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We investigated the effect of codon optimization on the expression levels of heterologous proteins in
Aspergillus oryzae, using the mite allergen Der f 7 as a model protein. A codon-optimized Der f 7 gene was
synthesized according to the frequency of codon usage in A. oryzae by recursive PCR. Both native and optimized
Der f 7 genes were expressed under the control of a high-level-expression promoter with their own signal
peptides or in a fusion construct with A. oryzae glucoamylase (GlaA). Codon optimization markedly increased
protein and mRNA production levels in both nonfused and GlaA-fused Der f 7 constructs. For constructs with
native codons, analysis by 3� rapid amplification of cDNA ends revealed that poly(A) tracts tended to be added
within the coding region, producing aberrant mRNAs that lack a termination codon. Insertion of a termination
codon between the carrier GlaA and native Der f 7 proteins in the GlaA fusion construct resulted in increases
in mRNA and secreted-carrier-GlaA levels. These results suggested that mRNAs without a termination codon
as a result of premature polyadenylation are degraded, possibly through the nonstop mRNA decay pathway. We
suggest that codon optimization in A. oryzae results in elimination of cryptic polyadenylation signals in native
Der f 7, thereby circumventing the production of truncated transcripts and resulting in an increase in
steady-state mRNA levels.

The filamentous fungus Aspergillus oryzae has been used in
the production of fermented foods, such as sake, soy sauce, and
miso (soybean paste), in Japan for over a thousand years. In
addition, A. oryzae has the ability to secrete large amounts of
proteins and has recently become a favorable host for recom-
binant protein production (5). By use of a series of classical
random mutagenesis and screening procedures, hypersecretion
mutants of heterologous proteins in aspergilli have been ob-
tained (9, 49). However, the secretion yields of heterologous
proteins are low compared to those of homologous proteins or
proteins from closely related fungal species and generally do
not exceed tens of milligrams per liter (16). In order to im-
prove the expression levels of heterologous proteins, several
trials have been conducted, and some strategies have been
reported to be effective in increasing the level of heterologous
protein production (39). These results provide information on
how to increase the expression levels of heterologous genes;
however, there is little information on the mechanisms ham-
pering heterologous gene expression. In this study, we investi-
gate the effect of codon optimization on heterologous gene

expression. Such optimization has been effective in improving
secretion levels of heterologous proteins in several hosts (19).
Studies of heterologous gene expression through codon opti-
mization have reported improved heterologous protein pro-
duction in filamentous fungal species, such as Aspergillus
awamori (2, 15, 35), Aspergillus niger (27, 35), Neurospora crassa
(13, 35), and Trichoderma reesei (47). Based on studies of
bacteria, codon optimization is believed to improve transla-
tional efficiency, resulting in increased levels of protein pro-
duction (4, 22, 25). Also, some studies of filamentous fungi
have indicated that codon optimization increased mRNA lev-
els, resulting in increased protein production (15, 27, 41, 47).
Regardless, there is little information on the mechanism by
which codon optimization increases the expression levels of
heterologous genes in filamentous fungi. To elucidate such
mechanisms in A. oryzae, we used Der f 7 as a model heterol-
ogous protein. Der f 7, a secretion protein of the house dust
mite Dermatophagoides farinae, belongs to the group 7 mite
allergens that react with immunoglobulin E in 50% of patients
allergic to house dust (26, 43). House dust allergy is a serious
problem among all allergic diseases, and specific allergens are
required for diagnostics and immunotherapy. Allergens pre-
pared from mites generally contain irrelevant proteins and can
cause undesirable immune responses. Therefore, recombinant
allergens present an attractive alternative to mite extracts. For
clinical purposes, it is of great importance to prepare large
quantities of specific recombinant allergens (3). Therefore,
there have been many attempts to produce large quantities of
mite allergen proteins by using Escherichia coli (54), Saccha-
romyces cerevisiae (6), Pichia pastoris (23, 53), and A. oryzae
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(44) as microbial hosts. With respect to these attempts, recom-
binant Der f 1 produced in A. oryzae has been reported to have
immunoglobulin E-binding activity similar to that of native Der
f 1, while recombinant Der f 1 produced in bacteria had weaker
binding activity than native Der f 1 (44). These results sug-
gested that A. oryzae is a suitable host for production of Der f
7 for immunotherapy.

MATERIALS AND METHODS

Strains, culture conditions, and DNA preparation. A. oryzae NS4 (52) was
used as a recipient strain for transformation. E. coli DH5� (supF44 hsdR17 recA1
endA1 gyrA96 thi-1 relA1 lacU169 �80lacZM15) was used for construction and
propagation of plasmid DNAs. Czapek-Dox medium, containing 1% glucose,
0.3% NaNO3, 0.15% KCl, 0.1% KH2PO4, 0.05% MgSO4, and 0.1% methionine,
was used as a selective medium for fungal transformation. For protein expres-
sion, YPM medium, containing 1% yeast extract, 2% peptone, and 2% maltose,
was used. Transformation of A. oryzae was performed by the methods of Gomi
et al. (12), and DNA manipulation and propagation were performed using
standard DNA techniques (40).

Construction of a synthetic Der f 7 gene. A codon-optimized Der f 7 gene was
synthesized by PCR using eight mutually priming, overlapping oligonucleotides
which were designed based on the A. oryzae codon usage database (http://www
.kazusa.or.jp/codon/) (Table 1). Recursive PCR (1, 38) was performed using
Ex-Taq polymerase (Takara Bio, Otsu, Japan) under the following reaction
conditions: 30 cycles of denaturation at 94°C for 60 s, annealing at 60°C for 60 s,
and elongation at 72°C for 60 s. The first PCR product was used as a template for
the second PCR, which was performed under the same conditions, using the 3�

and 5� terminal oligonucleotides as primers. The resulting product was cloned
into a pCRII-TOPO cloning vector (Invitrogen, Tokyo, Japan) and subjected to
DNA sequencing to select a clone containing the designed codon-optimized Der
f 7 gene. The DNA cycle sequencing reaction was performed with a universal
sequencing primer, using a Big-Dye Terminator 3.1 cycle sequencing kit (Ap-
plied Biosystems, Foster City, CA) with an ABI PRISM 377 sequencer (Applied
Biosystems). The plasmid clone pTDopt, containing a designed nucleotide se-
quence, was used in further study as the codon-optimized Der f 7 gene.

Construction of expression vectors. The Der f 7 gene with native codons and
an original signal sequence was amplified by PCR on pGEX-Der f 7 (a gift from
S. Kawamoto, Hiroshima University), using primers 5�-CCCGTCGACATGAT
GAAATTTTTGTTGAT-3� (the SalI restriction site is underlined) and 5�-CCC
TCTAGATTAATTTTTTTCCAATTCAC-3� (the XbaI restriction site is under-
lined). An amplified fragment was inserted between the improved glaA promoter
and the agdA terminator of an expression vector, pNGA142 (46), which contains
the niaD gene as a selectable marker, yielding pDer/ntv. The Der f 7 gene
fragment with optimized codons, obtained by digestion of pTDopt with XbaI and
SalI, was also cloned into XbaI/SalI-digested pNGA142, yielding pDer/opt.

pGlaDer/ntv and pGlaDer/opt were constructed based on pNGL, which con-
tains a glucoamylase A (GlaA) catalytic domain region in the NotI and PmaCI
sites of pNGA142. A DNA fragment encoding the GlaA catalytic domain was
prepared by PCR with A. oryzae genomic DNA by using primers 5�-CCCGCG
GCCGCATGGTGTCTTTCTCCTCTTG-3� (the NotI restriction site is under-
lined) and 5�-CCCCACGTGAGTCGTAGAGCAAGCTGACG-3� (the PmaCI
restriction site is underlined) and was inserted into NotI/PmaCI-digested
pNGA142, resulting in pNGL. The Der f 7 gene without a signal sequence was
amplified by PCR using the following primers: 5�-CCCCACGTGAAAAGAGA
TCCAATTCACTATGATAA-3� (the PmaCI restriction site is underlined) and
5�-CCCATATGTTGGTTTTTTTCCAATTCACG-3� (the NdeI restriction site
is underlined) for the native-codon construct and 5�-CCCCACGTGAAACGCG
ACCCCATTCACTACGACAA-3� (the PmaCI restriction site is underlined)
and 5�-CCCCATATGTTAATTCTTTTCCAGCTCAC-3� (the NdeI restriction
site is underlined) for the codon-optimized construct. Both sense primers con-
tained hexanucleotides encoding a cleavage site (shown in italics) for a Kexin-
like protease (KexB) (34), Lys-Arg. PCR-amplified fragments were inserted in
the PmaCI and NdeI sites of pNGL to be fused in-frame at the 3� terminus of the
nucleotide sequence encoding the GlaA catalytic domain through the KexB
cleavage sequence Lys-Arg.

pGlaDer/ntv-stop was constructed by deletion of two nucleotides (5�-CG-3�)
located immediately upstream of the KexB cleavage site of the GlaA::Der f 7
fusion. That created a frameshift and a termination codon occurring 8 codons
after the deletion site.

SDS-PAGE and Western blot analysis. Proteins secreted by transformants
cultured in YPM medium for 24 h were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (30) on 12.5% polyacrylamide
gels and strained with Coomassie brilliant blue (CBB) R-250. Proteins in the
medium samples were concentrated by precipitation with 10% trichloroacetic
acid (TCA). For Western analysis, 20 �l of culture medium was electrophoresed
and transferred onto a polyvinylidene difluoride membrane (Nippon Genetics,
Tokyo, Japan) by using a semidry blotting system (Bio-Rad, Hercules, CA) with
3-(cyclohexylamino)-1-propanesulfonic acid buffer. Membranes were incubated
with rabbit anti-Der f 7 polyclonal antibody and then detected with an immu-
nostaining kit (Konica, Tokyo, Japan), using peroxidase-conjugated goat-rabbit
antibodies (Promega, Madison, WI).

Quantitative RT-PCR analysis. Total RNAs were extracted from mycelia of
transformants cultured for 20 h at 30°C using Isogen (Nippon Gene, Tokyo,
Japan) according to the manufacturer’s instructions. Five micrograms of total
RNA was treated with DNase I (Nippon Gene), and first-strand cDNAs were
synthesized using murine leukemia virus reverse transcriptase (Invitrogen) with
an oligo(dT) primer. Synthesized cDNA was treated with RNase H, and quan-
titative reverse transcription-PCR (RT-PCR) was performed with DyNAmo
(Finnzymes, Espoo, Finland), using the following primers: for the native-codon
Der f 7 gene, 5�-CGTGGCTTCTTCTACACACCC-3� (forward) and 5�-AGCT
CCAGTTGTGCCACTTGT-3� (reverse); for the codon-optimized Der f 7 gene,
5�-GACGATGCCATTGCTGCTAT-3� (forward) and 5�-ACACCGATGAGCA
AATGAGC-3� (reverse); and for the histone gene, 5�-CAAGCGTATCTCTGC
CATGA-3� (forward) and 5�-CACCGAAACCGTAGAGGGTA-3� (reverse).
Reactions and subsequent analyses were performed with the DNA Engine Op-
ticon system (MJ Research, San Francisco, CA). The relative mRNA levels were
normalized to that of the histone H4 gene, used as a reference gene (33).

Northern blot analysis. A digoxigenin (DIG)-labeled double-strand DNA
probe was synthesized on pDer/ntv-opt as a template by using a PCR DIG probe
kit (Roche, Indianapolis, IN). Five micrograms of total RNA was electropho-

TABLE 1. Oligonucleotides used for total synthesis of the codon-
optimized Der f 7 gene

Oligonucleotide
no. Sequence (5�33�)

1 ......................5�-CCCGTCGACCATGATGAAGTTCTTGCT
GATCGCTGCCGTCGCCTTCGTCGCCGT
TTCGGCTGACCCCATTCACTACGACAA
GATCACCGAGGAAATCAACAAGGCTA
TCG-3�a

2 ......................5�-ACGCTCGAACTTGTCGGCGTGGTCAG
GGACCTTCATGGGATCGATGGTCTCG
GACTGTTCGATAGCAGCAATGGCATC
GTCGATAGCCTTGTTGATTT-3�

3 ......................5�-CGACAAGTTCGAGCGTCACGTTGGTA
TCGTGGACTTCAAGGGTGAGTTGGCC
ATGCGCAACATCGAGGCTCGCGGCCT
CAAGCAGATGAAGCGTCA-3�

4 ......................5�-TCGACACGATATCATCGTGAACACCG
ATGAGCAAATGAGCCTTAACAATACC
CTCTTCACCCTTGACATTAGCGTCACC
CTGACGCTTCATCTGCTT-3�

5 ......................5�-CGATGATATCGTGTCGATGGAGTACG
ATCTCGCCTACAAGCTGGGTGACCTTC
ATCCCACCACTCACGTCATCTCGGATA
TTCAGGACTTCGT-3�

6 ......................5�-TGACAACATTAGCGAATTGGCGGACC
TCGAAAGAGGTCATGGTGATGTTACC
TTCGTCAGAAATCTCAAGGGAGAGGG
CAACAACGAAGTCCTGAATATC-3�

7 ......................5�-CAATTCGCTAATGTTGTCAACCACATC
GGTGGCCTTTCCATCCTCGACCCCATT
TTCGGCGTTCTCTCTGATGTCCTGACC
GCTATCTTCCAAGACACCG-3�

8 ......................5�-CCCTCTAGATTAATTCTTTTCCAGCTC
ACGCTTGAAGGCGGGGGCCAGGACCT
TGGTCATTTCCTTACGGACGGTGTCTT
GGAAGATAG-3�b

a The SalI site is underlined.
b The XbaI site is underlined.
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resed on a 1.5% formaldehyde-agarose gel. RNA quality was evaluated by visu-
alization of rRNA stained with ethidium bromide. Transfer of the total RNAs
onto a Hybond N� nylon membrane (Amersham Biosciences, Amersham,
United Kingdom), prehybridization, and hybridization were performed accord-
ing to the DIG luminescence kit protocol (Roche). Signal detection was per-
formed with CSPD (Roche) as a substrate, according to the manufacturer’s
instructions, before exposure to X-ray film (Fuji Film, Tokyo, Japan).

3�-RACE analysis and poly(A) addition site mapping. The polyadenylation
sites of Der f 7 mRNAs from Der/ntv and Der/opt were mapped using analysis
by 3� rapid amplification of cDNA ends (3�-RACE). Approximately 5 �g of total
RNA, prepared for Northern blot analysis as described above, was used for
cDNA synthesis using a GeneRacer kit (Invitrogen). PCR amplification was
performed using the sense primers (5�-CCCCACGTGAAAAGAGATCCAAT
TCACTATGATAA-3� for native Der f 7 and 5�-CCCCACGTGAAACGCGA
CCCCATTCACTACGACAA-3� for codon-optimized Der f 7) used for ampli-
fication of the Der f 7 gene for the fusion construct and the antisense primer
supplied with the kit. Amplified products were inserted into a pCRII-TOPO
cloning vector (Invitrogen), and the resulting plasmids were digested with EcoRI,
followed by agarose electrophoresis to compare the inserted fragment lengths of
the obtained clones. The DNA cycle sequencing reaction was performed as
described above.

Nucleotide sequence accession number. The nucleotide sequence of the
codon-optimized Der f 7 gene constructed in this study has been deposited in the
DDBJ/GenBank/EMBL databases under accession number AB441028.

RESULTS

Design and construction of codon-optimized Der f 7. Com-
parison of the codon usage of Der f 7 with that of A. oryzae
by use of a codon usage database (http://www.kazusa.or.jp
/codon/) showed that the frequencies of individual codons are
different from those in A. oryzae. The GC content of the coding
region of native Der f 7 was 37.8%, while that of A. oryzae
genes is �55% (http://www.kazusa.or.jp/codon/). Based on
codon usage, a codon-optimized Der f 7 gene was designed.
Codons infrequently used in A. oryzae were replaced by more-
frequently used codons, and portions of other codons were
altered to reflect the usage of individual codons (Table 2).
Consequently, 43.7% of the codons in native Der f 7 were
altered. Reconstitution of the gene by codon optimization re-
sulted in a GC content of 52.8%.

The codon-optimized Der f 7 gene was synthesized in two
rounds of recursive PCR (1, 38). The resulting PCR products
were cloned, and 1 clone, whose sequence corresponded to the
designed codon-optimized Der f 7 gene, was obtained out of 15
clones. Using the native Der f 7 gene and the synthesized,
codon-optimized Der f 7 gene, we constructed Der f 7 expres-
sion vectors pDer/ntv and pDer/opt. These contained the Der
f 7 gene that was inserted downstream of the improved glaA
promoter (46). In addition, we constructed the expression vec-
tors pGlaDer/ntv (for native Der f 7) and pGlaDer/opt (for
codon-optimized Der f 7) to evaluate the effect of codon op-
timization in the fusion construct. Der f 7 without a signal
sequence was fused to the catalytic domain of A. oryzae GlaA
at the N terminus through a KexB cleavage site. Both types of
expression vectors were constructed based on a fungal high-
level-expression vector, pNGA142 (46).

A. oryzae NS4 was transformed using the above-mentioned
vectors. Transformants containing one copy of an expression
vector at the resident niaD locus as determined by Southern
blot analysis (data not shown) were selected. Two independent
transformants were selected for further analysis in individual
transformation experiments.

TABLE 2. Comparison of codon usage in A. oryzae genes with that
in native and codon-optimized Der f 7 genes

Amino acid Codon

% Frequencya

A. oryzae
Der f 7

Native Optimized

Ala GCT 27 50 50
GCC 31 30 50
GCA 23 20 0
GCG 20 0 0

Arg CGT 18 58 58
CGC 23 0 42
CGA 17 42 0
CGG 18 0 0
AGA 13 0 0
AGG 12 0 0

Asn AAT 45 58 58
AAC 55 42 42

Asp GAT 53 94 36
GAC 47 6 64

Cys TGT 46 0 0
TGC 54 0 0

Gln CAA 43 100 32
CAG 57 0 68

Glu GAA 44 88 38
GAG 56 12 62

Gly GGT 28 82 74
GGC 31 9 26
GGA 24 9 0
GGG 17 0 0

His CAT 47 76 24
CAC 53 24 76

Ile ATT 36 67 29
ATC 50 24 71
ATA 14 9 0

Leu TTA 7 17 0
TTG 18 65 17
CTT 19 17 17
CTC 23 0 36
CTA 11 0 0
CTG 22 0 29

Lys AAA 36 93 0
AAG 64 7 100

Met ATG 100 100 100

Phe TTT 38 60 0
TTC 62 40 100

Pro CCT 27 18 18
CCC 26 0 82
CCA 25 82 0
CCG 22 0 0

Ser AGT 13 0 0
AGC 18 0 0
TCT 18 33 33
TCC 20 22 33
TCA 14 12 0
TCG 16 33 33

Thr ACT 24 12 12
ACC 32 55 88
ACA 24 33 0
ACG 20 0 0

Trp TGG 100 100 100

Tyr TAT 47 69 0
TAC 53 31 100

Val GTT 27 40 40
GTC 33 25 50
GTA 13 25 0
GTG 27 10 10

a Percent frequencies of individual codons are shown for each corresponding
amino acid.
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Codon optimization improves Der f 7 production in non-
fused and fused constructs. To investigate the effect of codon
optimization on protein production levels, the transformants
and the parental strain were cultured, and the culture super-
natants were subjected to SDS-PAGE analysis. CBB staining
showed that �-amylase signals of around 55 kDa were similar
in all samples, indicating no difference in protein production
ability among the transformants. Western blot analysis showed
that two signals, of �25 and 30 kDa, were detected in the
culture supernatants of transformants Der/opt-1 and -2 (Fig.
1B). In contrast, no signals were detected in those of transfor-
mants Der/ntv-1 and -2. This result indicates that codon opti-
mization increased the amount of secreted Der f 7 from an
undetectable level to a detectable level in the nonfused con-
struct.

In the fusion constructs, two distinct signals, of �25 and 30
kDa, were detected by Western blot analysis in the culture
supernatants of transformants GlaDer/opt-1 and -2, whereas
weaker signals were detected in those of transformants
GlaDer/ntv-1 and -2 (Fig. 1B). Signal intensity quantification
of the bands by use of NIH image software (National Insti-
tutes of Health, Bethesda, MD) indicated that the signal in-
tensities of the GlaDer/opt band were three- to fivefold higher
than those of GlaDer/ntv. In addition, protein bands corre-
sponding to the signals detected by Western blot analysis were
observed only in the culture supernatants of transformants
GlaDer/opt-1 and -2 by CBB staining (Fig. 1A and B). Fur-
thermore, bands of �60 kDa, corresponding to the size of the
catalytic domain of GlaA, were detected in both GlaDer/ntv
and GlaDer/opt (Fig. 1A), although the signal intensity of the

band in GlaDer/ntv was noticeably weak. Compared with the
result for the nonfused construct, the fusion strategy markedly
increased secretion yields of Der f 7 in both the native and
the codon-optimized constructs. However, secretion yield in
GlaDer/opt was much higher than that in GlaDer/ntv, indicat-
ing that codon optimization might synergistically improve pro-
duction of Der f 7 when a fusion strategy is employed.

In this study, the nucleotide sequence around the start
codon did not follow Kozak’s rule in the fusion constructs (the
NotI site of the primer contains a “C” at position �3 relative
to the AUG codon). This structure might be expected to neg-
atively affect translation efficiency (29). However, because both
pGlaDer/ntv and pGlaDer/opt had the same sequence at po-
sition �3, the translation efficiencies in the two constructs were
not expected to differ from each other. Additionally, the
amount of recombinant Der f 7 produced in GlaDer/opt was
much higher (�5-fold) than that in Der/opt, which has a “G”
at position �3 (Fig. 1). The ratio of steady-state mRNA levels
between GlaDer/opt and Der/opt was �5-fold (Fig. 2) (see
below). These observations were associated with the positive
effect of GlaA, the carrier protein fused to Der f 7, but these
results suggested that the sequence around the start codon did
not significantly affect the translation efficiency.

SDS-PAGE analysis of mite Der f 7 indicated that two
bands, of 30 and 31 kDa, were glycosylated forms of a 25-kDa
protein (43). The medium sample of the transformants was
treated with endoglycosidase H, confirming that the 30-kDa
band was a glycosylated form of the 25-kDa protein (data not
shown).

Comparison of the Der f 7 mRNA levels. To investigate
whether differences in secretion yields of Der f 7 between
transformants containing codon-optimized Der f 7 and those
containing native Der f 7 could be explained at the transcrip-
tional level, Der f 7 mRNA levels in each transformant were
compared by quantitative RT-PCR analysis. Total RNAs were
extracted from the transformants cultivated in YPM medium
for 20 h. Transformants containing the codon-optimized Der f
7 gene (Der/opt or GlaDer/opt) had higher Der f 7 mRNA
levels than transformants containing the native-codon Der f 7
gene (Der/ntv or GlaDer/ntv) (Fig. 2). The Der f 7 mRNA
level of transformant Der/opt was �10-fold higher than that of

FIG. 1. SDS-PAGE analysis of the transformants. (A) CBB stain-
ing. (B) Western blotting. Two independent transformants harboring a
single copy of each expression cassette were grown in YPM medium
for 24 h at 30°C. The culture supernatant (100 �l) concentrated five-
fold by precipitation with TCA was loaded on a 12.5% SDS-polyacryl-
amide gel. Anti-Der f 7 antibodies were used for Western blotting.
Arrowheads designated A and B indicate the carrier GlaA protein and
Der f 7, respectively.

FIG. 2. Quantitative RT-PCR analysis of Der f 7 mRNAs in the
transformants. Total RNAs were extracted from transformant mycelia
grown in YPM medium for 24 h. cDNAs were subjected to real-time
PCR analysis using specific primers as described in Materials and
Methods. The relative expression level for each gene was normalized
to that for the histone H4 gene. The values are means of results from
three independent experiments, and the error bars denote standard
errors.
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transformant Der/ntv. Similarly, that of transformant GlaDer/
opt was �3- to 5-fold higher than that of GlaDer/ntv. These
data suggested that codon optimization increased the steady-
state mRNA level, resulting in significant improvement of the
secretion yield of Der f 7.

3�-RACE analysis and polyadenylation site mapping. As
described above, codon optimization of Der f 7 could be ef-
fective for improving mRNA transcript yield and could result
in an increase in protein production level. However, the pre-
cise mechanism by which codon optimization increased the
expression level of the heterologous gene was unclear. Because
truncation of mRNA has been reported to occur in heterolo-
gous gene expression in filamentous fungi (14, 15, 42), we
examined the lengths of Der f 7 transcripts by RT-PCR and
then sequenced the amplified products in transformants Der/
ntv and Der/opt.

RT-PCR was performed using the total RNAs used for
Northern analysis as described above. RT-PCR products were
cloned with the TA-cloning system, and clones were arbitrarily

selected to be digested with EcoRI prior to agarose gel elec-
trophoresis. The Der f 7 cDNA fragments in Der/opt were
mostly uniform in length, whereas those in Der/ntv were
shorter and varied considerably (Fig. 3). This suggested that
expression of the Der f 7 construct with native codons results
in formation of truncated mRNAs and that codon optimization
prevents truncation of transcripts. Further DNA sequencing of
amplified fragments revealed that multiple polyadenylation
sites were located within the coding region but not in the 3�
untranslated region in the construct pDer/ntv. Yet, polyaden-
ylation sites occurred within the 3� untranslated region in all
cDNA clones examined in the construct pDer/opt (Fig. 4). In
addition, premature termination of transcription occurred in
the fusion construct pGlaDer/ntv (see Fig. S1 in the supple-
mental material). These results suggest that formation of ab-
errant mRNA without a termination codon is correlated with
mRNA levels.

Translation termination codon insertion upstream of Der
f 7. As described above, we showed that expression of the
heterologous gene with high-level AT content resulted in
truncation of the transcripts and that codon optimization
could prevent formation of such aberrant mRNAs, possibly
by eliminating AT-rich sequences. Premature polyadenylation
within the coding region forms truncated mRNA without a
translational termination codon, the so-called nonstop mRNA.
Recently, the nonstop mRNA decay pathway was proposed as
the mechanism underlying the correlation between premature
polyadenylation and decreased mRNA levels (10, 48). This
pathway is thought to play a role in the quality control of
mRNAs. mRNAs that lack a translational termination codon
are degraded through the pathway to prevent the synthesis of
potentially deleterious proteins from aberrant mRNAs. Der f 7
mRNAs containing a premature poly(A) tract within the cod-
ing region have no in-frame translation termination codon. We
therefore presumed that Der f 7 mRNAs are rapidly degraded
through the nonstop mRNA decay pathway in the construct
pDer/ntv.

It has been reported that transcript degradation was avoided

FIG. 3. Analysis of the inserted fragments of two 3�-RACE clones.
First-strand cDNA was synthesized using an oligo(dT) anchor primer.
Then, PCR was performed using the anchor primer and the Der f
7-specific primer, and amplified PCR fragments were cloned by inser-
tion into the pCRII TA-cloning vector. The resulting plasmid DNAs
were isolated and digested with EcoRI, followed by agarose gel elec-
trophoresis to compare the lengths of the inserted fragments. The
arrow indicates the bands of the TA-cloning vector used for cloning of
the RT-PCR products, and the arrowhead indicates a 500-bp molec-
ular marker.

FIG. 4. Polyadenylation sites of Der f 7 mRNA in the transformants Der/ntv and Der/opt. Arrows indicate the polyadenylation sites of the two
sequenced 3�-RACE clones. The nucleotide sequence of the coding region is indicated in uppercase letters, and the terminator sequence is
indicated in lowercase letters. Numbers beside the arrow indicate the number of clones containing the poly(A) tract at the indicated position.

6542 TOKUOKA ET AL. APPL. ENVIRON. MICROBIOL.



by the addition of a translation termination codon upstream of
the poly(A) tract in nonstop gene constructs (10). If Der f 7
mRNAs were degraded through such a nonstop mRNA decay
pathway, insertion of a termination codon upstream of the
polyadenylation site would increase the Der f 7 mRNA level.
Premature polyadenylation occurred in the fusion construct
pGlaDer/ntv as well as in the direct construct pDer/ntv. There-
fore, we constructed a frameshift mutant of the fusion con-
struct (pGlaDer/ntv-stop) in which the translation termination
codon was located downstream of the GlaA catalytic domain.
Schematic diagrams of the Der f 7 genes of pGlaDer/ntv and
pGlaDer/ntv-stop and their sequence alignment are shown in
Fig. 5. These two constructs were introduced into A. oryzae,
and the mRNA levels were determined by Northern blot anal-
ysis. The mRNA level of the fusion gene increased by �2- to
3-fold by occurrence of a translational termination codon be-
tween glaA and Der f 7 (Fig. 5B), suggesting that the native
Der f 7 mRNA is degraded by the nonstop mRNA decay
pathway. The fusion constructs pGlaDer/ntv and pGlaDer/ntv-
stop produced a protein of �60 kDa, corresponding to the
GlaA catalytic domain generated by cleavage of GlaA::Der f 7
with a Kexin-like protease or by termination of translation
downstream of the catalytic domain. Densitometric analyses
following SDS-PAGE of the medium samples showed that the

transformant GlaDer/ntv-stop produced the GlaA catalytic do-
main at a level �5-fold higher than that expressed by the
transformant GlaDer/ntv (Fig. 5C).

DISCUSSION

Codon optimization has been considered an effective strat-
egy for improving the expression levels of heterologous genes
that contain codons rarely used in the host organism (19). In
the present study, we demonstrated that reconstituting the
mite allergen gene Der f 7 altered to fit Aspergillus codon usage
could substantially improve the levels of gene expression and
protein production for Der f 7 in A. oryzae. It has been sug-
gested that codon optimization does not affect transcript levels
but can alleviate the translation inefficiency often caused by
ribosomal pauses at rare codons interrupting translation elon-
gation (21, 24, 45, 51). In contrast, it has been reported that in
bacteria (50), yeast (37), plants (7, 8), mammalian cells (28),
and filamentous fungi (15, 27, 41), native heterologous gene
transcripts with rare codons were hardly detectable or were
small. By codon optimization, however, heterologous gene
transcripts were stabilized or became full-length mRNAs. We
observed that codon optimization of the Der f 7 gene resulted
in significantly increased levels of mRNA in this study, consis-
tent with these observations. However, it could not be ruled
out that translational efficiency plays an important part in the
increase in Der f 7 production level caused by codon optimi-
zation. Truncated transcripts could not be clearly detected in
the pDer/ntv or pGlaDer/ntv construct by Northern blot anal-
yses. However, partial codon optimization of Der f 7, in which
chimeric genes were constructed by substituting native frag-
ments (�100 nucleotides [nt]) for the corresponding codon-
optimized fragments, resulted in small amounts of transcripts
that were shorter than expected (data not shown). This indi-
cates that truncation of the transcripts occurs in the expression
of the Der f 7 gene with rare codons for A. oryzae. 3�-RACE
analysis clearly demonstrated that premature polyadenylation
within the coding region of the gene occurred only in the
constructs containing native codons. This suggested that cryp-
tic polyadenylation signals exist within the coding region of the
native Der f 7 gene.

There are no known experimental data on the 3�-end pro-
cessing of mRNAs, including for sequences that function as
polyadenylation signals in filamentous fungi. However, the reg-
ulatory sequences involved in mRNA 3�-end processing have
been extensively studied for mammalian (20), yeast (17, 18),
and plant (31) cells. Among these, the hexanucleotide AA
UAAA or its related sequences (AUUAAA and AAAAAA)
situated between 10 and 30 nt upstream of the 3�-end pro-
cessing site are known to act as a polyadenylation signal. In
addition, a near-upstream element (NUE) generally located
within 10 nt upstream of the 3�-end processing site has been
characterized as U rich (17). According to these observa-
tions, consensus sequences related to AAUAAA could also
act as polyadenylation signals in Aspergillus spp., although
other sequences or combinations of those sequences might
also act as polyadenylation signals. To identify the canonical
sequences that might function as a polyadenylation signal in
native Der f 7 mRNA, we examined those sequences upstream
of multiple polyadenylation sites in Der f 7 mRNAs. There was

FIG. 5. Expression analysis of GlaA::Der f 7 fusion genes with or
without a premature termination codon. (A) Nucleotide and amino
acid sequences around the fused region of pGlaDer/ntv and pGlaDer/
ntv-stop. Two deleted nucleotides are underlined. (B) Northern blot
analysis. Total RNAs were extracted from transformant mycelia cul-
tured in YPM medium for 24 h using the native Der f 7 gene as a
probe. (C) CBB staining of SDS-polyacrylamide gel. Culture superna-
tants of 24-h-grown transformants were concentrated fivefold by TCA
precipitation, followed by SDS-PAGE. Arrowheads indicate the pro-
tein band corresponding to the GlaA catalytic domain.

VOL. 74, 2008 CODON OPTIMIZATION INCREASES A. ORYZAE mRNA LEVELS 6543



an AAAAAA sequence immediately upstream of the termina-
tion codon but no sequences that perfectly matched AAUAAA
or AUUAAA. However, because the native Der f 7 gene is a
highly AT-biased gene (GC content of 37.8%), several AU-
rich sequences are found upstream of multiple polyadenylation
sites. These AU-rich sequences might be involved in prema-
ture polyadenylation. Furthermore, sequences related to U-
rich motifs are found near the poly(A) sites and likely function
as a NUE. In contrast, in the codon-optimized Der f 7 gene,
AU-rich and U-rich sequences are absent in the coding region.
Taken together, the results suggest that the AU-rich and U-
rich sequences present in the coding region of native Der f 7
pre-mRNA are involved in incorrect 3�-end processing. It is
also suggested that codon optimization eliminates the AU-rich
and U-rich sequences and results in the prevention of prema-
ture polyadenylation. Further studies of 3�-end processing
mechanisms in filamentous fungal groups, including Aspergillus
spp., is needed to obtain more information on the cis-regula-
tory sequences, such as polyadenylation signals and NUEs.

We observed a correlation between the decreased Der f 7
mRNA level and premature polyadenylation in the pDer/ntv
construct. Similar observations have been reported for heter-
ologous gene expression in filamentous fungal species, such as
A. awamori and Schizophyllum commune (15, 41, 42). These
results have indicated that premature polyadenylation within a
coding region results in the production of unstable, aberrant
transcripts that can be degraded rapidly. However, the mech-
anisms underlying these findings have not been reported. Re-
cently, a novel mRNA surveillance mechanism in eukaryotes
that allows recognition and degrading of aberrant transcripts
that lack a termination codon was identified (10, 48). This
nonstop mRNA decay pathway is reported to remove the ab-
errant mRNAs without a termination codon that could encode
a truncated protein. Therefore, we examined whether the non-
stop mRNA decay pathway is involved in the degradation of
aberrant Der f 7 mRNA lacking a termination codon. For this
purpose, pGlaDer/ntv-stop, a fusion construct with an artificial
translational termination codon upstream of the sequence en-
coding Der f 7, was used. The addition of a termination codon
between the GlaA catalytic domain and Der f 7 resulted in
increased mRNA levels and a concomitant increase in the
amount of GlaA catalytic domain produced. This result in-
dicated that the nonstop mRNA decay pathway could be
relevant to the degradation of aberrant transcripts lacking a
termination codon in A. oryzae. Taken together, these ob-
servations suggest a model by which codon optimization in-
creases the mRNA level of the heterologous Der f 7 gene. That
is, a portion of the heterologous gene transcripts containing a
cryptic polyadenylation signal(s) is prematurely polyadenyl-
ated, and the resulting aberrant mRNAs are degraded by the
nonstop mRNA decay system. Codon optimization can elimi-
nate the cryptic polyadenylation signals in the coding region
and thus result in the production of full-length mRNA.
Although it is plausible that native full-length mRNA with rare
codons is unstable and degrades rapidly due to its secondary
structure and/or translational pausing, we suggest that aberrant
transcripts resulting from premature polyadenylation are most
likely degraded through the nonstop mRNA decay pathway.
The mRNA decay pathway is thought to be conserved
among eukaryotes (10), and we conclude that filamentous

fungi also have this pathway. However, in the genome se-
quence databases of A. oryzae (32), Aspergillus nidulans (11),
and Aspergillus fumigatus (36), we could not find any gene
homologous to SKI7 that is reported to play an important
role in the nonstop mRNA decay pathway in S. cerevisiae
(48). Therefore, identification of genes encoding the Ski7p
homologue or other associate proteins is necessary to clarify
the involvement of this pathway in the degradation of aber-
rant mRNA in A. oryzae.

We report that the transcript of the heterologous Der f 7
gene that contains the AT-biased codon is polyadenylated
prematurely within the coding region. Multiple cryptic se-
quence elements in the Der f 7-coding region might be
recognized by fungal cells as polyadenylation signals, al-
though precise sequences have not been elucidated. Recog-
nition of these signals appears to be one factor contributing
to the low accumulation of full-length Der f 7 transcripts in
A. oryzae. Altering the codon usage to represent a fungal-
preferred codon bias could result in a decrease in the A and
T contents of the heterologous genes and eliminate the
cryptic polyadenylation signals within the coding region. In
addition, we have proposed that the nonstop mRNA decay
pathway, involving aberrant mRNAs that lack a termination
codon due to gene AT bias, is involved in degrading heter-
ologous gene transcripts in A. oryzae.
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