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Abstract We have previously demonstrated that transcripts
of an AT-biased heterologous gene encoding mite allergen
Der f 7 from Dermatophagoides farinae were polyadeny-
lated prematurely within the coding region when native
cDNA was expressed in Aspergillus oryzae, and that this
premature polyadenylation was prevented by the codon
optimization of the Der f 7 gene, resulting in increased
steady-state mRNA levels. In this study, we tested the sta-
bility of transcription products derived from expression
constructs of the native and codon-optimized Der f 7 gene
in A. oryzae using 1,10-phenanthroline as a transcription
inhibitor. Transcription products of native Der f 7 cDNA
fused to the A. oryzae glucoamylase gene (glaA) were
rapidly degraded; the half-life of the mRNA was approxi-
mately 13 min. However, the half-life of codon-optimized
Der f 7 mRNA fused to glaA was approximately 43 min,
which was highly similar to that of endogenous glaA
mRNA. These results indicate that Der f 7 mRNA is signif-
icantly stabilized by codon optimization. In addition, Der f 7

mRNA was stabilized by the codon optimization of only
the 3′-half region, where premature polyadenylation sites
were exclusively situated; the half-life of the chimeric
Der f 7 mRNA was approximately 39 min. This sug-
gested that destabilization of native Der f 7 mRNA is
mainly triggered by premature polyadenylation within the
coding region. To the best of our knowledge, this is the
first report to provide experimental evidence that heterol-
ogous mRNA is significantly stabilized by codon optimi-
zation in eukaryotic cells.
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Introduction

The filamentous fungus Aspergillus oryzae has been used in
Japan for the production of traditional fermented foods
such as sake, soy sauce, and miso (soybean paste) for
over a thousand years (Machida et al. 2008). A. oryzae
can also secrete large amounts of proteins, and it has
recently become attractive as a host organism for recom-
binant protein production (Christensen et al. 1988;
Fleissner and Dersch 2010; Lubertozzi and Keasling
2009; Tsuchiya et al. 1992, 1993). However, the secreto-
ry yields of heterologous proteins are generally low com-
pared with those of homologous proteins or proteins
from closely related fungal species (Gouka et al. 1996,
1997a). In a previous study, we reported that transcripts
of a heterologous gene encoding house dust mite allergen
(Der f 7) derived from Dermatophagoides farinae were
prematurely polyadenylated within the coding region
when native cDNA was expressed in A. oryzae, probably
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because of the presence of AT-biased codons (Tokuoka et
al. 2008). Alteration of AT-biased codons of Der f 7
cDNA that better suit Aspergillus codon usage might
eliminate the A. oryzae 3′-end processing signal, which
constituted of AU-rich sequence elements (Tanaka et al.
2011), thereby resulting in an increase in the steady-state
Der f 7 mRNA level in A. oryzae (Tokuoka et al. 2008).
In addition, insertion of a termination codon upstream of
the polyadenylation sites elevated the steady-state mRNA
level (Tokuoka et al. 2008). These results suggest that
prematurely polyadenylated mRNA lacking the transla-
tional termination codon is rapidly degraded by the non-
stop mRNA degradation pathway, which is an mRNA
quality control mechanism (Frischmeyer et al. 2002; van
Hoof et al. 2002), and that codon optimization prevents
premature polyadenylation of the heterologous gene.
However, there are no experimental data on the stability
of heterologous gene transcripts from filamentous fungi.

The measurement of mRNA half-lives after the inhibition
of total mRNA synthesis is a most popular method to
examine the stability of target transcripts, and various chem-
ical compounds have been used as transcription inhibitors
(Passos and Parker 2008). Transcription inhibitors used with
filamentous fungi include 15–32 μg/ml of proflavin with
Aspergillus nidulans (Platt et al. 1996; Caddick et al. 2006),
12 μg/ml of thiolutin with Neurospora crassa (Guo et al.
2009), and 500 μg/ml of 1,10-phenanthroline with
Trichoderma reesei (Pakula et al. 2003).

In this study, we established an experimental method for
monitoring mRNA stability in A. oryzae using 1,10-phenan-
throline as a transcription inhibitor. We also examined
whether the increase in the steady-state Der f 7 mRNA
levels resulted from an elevated mRNA stability by codon
optimization of the target heterologous gene expressed in A.
oryzae.

Materials and methods

Strains and media

A. oryzae NS4 (niaD, sC), which is derived from the wild-
type strain RIB40 (Yamada et al. 1997), was used as the
recipient strain for transformation. Escherichia coli DH5α
was used for the construction and propagation of plasmid
DNAs. The minimal medium for A. oryzae cultivation was
Czapek–Dox (CD) medium, which contained 0.6 % NaNO3,
0.05 % KCl, 0.2 % KH2PO4, 0.05 % MgSO4, and trace
amounts of FeSO4, ZnSO4, CuSO4, MnSO4, Na2B4O7, and
(NH4)6Mo7O24, and 1 % sugar, supplemented with
0.0003 % (0.02 mM) methionine. For the cultivation of

strain NS4, 0.6 % NaNO3 was replaced with 0.9 %
(NH4)2SO4 as the nitrogen source.

Construction of plasmids for 5′- or 3′-half codon-optimized
Der f 7 expression

DNA manipulation and propagation were performed
according to standard DNA techniques (Sambrook et al.
1989). To generate the 5′- or 3′-half codon-optimized Der f
7 constructs, native and codon-optimized Der f 7 cDNA
fragments were obtained from the expression plasmids
pDer/ntv and pDer/opt (Tokuoka et al. 2008) by digestion
with SalI and XbaI, and inserted into the plasmid
pBluescriptSK(+). The 3′-half fragment of native Der f 7
cDNA was then replaced with the corresponding fragment
of codon-optimized Der f 7 cDNA at the EcoRV site in the
middle of Der f 7 cDNA, to yield the 3′-half codon-
optimized Der f 7 cDNA. Next, the chimeric Der f 7
cDNA fragment prepared by PCR using the primers 5′-
CCCCACGTGAAAAGAGATCCAATTCACTATGATAA-
3 ′ (PmaCI site underlined) and 5 ′-CCCCATATG
TTAATTCTTTTCCAGCTCAC-3′ (NdeI site underlined)
was digested by PmaCI and NdeI, and inserted into pNGL
(Tokuoka et al. 2008), which was constructed by insertion of
the glucoamylase A (GlaA) catalytic domain region into
pNGA142 (Tamalampudi et al. 2007) harboring the im-
proved glaA promoter, to yield pGlaDer/ntv-opt. Similarly,
the 5′-half fragment of native Der f 7 cDNA was replaced
with the corresponding fragment of codon-optimized Der f 7
cDNA, to yield pGlaDer/opt-ntv. The hexanucleotide
encompassing the KexB cleavage site (Lys–Arg) was locat-
ed between the GlaA catalytic domain region and Der f 7
cDNA (Mizutani et al. 2009).

Fungal transformation

Transformation of A. oryzae was performed using
the method of Gomi et al. (1987).

Southern blot analysis

Mycelia grown in YPD liquid medium were ground to fine
powder in liquid nitrogen with a mortar and pestle. The
powdered mycelium was suspended in DNA extraction
buffer [50 mM Tris–HCl (pH 7.0), 10 mM EDTA, 0.05 M
NaCl, and 1 % SDS] and incubated at room temperature for
15 min, followed by centrifugation at 20,400×g for 10 min
at 4 °C. The supernatant was purified using phenol–chloro-
form–isoamyl alcohol (25:24:1) and chloroform–isoamyl
alcohol (24:1) extractions, followed by ethanol precipita-
tion. The resultant DNA precipitate was dissolved in TE
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buffer containing RNase A. The genomic DNA digested
with PstI was electrophoresed on a 0.8 % agarose gel and
transferred onto a Biodyne® B membrane (Pall Corporation,
Pensacola, FL) by alkaline transfer, using a vacuum blotter
(Model 785; Bio-Rad, Hercules, CA). Probe labeling, hy-
bridization, and detection were performed using the ECL
Direct™ Nucleic Acid labeling and detection system (GE
Healthcare Bio-Science, Piscataway, NJ), according to the
manufacturer’s instructions.

Northern blot analysis

Total RNA was extracted from mycelia using ISOGEN
(Nippon Gene, Tokyo, Japan), according to the manufac-
turer’s instructions. Twenty micrograms of total RNA was
electrophoresed on a 1.0 % formaldehyde–agarose gel and
transferred onto a Hybond™-N+ membrane (GE Healthcare)
using the capillary transfer method using 3MNaCl and 0.3 M
sodium citrate (SSC) as the transfer buffer. A digoxigenin
(DIG)-labeled DNA fragment was used as a probe. Probe
labeling, hybridization, and detection were performed accord-
ing to the DIG luminescence kit protocol (Roche,
Indianapolis, IN).

Transcript stability analysis

A. oryzae strains were grown in liquid minimal medium
containing 1 % fructose as a sole carbon source at 30 °C
with shaking for 36 h. The mycelia were harvested by
filtration through Miracloth (Calbiochem, La Jolla, CA),
washed with carbon source-free minimal medium, and trans-
ferred to 100 ml of minimal medium containing 1 % maltose
as a sole carbon source. After shaking for 1 h at 30 °C to
induce glaA or Der f 7 gene expression, 1,10-phenanthroline
was added at a final concentration of 500 μg/ml, followed by
further shaking for 20 min at 30 °C. The mycelia were
harvested at equal intervals, washed with distilled water,
and frozen in liquid nitrogen. Finally, the mycelia were
subjected to total RNA extraction and Northern blot
analysis.

3′-RACE analysis

3′-Rapid amplification of cDNA ends (3′-RACE) analysis
was performed as described previously (Tokuoka et al. 2008).

SDS-PAGE and Western blot analysis

SDS-PAGE and Western blot analysis using anti-Der f 7
polyclonal antibody were performed as described previously
(Tokuoka et al. 2008). Detection employed a Chemi-Lumi

One L kit (Nacalai Tesque, Kyoto, Japan), according to the
manufacturer’s instructions.

Results

Inhibition of total mRNA synthesis in A. oryzae
with chemical compounds

To investigate the stability of transcripts derived from Der f
7 cDNA, we attempted to identify chemical compounds that
acted as a suitable transcription inhibitor in A. oryzae. There
are no experimental data available on transcription inhibi-
tion in A. oryzae, hence we first examined the susceptibility
of A. oryzae to chemical compounds used as transcription
inhibitors in other filamentous fungi (Platt et al. 1996;
Pakula et al. 2003; Caddick et al. 2006; Guo et al. 2009).
The growth of A. oryzae was strongly inhibited by 1,10-
phenanthroline supplemented at a concentration of 500 μg/
ml, whereas A. oryzae growth was unaffected by proflavin
or thiolutin at the test concentrations (data not shown). To
determine whether 1,10-phenanthroline had acceptable per-
formance as a transcription inhibitor, we examined the
mRNA abundance of the intrinsic gene encoding glucoamy-
lase A (glaA) in conditions with or without 1,10-phenan-
throline after induction of glaA expression by maltose. The
level of glaA mRNA decreased at a constant rate under
conditions with 1,10-phenanthroline, whereas a high abun-
dance of glaAmRNAwas detected under conditions without
1,10-phenanthroline (Fig. 1a). This result indicated that
transcription of the glaA gene was inhibited by the addition
of 1,10-phenanthroline, and consequently, the level of
mRNA was decreased by mRNA degradation. Thus, we
concluded that 1,10-phenanthroline could be used as a tran-
scription inhibitor to measure the stability of target tran-
scripts in A. oryzae. The half-life of glaA mRNA was
estimated by plotting the signal intensities as approximately
43 min (Fig. 1b).

Comparison of native and codon-optimized Der f 7 mRNA
stabilities

In our previous study, we showed that transcripts of native
Der f 7 cDNA were polyadenylated prematurely within the
coding region, and this premature polyadenylation was pre-
vented by the codon optimization of Der f 7 cDNA
(Tokuoka et al. 2008). Der f 7 mRNA containing a prema-
ture poly(A) tract lacks a translational termination codon,
hence the prematurely polyadenylated transcription prod-
ucts of native Der f 7 cDNA are presumed to be rapidly
degraded by the nonstop mRNA degradation pathway. To
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compare the stability of transcription products derived from
native and codon-optimized Der f 7 cDNAs, we measured
the half-lives of each Der f 7 mRNA. The transcription
products of nonfused native Der f 7 cDNA were difficult
to detect clearly by Northern blot analysis because of its low
transcription level; hence, a glaA-fused construct was used
for this purpose. Northern blot analysis of Der f 7 transcripts
derived from glaA-fused native Der f 7 (GlaDer/ntv) cDNA
after inhibition of transcription showed that GlaDer/ntv
cDNA transcripts were markedly unstable (Fig. 2a) and the
half-life of GlaDer/ntv mRNA was estimated as approxi-
mately 13 min (Fig. 2c). By contrast, the transcripts of
codon-optimized Der f 7 cDNA fused to glaA (GlaDer/
opt) were remarkably stable compared with GlaDer/ntv
mRNA (Fig. 2b). The half-life of GlaDer/opt mRNA was
estimated as approximately 43 min (Fig. 2d), which was

almost equal to that of the endogenous glaA mRNA. These
results clearly suggested that Der f 7 mRNA was stabilized
by codon optimization. It has been proposed that nonstop
mRNA degradation is triggered in budding yeast by stalling
of the ribosome on nonstop mRNA (van Hoof et al. 2002;
Inada and Aiba 2005; Ito-Harashima et al. 2007). The deg-
radation of mRNA in the cytoplasm is coupled to translation
in most cases. Hence, the inhibition of translation is known
to stabilize many different mRNAs (Atwar et al. 1990).
Thus, we examined the effect of cycloheximide treatment,
which blocks translation elongation, on the degradation of
GlaDer/ntv mRNA. As shown in Fig. 3, GlaDer/ntv mRNA
was significantly stabilized by cycloheximide treatment,
suggesting that GlaDer/ntv mRNA was degraded by the
nonstop mRNA degradation pathway coupled to translation,
as described previously (van Hoof et al. 2002; Inada and
Aiba 2005).

In addition, we had previously reported that the steady-
state expression levels of native and codon-optimized Der f
7 mRNAs were significantly increased by fusion to glaA
(Tokuoka et al. 2008). Thus, we hypothesized that Der f 7
transcripts would be stabilized by glaA fusion. To test this
hypothesis, we monitored the degradation rate of codon-
optimized Der f 7 mRNA which was not fused to glaA
(Der/opt). As shown in Fig. 4, the half-life of Der/opt
mRNA was approximately 39 min (Fig. 4b), which was
similar to that of GlaDer/opt mRNA (43 min). This result
suggested that fusion of glaA to Der f 7 cDNA had no
apparent effect on Der f 7 mRNA stability.

Codon optimization of the 3′-half region of Der f 7 cDNA
containing premature polyadenylation sites

Stabilization of Der f 7 mRNA by codon optimization
suggested that prevention of premature polyadenylation
would stabilize Der f 7 mRNA efficiently. However, it was
possible that A. oryzae possessed rare codons in its native
Der f 7 cDNA that affected mRNA stability independently
of premature polyadenylation. Interestingly, premature pol-
yadenylation sites in the coding region of native Der f 7
cDNA were localized exclusively in its 3′-half region,
whereas both 5′- and 3′-half regions contained AT-biased
codons. This suggested that the 3′-half region of native Der f
7 cDNA was involved in premature polyadenylation. To
investigate the effect of the 3′-half region of native Der f 7
cDNA on mRNA stability, we generated chimeric Der f 7
cDNA where the 3′-half region was codon optimized, i.e.,
GlaDer/ntv-opt (Fig. 5a). The expression plasmid for
GlaDer/ntv-opt was introduced into the NS4 strain and a
transformant containing a single copy of the expression
plasmid at the niaD locus was selected by Southern blot
analysis (data not shown). To investigate the effects of the
codon optimization of the 3′-half region on the Der f 7
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Fig. 1 Inhibition of glaA mRNA synthesis by the addition of 1,10-
phenanthroline. a Northern blot analysis of glucoamylase A (glaA)
mRNA under conditions with or without 1,10-phenanthroline. NS4
strain was grown on minimal medium containing 1 % fructose, fol-
lowed by transfer to minimal medium containing 1 % maltose. After
incubation for 1 h to induce glaA expression, 500 μg/ml of 1,10-
phenanthroline or an equal volume of ethanol (solvent used for dis-
solving 1,10-phenanthroline) was added to the medium, and mycelia
were harvested at 20-min intervals. Total RNA was extracted from the
harvested mycelia, and 20 μg of the total RNA was subjected to
Northern blot analysis. A digoxigenin (DIG)-labeled glaA fragment
was used as a probe. The loading control used was 18 S rRNA. b
Determination of the half-life of glaA mRNA in cells treated with 1,10-
phenanthroline. Signal intensities for glaA mRNAwere determined by
densitometric scanning using the Image J program. The percentage of
the initial level of the transcripts at 0 min was plotted for each time
point. Error bars indicate the standard errors from three independent
experiments. The half-life (t1/2) of the transcripts was estimated as the
time required for 50 % of the mRNA to decay, as shown by dotted lines
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mRNA level, transformants expressing GlaDer/ntv or
GlaDer/ntv-opt were cultured in YPM medium, and total
RNA was extracted from each mycelium and subjected to
Northern blot analysis. The steady-state mRNA level of
GlaDer/ntv-opt was significantly increased compared with
that of GlaDer/ntv (Fig. 5b). We did not detect any Der f 7
cDNA clone that was prematurely polyadenylated within
the coding region in 3′-RACE analysis using the transcrip-
tion products of GlaDer/ntv-opt (data not shown). These
results suggested that the codon optimization of the 3′-half
region of native Der f 7 cDNA is sufficient to eliminate the
A. oryzae 3′-end processing signal from Der f 7 cDNA,
resulting in an increase in the steady-state mRNA levels.
Furthermore, SDS-PAGE analysis of the culture superna-
tants showed that the codon optimization of the full-length
or 3′-half regions of Der f 7 cDNA had a similar effect on
improving the Der f 7 protein production level (Fig. 6).
Finally, we monitored the stability of GlaDer/ntv-opt
mRNA (Fig. 5c) and estimated the half-life of GlaDer/ntv-
opt mRNA as approximately 39 min (Fig. 5d). This half-life

was similar to that of GlaDer/opt mRNA. By contrast, the
codon optimization of the 5′-half region of Der f 7 cDNA
had no effect on the mRNA stability or protein production
level (data not shown).
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Fig. 2 Stability of native and
codon-optimized Der f 7
mRNAs. Northern blot analysis
of glaA-fused native Der f 7 (a)
and codon-optimized Der f 7
(b) mRNAs after the inhibition
of transcription. Mycelia were
harvested at the time points
indicated, as described in Fig. 1.
DIG-labeled fragments of
5′-half native Der f 7 cDNA and
full-length codon-optimized
Der f 7 cDNA were used as
probes in a and b, respectively.
The half-lives of glaA-fused
native Der f 7 (c) and codon-
optimized Der f 7 (d) mRNAs
were determined, as described
in Fig. 1
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Fig. 3 Effect of cycloheximide on the native Der f 7 mRNA level.
After induction of Der f 7 gene expression by maltose, 100 μg/ml of
cycloheximide was added with 1,10-phenanthroline (500 μg/ml)
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Fig. 4 Stability of nonfused Der f 7 mRNA. Northern blot analysis (a)
and determination of the half-life (b) of nonfused Der f 7 mRNA after
transcription inhibition
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Discussion

In a previous study, we had demonstrated that premature
polyadenylation in the coding region of the Der f 7 gene

containing AT-biased codons was prevented by codon opti-
mization (Tokuoka et al. 2008). In this study we provided
direct evidence that heterologous gene transcripts were sig-
nificantly stabilized by codon optimization, which was
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Fig. 5 Codon optimization of the 3′-half region of Der f 7 cDNA. a
Schematic representation of the chimeric Der f 7 cDNA expression
construct. Chimeric Der f 7 cDNAwas generated using the EcoRV site
in the middle of Der f 7 cDNA. The codon-optimized region is
represented as a black box. The arrows indicate the premature poly-
adenylation sites within the coding region of native Der f 7 mRNA
(Tokuoka et al. 2008). The probe used for the Northern blot analysis is

represented as a black bar. b Northern blot analysis of the steady-state
Der f 7 mRNA levels. Total RNAwas extracted from mycelia grown in
YPM medium for 24 h at 30 °C, and 20 μg of total RNAwas used for
Northern blot analysis. Determination of the half-life (d) of chimeric
Der f 7 mRNA after inhibition of transcription based on the Northern
blot analysis (c)

ba
Fig. 6 SDS-PAGE analysis of
transformants that expressed
different glaA-Der f 7 fusion
genes. The culture supernatants
(250 μl) of each transformant
grown in YPM medium for 24 h
were concentrated with
trichloroacetic acid and
subjected to SDS-PAGE. a
CBB staining. Arrows and
arrowheads indicate the Der f 7
and carrier GlaA proteins,
respectively, which resulted
from the cleavage of the GlaA-
Der f 7 fusion protein by KexB
protease. b Western blot analy-
sis using the anti-Der f 7 anti-
body. Asterisks indicate the
glycosylated form of Der f 7
protein
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probably due to the prevention of premature polyadenyla-
tion in filamentous fungi.

The steady-state mRNA levels can be regulated by tran-
scription and several other processes, including the rates of
processing, transport, and degradation. To investigate the
stability of heterologous gene transcripts, we screened sev-
eral chemical compounds that have been used as transcrip-
tion inhibitors in other filamentous fungi and obtained
successful transcription inhibition in A. oryzae by the addi-
tion of 1,10-phenanthroline (Fig. 1a). 1,10-Phenanthroline
acts as a metal chelator that probably inhibits RNA poly-
merase II by trapping magnesium ions, and the effect of
1,10-phenanthroline on mRNA stability profiles is similar to
an RNA polymerase II mutation in budding yeast (Grigull et
al. 2004). Although the transcription of GlaDer/ntv mRNA
appeared to be inhibited incompletely when cells were trea-
ted with 1,10-phenanthroline and cycloheximide (Fig. 3),
our results suggested that 1,10-phenanthroline is a suitable
transcription inhibitor to examine mRNA stability under
physiological conditions in A. oryzae.

Determination of the half-lives of glaA-fused Der f 7
mRNAs showed that the stability of codon-optimized Der
f 7 mRNA is equivalent to that of endogenous glaA mRNA
(Figs. 1b and 2d), whereas native Der f 7 mRNA is rapidly
degraded (Fig. 2c). To the best of our knowledge, this is the
first experimental evidence of the stabilization of heterolo-
gous mRNA by codon optimization in eukaryotic cells.
Unexpectedly, smear signals derived from the premature
polyadenylated mRNA could not be detected by Northern
blot analysis, whereas 3′-RACE analysis of the mRNA
sample used in the Northern blot analysis confirmed that
prematurely polyadenylated transcripts of GlaDer/ntv actu-
ally persisted for 20 min after treatment with 1,10-phenan-
throline (Supplemental Fig. 1). This suggested that the full-
length and prematurely polyadenylated transcripts of
GlaDer/ntv ranging from 2.2 to 2.5 kb in length could not
be clearly separated by agarose gel electrophoresis during
Northern blot analysis. In addition, we showed that Der f 7
mRNAwas stabilized by the codon optimization of only the
3′-half region (Fig. 4), suggesting that the mRNA stability
was not affected by possible rare codons present in the 5′-
half region of Der f 7 cDNA. Thus, the destabilization of
Der f 7 mRNA resulted mainly by premature polyadenyla-
tion in the coding region. The stabilization of GlaDer/ntv
mRNA after the addition of cycloheximide also suggested
that prematurely polyadenylated mRNA of GlaDer/ntv
without a stop codon was degraded by the nonstop mRNA
degradation pathway. However, we could not exclude the
possibility that rare codons in the 3′-half region of native
Der f 7 cDNA might have lead to the destabilization and
degradation of the Der f 7 mRNA. Further studies are
required to understand the effect on mRNA stability of rare
codons present in the heterologous gene.

Improvement of the production level of heterologous
proteins from filamentous fungi has been achieved using a
carrier protein fusion strategy (Tsuchiya et al. 1994; Gouka
et al. 1997b; Tokuoka et al. 2008; Ohno et al. 2011), which
could contribute to increased steady-state mRNA levels in
some cases, including Der f 7 (Gouka et al. 1997b; Tokuoka
et al. 2008). However, the current study showed that there
was no apparent difference in stability between glaA-fused
and nonfused Der f 7 mRNA (Figs. 2d and 3). This
suggested that improvement of the steady-state Der f 7
mRNA level in the glaA-fused construct was independent
of mRNA stability. It should be noted that four introns
exist within the catalytic domain region of glaA fused to
Der f 7 cDNA. In eukaryotes, especially mammalian
cells, it is known that splicing of introns is coupled to
transcription and mRNA transport from the nucleus to
the cytoplasm, which results in increased steady-state
mRNA levels (Furger et al. 2002; Le Hir et al. 2003;
Nott et al. 2003; Köhler and Hurt 2007). Therefore, we
hypothesized that glaA introns fused to Der f 7 cDNA
would have an effect on the improved steady-state Der f
7 mRNA levels independently of mRNA stability.

In conclusion, codon optimization of the 3′-half region of
the heterologous Der f 7 cDNA, where premature polyade-
nylation sites were present, resulted in a significant stabili-
zation of mRNA transcripts, whereas the native Der f 7
mRNA was rapidly degraded. The prematurely polyadeny-
lated transcripts of native Der f 7 cDNA were presumed to
be degraded by the nonstop mRNA degradation pathway. In
eukaryotic cells, normal and abnormal mRNAs including
nonstop mRNA are degraded by two degradation pathways,
5′ to 3′ decay by Xrn1 and 3′ to 5′ decay by the exosome–
Ski complex (van Hoof et al. 2002; Inada and Aiba 2005;
Doma and Parker 2007; Garneau et al. 2007; Isken and
Maquat 2007). We are currently studying the degradation
mechanism of mRNA derived from heterologous genes in
filamentous fungi including A. oryzae.
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Supplemental Fig. 1:  

3′-RACE analysis of Der f 7 cDNA using total RNA prepared from mycelia treated with 

1,10-phenanthroline for 20 min 

(a) Analysis of the inserted fragments of 3′-RACE clones. First-strand cDNA was 

synthesized from the total RNA that was used for Northern blot analysis in Fig. 2 (time 

0). Amplified PCR fragments of Der f 7 cDNA were cloned into the pCRII TA-cloning 

vector, as described previously (Tokuoka et al. 2008). The resulting plasmid DNAs 

were digested with EcoRI, followed by agarose gel electrophoresis. The arrow indicates 

the bands of the TA-cloning vector used for cloning of the RT-PCR products, while the 

arrowhead indicates the molecular marker of 500 bp. (b) Polyadenylation sites of native 

Der f 7 mRNA determined by the sequencing of 3′-RACE clones. The nucleotide 

sequence of the coding region is indicated in uppercase letters, whereas the terminator 

sequence is indicated in lowercase letters. Arrows indicate the polyadenylation sites, 

while the numbers beside the arrows indicate the number of clones containing a poly(A) 

tract at the indicated position. 
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