.6 M KCl. In addition, comple-
mentation of the AodevR deletion was performed by reintegration of the AodevR gene.
The restoration of the parental phenotype suggested that the phenotype of the ΔdevR
strain can be conclusively attributed to AodevR (see Fig. S3). On the CD (dextrin) plate,
when the amyB promoter was induced by using dextrin as a carbon source, the OE-devR
strain exhibited an extremely poor growth rate, and no conidia were observed (Fig. 1B).
The result suggested that the overexpression of AodevR may strongly inhibit the
growth of the strain. Interestingly, under nutrition-rich conditions, such as on the
dextrin-polypeptone-yeast extract (DPY) and malt plates, the strong inhibitory effect of
the OE-devR strain was undetectable (Fig. 1A and B).

AoDevR affects hyphal morphology. To observe hyphal morphology, the con-
structed AodevR-disrupted strain, the AodevR-overexpressing strain, and the control
strain were inoculated on the CD (dextrin) plates at 30°C for 2 days. The marginal
regions of the colonies were cut, fixed, and dehydrated. Results from observation by
scanning electron microscopy (SEM) indicated that compared to the control strain, the
ΔdevR strain exhibited thicker hyphae, and conversely, the OE-devR strain showed
extremely thin and dense hyphae (Fig. 2A). The aberrant hyphal morphogenesis was
induced by the overexpression of AodevR. We further observed the difference in the
morphology at the hyphal tip. SEM indicated that the hyphal tip of the ΔdevR strain was
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not only thicker but also sharper than that of control strain (Fig. 2B). In addition, the
ΔdevR strain produced normal conidia; however, in the OE-devR strain, almost no
conidia were observed in the whole view (Fig. 2C).

AoDevR is involved in chitin metabolism. Since the AoDevR affects hyphal
morphology, we further examined the role of this protein in stress tolerance. In this
study, because of the poor growth of the OE-devR strain on the CD (dextrin) plate, a CD
plate containing Congo red (120 �g · ml�1 or 360 �g · ml�1) was used to examine the
cell wall tolerance. These strains were spot cultivated on plates with either CD or CD
supplemented with Congo red at 30°C for 4 days. The results indicated that, although
no obvious difference in growth rate was observed on the CD plates, the OE-devR strain
still displayed increasing sensitivity to Congo red compared to that of the control strain
(Fig. 3). In contrast, although the growth rate of the ΔdevR strain was delayed on the

FIG 1 Phenotypic comparison. The AodevR-disrupted, AodevR-overexpressing, and control strains were
spot-cultivated on malt agar medium (A) and different plates (B) at 30°C for 5 days, and their phenotypes
were observed and compared. ΔdevR, AodevR-disrupted strain; OE-devR, AodevR-overexpressing strain.
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FIG 2 Electron microscopy. (A) Observation of hyphal morphology. The control, the OE-devR, and the
ΔdevR strains were cultivated on CD (dextrin) plates at 30°C for 2 days. (B and C) Further observation of
the hyphal tip (B) and conidiophore (C). The marginal regions of the colonies were cut, fixed, and
dehydrated. The specimens were examined using an environmental scanning electron microscope.
ΔdevR, AodevR-disrupted strain; OE-devR, AodevR-overexpressing strain.
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CD plate, the strain exhibited more resistance to Congo red (Fig. 3). We also performed
other stress tolerance experiments (37°C, 1 M NaCl, and 5 mM H2O2), but no evident
changes in growth trends were observed in the ΔdevR strain (data not shown).

Congo red, which potently inhibits cell wall assembly by binding to chitin, inhibits
chitin biosynthesis. Therefore, the expression levels of genes predicted to encode chitin
synthase and chitinase in these strains were compared using qPCR. Conidia of the
ΔdevR, OE-devR, and control strains were spot cultivated on CD (dextrin) plates at 30°C
for 2 days. The total RNA was isolated from the strains, and quantitative real-time PCR
was performed. At first, we verified whether the expression of AodevR was significantly
changed in the ΔdevR and OE-devR strains. The result indicated that the expression
level of AodevR was significantly reduced in the ΔdevR strain compared to that in the
control strain. In contrast, the expression level of this gene was increased in the OE-devR
strain, and the dextrin induction of the expression level of AodevR increased 4-fold
compared to that in the control strain (Fig. 4). In this study, the expression level of the
predicted chitinase-encoding gene (AO090003000680) was significantly reduced in the
ΔdevR strain. This result is consistent with the results from the Congo red tolerance
experiment. However, AodevR overexpression did not result in a clear change in
the expression of this gene. In addition, we also examined the expression of the
predicted chitin synthase genes AO090005000353 and AO090026000321. The expres-
sion level of AO090005000353 increased, and the expression of AO090026000321 was
also slightly increased by the deletion of AodevR. However, the expression levels of the
two genes did not have the expected results in the OE-devR strain. The expression of
AO090005000353 was markedly increased in the OE-devR strain (Fig. 4). Interestingly,
the AodevR overexpression resulted in a significant decrease in the expression level of
AO090003001241, which encodes a putative chitin deacetylase.

AoDevR is involved in starch metabolism and utilization. As described above,
when the overexpression of AodevR was induced on the CD (dextrin) agar plate, the
OE-devR strain displayed extremely poor growth (Fig. 1B). Based on this result, we
considered that the overexpression of AodevR possibly inhibited starch degradation
and polysaccharide utilization. Therefore, we investigated the expression level of the
genes related to the starch degradation in more detail using qPCR. These strains were
cultivated in CD (dextrin) liquid medium at 30°C for 2 days, and qPCR was performed
as described in Materials and Methods. The results indicated that the overexpression of
AodevR markedly inhibited the expression of amylase activity-related genes (Fig. 5),
among which the amyR-encoded protein is a transcription factor involved in amylase
production (24, 25). In addition, it has been reported that A. oryzae strains abundantly
express �-amylases, and the genome reference strain RIB40 has three �-amylase
genes (amyA, amyB, and amyC) (26). Among them, the DNA sequence of amyB
(AO090120000196) is identical to that of amyC (AO090023000944). Although different
primers were designed, the qPCR results for the two genes were consistent. Addition-
ally, the expression of the agdA gene encoding alpha-glucosidase and the glaA gene

FIG 3 Cell wall stress assay. The CD plate containing Congo red (120 or 360 �g · ml�1) was used to examine
cell wall tolerance. Strains were spot cultivated onto CD plates and Congo red-supplemented CD plates at
30°C for 4 days. ΔdevR, AodevR-disrupted strain; OE-devR, AodevR-overexpressing strain.
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encoding glucoamylase, which are involved in amylase activity (27), was also drastically
reduced in the OE-AodevR strain. However, no evident increase in the expression levels
of these genes was found in the AodevR gene-disrupted strain.

These strains were subsequently cultured in yeast extract-polypeptone-glucose
(YPD; carbon source, glucose) and DPY (carbon source, dextrin) liquid media for 3 days,
and the amylase activity in the supernatants was measured. Interestingly, although the
deletion of AodevR did not increase the amylase activity in the supernatant of the DPY
liquid medium, the amylase activity of ΔdevR strain was notably improved in the YPD
liquid medium relative to that in the control strain (Fig. 6). In addition, the overexpres-
sion of AodevR inhibited the amylase activity in the DPY liquid medium, which is in
accordance with the results of qPCR.

Analysis of the protein-DNA interaction. Recent research shows that bHLH tran-
scription factors recognize specific DNA sites named E boxes, which are characterized
by a (G/C)CANNTG(G/C) sequence (19). In addition, it was reported that DevR binds to
the E-box sites in the pksP promoter region (19). In this study, to verify whether the
DevR protein interacts with the promoters of some chitin and starch metabolism-
related genes, we first analyzed the promoter regions of these genes, some of which
contain putative E-box sites within the 1.0-kb promoter regions (Table 1). Of these, the
amyR-encoded protein is a transcription factor that regulates the expression of other

FIG 4 qPCR analysis of the genes related to chitin metabolism. The relative expression levels of the
selected genes involved in cell wall integrity and chitin biosynthesis were examined and compared using
qPCR. The expression levels of all genes were normalized to the expression level of the endogenous
control gene, histone H2A. The expression value of each gene in the control strain was used as the
baseline. For qPCR, three replicates were performed for each sample. The average values and standard
deviations are represented as bars and error bars, respectively. Con, control strain; ΔdevR, AodevR-
disrupted strain; OE-devR, AodevR-overexpressing strain.
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amylase-related genes. Therefore, if DevR directly regulates the expression of amyR, it
can also affect the degradation and utilization of starch.

We then used the promoter of amyR as an example to verify whether it could
interact directly with DevR. Since in the promoter region of amyR, there are two
putative E boxes in front of the transcriptional start site, E box 1 (GCACCTGC) at �218

FIG 5 qPCR analysis of the starch degradation-related genes. The strains were cultivated in CD (dextrin)
liquid medium at 30°C for 2 days. The relative expression levels of genes involved in starch degradation
were examined and compared using qPCR. The expression levels of the genes were normalized to the
expression level of the endogenous control gene, the gene encoding histone H2A. The expression value
of each gene in the control strain was used as the baseline. For qPCR, three replicates were
performed for each sample. The average values and standard deviations are represented as bars and
error bars, respectively. Con, control strain; ΔdevR, AodevR disrupted strain; OE-devR, AodevR-
overexpressing strain.

FIG 6 Amylase activity analysis. The ΔdevR and OE-devR strains, as well as the control strains, were
cultured in YPD and DPY liquid media at 30°C for 3 days. The �-amylase activity of the supernatants was
then measured. Con, control strain; ΔdevR, AodevR disrupted strain; OE-devR, AodevR-overexpressing
strain.

Zhuang et al. Applied and Environmental Microbiology

April 2019 Volume 85 Issue 8 e00089-19 aem.asm.org 8

https://aem.asm.org


and E box 2 (CCACATGC) at �720 (Table 1), we selected the two target DNA sequences
to conduct the yeast one-hybrid assay. To determine the specificity of DevR binding,
the sequence CCACATGC of E box 2 was exchanged with CTTTAAAC as a negative
control (�720m) (Fig. 7). Three tandem copies of the DNA targets were separately
cloned into the pAbAi vector, and the generated plasmids [pAbAi-PamyR(�218),
pAbAi-PamyR(�720), and pAbAi-PamyR(�720m)] were then efficiently integrated into
the genome of the Y1HGold yeast strain by homologous recombination to generate
bait-specific reporter strains. The constructed plasmid pGADT7-devR was further
cotransformed into these Y1HGold strains (see Materials and Methods for detailed
descriptions). The transformed cells were plated on medium lacking Leu with 50 or
100 ng/ml aureobasidin A (AbA). The positive clones showed that although both E-box
sites can interact with DevR, PamyR(�218) has a stronger binding capacity (Fig. 7). The
result suggested a possible interaction between the DevR protein and the promoter of
amyR, implying that DevR can regulate the expression of amyR and accordingly affect
the expression of other amylase-related genes.

DISCUSSION

In this study, we identified the AO090026000797 gene in A. oryzae, which is
homologous to devR of A. nidulans and A. fumigatus (see Fig. S1 in the supplemental
material). As a bHLH transcription factor, the DevR protein has been well charac-
terized in these species. For example, DevR is required for the generation of conidia
on minimal agar plates, and the deletion mutant produced wrinkled colonies in A.
nidulans (18). However, in our study, AodevR deletion did not cause the loss of
conidiation ability and did not produce wrinkled colonies in A. oryzae (Fig. 1B),

TABLE 1 Putative E-box sites in the promoter regions of chitin and starch metabolism-
related genes

Gene IDa Gene name or description E box Position

AO090003001208 amyR TGCACCTGCA �218
CCCACATGCT �720

AO090003001498 amyA TGCAGCTGCG �502
AO090010000746 glaA GCCAGCTGCA �259
AO090003001209 agdA AGCATGTGGG �943
AO090005000353 Chitin synthase TGCAATTGCT �16
AO090026000321 chsZ, chitin synthase AGCAAATGGA �711
AO090003001241 Predicted chitin deacetylase AGCAATTGCT �909
aID, identifier.

FIG 7 Interactions of DevR with promoter of amyR by yeast one-hybrid assay. Transformed yeast cells
were grown on SD-Leu with 50 or 100 ng/ml AbA. The yeast cells that cotransformed with the indicated
plasmids [pAbAi-PamyR(�218)/pAbAi-PamyR(�720)/pAbAi-PamyR(�720m) plus pGADT7-devR] were
streak cultured onto the plates to examine the growth at 30°C for 3 days. The mutated sequence in the
putative binding site (�720m) was used as a negative control. AbA, aureobasidin A.
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implying that AoDevR may have some different functions or phenotypic effects
from others. Except for the results just described, in our study, under osmotic stress
conditions (0.6 M KCl), the reduced conidiation was partially recovered in the ΔdevR
strain (Fig. 1B). However, the osmotic stress did not obviously inhibit the growth of
the ΔdevR strain, which is also different from that of A. fumigatus (19). Since A.
oryzae is an important filamentous fungus in the fermentation industry, character-
ization of the function of AoDevR is considered to still be very important. In
addition, when AodevR overexpression was induced on CD (dextrin) agar plates, the
OE-devR strain displayed extremely poor growth (Fig. 1B). The result indicated that
AodevR overexpression results in a defect of polysaccharide utilization and strongly
inhibits the growth of the strain. Further, electron microscopy indicated that AodevR
overexpression also resulted in aberrant hyphal morphogenesis and that the strain
formed extremely thin hyphae (Fig. 2). In contrast, deletion of this gene caused thicker
hyphal formation than in the control strain (Fig. 2B).

These changes in morphology are possibly related to cell wall biosynthesis. There-
fore, our next step was to examine whether the deletion or overexpression of AodevR
affected the cell wall tolerance. The results from stress tolerance experiments sug-
gested that overexpression of AodevR increased the sensitivity to Congo red, and
deletion of this gene resulted in more resistance to Congo red relative to that of the
control strain, as expected (Fig. 3). No important changes in growth were observed in
other stress tolerance experiments, such as heat shock, osmotic stress, and oxidative
stress (data not shown). Congo red potently inhibits cell wall assembly by binding to
chitin and inhibiting chitin biosynthesis. Therefore, we compared the expression of
several genes in these strains predicted to participate in chitin biosynthesis or chitin
degradation by qPCR (Fig. 4). According to the results, the expression level of a
predicted chitinase-encoding gene (AO090003000680) was significantly reduced and
those of two chitin synthase genes (AO090005000353 and AO090026000321) were
increased in the ΔdevR strain, as expected (Fig. 4). The result implied that excessive
chitin biosynthesis or a decrease in chitin degradation possibly resulted in the
thickening of the cell wall of the ΔdevR strain, therefore resulting in delayed growth
and increased Congo red tolerance. Simultaneously, the expression of a putative
chitin deacetylase gene (AO090003001241) was significantly decreased in the
OE-devR strain. Cell wall metabolism and cell wall modification are very important
processes that microorganisms use to adjust to various environmental conditions.
The AO090003001241 protein-encoding sequence was also similar to that of PgdA,
which was shown to participate in cell wall modification, and its deletion mutant
was sensitive to lysozyme treatment (28, 29). However, the expression of the chitin
synthase gene (AO090005000353) was significantly increased in the OE-devR strain.
It was considered that the excessive defects in cell wall biosynthesis could be
related to the feedback effect.

In addition, since overexpression of AodevR resulted in extremely poor growth when
dextrin was used as a carbon source in the CD (dextrin) plate (Fig. 1B), we concluded
that overexpression of AodevR possibly inhibited the expression of amylase-related
genes and polysaccharide utilization. qPCR results confirmed that AodevR overexpres-
sion actually inhibited the expression of amylase-related genes (Fig. 5). �-Amylase,
which hydrolyzes starch into dextrin and short oligosaccharides, is one of the most
abundantly expressed proteins in A. oryzae. It is widely used in industry and has been
well characterized in academic studies (26, 30). Therefore, as an industrial fermentative
strain, it is very important to reveal the regulation of amylase production in A. oryzae.
Interestingly, the amylase assay showed that although the deletion of AodevR did not
increase amylase activity in the supernatant of the DPY liquid medium with dextrin as
the carbon source, the amylase activity was notably improved in the YPD liquid
medium with glucose as the carbon source (Fig. 6). At the same time, compared to that
of the control strain, no obvious changes occurred in the biomass in the ΔdevR and
OE-devR strains (data not shown). In addition, during strain growth in DPY liquid
medium, AodevR overexpression markedly inhibited amylase activity, which is consis-
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tent with the qPCR result. As mentioned above, �-amylase is one of the most abun-
dantly expressed proteins in A. oryzae; therefore, amyB, as one of the amylase-encoding
genes, exhibits strong expression under the conditions of starch-induced culture.
According to our results, although AodevR overexpression partly inhibited and reduced
expression of amyR and even amyB (Fig. 5), the amyB promoter still induced AodevR
overexpression compared to that in the control strain during the early stages of
cultivation (Fig. 4). However, with the extension of cultivation time, when DevR
accumulated to a certain level, the inducing effect of the amyB promoter disappeared,
possibly because of negative feedback. The results of a yeast one-hybrid assay sug-
gested that the DevR protein possibly interacted with the amyR promoter (Fig. 7),
implying that AodevR overexpression may directly inhibit the expression of amyR and
accordingly affect the expression of other amylase-related genes. However, the ques-
tion remains whether the amyB promoter can be used to induce AodevR overexpression
to investigate amylase activity. Therefore, we also tried another carbon source-
independent thiA promoter to replace the amyB promoter to induce AodevR overex-
pression (see Fig. S4). thiA encodes an enzyme involved in thiamine biosynthesis and
is regulated transcriptionally by thiamine (31). The phenotypic analysis showed that the
number of conidia in and the growth of the PthiA-devR strain were slightly suppressed
on CD (dextrin) agar plates (Fig. S4B), but the inhibition effect of growth caused by the
thiA promoter was not as strong as that by the amyB promoter. The qPCR result
indicated that the expression level of AodevR was increased in the PthiA-devR strain
relative to that in the control strain when cultured in liquid medium. At the same time,
the expression levels of some amylase-related genes were clearly decreased in the
PthiA-devR strain, which showed a trend similar to that with amyB as the promoter (Fig.
S4C).

In summary, in this study, we consider that AoDevR is significantly involved in chitin
and starch metabolism and thus affects starch utilization by and growth of A. oryzae. In
our previous research, we also found that another bHLH transcription factor, SclR, is
critically involved in carbohydrate metabolism in A. oryzae (12). These studies may
provide a greater understanding of the function and mechanism of the bHLH tran-
scription factor family, especially, carbohydrate metabolism, and a theoretical basis for
more effective industrial utilization of A. oryzae.

MATERIALS AND METHODS
Strains, media, and cultivation. The Aspergillus oryzae wild-type strain RIB40 was used as the DNA

donor strain. Strain RkuN16ptr1 (Δku70::ptrA ΔpyrG) (32) was used for the disruption and overexpression
of the devR gene in A. oryzae. Escherichia coli DH5� was used for DNA manipulations. Potato-dextrose
(PD) agar medium was used to grow the A. oryzae strains for the collection of conidia. DPY medium (2%
dextrin, 1% polypeptone, 0.5% yeast extract, 0.5% KH2PO4, and 0.05% MgSO4·7H2O; pH 5.8) was used to
culture the A. oryzae strains. Czapek-Dox (CD) medium (0.3% NaNO3, 0.2% KCl, 0.1% KH2PO4, 0.05%
MgSO4·7H2O, 0.002% FeSO4·7H2O, and 2% glucose; pH 5.5) was used to select the A. oryzae transfor-
mants. CD (dextrin) medium (0.3% NaNO3, 0.2% KCl, 0.1% KH2PO4, 0.05% MgSO4·7H2O, 0.002%
FeSO4·7H2O, and 2% dextrin; pH 5.5) was used to induce the amyB promoter and detect the growth. CD
plus Congo red (120 �g · ml�1 or 360 �g · ml�1) was used for the stress culture. Malt medium (per liter: malt
extract, 80 g; CuSO4, 2.0 mg; Na2B4O7, 0.04 mg; FePO4, 0.87 mg; MnSO4, 0.95 mg; Na2MoO4, 0.8 mg; ZnSO4,
8.0 mg; agar, 15 g; pH 6.0) was used for the growth experiment. YPD (2% glucose, 1% polypeptone, 0.5% yeast
extract, 0.5% KH2PO4, and 0.05% MgSO4·7H2O; pH 5.8) and DPY were used for the production and amylase
activity test. A. oryzae transformation was performed as previously described (10).

Construction of the devR gene deletion cassette by fusion PCR. The deletion cassette was
constructed using the fusion PCR method described previously (33). Using A. oryzae RIB40 genomic DNA
as a template, the 2.2-kb pyrG gene (with primer pair pyrG-F/pyrG-R) and two approximately 1.0-kb DNA
fragments outside the targeted AodevR gene [left region with primer pair DH797-F(�980)/DH797-R(-1F)
and right region with primer pair DH797-F(1670R)/DH797-R(2700) listed in Table 2] were amplified by
PCR. PCR amplification was carried out in a GeneAmp 9700 system (Applied Biosystems, Foster City, CA)
with PrimeSTAR HS DNA polymerase (TaKaRa, Shiga, Japan). The sequences of the left and right regions
of the AodevR gene were designed to overlap the sequences of the primer pair of the pyrG gene. The
three DNA fragments amplified were then mixed, and fusion PCR was performed using primer pair
DH797-F(�900)/DH797-R(2620) (Table 2). The PCR cycle was as follows: denaturation at 98°C for 10 s
followed by 35 cycles of 98°C for 10 s, 55°C for 15 s, and 72°C for 5 min. The deletion cassette generated
was used for A. oryzae transformation to delete the devR gene from the genome (Fig. S2A and B).

Construction of the plasmid for the overexpression of the AodevR gene. To construct the
plasmid for AodevR overexpression, the AodevR ORF was amplified by PCR using the A. oryzae RIB40

AoDevR Affects Polysaccharide Metabolism Applied and Environmental Microbiology

April 2019 Volume 85 Issue 8 e00089-19 aem.asm.org 11

https://aem.asm.org


genomic DNA and the primer pair OE797-F(IF) and OE797-R(IF). The PCR product was inserted into the
linearized plasmid pamy902 (17) using PCR with the primer pair HA-F and Pamy-R listed in Table 2.
PrimeSTAR HS DNA polymerase (TaKaRa, Shiga, Japan) was used for PCR amplification. An In-fusion PCR
cloning kit (Clontech, USA) was used to fuse the AodevR ORF into the linearized plasmid, and the ecdR
ORF in the plasmid pamy902 was replaced by the AodevR ORF. The generated plasmid (pOE-devR) (Fig.
S2C and D), which contains the amyB promoter and the selectable marker pyrG gene, was introduced into
the RkuN16ptr1 strain to obtain the AodevR overexpressing strain.

Southern blot hybridization analysis. AodevR-disrupted and AodevR-overexpressing strains were
identified by PCR and Southern blot analysis. The genomic DNA of the A. oryzae strains was extracted as
previously described (10). After electrophoresis, the digested genomic DNA was transferred onto a
Hybond-N� membrane (Amersham Biosciences, Amersham, UK). Southern hybridization was performed
as described (10). A digoxigenin (DIG)-labeled probe was constructed using a PCR DIG labeling kit (Roche
Diagnostics, Mannheim, Germany). The hybridization and detection of signals with the DIG system were
performed according to the manufacturer’s instructions (Roche Diagnostics). A GeneGnome XRQ chemi-
luminescent imaging system (Syngene, UK) was used for detection. The probe was generated using the
genomic DNA of A. oryzae strain RIB40 as a template. The primer pair DH797-F(1670R)/DH797-R(2620)
was used for the amplification of the probe examining the devR gene deletion, and AodevR ORF was
amplified as a probe to check its overexpression.

TABLE 2 Primers designed for this study

Primer Sequence (5=¡3=) Description

DH797-F(-980) GTTCTACTGGCCATCATCGGTCG Construction of devR gene deletion cassette
DH797-R(-1F) CATCACAGGGTACGTCTGTTGTGATGTGTAAGTGTGGCTTCCATG
pyrG-F ACAACAGACGTACCCTGTGATG
pyrG-R AACTGCACCTCAGAAGAAAAGGAT
DH797-F(1670R) ATCCTTTTCTTCTGAGGTGCAGTTCAATGCAAGGCGTGCAGTACAC
DH797-R(2700) CAGAATGCTAAATACCCGTGCTC
DH797-F(-900) GATTTTGTGCCACGTTCCGCTG
DH797-R(2620) CATTGGACGAGAAGCTCTGGTGAC

OE797-F(IF) ATTTGAATTCGAATCGATGGAAGCCACACTTACACATCG Construction of plasmid for devR overexpression
OE797-R(IF) CACGTCGTAGGGGTACCGTCGCTCATCGGTGTACTG
HA-F TACCCCTACGACGTGCCCGACTAC
Pamy-R CGATTCGAATTCAAATGCCTTCTGTGG

797-F(RT) CCAAACCCCTACAGTATCTTCA qPCR analysis of AodevR
797-R(RT) GAGACGGCTGAGAGGACGTAAG

680-F(RT) CTCGCTCTTCTTCTCTCTCGAT qPCR of genes related to chitin metabolism
680-R(RT) TCGGACATTGGCGAATGCATAG
353-F(RT) CCTCCCCGTGTACTACTTTATC
353-R(RT) TGGGAGACATGAGAGCCTTTTC
321-F(RT) GACGTTGCTGAATGCGTTGCAT
321-R(RT) CTCTTCTCCTTGCATGTTCCCA
1241-F(RT) CATGTCTTGTCCGCACCATTGA
1241-R(RT) ATGAAGAAGGTAGCCTTGGCTC

944-F CATGGCTACTGGCAGCAGGATA qPCR of genes related to starch degradation
944-R CATATGGTTAGCAACCACATCGAC
1028-F TCGGAGTCGTTCACTCGACTAC
1028-R CAGGTACTTGAGGAAGACATTGAC
196-F GCATCATCGACAAGTTGGAC
196-R CGTTCAGAGAGTATATATCCTGC
746-F CCTATCATCGAGGAGTTCATTAGC
746-R GCTGTCTCGTCGACATTGAACT
1209-F GCTCTACCTTAGTCTACGAGA
1209-R GTCCATAGATGTTATCGTCAATG
1498-F GGTCATCAACAACATGGCATAT
1498-R GGTGTAATTGTTCCAGTCAG

AD797-F GGAGGCCAGTGAATTCATGGAAGCCACACTTACACATCGG Yeast one-hybrid assay
AD797-R CGAGCTCGATGGATCCCTACCGTCGCTCATCGGTGTACTG

PthiA-F(IF) AGGAAACAGCTATGAC-TTCGGTAAATACACTATCACA Construction of plasmid of thiA promoter inducing
devR overexpressionPthiA-R(FP) CGATGTGTAAGTGTGGCTTCCAT-GTTTCAAGTTGCAATGACTAT

797-F(FP) ATAGTCATTGCAACTTGAAAC-ATGGAAGCCACACTTACACATCG
797-R(IF) TACCGAGCTCGAATTC-CTACCGTCGCTCATCGGTGTAC
pUPA-F1 GAATTCGAGCTCGGTACCCG
pUPA-R1 GTCATAGCTGTTTCCTGTGTG
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Complementation of the AodevR deletion by reintegration of AodevR gene. For reintegration of
AodevR into the �devR strain, an approximately 3.7-kb DNA fragment including AodevR was amplified by
PCR with primer pair DH797-F(�980)/DH797-R(2700) (Table 2). The PCR product was used to transform
the �devR strain, and transformants were grown on CD medium with 15 mM uridine. The obtained
conidia (106 to 108) were placed on CD medium containing 5-fluoroorotic acid (5-FOA) and uridine to
select pyrG-deficient transformants. The pyrG-deficient strains were isolated 4 days later. The obtained
transformants were confirmed by PCR and Southern blot analysis (Fig. S3A).

RNA isolation and quantitative real-time PCR analysis. The total RNA was isolated from strains
grown on CD (dextrin) agar or liquid medium at 30°C for 2 days using a TaKaRa MiniBEST Universal RNA
extraction kit (TaKaRa, Otsu, Japan) according to the manufacturer’s protocol. The total RNA was treated
with DNase I (TaKaRa Bio, Shiga, Japan) to remove the chromosomal DNA. RT-PCR was performed using
0.5 �g total RNA and a PrimeScript RT Master Mix (TaKaRa, Shiga, Japan) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed using the designed primer pairs listed in Table 2,
and histone H2A was used as a reference gene (12). Gene expression was analyzed with 300 nM primers
using an SYBR Premix Ex Taq II (TaKaRa, Shiga, Japan) and an Applied Biosystems StepOnePlus Real-Time
PCR system (Thermo Fisher Scientific, Waltham, USA). The PCR cycle conditions were 30 s at 95°C and 40
cycles of 5 s at 95°C and 30 s at 60°C. The relative expression gene level was determined by the ratio of
the target gene to the reference gene after amplification. For qPCR, three replicates were performed for
each sample. The relative gene expression levels were calculated using the comparative cycle threshold
(CT) method, and the mixture included a negative no-reverse transcription (RT) control.

Scanning electron microscopy. Conidia were cultivated on CD (dextrin) agar medium at 30°C for
2 days. Samples were cut, fixed with 2.5% (vol/vol) glutaraldehyde in 0.1 M phosphate-buffered saline
(pH 7.4) for 3 h, and postfixed with 1% osmium tetroxide in the same buffer for 1.5 h. They were then
dehydrated through a graded alcohol series (30%, 50%, 70%, 90%, and 100% ethanol) and dried in a
critical point dryer using liquid CO2 as the drying agent. The specimens were examined using an
environmental scanning electron microscope (Quanta 200; FEI Co., Hillsboro, OR, USA).

Assay of amylase activity. Conidia were cultivated in 40 ml YPD or DPY liquid medium at 30°C for
3 days. The medium was centrifuged at 13,000 � g at 4°C for 10 min. �-Amylase activity in the super-
natant was measured using an amylase assay kit (Jining, Shanghai, China) per the manufacturer’s
instructions.

Yeast one-hybrid assay. Three copies of the DNA target elements (PamyR(�218), TCGAGCTCG
GTACCCTTTTGCACCTGCAGCCTTTTGCACCTGCAGCCTTTTGCACCTGCAGCCGGGGATCTGTCGACC; PamyR
(�720), TCGAGCTCGGTACCCCATCCCCACATGCTGGATCATCCCCACATGCTGGATCATCCCCACATGCTGGAT
GGGGATCTGTCGACC; and the mutated sequence in the putative binding site PamyR(-720m), TCGAGC
TCGGTACCCCATCCCTTTAAACTGGATCATCCCTTTAAACTGGATCATCCCTTTAAACTGGATGGGGATCTGTCG
ACC) were synthesized and inserted into the linearized pAbAi vector (Clontech), which was digested with
SmaI using the In-fusion PCR cloning kit. A yeast one-hybrid system kit was used to construct the
plasmids [pAbAi-PamyR(�218), pAbAi-PamyR(�720), and pAbAi-PamyR(-720m)], which were linearized
with BstBI and then transformed into Saccharomyces cerevisiae Y1HGold (Clontech). Colonies were grown
in the absence of uracil on SD�Ura agar plates. Next, AodevR cDNA was amplified by PCR with primer
pair AD797-F and AD797-R (Table 2). The PCR product was inserted into the linearized pGADT7 AD
cloning vector (Clontech), which was digested with EcoRI and BamHI using the In-fusion PCR cloning kit.
The generated plasmid pGADT7-devR was further transformed into Y1HGold [pAbAi-PamyR(�218),
pAbAi-PamyR(�720), and pAbAi-PamyR(�720m)]. The transformed cells were plated on medium lacking
Leu with 50 or 100 ng/ml AbA to identify the interactions of DevR with the amyB promoter.
Y1HGold[pAbAi-PamyR(�218)/pAbAi-PamyR(�720) plus pGADT7] was used as a negative control (data
not shown).

Construction of the PthiA-containing AodevR overexpression strain. The 1.3-kb thiA promoter
region (31) and AodevR ORF were amplified by PCR using the A. oryzae RIB40 genomic DNA as a template
and the primer pairs PthiA-F(IF)/PthiA-R(FP) and 797-F(FP)/797-R(IF) listed in Table 2. The two PCR
fragments were fused by fusion PCR, and the generated PCR product was inserted into the plasmid
pOE-devR, which was linearized by PCR with the primer pair pUPA-F1/pUPA-R1 (Table 2). PrimeSTAR HS
DNA polymerase (TaKaRa, Shiga, Japan) was used for PCR amplification. An In-fusion PCR cloning kit
(Clontech, USA) was used to fuse the PthiA-AodevR into the linearized plasmid, and the amyB promoter
was replaced by the PthiA in the plasmid. The generated plasmid (pthiA-devR) (Fig. S4A) was introduced
into the RkuN16ptr1 strain to obtain the AodevR-overexpressing strain.
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