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Filamentous fungi are widely used for the production of homologous and heterologous proteins. Recently,
there has been increasing interest in Aspergillus oryzae because of its ability to produce heterologous proteins
in solid-state culture. To provide an overview of protein secretion by A. oryzae in solid-state culture, we carried
out a comparative proteome analysis of extracellular proteins in solid-state and submerged (liquid) cultures.
Extracellular proteins prepared from both cultures sequentially from 0 to 40 h were subjected to two-
dimensional electrophoresis, and protein spots at 40 h were identified by peptide mass fingerprinting using
matrix-assisted laser desorption ionization–time-of-flight mass spectrometry. We also attempted to identify
cell wall-bound proteins of the submerged culture. We analyzed 85 spots from the solid-state culture and 110
spots from the submerged culture. We identified a total of 29 proteins, which were classified into 4 groups.
Group 1 consisted of extracellular proteins specifically produced in the solid-state growth condition, such as
glucoamylase B and alanyl dipeptidyl peptidase. Group 2 consisted of extracellular proteins specifically
produced in the submerged condition, such as glucoamylase A (GlaA) and xylanase G2 (XynG2). Group 3
consisted of proteins produced in both conditions, such as xylanase G1. Group 4 consisted of proteins that were
secreted to the medium in the solid-state growth condition but trapped in the cell wall in the submerged
condition, such as �-amylase (TAA) and �-glucosidase (Bgl). A Northern analysis of seven genes from the four
groups suggested that the secretion of TAA and Bgl was regulated by trapping these proteins in the cell wall
in submerged culture and that secretion of GlaA and XynG2 was regulated at the posttranscriptional level in
the solid-state culture.

The filamentous fungus Aspergillus oryzae has been used in
the production of traditional fermented foods such as sake
(rice wine), miso (soybean paste), and shoyu (soy sauce) for
more than 1,000 years (4). Because of its long use in food
production, A. oryzae is listed as GRAS (i.e., generally re-
garded as safe) status by the U.S. Food and Drug Administra-
tion. The safety of A. oryzae is also supported by the World
Health Organization (22). A. oryzae has the ability to secrete
large amounts of a wide range of different enzymes into its
environment, and this characteristic has been used for com-
mercial production of both recombinant enzyme and its own
enzyme. Because of its high-level production of enzymes and
high degree of safety, A. oryzae, as well as Aspergillus niger and
Aspergillus sojae, has received increasing attention as a host for
homologous (5, 11) and heterologous (15) protein production.
Many recombinant proteins have been produced in submerged
culture for easy cultivation. However, there has been growing
interest in solid-state culture because the amounts of enzymes
secreted by filamentous fungi in solid-state culture are large
and frequently exceed those secreted in submerged culture (1,
8, 9, 25). In Japan, several commercial enzymes are produced
in solid-state culture in addition to by traditional fermentation
methods. In solid-state culture on wheat bran, A. oryzae pro-
duces a 500-fold-higher yield of heterologous protein (chymo-
sin) than it does in submerged culture (34). The secretion
behavior of A. oryzae in the solid state can also be used as a

model for many filamentous fungi. Growth of the fungus in solid-
state culture is closer to natural conditions than growth in a
submerged culture. Because of this, enzyme secretion in solid-
state culture more closely resembles enzyme secretion under
natural conditions. Because of the importance of solid-state
culture for fermentation and production of commercial en-
zymes, the solid-state culture has been the subject of many
molecular biological studies. The solid-state-specific glucoamy-
lase gene (glaB) has a functional cis element of the glaB pro-
moter, which responds to solid-specific induction (13, 16). The
promoter has two heat shock element motifs (f-HSE and b-
HSE) and a GC-rich motif (GC box). The GC box has been
suggested to have a role in regulating the solid-state-specific
expression of the glaB gene.

The pepA gene, which encodes an acid protease, is another
gene that is expressed specifically in solid-state culture (21).
Unlike glaB gene expression, pepA expression is temperature
dependent. The promoter region of pepA was not found to
contain a GC box but instead contains a heat shock element. In
solid-state culture, the molecular mechanism for the regulation
of gene expression might be very complicated.

The expression of many genes has been shown to be affected
by culture conditions. Subtractive cloning of cDNA from A.
oryzae was carried out in solid-state and submerged cultures,
and many genes specifically expressed in the solid state were
identified (2). The expression levels of catabolic genes of the
glycolytic pathway and the tricarboxylic acid (TCA) cycle in
solid-state culture were found to be lower than those in sub-
merged culture, causing a release from catabolite repression
and consequently leading to high-level expression of hydrolytic
enzymes (24).
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Although the secretion of individual proteins in submerged
culture has been well analyzed, the secretion of extracellular
proteins specifically produced in solid-state culture has not
been examined. Therefore, little is known about extracellular
proteins in solid-state culture.

To date, proteomic analysis has proven to be the most pow-
erful method for identification of proteins and is suitable for
studying how protein expression in an organism changes under
various environmental conditions (6). Together with transcrip-
tional analysis, proteomic analysis reveals features of posttran-
scriptional secretion regulation and also clarifies posttranscrip-
tional modification of extracellular proteins. In addition,
expressed sequence tags (ESTs) of A. oryzae have been re-
ported by the A. oryzae genome consortium, and a draft ge-
nome sequencing project has been completed (23). This tech-
nology and valuable data allowed us to carry out the analysis of
extracellular proteins of A. oryzae in solid-state culture.

In this study, we carried out a comparative proteome anal-
ysis of extracellular proteins under solid-state and submerged
culture conditions and determined protein secretion profiles.
We classified four groups of protein according to their secre-
tion profiles. Northern analysis of seven genes from the four
groups revealed posttranscriptional control for secretion of
extracellular proteins under both growth conditions.

MATERIALS AND METHODS

Fungal strain and culture conditions. Aspergillus oryzae strain RIB40 was
employed for cultivation, protein extraction, and total RNA isolation. As a
solid-state medium, autoclaved wheat bran with 100% water content was used.
An A. oryzae RIB40 conidial suspension was inoculated onto 50 g of solid-state
medium (giving 1.0 � 108 conidia/g wheat bran) and incubated at 30°C in 95%
humidity. The culture was mixed every 12 h. Submerged culture was carried out
as follows. A 6% (wt/vol) wheat bran suspension was autoclaved at 121°C for 15
min, cooled to room temperature, and then filtered through Miracloth (Calbio-
chem). Twofold-diluted filtrate containing 1% (NH4)2SO4 and 3% KH2PO4 was
used as the medium for submerged culture. A conidial suspension was inoculated
into 150 ml of this medium in a 500-ml baffle flask (giving 1 � 106 conidia/ml)
and then cultured at 30°C with rotary shaking (120 rpm).

The mycelium content in the solid-state culture was determined by measuring
the N-acetylglucosamine content by the method of Gomi et al. (10) with an
Aspergillus assay kit (Kikkoman). The standard unit was determined with release
of N-acetylglucosamine from dried mycelium of A. oryzae RIB40 from sub-
merged culture by cell wall-degrading enzyme according to the manufacturer’s
instructions.

Preparation of proteins from A. oryzae culture. (i) Extracellular proteins. The
protein concentration in each step was determined by the Bradford protein assay
(Bio-Rad) according to the manufacturer’s instructions.

For extracellular protein preparation from solid-state culture, 10 g of cultured
wheat bran was soaked for 8 h in 50 ml of 50 mM acetate buffer (pH 5.0)
containing 90 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), and a
protease inhibitor cocktail (Complete Mini; Roche). The suspension was centri-
fuged at 16,000 � g for 10 min twice to remove the large particles. The super-
natant was then filtered through a 0.45-�m filter (Millipore).

To prepare extracellular protein from submerged culture, the culture broth
was centrifuged at 12,000 � g for 20 min, and the supernatant was filtered
through a 0.45-�m filter.

For two-dimensional (2-D) electrophoresis, protein samples were prepared as
follows. For each sample from solid-state and submerged cultures, (NH4)2SO4

was added to the filtrate to a concentration of 95% saturation, and the solution
was kept at 4°C overnight. The protein was precipitated by centrifugation at
12,000 � g for 30 min. The precipitate was dissolved in 2 ml of 50 mM acetate
buffer (pH 5.0) containing 1 mM PMSF and Complete Mini. The protein solu-
tion was desalted with the same buffer and concentrated by ultrafiltration with an
Amicon Ultra 10,000-molecular-weight-cutoff filter (Millipore). The protein con-
centration was determined by the Bio-Rad protein assay. The protein solution
was used as the sample for 2-D electrophoresis.

(ii) Preparation of cell wall-bound protein from submerged culture. Mycelia
from the submerged culture were harvested with Miracloth, washed with ice-cold
water, washed again with ice-cold 50 mM acetate buffer (pH 5.0) containing 90
mM NaCl, and dried completely with a paper towel. Three grams of mycelium
was soaked in 10 ml of 50 mM acetate buffer containing 1 mM PMSF and
Complete Mini (buffer A) and disrupted with a Multi beads shocker (Yasuikikai,
Japan) (2,500 rpm; 1 min on, 1 min off) for 50 min at 4°C. The homogenate was
centrifuged at 2,400 � g for 5 min, and the supernatant was discarded. The cell
wall fraction was washed three times with 50 mM acetate buffer A containing 1
mM PMSF and then was washed three times in 30 ml of 4 M LiCl by centrifu-
gation at 2,400 � g for 5 min. The mycelium debris was washed twice with buffer
A containing 1% Tween 80, and then Tween 80 was washed out with buffer A
three times. The cell wall fraction was resuspended in 1.5 ml of 1 M Tris-HCl (pH
8.0), 0.15 mM EDTA, 3% sodium dodecyl sulfate (SDS), 1.2 mM dithiothreitol
(DTT) and boiled for 10 min. The supernatant was then obtained after centrif-
ugation at 2,400 � g for 10 min at room temperature. The supernatant containing
cell wall protein was desalted with Amicon Ultra 10,000-molecular-weight-cutoff
ultrafiltration tubes. SDS in the concentrated cell wall protein was washed out
with an SDS Out kit (Pierce). The protein solution obtained was used as the
protein sample for 2-D electrophoresis.

2-D gel electrophoresis (differential display). (i) Isoelectric focusing and 2-D
polyacrylamide gel electrophoresis (PAGE) conditions. The protein solution
(300 �g protein in a 350-�l solution containing 0.5% immobilized pH gradient
[IPG] buffer, 8 M urea, 18 mM DTT, 2% Triton X-100, bromophenol blue) was
loaded by rehydration onto an 18-cm-long, pH 3 to 10 or 4 to 7 IPG strip
(Amersham Pharmacia) for 12 h at 20°C. Isoelectric focusing was carried out
with Multiphor (Amersham Pharmacia) for a total of 37.5 kV · h (1 h at 500 V,
1 h at 1,000 V, 1 h at 4,000 V, and 4 h at 8,000 V). After focusing, the gels were
reduced (2% DTT) for 30 min at room temperature and then alkylated (2.5%
iodoacetamide) for 30 min at room temperature in equilibration buffer (6 M
urea, 50 mM Tris-HCl [pH 6.8], 30% glycerol, 2% SDS). The gel strips were
transferred onto a 12% Ettan DALT II precasting gel (Amersham Pharmacia),
and the second-dimension separation was carried out on an Ettan DALT 6
electrophoresis system (Amersham Pharmacia) at constant current (24 mA/gel).
The gels were fixed and stained with Coomassie brilliant blue (CBB) R-250.

(ii) Image analysis. Two-dimensional images were captured by scanning CBB-
stained gels using a GS-800 imaging densitometer (Bio-Rad) and were digitized
with Multi Analyst software (Bio-Rad). Different two-dimensional images were
processed, including detection and volumetric quantification using PDQuest
version 7.1 software (Bio-Rad).

(iii) HPLC separation of solid-state extracellular protein. Solid-state extra-
cellular protein (10 mg) in 20 mM acetate buffer (pH 5.0) was applied to a TSK
gel Phenyl 5-PW column (21.5-mm [inner diameter] by 15 cm) (Tosoh) in a
high-pressure liquid chromatography (HPLC) system (Shimadzu). The sample
was washed with the same buffer containing 2.0 M NH4(SO4)2 for 20 min at a
flow rate of 3.0 ml/min and then eluted with a linear gradient of NH4(SO4)2 (2.0
to 0 M) in 20 mM acetate buffer (pH 5.0) at a flow rate of 3.0 ml/min for 60 min.
Protein was monitored at 280 nm. �-Amylase activity was assayed by monitoring
the amount of reducing sugars released from starch by using an �-amylase
activity assay kit (Kikkoman). Each fraction was concentrated with Biomax
(UFV2BCC40) ultrafiltration tubes (Millipore) and subjected to SDS-PAGE on
a 10 to 20% gradient gel. The gel was stained with CBB. Precision Plus protein
standards (Bio-Rad) were used for molecular mass determination. Each band
was excised and subjected to matrix-assisted laser desorption ionization–time-
of-flight mass spectrometry (MALDI-TOF MS) for identification.

MALDI-TOF mass spectrometry. (i) Sample preparation. Spots of interest
were manually excised from Coomassie blue-stained 2-D electrophoresis gels.
The gel pieces were destained with 50% acetonitrile in 25 mM ammonium
bicarbonate (Ambic) twice, washed with 100% acetonitrile, and vacuum dried.
The gel pieces were reduced with 10 mM dithiothreitol in 25 mM Ambic for 1 h
at 55°C, washed with 25 mM Ambic, and then alkylated with 55 mM iodoacet-
amide in 25 mM Ambic at room temperature for 45 min in the dark. Gel pieces
were washed with 25 mM Ambic twice, followed by acetonitrile, and dried under
vacuum. After that, the excised gel pieces were in-gel deglycosylated by treat-
ment with 0.5 mU glycopeptidase F (PNGase F; TaKaRa) in 25 mM Ambic
overnight at 37°C. Glycans were removed from the gel pieces by two changes of
25 mM Ambic with sonication for 10 min. We call this deglycosylation procedure
the “in-gel deglycosylation method.” Gel pieces were dried by shrinking in
acetonitrile followed by vacuum drying. All gel pieces were incubated with 12.5
ng/�l sequencing-grade modified trypsin (Promega) in 25 mM Ambic for 12 h at
37°C. After digestion, the supernatants were recovered. Peptides were extracted
from the gel pieces twice with a 0.1% trifluoroacetic acid–50% acetonitrile
solution with 10 min each of sonication and vortexing. All extracts were pooled,
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and the volume was reduced with a Speed Vac. Extracted peptides were purified
with a Zip tip (C18; Millipore) as described in the instruction manual.

(ii) MALDI-TOF MS. A 2-�l drop of sample was spotted onto a MALDI
target, and then 1 �l of matrix solution (0.33 mg/ml �-cyano-4-hydroxycinnapic
acid matrix [Bruker] in acetone-ethanol [1:2]) was added to the drop. MALDI-
TOF MS analyses were performed on an Autoflex mass spectrometer (Bruker
Daltonics). Peptides were selected in the mass range of 800 to 3,500 Da. All mass
spectra were calibrated externally with a peptide mass standard kit (Bruker) and
internally with trypsin autolysis peaks. Tandem MS (MS/MS) sequencing anal-
yses were carried out with an Ultraflex spectrometer (Bruker Daltonics).

(iii) Database search. The peptide mass fingerprinting and peptide fragment
ion data obtained from MALDI-TOF and MS/MS analyses were used to search
for protein candidates in the NCBI database and the A. oryzae EST and genome
databases by using Mascot (Matrix Science) software programs. Information
about coding sequences and proteins was obtained from the A. oryzae EST
database (http://www.nrib.go.jp/ken/EST/db/index.html) and genome database
(http://www.bio.nite.go.jp/dogan/Top). The genome database was developed by
the Aspergillus oryzae genomic consortium (23). Initial search parameters were
set as follows: Cys as the S-carbamidomethyl derivative and Met in oxidized
form, one missed cleavage site, peptide mass tolerance of 100 ppm and MS/MS
tolerance of �0.5 Da.

RNA extraction and Northern analysis. Total RNA from submerged cultures
was extracted with Isogen (Nippon Gene) according to the manufacturer’s in-
structions. Total RNA extraction from solid-state culture was done as described
by Akao et al. (2). Denatured total RNAs (10 �g/lane) were electrophoresed on
a formaldehyde-agarose gel and transferred in 20� SSC (1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) onto a Hybond N� membrane (Amersham Phar-
macia). Northern analysis hybridization was performed with a PCR digoxigenin
probe synthesis kit (Roche) and detection starter kit II (Roche) according to the
manufacturer’s instructions. Forward and reverse primers, each 30 bp long,
corresponding to the first and the last 30 bp of the open reading frame were used
to synthesize the digoxigenin-labeled probe.

RESULTS

Differential displays of extracellular proteins from solid-
state and submerged cultures. Many fungi secrete more pro-
teins under solid-state culture conditions than under sub-
merged culture conditions (1, 3, 8, 9, 25). To clarify this point,
we examined extracellular proteins produced by A. oryzae dur-
ing 32 h and 40 h of growth under both solid-state and sub-
merged culture conditions. After the 32 h and 40 h of solid-
state culture, A. oryzae secreted 53.7 � 1.36 and 77.3 � 2.6 mg
protein per g dry mycelium, respectively. For the submerged
culture, the values were 13.2 � 2.60 and 11.9 � 0.89 mg protein
per g dry mycelium, respectively. The respective concentra-
tions of mycelia at 32 and 40 h of culture were 6.26 � 0.67 and
6.57 � 0.51 mg/ml in submerged culture and 75.4 � 2.78 and
70.9 � 4.19 mg/g in solid-state culture. A. oryzae secreted about
4.0- to 6.4-fold more protein per mg mycelium under the solid-
state culture conditions than under submerged culture condi-
tions (Fig. 1).

Profiles of the extracellular proteins in the solid-state con-
dition were obtained by 2-D polyacrylamide gel electrophore-
sis and differential display. At first we used a pH range of from
3 to 10 for electrophoresis in the first dimension. In this case,
protein spots on the 2-D gels had pI values of between 4 and
7. Most proteins produced in both cultures had pIs in the range
of 4.5 to 5.5. Therefore, we used pH 4 to 7 IPG strips in
subsequent analyses. In 2-D electrophoresis, the spot patterns
depended on the culture conditions and the age of the culture
(Fig. 2). Some protein spots on 2-D electrophoresis were
rather diffuse because of the heterogeneity of the secreted
proteins due to glycosylation. Wheat bran proteins were de-
graded and vanished at 24 h, and some extracellular proteins

appeared after 12 h. Some smaller proteins detected at 32 h of
culture increased greatly by 40 h under both culture conditions.

The intensity of time-dependent deduced �-amylase spots
increased in the solid-state culture but not in the submerged
culture (Fig. 2). The appearance of protein spots originating
from wheat bran after 12 h suggests that the cell walls of wheat
bran were digested by proteins secreted from A. oryzae. The
submerged culture condition produced many more spots of
over 50 kDa than did the solid-state culture condition. Pro-
tein differential display revealed that A. oryzae secreted var-
ious kinds of proteins in a different manner in each culture
condition.

Identification of extracellular proteins produced during
40 h of solid-state and submerged culture. The majority of
proteins secreted from filamentous fungi are highly glycosyl-
ated (30). N-linked oligosaccharides can be difficult to see by
MALDI-TOF MS because they tend to make the masses of the
typically digested peptides very large (above 3,500 kDa), which
appear as broad-band signals in the mass spectra (29). This
problem could be solved by deglycosylation of the N-linked
oligosaccharides with PNGase F. Deglycosylation of proteins
before 2-D PAGE caused the proteins to become insoluble
during desalting. Therefore, we used an “in-gel deglycosyla-
tion” process after 2-D PAGE. We cut out six spots from the
40-h gel and subjected one half of each spot to in-gel deglyco-
sylation (data not shown). Deglycosylation increased the num-
ber of peaks in the mass spectrum of each spot. Deglycosyla-
tion increased matched peaks and scores in four spots but had
no effect in the other two spots. Thus, in-gel deglycosylation
increased the number of A. oryzae proteins that could be iden-
tified by MALDI-TOF MS.

Considering the greater number of protein spots in the 40-h
gel and growth phase of mycelium, we chose this gel to identify
the extracellular protein under both culture conditions (Fig. 2).

FIG. 1. Comparison of the amounts of secreted protein under sol-
id-state and submerged culture conditions. Secreted proteins were
prepared from 100 ml of submerged culture and 10 g of wheat bran as
solid-state culture at 32 and 40 h, and the total protein content was
measured after extraction. Dry mycelium weight was determined by
N-acetylglucosamine content. Data are mean values and standard de-
viations from three independent experiments. In the solid state, the
amount of protein secreted per gram of dry mycelium was 4- to 6.4-fold
greater than the amount secreted in submerged culture.
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Under both culture conditions, all spots visualized by CBB
staining were excised, in-gel deglycosylated with PNGase F,
digested with trypsin, and analyzed by MS. Eighty-five spots
from the solid-state condition (Fig. 3A) and 110 spots from the
submerged condition (Fig. 3B) were detected reproducibly and
analyzed by MS. Of the 85 spots obtained from the solid-state
culture, 43 (50.5%) were identified and assigned to 21 different
genes. Of all 110 spots from the submerged culture, 37 spots
were identified (33.6%) and assigned to 27 different genes. An
analysis of the solid-state and submerged culture 2-D gel im-
ages by PDQuest indicated that the identified proteins account
for 60.9% and 60.4%, respectively, of the visible proteins in the
gels. Eleven protein species were found only in the solid-state
condition, 11 were found only in the submerged condition, and
8 were found in both culture conditions (Table 1). Proteins
specifically identified in the solid-state condition included glu-
coamylase B (which is known as a solid-state-specific expres-
sion marker), formamidase, and alanyl dipeptidyl peptidase
(Fig. 3A). Some hypothetical proteins having low homology to
known proteins were found, indicating that A. oryzae secreted
new proteins of unknown function in the solid-state condition.
In contrast, many well-known proteins, such as glucoamylase
A, �-glucosidase, and �-galactosidase, were identified in the
submerged culture (Fig. 3B).

In the solid-state condition, half of the identified spots were
�-amylases and their proteolytic products. An analysis of the
gel image by PDQuest revealed that �-amylases and their
proteolytic products accounted for over 50% of the amount of
visible proteins in the gel.

To exclude the effect of a large amount of �-amylase in the
solid-state culture extract, we separated the extracellular pro-
teins by hydrophobic chromatography using HPLC. Each frac-
tion was subjected to SDS-PAGE, and a total of 110 bands
were analyzed by MS (Fig. 4). Of the 110 bands, 24 bands were
identified. Almost all of the identified bands were the same
proteins shown in Table 1, and as a result, three new species of
proteins were identified. One protein is �-mannosidase, and
the other two were annotated as proteins of unknown function.
Many different bands were identified as the same protein spe-
cies, indicating that many proteins had been digested by pro-
tease during the 40 h of incubation. Some of the protein deg-
radation may have also occurred during sample preparation in
spite of the presence of protease inhibitors.

Trapping of proteins in the cell wall. Some proteins secreted
in the solid-state culture were found to be trapped in the cell
wall in the submerged condition (27). Such proteins were iden-
tified by 2-D electrophoresis and MS (Fig. 3C). Our prepara-
tion of cell wall-trapped protein did not include proteins that
were covalently bound to the cell wall through a glycosylphos-
phatidylinositol anchor or other means. 2-D electrophoresis
revealed two major spots, identified as �-amylase and �-glu-
cosidase, and other faint spots. Based on the spot sizes, most of
the secreted �-amylase and �-glucosidase was trapped in the
cell wall in submerged culture.

Classification of extracellular protein from A. oryzae. The
extracellular proteins secreted under solid-state and sub-
merged culture conditions are compared in Table 1. These
results and the results of cell wall-bound protein analysis

FIG. 2. Sequential differential display of secreted proteins from A. oryzae cultured under solid-state and submerged conditions. Secreted
proteins were prepared from solid-state and submerged cultures from 0 to 40 h. The protein extract was electrophoresed in an IPG of pH 4 to 7
(18 cm) in the first dimension and a 10 to 20% SDS-polyacrylamide gel in the second dimension. Each gel was loaded with 300 �g of secreted
protein and stained with CBB. Gel images from solid-state and submerged conditions at 0, 12, 24, 32, and 40 h are aligned. Arrows indicate deduced
�-amylase spots. Asterisks indicate oryzin spots.
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were used to divide the extracellular proteins into four
groups (Fig. 5).

Group 1 consisted of proteins found specifically in the solid-
state condition, including glucoamylase B and alanyl dipeptidyl
peptidase. Group 2 consisted of the proteins specifically found in
the submerged condition, including glucoamylase A, xylanase G2,
�-glucosidase A, cellulase B, lactase, and rAspf9. Group 3
consisted of the proteins found under both conditions, includ-
ing oryzin, xylanase F3, catalase B, and xylanase G1. Group 4
consisted of the proteins found in the solid-state condition and
trapped in the cell wall in the submerged condition, including
�-amylase and �-glucosidase.

Gene expression analysis of the four groups of proteins
under both conditions. In fungi, secretion of proteins is con-
trolled at various levels, including gene expression, gene trans-
lation, quality control in the endoplasmic reticulum, and vesi-
cle transport in the secretion pathway. To determine whether
proteins secreted in the solid-state condition were controlled at
the translational or posttranslational level, the expression of
seven genes (glaB, dppV, glaA, xynG2, xynG1, TAA, and bgl)
that encode proteins in the four groups was assayed under both
culture conditions by Northern analysis (Fig. 6). glaB and dppV
(group 1) were found to be expressed only in the solid-state
culture condition (Fig. 6). GlaB and DppV were secreted only
in the solid-state condition according to the comparative pro-
teome analysis. Thus, secretion of these proteins appears to be
controlled at the transcriptional level.

The proteome analysis showed that GlaA and XynG2
(group 2) were not secreted in the solid-state culture, but their
gene expression was confirmed. This suggests that a specific
posttranscriptional mechanism controls secretion of these en-
zymes in the solid-state condition.

xynG1 (group 3) was expressed under both conditions, al-
though the gene expression was weak in submerged culture.
Group 4 genes, including the TAA and bgl genes, were ex-
pressed at approximately the same levels under both condi-
tions. TAA and Bgl appear to be controlled posttranscription-
ally by trapping in the cell wall in the submerged condition.

DISCUSSION

In this report, we have described the proteins produced by A.
oryzae under both solid-state and submerged culture condi-
tions. Despite the importance of solid-state culture and sub-
merged culture in traditional food and commercial enzyme
industries, little is known about the extracellular proteins pro-
duced in solid-state culture. This is the first comparative pro-
teome analysis of solid-state and submerged cultures of a fil-
amentous fungus. Moreover, our comparative proteome

FIG. 3. Comparative proteome analysis of secreted proteins under
solid-state (A) and submerged (B) culture conditions and cell wall-
bound protein under submerged culture conditions (C). The protein

extract was electrophoresed in an IPG of pH 4 to 7 (18 cm) in the first
dimension and a 10 to 20% SDS-polyacrylamide gel in the second
dimension. Each gel was loaded with 300 �g of secreted protein and
stained with CBB. Gel spots of interest in each culture condition were
excised and in-gel deglycosylated with PNGase F prior to trypsin di-
gestion and were identified by peptide mass fingerprinting using
MALDI-TOF MS. The protein spots identified are labeled by the
abbreviations of the proteins as described in Table 1. The spots that
had scores of greater than 60 and were reproducibly identified were
defined to be matched.
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analysis revealed that the cultivation environment greatly af-
fects the types of secretion proteins. Our comparative pro-
teome analysis and Northern analysis of some identified pro-
teins revealed that not only transcriptional regulation but also
posttranscriptional regulation plays important roles in protein
production in the solid-state culture of A. oryzae. Our in-gel
deglycosylation made it possible to identify more proteins by
MS analysis.

Effect of deglycosylation on identification of extracellular
proteins by MALDI-TOF MS. The majority of proteins se-
creted from filamentous fungi are highly glycosylated. Glyco-
sylation makes extracellular proteins stable, resistant to prote-
olysis, and soluble in the culture medium (30). Because
extracellular fungal proteins are resistant to proteolysis, they
are often difficult to identify by peptide mass fingerprinting.
Eliminating the sugar chains of fungal proteins removes their
protease resistance. In-gel deglycosylation made it possible to
identify such proteins. Other Aspergillus spp. and other fila-
mentous fungi also secrete such highly glycosylated proteins.
In-gel deglycosylation might be used as a common protocol for
identifying the extracellular proteins of many other fungi.

The rates of identification of extracellular proteins from
solid-state and submerged cultures of A. oryzae by mass finger-
printing (50.5% and 33.6%, respectively) were still low, even
though in-gel deglycosylation was used. One possible reason is
that many of the proteins in the gel may be resistant to trypsin
digestion so that a mass fingerprint could not be obtained.
Most extracellular proteins from A. oryzae have acidic isoelec-

tric points, indicating the presence of few basic lysine and
arginine residues, which are specific sites of trypsin digestion.
Other peptidases, such as asparaginylendopeptidase, might be
more successful at digesting these proteins, which would then
allow identification by mass fingerprinting. Another method
for identifying these proteins is ion trap tandem mass spec-
trometry. This method is useful for those microorganisms with
undetermined complete genome sequences.

Another reason for the low identification rate is that only 10
of 47 spots corresponding to peptides under 25 kDa in the
solid-state gel at 40 h were identified, because the number of
peptides obtained for the search was extremely low. The same
thing was also observed in the proteome analysis of yeast
protein using peptide mass fingerprinting, in which the rate of
identification of proteins under 30 kDa by mass fingerprinting
was extremely low (32, 33). Moreover, some extracellular pro-
teins also contain O-linked oligosaccharides which result in a
diversity of peptide masses, as occurs with N glycosylation. To
overcome these problems, it is necessary to obtain peptide
amino acid sequences. Tandem mass spectrometry (e.g.,
MALDI-TOF MS/MS) is one way of obtaining these se-
quences.

Amounts of extracellular proteins under both culture con-
ditions. Many studies have reported that protein production
differs under solid-state and submerged culture conditions (1,
3, 8, 9, 12, 25). In many cases, the production of these proteins
in solid-state culture frequently exceeds that in submerged
culture. However, no reports have compared total protein pro-

FIG. 4. Fractionation of secreted proteins in solid-state culture by hydrophobic chromatography of Phenyl 5-PW (A) and SDS-PAGE analysis
of Phenyl 5-PW fractions and identification of secreted proteins (B). (A) Proteins from solid-state culture at 40 h were applied to a Phenyl 5-PW
high-performance liquid chromatography column and eluted as described in Materials and Methods. The absorbance at 280 nm, �-amylase activity,
and concentration of ammonium sulfate in the elution buffer are shown. (B) Proteins of fractions 4 to 10 were concentrated and subjected to
separation by SDS-PAGE. Fractions 1 to 3 contained only a small amount of protein and gave no apparent band on SDS-PAGE. Prominent bands
were excised and identified by MALDI-TOF MS. Only the main identified bands are labeled, by the abbreviations of the proteins as described in
Table 1. Lane numbers correspond to the fraction numbers in panel A. Lanes M, molecular mass markers.
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duction under the solid-state and submerged culture condi-
tions.

In the present study, the total amounts of protein secreted at
32 and 40 h in the solid-state culture were about fourfold and
sixfold greater, respectively, than those secreted in the sub-

merged culture (Fig. 1). Data were not obtained for 24 h
because a faint stained region, apparently from a contaminant
from wheat bran, was observed in the 2-D electrophoresis gel
of the sample (Fig. 2c and h). The amount of extracellular
proteins in the solid-state culture at 24 h, like amounts at 32

FIG. 5. Classification of secreted proteins. Secreted proteins are classified into four groups by their secretion profiles. Group 1 proteins are
secreted specifically in solid-state culture. Group 2 proteins are secreted specifically in submerged culture. Group 3 proteins are secreted under
both submerged and solid-state conditions. Group 4 proteins are trapped as cell wall-bound protein in submerged culture but are secreted in
solid-state culture. Abbreviations of the proteins are as described in Table 1.

FIG. 6. Northern analysis of seven genes in the solid-state and submerged cultures. (A) A. oryzae RIB40 mycelia were harvested from
submerged or solid-state culture at 24, 32, and 40 h. Following isolation of the total RNAs, Northern analysis was done as described in Materials
and Methods, using PCR fragments of each gene open reading frame as probes. (B) An electrophoresed gel was stained with ethidium bromide
as a quantitative control.
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and 40 h, seemed to be larger than that in submerged culture,
based on appearance of new spots in the 2-D electrophoresis
gel (Fig. 2). Still, many spots remained unidentified; some of
them might be derived from wheat bran protein, but these
should be few based on the image analysis of 2-D electrophore-
sis (Fig. 3). These results suggested that A. oryzae generally
produced a much larger amount of total proteins in the solid-
state culture than in submerged culture. This might be because
A. oryzae has to secrete a large amount of enzymes to obtain
essential nutrients under the solid-state conditions, since the
water activity of solid-state culture is low and differentiation of
nutrient components is restricted.

Identification of extracellular proteins. We clarified the pro-
files of extracellular proteins under both culture conditions at
the proteome level and classified the proteins into four groups
according to the profiles. In group 1, we identified glucoamy-
lase B (GlaB) and �-mannosidase. The glaB gene is specifically
expressed in solid-state culture (13). Furthermore, GlaB and
�-mannosidase were previously identified as AOS1 (A. oryzae
solid-state culture-specific gene 1) and AOS22 in a subtraction
analysis (2). In this respect, the results of our proteome anal-
ysis agreed well with previous results, and the production of
these proteins will be controlled at the transcription level.
However, some proteins of group 1 were not found in the AOS
genes. As Akao et al. (2) reported, not all the AOS genes have
been identified. In this context, we suggest that most group 1
proteins are controlled at the transcriptional level. However,
proteins might also be regulated at the posttranscriptional
level.

Some novel proteins of group 1 were annotated as function-
ally unknown, while most proteins of group 2 were shown to be
functional. Some AOS genes were also annotated as function-
ally unknown. The functions of these proteins and genes
should play important roles in the behavior of A. oryzae in
solid-state culture. Thus, it is significant to know the molecular
functions of these genes to understand the nature of A. oryzae,
especially in solid-state culture. To elucidate the functions of
these proteins, genetic and biological analysis on the molecular
level will be required, such as overexpression or deletion of the
genes.

Among group 3, the major proteins were carbohydrate hy-
drolases, such as xylanase G1, xylanase F1, xylosidase, and
�-L-arabinofuranosidase, which were needed to degrade hemi-
cellulose of wheat bran. Secretion of these enzymes may be
controlled not by environmental factors which come from
solid-state recognition but by nutrient factors in the culture.
The huge amount of hemicellulose from the wheat cell wall is
contained in both media, and these enzymes are required to
digest it. For A. niger, it was reported that the production and
gene expression of xylanolytic enzymes, such as xylanase, xylo-
sidase, and �-L-arabinofuranosidase, were regulated by XlnR,
which responds to xylose, xylan, and arabinose induction (35).
In A. oryzae, the expression of xylanase G1, xylanase G2, xylo-
sidase A, and cellulase B genes was also controlled by AoXlnR,
which is a homolog of XlnR, under xylan induction (26). In
fact, the levels of xylanase G1 gene expression were the same
under both culture conditions, and AoXlnR will play an im-
portant role in wheat bran cultivation.

Regulation of protein secretion. In fungi, protein secretion is
regulated at various steps, including gene expression, mRNA

modification and turnover, translation, protein folding, protein
modification, vesicle transport, and cell wall passage (7, 11, 18).
To understand the novel character of A. oryzae in solid-state
culture, it is important to analyze the protein secretion mech-
anisms at the molecular level. Proteome and Northern analyses
help to identify the most significant steps in protein secretion.

Northern analysis showed that solid-state-specific genes,
such as glaB and dppV, were not transcribed in submerged
culture (Fig. 6). GlaB and DppV are thought to be regulated at
the transcription level. Therefore, in the submerged culture
condition, overexpression of GlaB protein will be achieved by
conversion of the promoter to that which is highly expressed
under submerged conditions. Ishida et al. showed that the
amount of GlaB protein production reaches approximately 1.0
g/liter of broth even in submerged culture using the melO
promoter (17). Their results indicated that transcriptional reg-
ulation is significant for the production of GlaB protein. Thus,
the regulation of gene expression is thought to be critical in the
production of proteins belonging to group 1. However, the role
of posttranscriptional regulation is still not clear.

In contrast, secretion of GlaA protein might be controlled at
the posttranscriptional level. The results of Northern analysis
and comparative proteome analysis showed that the glaA gene
was transcribed under both conditions, but production of the
protein was found only in the submerged culture. Moreover,
Hata and Ishida indicated that GlaA protein production by
transformants which possess several glaA genes with their 5�
untranslated regions increased five- to eightfold under sub-
merged culture conditions but was not altered under solid-
state culture conditions (14). These results indicated that se-
cretion of GlaA in the solid-state culture was controlled at the
posttranscriptional level. However, the process that controls
the protein production remains to be clarified. Analysis of
localization of a forced-expressed GlaA-enhanced green fluo-
rescent protein fusion might clarify the bottleneck of protein
production.

TAA and Bgl proteins were trapped in the cell wall of
mycelia in the submerged culture condition, while they were
released into the medium in the solid-state culture condition.
Consequently, the production of these proteins also could be
controlled posttranscriptionally, depending on the culture con-
ditions. A. oryzae might alter the structure of the cell wall under
both conditions, and consequently posttranscriptional secre-
tion control would occur. The cell wall is not a static shield in
yeast, but its highly dynamic structure can be changed accord-
ing to the physiological needs of the cell (31). A. oryzae needs
a static cell wall in submerged culture to cope with low external
osmotic pressure. On the other hand, in solid-state culture,
there is no need for a static cell wall, and the cell wall might be
loose. As a result, secretion of the enzymes becomes easier.

In Aspergillus kawachii, about 80% of the �-glucosidase was
localized in the cell wall in submerged culture (19), while about
80% of it was secreted in solid-state culture. �-Glucosidase and
acid-stable �-amylase are secreted under solid-state conditions
with the support of extracellular polysaccharide (EPS) (20, 28).
A. kawachii produces EPS under the solid-state culture condi-
tion. EPS stabilized �-glucosidase and liberated �-glucosidase
from the cell wall in the solid-state culture. A. oryzae might also
possess the same mechanism for controlling �-glucosidase and
�-amylase localization.
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Together, these data indicate that A. oryzae drastically alters
the manner of protein secretion in response to the culture
conditions. Both transcriptional regulation and posttranscrip-
tional regulation were involved and correlated in this manner.
Several environmental factors affect gene expression in A.
oryzae and also affect the posttranscriptional protein produc-
tion (16). Considering this, it is essential to understand the
effects of both transcriptional and posttranscriptional regula-
tion to clarify the behavior of A. oryzae under solid-state cul-
ture conditions.

In this study, we determined the major proteins that are
affected by culture conditions. These proteins are excellent
markers to analyze posttranscriptional regulation. Using these
marker proteins, it will be possible to evaluate how the dynam-
ics of posttranscriptional regulation are affected by each envi-
ronmental factor. If we could clarify and control the mecha-
nisms of secretion control under both conditions, we would be
able to produce the protein more efficiently under both culture
conditions.
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