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Aspergillus oryzae is resistant to many kinds of antibiotics, which hampers their use to select
transformants. In fact, the fungus is resistant to over 200 lg/ml of bleomycin (Bm). By enhancing the sus-
ceptibility of A. oryzae to Bm using Triton X-100 as a detergent and an ATP-binding cassette (ABC) pump
inhibitor, chlorpromazine, to the growing medium, we established a novel transformation system by Bm
selection for A. oryzae. In a medium containing these reagents, A. oryzae showed little growth even in the
presence of 30 lg Bm/ml. Based on these findings, we constructed a Bm-resistance expression cassette
(BmR), in which blmB encoding Bm N-acetyltransferase from Bm-producing Streptomyces verticillus was
expressed under the control of a fungal promoter. We obtained a gene knockout mutant efficiently by
Bm selection, i.e., the chromosomal ligD coding region was successfully replaced by BmR using ligD dis-
ruption cassette consisted of ligD flanking sequence and BmR through homologous recombination.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Many studies have been conducted on the use of genetic trans-
formation systems in Aspergillus oryzae, and the introduction of
additional host-vector systems is expected to lead to the elucida-
tion of the entire molecular basis of the whole organism.

Filamentous fungi are generally resistant to a broad range of
antibiotics and fungicides. Compared to other Aspergillus species
such as A. nidulans, A. niger, and A. flavus, A. oryzae is resistant to
more kinds of drugs. Thus, it is difficult to obtain transformants
by selection with commonly used drugs, such as hygromycin B
and G418 [1]. Only two drug resistance markers, the pyrithiamine
resistance gene ptrA [2] and the carboxin resistance gene AosdhB
(cxr) [3], have been successfully used in the transformation of
A. oryzae. Another category of selection system, auxotroph comple-
mentation, has been used in the selection for genetic transforma-
tion [4]. Although such selection markers can be effective, each
marker has its own advantages and disadvantages. It is therefore
important to develop more selection markers for A. oryzae
research.

To make drug resistance markers available for the isolation of
A. oryzae transformants, it is essential to enhance the susceptibility
of A. oryzae to known antifungal drugs, so that the general transfor-
ll rights reserved.

ma).
mation methods established for other fungal species can be applied
to A. oryzae.

Bleomycin (Bm) and phleomycin have been widely used for
transformant selection in plant and animal cells as well as in fungi
[5–7]. The Bm/phleomycin family of antibiotics is produced by
Streptomyces verticillus and is known to cleave DNA and RNA
strands of eukaryotes and prokaryotes, resulting in cell death.
Resistance to the Bm/phleomycin family can be conferred by
expressing several kinds of Bm-resistance genes, such as Tn5 ble,
Sh ble, blmA [8] and blmB. blmB encodes BAT, a Bm N-acetyltrans-
ferase from S. verticillus [9]. NIH3T3 cells transformed with a mam-
malian vector carrying blmB exhibit resistance to Bm [10].
Although 200 lg Bm/ml or 100 lg phleomycin/ml inhibits the
growth of A. oryzae, these antibiotics have not yet been used for ge-
netic transformation in this species, since the resistance levels
were about 2–10 times higher than those in other filamentous fun-
gi in which these drugs were successfully used [5–7].

In this report, we demonstrate that agents modulating mem-
brane activity, such as detergent and pump inhibitors, sensitize
A. oryzae to a lower concentration of Bm. Then, we describe a trans-
formation system for A. oryzae using blmB as a selection marker for
Bm resistance.

Materials and methods

Microorganisms and media. Aspergillus oryzae strains: RIB40,
niaD300 (provided by the National Research Institute of Brewing,
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Japan). Media: low-concentration malt extract polypeptone (LMP)
medium [1% malt extract and 0.05% polypeptone, if necessary,
0.007% Triton X-100, 0.1 mM chlorpromazine (Sigma–Aldrich
Japan, Tokyo, Japan) and the specified concentration of bleomycin
(Bm) sulfate (Cosmo Bio, Tokyo, Japan) were added], YPD medium
(0.5% yeast extract, 1% polypeptone, 2% glucose), Czapek Dox (CD)
medium (0.6% NaNO3, 0.1% KH2PO4, 0.05% KCl, 2 mM MgSO4, 1%
glucose, and a 0.1% trace element solution consisting of 0.1% FeS-
O4�7H2O, 0.88% ZnSO4�7H2O, 0.04% CuSO4�5H2O, 0.01% Na2-

B4O7�10H2O, and 0.005% (NH4)6Mo7O24�4H2O). Bm is cytotoxic
and must be treated carefully.

Cross-paper-strip assay. Experiments using paper strips placed
crosswise were performed as described previously [11]. In the as-
say for synergistic activity of several agents with Bm, the assay
plates containing conidia were prepared as follows: conidial sus-
pensions of RIB40 (5 � 106 conidia/plate) were mixed with 10 ml
aliquots of molten top agar (0.4% low-melting agarose) with LMP
medium at 35 �C and immediately poured into Petri dishes to make
agar plates (diameter 9 cm). A strip of filter paper (0.7 � 8 cm) con-
taining 100 lg Bm and each one of the filter papers containing
10 ll Triton X-100, Tween 20, Tween 80, 10 mg saponin, and
20 mg verapamil (Sigma), diltiazem (Sigma), trifluoperazine (Sig-
ma), or chlorpromazine (Sigma) were placed crosswise in the test
agar plates. The plates were incubated for 3 days at 30 �C. The
interaction between Bm and other agents at the crossing of the pa-
per strips was assessed by observing the resulting inhibition area
[12].

Transformation of A. oryzae. The transformation of A. oryzae was
carried out according to a method described previously [13] with
some modifications. Mycelia of A. oryzae RIB40 cultured overnight
in YPD medium were used to generate protoplasts. The protoplasts
were incubated with 20 lg DNA for 30 min. The transformed pro-
toplasts were suspended in molten top agar (0.4% low-melting aga-
rose, 0.8 M NaCl) with potato dextrose broth and poured onto same
agar medium with 0.8 M NaCl. The protoplasts transformed with
DNA were incubated for 2.5 or 3 days on nonselective regeneration
agar medium to allow sporulation in the absence of Bm. The result-
ing conidia were collected and spread at approximately 1.2 � 107

conidia/plate on LMP–agar medium supplemented with 30 lg
Bm/ml, 0.007% Triton X-100, and 0.1 mM chlorpromazine or
LMP–agar medium supplemented with 200 lg Bm/ml. We refer
to this method as conidial selection (CS). To compare the number
of colonies obtained by CS and conventional protoplast selection,
a protoplast suspension of strain niaD300 transformed with niaD
vector was separated into two portions of equal volume. One por-
tion was selected by conventional protoplast selection and the
other was subjected to CS. The colonies obtained by the two selec-
tion methods were counted and the numbers were plotted on a
scatter graph. The linear approximation was calculated by Micro-
soft Excel (Microsoft, Tokyo, Japan).

ligD disruption. Prior to construction of the ligD disruption cas-
sette, we modified the base sequence of Bm-resistance gene, blmB,
to reduce the G + C content (76–55%) for efficient amplification by
PCR (Accession No. of the modified sequence of blmB: AB383158)
without changing the amino acid sequence. A disruption cassette
of ligD was constructed by fusion polymerase chain reaction
(PCR) [14]. Three sections of the disruption cassette, namely, the
50 flanking region of ligD, the modified blmB expression cassette
(named BmR), and the 30 flanking region of ligD, were amplified
by PCR using three sets of primers: (ligD5F1) (50-cggactttacttt
gactcttttca-30) and (BAT-ligD5RV) (50-gagctagatatgttgtgggtaccg
tcttattagaagcacgagtttcg-30); (H2Bpro5Pst) (50-ctgcagtcatttttgc
gattgggaa-30) and (sCtm3Kpn) (50-ggtacccacaacatatctagctcaccg-
30); and (BAT-ligD3F) (50-cccaatcgcaaaaatgactgcagacaggcaccttgcat-
catcatc-30) and (ligD3RV1) (50-tcattgtgctgcgttgacagctc-30). Then,
the three fragments were mixed in a proportion of 1:3:1 and used
as a template for fusion PCR using the primer set (ligD5F2) (50-ata
cccaatcttacatggccctac-30) and (ligD3RV2) (50-tcattgtgctgcgattga
cagctc-30). The fusion PCR product was then used in the transfor-
mation experiment. Bm-resistant transformants were selected
using the CS method described above.

Statistical analysis of CS. If the number of Bm-resistant protop-
lasts is X and the total number of protoplasts is 4 � 107, then the
probability (p) that a Bm-resistant conidium will be sampled is
X/(4 � 107). When 1.2 � 107 (=n) conidia are spread on LMP–agar
medium supplemented with Bm, the number of Bm-resistant con-
idia (d) on the medium is binomially distributed:

pðdjXÞ ¼ Binomðd; n; pÞ ¼
n

d

� �
pdð1� pÞn�d ð1Þ

Then, the expectation of d is np. By substituting p = X/(4 � 107),
we obtain the relation between X and d in (2):

X ¼ 3:3� d ð2Þ

The expected number of independent types of transformants in
d conidia was calculated using the following procedure.

First, consider the probability distribution pðnindep ¼ xjdÞ for the
number of independent types of transformants (nindep) in the
observed d conidia. If the number of Bm-resistant protoplasts is
denoted by X, then the joint probability distribution is
pðnindep ¼ xjX; dÞ. This joint probability distribution is calculated
using the following algorithm:

(1) Draw d numbers from a set: {1, 2, 3, . . . ,X} with equal prob-
abilities by random sampling with replacement.

(2) Count the number of unique elements nindep in the d draws.
(3) Repeat (1) and (2) to obtain the distribution of nindep.

Next, the marginal probability distribution pðnindep ¼ xjdÞ is cal-
culated as follows using the joint probability distribution
pðnindep ¼ xjX; dÞ:

pðnindep ¼ xjdÞ ¼
X

X ¼ 11pðnindep ¼ xjX;dÞpðX; dÞ

¼
X

X ¼ 11pðnindep ¼ xjX; dÞpðXjdÞpðdÞ ð3Þ

Using Bayes’ theorem [15], we obtain

PðXjdÞ ¼ pðdjXÞpðXÞ
pðdÞ ð4Þ

For P(X), we assumed a uniform prior:

pðXÞ / 1 ð5Þ

By substituting Eqs. (1) and (5) into (4), and then Eq. (4) into Eq.
(3), we obtain pðnindep ¼ xjdÞ.
Results and discussion

Selection medium to optimize susceptibility to Bm

To investigate the susceptibility of A. oryzae RIB40 to Bm, we
first evaluated four media with a fixed Bm concentration of
200 lg/ml: (1) minimum medium Czapek Dox (CD) agar (pH
5.5); (2) CD agar (pH 7.5); (3) nutrient-rich medium YPD agar;
and (4) LMP (data not shown). When medium 1, 2, or 3 was used,
conidia of RIB40 germinated and grew continuously for 1 week.
The effectiveness of Bm is reduced if the concentration of metal
ions in minimal media is high. We therefore prepared a medium,
designated LMP, composed of 1% malt extract and 0.05% polypep-
tone, derived from ATCC medium 324, which contains 2% malt ex-
tract and 0.5% peptone. Although the growth of RIB40 strain in
LMP–agar medium without Bm was slower than that in YPD agar,
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and the hyphal density of the colony was sparse, the colonies spor-
ulated normally. In LMP–agar medium, 200 lg Bm/ml completely
inhibited the growth of RIB40 strain.

Enhancement of susceptibility to Bm

Using the newly developed LMP medium, we attempted to in-
crease Bm susceptibility by enhancing the influx of Bm but
decreasing the efflux. A yeast mutant lacking Bm influx transporter
exhibited high resistance to Bm [16]. Because we could not find
any previous report on a Bm transporter in A. oryzae, we simply
used detergent hoping to increase membrane permeability, though
nonspecifically. We examined the toxicity of Bm in the presence of
Triton X-100, Tween 20, Tween 80, and saponin, which were ab-
sorbed into paper strips and placed crosswise on plates. Fig. 1A
shows that Triton X-100 displayed the strongest synergistic activ-
ity with Bm, while Tween 20 as well as Tween 80 displayed weak
synergy and saponin did not display any synergy with Bm.

Next, we studied calcium channel blockers and calmodulin
inhibitors, both of which have been shown to inhibit active drug ef-
flux [17]. The calcium channel blocker verapamil is a common
inhibitor of active drug efflux in multidrug-resistant cells. The cal-
A

Triton X-100 Tween 20

Bm

+

+ +

B

C

Verapamil Diltiazem 

Chlorpromazine
Triton X-100 —

— —

Fig. 1. Detergents and pump inhibitors synergistically increased the susceptibility of A.
and Bm with respect to RIB40 conidia in experiments using crosswise-placed paper stri
100 lg Bm. (B) Synergistic activity of four pump inhibitors with Bm with respect to RIB
impregnated with 20 mg of pump inhibitor and the (X) strips with 100 lg Bm. (C) Synerg
ml with respect to RIB40 conidia.
modulin antagonist chlorpromazine is known to increase the sus-
ceptibility of the filamentous fungus Botrytis cinerea to fungicide
by inhibiting ABC transporter activity [11]. We evaluated the effect
of calcium channel blockers (verapamil and diltiazem) and cal-
modulin inhibitors (chlorpromazine and trifluoperazine) on the
Bm susceptibility of the RIB40 strain. Experiments using paper
strips placed crosswise showed that both calcium channel blockers
displayed weak synergistic activity but both calmodulin inhibitors
displayed strong synergistic activity with Bm (Fig. 1B). Based on
the results shown in Fig. 1A and B, we selected Triton X-100 and
chlorpromazine for further experiments.

We determined the maximum concentrations of Triton X-100
and chlorpromazine at which the growth of RIB40 was not af-
fected; these concentrations were found to be 0.007% and
0.1 mM, respectively.

We then determined the minimum concentration of Bm that
suppressed the germination of RIB40 conidia in the presence of Tri-
ton X-100 and chlorpromazine. Fig. 1C shows that 30 lg Bm/ml
completely inhibited the growth of conidia in the presence of
0.007% Triton X-100 and 0.1 mM chlorpromazine, whereas the
same concentration of Bm without Triton X-100 and chlorproma-
zine did not suppress conidial germination and growth. These
Tween 80 Saponin 

+
+ +
+ +

Chlorpromazine  Trifluoperazin 

—

oryzae to bleomycin (Bm). (A) Synergistic activity between four kinds of detergents
ps. The (Y) strips were impregnated with 10 ll of detergent and the (X) strips with
40 conidia in experiments using paper strips placed crosswise. The (Y) strips were
istic activity between 0.007% Triton X-100, 0.1 mM chlorpromazine, and 30 lg Bm/
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results suggest that A. oryzae may become sensitive to Bm/phleo-
mycin at a low concentration by decreasing the efflux and increas-
ing the influx of Bm.

Generation of DligD disruptant by homologous recombination with
selection for Bm resistance

To confirm whether a gene disruptant could be obtained
through transformation by Bm selection, we constructed a DligD
disruptant of A. oryzae by homologous recombination. LigD is one
of the components of the repair pathway of DNA double-strand
breaks in A. oryzae [18]. For selecting DligD disruptants, we used
modified blmB, encoding Bm N-acetyltransferase (BAT) derived
from Bm-producing S. verticillus, as a Bm-resistant marker gene.

We constructed a BAT expression cassette (BmR) containing
modified blmB under the control of the A. oryzae histone H2B pro-
BmR B

3.5 kb

Probe Sal I

ligD ::  BmR  

7.5 kb

D

A

BmR 0.5 

H2Bpro Modified-blmB  s

Nde I

ligD 

Sal I Probe 

Fig. 2. The blmB expression cassette (BmR) inserted in the flanking sequence of the ligD
oryzae ligD locus. (A) Constitution of the modified blmB expression cassette (BmR). Abbr
nidulans sC gene (sCter). (B) Strategy for homologous recombination of A. oryzae for ligD g
(solid bar). (Middle) ligD (dotted arrow) and flanking sequence (solid bar) in the ho
recombination. The horizontal bar indicates the hybridization positions of the probe to
genomic DNA from the transformant and host strain. Each lane contained SalI and NdeI-d
Two kilobases of the 50 flanking region of ligD as a probe is indicated in (B). (D) Bm-re
obtained in a single transformation experiment was separated into two equal volumes
200 lg Bm/ml without Triton X-100 and chlorpromazine. (Right) The LMP–agar medium
moter and the A. nidulans sC terminator (Fig. 2A). A ligD disruption
cassette DNA fragment was also constructed by inserting BmR into
the flanking region of ligD. The ligD was disrupted by BmR (Fig. 2B).
Transformation was carried out by the CS method in the selection
agar medium optimized in the experiment described in Fig. 1. We
selected 72 Bm-resistant transformants, obtained from six inde-
pendent experiments, from which 33 DligD disruptants (46%) were
identified by colony PCR and Southern blot analysis. This value is
slightly larger than that (38%) reported previously by using the
argB marker gene [19]. Southern blot analysis detected the
expected bands at 7.5 kb in the genomic DNA of DligD disruptant
and 3.5 kb in the host strain, RIB40 (Fig. 2C). In selection agar med-
ium containing 200 lg Bm/ml without addition of Triton X-100
and chlorpromazine, we could not obtain any Bm-resistant trans-
formants from the same lot of transformed conidia as that
described above (Fig. 2D). These results show that modified blmB
kb 
1 2
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C

Sal I
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C ter 
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and Bm-resistant transformants created by homologous recombination with the A.
eviations: the histone H2B promoter of A. oryzae (H2Bpro), the terminator of the A.
ene replacement by BmR. (Top) BmR (open arrow) inserted in ligD flanking sequence
st chromosome. (Bottom) BmR inserted into chromosomal ligD by homologous
confirm gene replacement by Southern blot analysis. (C) Southern blot analysis of
igested genomic DNA of the transformant (lane 1) and the host strain RIB40 (lane 2).
sistance selection of the transformant by conidial selection. A conidial suspension
and spread on two kinds of agar medium. (Left) The LMP–agar medium containing

containing 30 lg Bm/ml with Triton X-100 and chlorpromazine.



Fig. 3. Comparison of transformation efficiency by CS and conventional protoplast
selection. The X axes: numbers of colonies obtained by conventional protoplast
selection, the Y axes: numbers of colonies obtained by CS. Data for the Y axis are
shown as mean ± standard deviation of three independent CS experiments.
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can be used as a selection marker through integration into the host
chromosome by homologous recombination. Moreover, a reason
for the higher disruption efficiency may be that the sequence in
BmR that is homologous to the A. oryzae genome (only 800 bp of
histone H2B promoter) is shorter than the auxotrophic marker
gene from A. oryzae.

In this study, we showed that the enhanced susceptibility of A.
oryzae cells to antibiotics was the key factor in developing a novel
transformation system using drug resistance markers in this highly
drug-resistant microorganism. We successfully established a trans-
formation system for A. oryzae by using selecting markers for Bm
resistance with the aid of agents that modulate membrane activity.
To our knowledge, this is the first report in which an antibiotic
resistance gene of bacterial origin has been used as a selection
marker for A. oryzae transformation. A high concentration of Bm/
phleomycin has been known to suppress the growth of A. oryzae
and a gene for resistance to these antibiotics is already available,
and therefore, many efforts have been made previously to develop
a transformation system in A. oryzae based on Bm resistance [1,6].
Although successful transformation of strain U1638 using a phleo-
mycin resistance gene was reported [20], the U1638 strain was
generated by exposing A. flavus ATCC44310 to ultraviolet irradia-
tion [21] and was not the so-called A. oryzae strain derived from
Japanese fermentation products, which is clearly different from A.
flavus.

Selection using a drug resistance marker could be applied
essentially to any host strain, even to strains that have not yet been
developed for auxotrophic mutants. Even if all auxotrophic mark-
ers have already been used up by several gene integration or gene
disruption experiments in the host strain carrying multiple auxo-
trophic mutations, a drug resistance marker could still be used as
a tool to manipulate another gene. To overcome the marker deple-
tion problem, the pyrG marker recycling method was recently re-
ported [19]. pyrG marker recycling is effective and enables
infinite cycles of gene manipulation, but in each cycle, additional
selection with 5-fluoro-orotic acid is required to recover the pyrG�

mutant, which takes 5–8 days. It will be possible to choose pyrG
marker recycling or drug resistance markers depending on the in-
tended use.

We selected Bm-resistant transformants by the CS method in
this study, because we could not obtain any Bm-resistant transfor-
mants by conventional protoplast selection. Post-transformation
incubation is necessary to express a sufficient amount of the resis-
tance gene; however, nonselective incubation causes protoplast
aggregation and decreases susceptibility to Bm. To overcome this,
the CS method was developed in this study. The number of trans-
formants obtained by CS, as estimated by statistical methods, was
slightly smaller than the number obtained by conventional proto-
plast selection (Eq. (2)) and the experimental data on model trans-
formation by the niaD marker agreed with the statistical
estimation data (Fig. 3). However, the CS method was efficient en-
ough to allow us to obtain an adequate number of transformants in
each experiment. Although the CS method involves more complex
steps, such as collection of conidia, than conventional protoplast
selection, the total number of experimental days needed to obtain
transformants was similar to, or in some cases, less than that
needed for protoplast selection. For example, conidiation of the
first nonselective culture takes 2.5–3 days, and Bm-resistant colo-
nies appear after 2 days on selection agar medium, whereas in case
of protoplast selection of the niaD marker, nitrate-assimilatable
colonies appear after a week. Moreover, the expected number of
independent transformants calculated by equations described in
Materials and methods shows that the proportion of redundancy
of the CS colony derived from an identical transformed protoplast
was negligible. For example, if eight colonies are obtained by CS,
two of eight would originate from an identical protoplast; thus, a
total of seven independent transformants can be obtained. How-
ever, we also recognize a critical defect of the CS method when
studying sporulation-deficient mutants. Our objective in future is
to develop Bm selection by conventional protoplast selection.

We consider that the present detergent–pump inhibitor combi-
nation should work well with other drugs and in other organisms,
and that the concept that it represents—the application of chemo-
sensitization to genetic transformation systems—will contribute to
the development of transformation systems in other drug-resistant
organisms.
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