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Abstract Our goal in this work was to develop a method
to minimize the chromosomes of Aspergillus oryzae, to
arrive at a deeper understanding of essential gene functions
that will help create more efficient industrially useful
strains. In a previous study, we successfully constructed a
highly reduced chromosome 7 using multiple large-scale
chromosomal deletions (Jin et al. in Mol Genet Genomics
283:1-12, 2010). Here, we have created a further reduced
chromosome A. oryzae mutant harboring a reduced chro-
mosome 7 and a reduced chromosome 8 both of which
contain a large number of non-syntenic blocks. These are
the smallest A. oryzae chromosomes that have been
reported. Protoplast fusion between the two distinct chro-
mosome-reduced mutants produced a vigorous and stable
fusant which was isolated. PCR and flow cytometry con-
firmed that two kinds of nuclei, derived from the parent
strains, existed in this fusant and that the chromosome
DNA per nucleus was doubled, suggesting that the fusant
was a heterozygous diploid strain. By treating the cell with
1 pg/ml benomyl, cell nuclei haploidization was induced in
the stable diploid strain. Array comparative genomic
hybridization and pulsed-field gel electrophoresis con-
firmed that the reduced chromosomes 7 and 8 co-existed in
the haploid fusant and that no other chromosomal modifi-
cations had occurred. This method provides a useful tool
for chromosome engineering in A. oryzae to construct an
industry-useful strain.
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Introduction

The filamentous fungus Aspergillus oryzae is well known
for its capacity to secrete large amounts of hydrolytic
enzymes. For more than a thousand years, it has been
safely used as an industrially important koji mold in
manufacturing traditional oriental fermented foods, such as
soy sauce, miso, and sake. A. oryzae has also been used in
the enzyme industry for numerous native and heterologous
enzymes production. Considering the industrial importance
of A. oryzae, it is desirable to create industrially more
efficient and useful strain that, by eliminating nonessential
regions of the genome, would greatly benefit its industrial
applications. For example, although the A. oryzae is con-
sidered to be safe, it still remained some nonessential and
even unfavorable regions within its genome, such as
imperfect clustered genes related to cyclopiazonic acid
production as well as aflatoxin biosynthesis. Therefore, the
elimination of the potential risk caused by these detri-
mental genes will further improve the safety of the indus-
trially important koji mold, A. oryzae. At the same time,
the elimination of unnecessary regions coding various
dispensable functions implies that the strain may have
more energy available for growth and/or more useful
products.

However, because A. oryzae is resistant to antifungal
antibiotics, has multiple nuclei, and no report indicated the
presence of a sexual life cycle, although in A. flavus, a
close relative, has been proven to be capable of sexual
recombination (Horn et al. 2009), gene manipulation, such
as gene disruption, is difficult. Recently, by disrupting the
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genes involved in the non-homologous end-joining path-
way (Jones et al. 2001; DeFazio et al. 2002), researchers
have improved the gene targeting frequency (Ninomiya
et al. 2004; Takahashi et al. 2006). In addition, loop-out
and replacement-type recombination methods that could be
used to efficiently construct large-scale chromosomal dele-
tion mutants have been developed in A. oryzae (Takahashi
et al. 2008, 2009). The replacement-type recombination
method is useful for single deletions, while the loop-out
type recombination [5-fluoroorotic acid (5-FOA) selection]
method enables the construction of multiple deletions in a
single strain by pyrG marker recycling.

These large-scale chromosomal deletion methods toge-
ther with the recent completion of the A. oryzae genomic
sequencing project (Machida et al. 2005; Kobayashi et al.
2007) allowed us to analyze the whole genome and made it
possible for us to create an industrially versatile strain of
A. oryzae by experimentally reducing the genome size to
eliminate nonessential regions (Jin et al. 2010). Mutants
with significantly reduced genomes have been constructed
in E. coli (Kolisnychenko et al. 2002; Yu et al. 2002;
Goryshin et al. 2003; Hashimoto et al. 2005; Kato and
Hashimoto 2007) and S. cerevisiae (Murakami et al. 2007).
Constructing a highly reduced A. oryzae genomic strain
is more challenging because the gene manipulation in
A. oryzae is more difficult than in E. coli.

Protoplast fusion techniques, first described by Anné
and Peberdy (1975, 1976) and Ferenczy et al. (1975, 1976)
in fungi, have proved to be valuable for interspecific
hybridization. Fusion of protoplasts resulted in interspecific
heterokaryons as primary fusion products, and these
heterokaryons can lead to hybrid formation following
nuclear fusion, as reported previously (Kevei and Peberdy
1977, 1979). Similarly, protoplast fusion between different
Aspergillus species has successfully produced heterokar-
yons. However, this was successful in part because
A. nidulans has a sexual life cycle that facilitates the
exchange of chromosomes; A. oryzae lacks a sexual life
cycle, making the chromosomal exchange by nuclear fusion
extremely difficult. Recently, the discovery of sexual cycle
by crossing the strains of opposite mating types in A. flavus
and A. fumigatus (Horn et al. 2009; O’Gorman et al. 2009),
which were long considered to be asexual, opened up a new
perspective for other supposed ‘asexuals’, especially for
biotechnologically important fungi such as A. oryzae.

In a previous study, we successfully deleted multiple
large chromosomal segments and constructed a signifi-
cantly reduced chromosome 7 strain using the loop-out
type recombination method (Jin et al. 2010). However, it is
extremely difficult to completely delete the nonessential
regions on all A. oryzae chromosomes using only this
method. In the present study, we used the protoplast fusion
method to create a new A. oryzae hybrid haploid fusant
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harboring both a reduced chromosome 7 and a reduced
chromosome 8. The new chromosome-reduced fusant was
confirmed by microarray-based comparative genomic
hybridization (CGH) and pulsed-field gel electrophoresis
(PFGE).

Materials and methods
Strains, media, and transformation of A. oryzae

The A. oryzae wild type strain RIB40 was used as a DNA
donor, and the RkuAF7B strain (Jin et al. 2010) was used
for further deletion of the AO090011000096—A00900
11000104 region of chromosome 7 to acquire an RkuAF8B
mutant. The PNDR T6-1 strain, with a reduced chromo-
some 8 and a niaD disruption, was derived from pT470 k
(Takahashi et al. 2009) and was used for protoplast fusion
with the RkuAF8B mutant. E. coli DH50 was used for
DNA manipulation. Czapek-Dox (CD) minimal agar
medium (0.2% NaNOj, 0.05% KCI, 0.05% NaCl, 0.1%
KH,PO,, 0.05% MgSO47H,0O, 0.002%  FeSOy-
7H,0, 2% glucose, and 2% agar, pH 5.5) was used for
selecting A. oryzae transformants and fusants. CD minimal
medium plates supplemented with 15 mM uridine and
5-fluoroorotic acid (5-FOA) (2 mg/ml; Sigma, St. Louis,
MO, USA) were used for the positive selection of pyrG-
deficient strains. Malt medium (80 g of malt extract,
2.0 mg of CuSQy, 0.04 mg of Na,B,05, 0.87 mg of FePOy,,
0.95 mg of MnSO,4 0.8 mg of Na,MoO,, 8.0 mg of
ZnSOy, and 15 g of agar per liter; pH 6.0) was used as the
complete medium. DPY medium (2% dextrin, 1% poly-
peptone, 0.5% yeast extract, 0.5% KH,PO,, and 0.05%
MgSO,-7H,0) was used for the liquid cultivation of
A. oryzae strains.

Construction of the RkuAF8B mutant

The AO090011000096-A0090011000104 region of chro-
mosome 7 was deleted from the RkuAF7B strain. The
strategy for construction of the AO0090011000096—
A0090011000104 region deletion is described by Jin et al.
(2010). To construct the deletion plasmid, we first ampli-
fied an approximately 2.9-kb fragment from a target gene
A0090011000096 by PCR with Ex-Taq polymerase
(TaKaRa, Kyoto, Japan) using primer pair No. 1/No. 2 (all
primer pairs used in this study are listed in Table 1). The
amplified PCR product was inserted into the pCR2.1-
TOPO vector, using a TOPO TA Cloning Kit (Invitrogen,
Carlsbad, CA, USA). The generated plasmid was linearized
by PCR with primer pair No. 7/No. 8. A 1.5-kb fragment of
gene AO090011000104 was amplified with primer pair No.
9/No. 10 and was combined with the linearized cloning
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Table 1 Primers used in this study

Number Name Sequence (5'-3')

1 sc011-96F(20) GTTCCAGGCGAGCTTCTAGCAA

2 sc011-96R(2930) GTTACTCTCGACAGGGACCTTC

3 sc011-96F(1600) CATGTTGAGCATCTTCCAATGCAAG

4 sc011-96R(1560) CTTTCGACGATCGGATGTTTCTAC

5 pyrG-F(96IF) ATCCGATCGTCGAAAGACAACAGACGTACCCTGTGATG
6 pyrG-R(96IF) GAAGATGCTCAACATGAACTGCACCTCAGAAGAAAAGGAT
7 sc011-96F(1530) CGTGTGGTTGCACTATACAATGTG

8 sc011-96R(1500) GAAAAGCTACGCCATGAGCTTTTAG

9 sc011-104F(1020) TCATGGCGTAGCTTTTCGGACTCTATTGTCAGTCTGGCA
10 sc011-104R(2500) ATAGTGCAACCACACGTCGTGTATCCGAGATCTACCGT
11 AoNiaD_-1431F AGCGACACACCCAATGGTAATC

12 AoNiaD_3819R GTTTCGGTCGTCAAAGGTCTCA

13 AoNiaD_552F GACAAGTGTTGCAGCAGTACGAC

14 AoNiaD_1464R AGCTCGCCTTCAAAATCACGATAC

15 SCO011-96R(1500F-N) GATTACCATTGGGTGTGTCGCTGGAAAAGCTACGCCATGAGCTT
16 SCO11-104F(1020R-N)T GAGACCTTTGACGACCGAAACGGACTCTATTGTCAGTCTGGCA
17 SCO11-104R(5426) CGAAGGAGGTACCCAAGTTGAACTC

18 SCO11-96F(2723) TTCATAGTTGTACCGCAGAGCTTG

19 AoNiaD_308R CTGATAAGGATAGGAGTGGAGCAGT

20 SCO011-96F(4000) CTTTGAATCCAAGGCCACGTCA

21 SCO11-104R(4414) CCTGTCATCACGAGAGCCGATT

22 SCO011_428687F GGATTGCACCCATGACTACCTTCT

23 SCO11_711485R ATGCCTTGTCCTAAGCCGTGTTG

24 SCO11_572141F ATGGTCACTTCAGGTGCTCTCA

25 SCO011_572963R AGCTTGGTTACGGACAGTACTCTAC

26 AoPyrG_1362F ATAGTCCTCTCGGGCCATCTGT

27 SC103_680755R GGAGCAGAACAAGGCATGACTG

28 SC103_440351F CCATCGTCTGTCCACAATTACCAAC

29 SC103_441152R GACGGTGATAGAGAACAACGTTCCA

30 SCO011_1462363R ATTGGGAGACCGGTAATCTAGTCC

31 SCO11_1461847F CATATCCATGTCTCCACGAAGAACC

32 SCO010_1321018F TAAAACTGGCCAAGCCACCAAAG

33 SCO010_1321527R CTTGTGGCCCATTTTCGCAAAC

vector using the In-Fusion cloning enzyme. The newly
generated plasmid was linearized again by PCR with pri-
mer pair No. 3/No. 4. A 2.2-kb pyrG marker was amplified
with primer pair No. 5/No. 6 and was fused to the linear-
ized cloning vector using the In-Fusion cloning enzyme.
Finally, the plasmid for deleting genes AO090011000096—
A0090011000104 was constructed and was used to trans-
form the RkuAF7B strain. The transformants that were
obtained were plated on CD medium containing 5-FOA
and uridine. Deletants were obtained by homologous
recombination between direct repeats using the 5-FOA
treatment described earlier (Jin et al. 2010). The targeted
region of AO090011000096-A0090011000104 containing
the pyrG marker was eliminated. The obtained strain was
named RkuAF8B.

Construction of a niaD gene deletion cassette

Using the genomic DNA from the PNDR T6-1 strain
(a niaD gene disruptant) as a template, PCR was performed
with primer pair No. 11/No. 12. A 2.8-kb PCR product,
consisting of a 1.5-kb upstream region and a 1.3-kb
downstream region of the niaD deletion region, was
amplified and used to disrupt the niaD gene.

Disruption of the niaD gene located in chromosome 4
of the RkuAF8B strain

The RkuAF8B was transformed by the niaD gene disrup-

tion cassette and was grown on a non-selective CD mini-
mal medium containing 10 mM glutamate as a sole
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nitrogen source, 10 mM uracil, and 1.2 M sorbitol. The
obtained conidia were suspended in 10 ml of 0.01% Tween
80 and were filtered through a 70-um cell strainer (BD
Falcon, USA) to remove the mycelia matter. To select the
transformants, separated conidia were spread-cultured on
CD minimal medium containing 10 mM glutamate,
10 mM uracil, and 470 mM KCIOs. The obtained chlorate-
resistant strain was confirmed by PCR with primer pairs
No. 11/No. 12 and No. 13/No. 14, and was designated
8BDeIN_1.

Generation of the niaD insertion cassette
for chromosome 7 of the 8BDeIN_1 strain by fusion
PCR

The niaD insertion cassette was constructed using fusion
PCR (Yu et al. 2004). The genomic DNA of A. oryzae
RIB40 was used as a template. A 5.3-kb niaD gene with
primer pair No. 11/No. 12 and two 1.5-kb DNA fragments
outside the inserted region (upstream region with primer
pair No. 1/No. 15, and downstream region with primer pair
No. 16/No. 10 listed) were amplified by PCR using a
GeneAmp 9600 system (Applied Biosystems, Foster City,
CA) with KOD-plus DNA polymerase (Toyobo, Osaka,
Japan). The sequences from the upstream and downstream
regions were designed to overlap the ends of the niaD gene.
The three amplified DNA fragments were mixed, and
fusion PCR was performed using the primer pair No. 1/No.
17. The resultant insertion cassette was used to transform
the 8BDelIN _1 strain. The successful transformants were
confirmed by PCR with primer pairs No. 18/No. 19, and
No. 20/No. 21. The confirmed niaD insertion strain was
designated 8BCh7N_3.

Protoplast fusion

The chromosome 7-reduced strain, 8BCh7N_3, and chro-
mosome 8-reduced strain, PNDR T6-1, were used for
protoplast fusion. Protoplasts were prepared from mycelial
cultures by Yatalase treatment (Takara, Kyoto, Japan) for
3 h at 30°C according to the A. oryzae transformation
method previously described (Takahashi et al. 2004) and
were then suspended in SolB solution (1.2 M sorbitol,
50 mM CaCl,, and 10 mM Tris—HCI, pH 7.5). Equal
quantities of protoplasts were mixed and added to the PEG
solution (50% PEG3350, 50 mM CaCl,, and 10 mM Tris—
HCI, pH 7.5). The mixture was placed at room temperature
for 20 min to allow protoplast fusion. After fusion treat-
ment, the protoplasts were washed with SolB solution and
grown on CD minimal agar medium containing 1.2 M
sorbitol.
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Flow cytometry

Strains were spot-cultivated on minimal medium for sev-
eral days. The conidia were harvested with 0.01% Tween
80, fixed with 70% ethanol at 4°C for overnight, and then
washed twice with Tween solution. The conidia were
incubated with 1 mg/ml RNase A at 37°C for 2 h to
remove the RNA. After filtering through a 35-pm cell
strainer (BD Falcon, USA), the separated conidia were
stained with 25 pg/ml propidium iodide (PI) and were
analyzed by a flow cytometer (FACScan, Becton—Dickin-
son). The intensity of fluorescence, which reflects DNA
content, was measured for each of the 20,000 conidia.

Array comparative genomic hybridization (aCGH)

The obtained haploid candidate strain was confirmed by
array comparative genomic hybridization (aCGH). DNA
microarrays were purchased from Agilent Technologies.
Genomic DNAs were extracted and sheared by sonication
(UCD-250, Cosmo Bio). They were then fluorescently
labeled with Cy3/Cy5-dUTP and hybridized according to
the Agilent array CGH protocol. After hybridization for
24 h at 65°C, the array slide was washed at 37°C. Finally,
the DNA microarray slide was scanned using an Agilent
scanner (Agilent Technologies, Santa Clara, CA). Data
were extracted using Agilent Feature Extraction Software.

Pulsed-field gel electrophoresis

Conidia from each strain were cultivated in 10 ml of DPY
liquid medium for approximately 22-24 h in a 50-ml Fal-
con tube. Protoplasts were prepared from the mycelial
cultures by Yatalase treatment for 3 h at 30°C. The pro-
toplasts were embedded in agarose gel and treated with
NDS buffer [0.45 M EDTA, 0.01 M Tris—HCI (pH 7.5),
1% SDS and 1 mg/ml proteinase K] at 50°C. Separation of
the A. oryzae chromosomes was performed by pulsed-field
gel electrophoresis (PFGE) using a CHEF-DRIII system
(Bio-Rad). The separations were performed at 14°C using
0.8% Certified Megabase agarose (Bio-Rad) in TAE buffer
[40 mM Tris-base, 40 mM acetate, and 2.0 mM EDTA
(pH 8.0)]. The total electrophoresis time was 96 h and the
PFGE programs were as follows: the first stage of elec-
trophoresis was performed for 24 h at 2 V/cm with a pulse
time of 1,200 s at an angle of 96°; the second stage was
performed for 24 h at 2 V/cm with a pulse time of 1,500 s
at an angle of 100°%; and the final stage of electrophoresis
was performed for 48 h at 2 V/cm with a pulse time of
1,800 s at an angle of 106°. Chromosomes of S. pombe
were used as high-molecular-mass DNA standards. Gels
were stained by Gel-Red (Wako).
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Southern blot hybridization

Southern hybridization was performed according to a pre-
viously described method (Takahashi et al. 2004). Digox-
igenin (DIG)-labeled probes were constructed using a DIG
PCR labeling kit (Roche Diagnostics, Mannheim, Ger-
many). Hybridization and signal detection were performed
using a DIG system according to the manufacturer’s
instructions (Roche Diagnostics). Primer pairs No. 30/No.
31 and No. 32/No. 33 were used to obtain DIG-labeled
probes for the detection of chromosome 7 and chromosome
8, respectively.

Results and discussion
Construction of strains for protoplast fusion

Earlier, we constructed a chromosome 7-reduced strain (Jin
et al. 2010) and a chromosome 8-reduced strain (Takahashi
et al. 2009). The chromosome 7-reduced strain, RkuAF7B,
was successfully constructed through multiple large-scale
chromosomal deletions using a recursive pyrG-mediated
transformation system. Here, the AO090011000096—
A0090011000104 region of the reduced chromosome 7
was deleted from the RkuAF7B strain and the obtained
strain, RkuAF8B, was used for trial of further chromosome
minimization. In this study, the protoplast fusion method
was used to create the further reduced chromosome mutant.
The strategy that was used to construct the strain with both
the reduced chromosome 7 and chromosome 8 is described

Fig. 1 Strategy for

Chromosome 7-reduced strain

in Fig. 1. To select the fusant after protoplast fusion, the
auxotrophic genetic markers, niaD and pyrG, were deleted
from their original chromosomal locations and reintro-
duced into the reduced chromosome 7 and 8, respectively.
This method can be simply described as follows: first, the
niaD gene that was original located in chromosome 4 of
the RkuAF8B strain harboring a largely reduced chromo-
some 7 and pyrG deficiency was disrupted by selecting
a chlorate-resistant strain; then, the cassette for the
reinsertion of the niaD gene into chromosome 7 was gen-
erated by fusion PCR and used to transform the chromo-
some 7-reduced strain; finally, the new strain (named
8BCh7N_3) containing the translocated niaD gene was
used directly for protoplast fusion with the chromosome
8-reduced strain, PNDR T6-1, deleting the original niaD
and pyrG genes and reinserting the pyrG gene into chro-
mosome 8 (Fig. 1).

Acquisition of the heterozygous diploid strain
by protoplast fusion

The new chromosome 7-reduced strain, 8BCh7N_3, and
the chromosome 8-reduced strain, PNDR T6-1 strain, were
used for protoplast fusion. The fusion method is described
in the “Materials and methods” section. The protoplasts of
fusion treatment were plated on CD minimal agar medium
containing 1.2 M sorbitol. After 5 days of incubation,
conidia were harvested from the plate, diluted, and spread-
cultured on CD minimal agar medium with 500 conidia per
plate. Approximately 100 conidia per plate grew into col-
onies. However, almost all the colonies formed segregated

Chromosome 8-reduced strain

constructing a strain with
reduced chromosomes 7 and 8.
Chromosomes 1 to 6 are shown

Chl ~ 6AniaD :

Chl ~6AniaD : m——

as one line here Ch7A721k. ApyrG: niaD* Ch7ApyrG :
Ch8 : Ch8A470k : pyrG*
— _J
~
Protoplast fusion
Heterozygous diploid
61 |~ 6AniaD \ Haploid fusant
Chl ~ 6AniaD - haploidization Ch1 ~ 6AmiaD) -
I — D —
Ch7ApyrG : |:> Ch7A721K. ApyrG : wm niaD*
Ch8:

@8A470k :

pyrG* /
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Candidate for

Heterokaryon heterozygous diploid

unstable growth

stable and vigorous growth

©
.O o
® (9

Fig. 2 Growth of fusants on Czapek-Dox (CD) minimal medium
plate. Initially, all colonies formed a segregated sector of colonies and
displayed an unstable growth phenotype (left). After selecting 3 times
on CD minimal medium, a vigorous and stable colony was acquired.
This strain was considered to be a potential candidate heterozygous
diploid strain (right). The circles indicate nuclei

sectors and displayed unstable growth phenotypes (Fig. 2,
left). These colonies were most likely heterokaryotic
strains. Conidia were re-collected, diluted, and again
spread-cultured onto CD minimal agar medium. This pro-
cedure was repeated 3 times until a vigorous and stable
colony appeared. The isolated strain that we named
8BT6_6 was assumed to be a heterozygous diploid candi-
date strain (Fig. 2, right).

The acquired 8BT6_6 strain was confirmed by PCR
(Fig. 3a). The primer pairs No. 22/No. 23 for detection of
reduced chromosome 7, No. 24/No. 25 for detection
of normal chromosome 7, No. 26/No. 27 for detection of
reduced chromosome 8, and No. 28/No. 29 for detection of
normal chromosome 8 were used for PCR amplification.
Two bands, representing reduced chromosome and normal
chromosome, were detected for chromosomes 7 and 8 of
the 8BT6_6 fusant (Fig. 3a). However, this pattern was
also observed for the heterokaryons. Although this result
confirmed that the 8BT6_6 candidate strain had two kinds
of nuclei derived from the distinct parent strains, the
method could not identify whether or not the strain was a
heterozygous diploid.

The 8BT6_6 strain was further analyzed by flow
cytometry and the intensity of fluorescence (FL) was
measured. A typical FL histogram is shown in Fig. 3b. In
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the A. oryzae RIB40 strain, four major peaks at an interval
of intensity that reflects the distribution of the nuclear
number in the conidia (Hara et al. 2002) were obtained.
Compared with the RIB40 strain, the 8BT6_6 fusant only
displayed the even number nuclear peaks (2 and 4 nuclei),
implying that the quantity of chromosomal DNA per
nucleus was doubled in the 8BT6_6 fusant and confirming
that 8BT6_6 is a heterozygous diploid strain. For the het-
erokaryon, although the separation of the peaks was
indistinct, the peak pattern showed that this strain con-
tained anywhere from 1 nucleus to 4 nuclei proving that the
primary fusion colonies were indeed heterokaryons. The
prolonged cultivation of the heterokaryons under selective
conditions resulted in the formation of hybrid diploid
nuclei as a consequence of nuclear fusion. However, the
frequency of nuclear fusion was very low because, after
fusion treatment, the formed conidia that were cultivated
on 5 plates of CD minimal medium with 500 conidia per
plate, finally, produced only one vigorous and stable het-
erozygous diploid. When this experiment was repeated, the
same result was obtained.

Isolation of haploid fusant by treatment with benomyl

The 8BT6_6 strain was spot-cultivated on malt agar med-
ium supplemented with 1 pg/ml benomyl, to induce the
cell nuclei haploidization. After the strain formed a giant
colony, the 6 different sectors that formed were individu-
ally cultivated on CD minimal agar medium. Four of these
sectors were further investigated by PCR and only one
strain that contained both reduced chromosome 7 and
chromosome 8 was found (Fig. 4). The method used here is
the same as the method described in the legend to Fig. 3a.
In the identified candidate strain, a 1.3-kb band was
detected for the reduced chromosome 7 using primer pair
No. 22/No. 23; however, no band was detected for the
normal chromosome 7 using primer pair No. 24/No. 25.
This result suggested that haploidization of the diploid
strain had occurred and the reduced chromosome 7 existed
only in the candidate strain. The PCR amplification for
chromosome 8 produced the same results. This isolated
strain named 1112_4_12 was identified as a candidate
haploid fusant and was further investigated. The objective
strain could not be produced without benomyl treatment
(data not shown).

Confirmation of the haploid fusant by aCGH
and pulsed-field gel electrophoresis (PFGE)

Further analysis was performed using aCGH (Fig. 5) and
PFGE (Fig. 6) to verify whether the reduced chromosomes
7 and 8 co-existed in the candidate strain, 1112_4_12. In
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Fig. 3 Confirmation of a
heterozygous diploid.

a PCR analysis. Primer pairs
No. 22/No. 23 for detection

of reduced chromosome 7,

No. 24/No. 25 for detection

of normal chromosome 7,

No. 26/No. 27 for detection

of reduced chromosome 8, and
No. 28/No. 29 for detection of
normal chromosome 8 were
used for PCR amplification. The
PCR amplification pattern in the
candidate strain was the same as
in the heterokaryons.
8BCh7N_3, chromosome
7-reduced strain; PNDR T6-1,
chromosome 8-reduced strain;
8BT6_6, candidate for
heterozygous diploid.

b Chromosomal ploidy analysis
by flow cytometry. Conidia
were collected, fixed, stained
with propidium iodide (PI), and
analyzed in a flow cytometer.
RIB40, A. oryzae wild type
strain, 8BT6_6, candidate for
heterozygous diploid

a

Fig. 4 Confirmation of the

8BCh7N_3 PNDR Té-1 Heterokaryon 8BT6_6

Ch7 Ch8 Ch7 Ch8 Ch7 Ch8 Ch7 Ch8

NRNRNRNRMNRNRNRNR

N, Normal chromosome
No. 22 No. 24 R, Reduced chromosome
b A
Ch7 _ Deletion Region —
P e
No. 25 No. 23

No.26 No. 28
- -

cne[ s |

e
No.29 No. 27

Heterokaryon 8BT6 6

00 o0
FLIH

Fluorescence intensity

haploidization of heterozygous
diploid strain by PCR. The
primer pairs No. 22/No. 23 for

detection of reduced
chromosome 7, No. 24/No. 25
for detection of normal
chromosome 7, No. 26/No. 27
for detection of reduced
chromosome 8, and No. 28/No.
29 for detection of normal
chromosome 8 were used for
PCR amplification. SBCh7N_3,
chromosome 7-reduced strain;
PNDR T6-1, chromosome
8-reduced strain; 8BT6_6,
heterozygous diploid;
1112_4_12, haploid fusant with
reduced chromosomes 7 and 8

Ch7

the aCGH experiments, we found that the ratio of fluo-
rescence intensity of the strains 1112_4_12 to RIB40

decreased to nearly zero in som

8BCh7N_3 PNDR T6-1 8BT6_6 1112_4_12
Ch7 Ch8 Ch7 Ch8 Ch7 Ch8 Ch7 Ch8
N RNIRNRNRMNIBRNIRNIRNR

N, Normal chromosome
R, Reduced chromosome

No. 22 No. 24 No. 26 No. 28
—_— = - -
i A v A
No. 25 No.23 No.29 No.27

chromosome 7 that are identical to regions in the reduced
chromosome 7 in the 8BCh7N_3 strain (Fig. 5b). Because,

e of the regions of  the same regions were missing in both strains, it appeared
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Fig. 5 Analysis of the haploid
fusant by array comparative
genomic hybridization (aCGH).
a aCGH analysis. The spots
represent the signal intensity
ratio. b Data analysis of aCGH
in SCO11 of chromosome 7.
Chromosome 7 consists of two
supercontigs (SC), SCO11 and
SC206 and the deletion regions
of chromosome 7-reduced strain
mainly exist in SCO11 of
chromosome 7. ¢ Histogram of
the aCGH in SC103 of
chromosome 8. The deletion
region of chromosome
8-reduced strain exists in
SC103. Each row represents the
ratio of normalized signal
intensity for the genes from
each of the strains to the wild
type, RIB40. 8BCh7N_3,
chromosome 7-reduced strain;
PNDR T6-1, chromosome
8-reduced strain; 8BT6_6,
heterozygous diploid;
1112_4_12, haploid fusant with
both reduced chromosomes 7
and 8

likely that chromosome 7 in the 1112_4_12 strain
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the RIB40 strain decreased to around 0.5 in some of the
regions that were completely deleted in 8BCh7N_3 strain,
implying that the numbers of reduced chromosome 7
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Fig. 6 Pulsed-field gel electrophoresis (PFGE) analysis. a Separation
of chromosomes by PFGE. DNA was visualized by GelRed staining
and UV irradiation. Chromosomes from S. pombe were used as
molecular weight markers to calculate the size of the A. oryzae
chromosomes. b Southern hybridization analysis of chromosome 7
and chromosome 8. Chromosomes 7 and 8 were hybridized with
0.5 kb probes from gene AO090011000577 located on chromosome 7
and gene AO090010000491 located on chromosome 8. The hybrid-
ization signals indicate that chromosome 7 and chromosome 8 were
largely reduced in the obtained haploid fusant. 8BCh7N_3, chromo-
some 7-reduced strain, PNDR T6-1, chromosome 8-reduced strain;
8BT6_6, heterozygous diploid; 1112_4_12, haploid fusant with
reduced chromosomes 7 and 8. Ch7 normal chromosome 7, Ch74
reduced chromosome 7, Ch8 normal chromosome 8, Ch84 reduced
chromosome 8

(derived from 8BCh7N_3 strain) and normal chromosome
7 (derived from PNDR T6-1 strain) were the same in both
strains (Fig. 5b). Similarly, a histogram analysis of chro-
mosome 8 showed that the regions of chromosome 8 that

were lost in the 1112_4_12 strain are identical to those that
are missing in the chromosome 8-reduced strain, PNDR
T6-1, suggesting that chromosome 8 in the 1112_4_12
strain was derived from the PNDR T6-1 strain (Fig. 5c).
The aCGH results clearly showed that the two types of
nuclei derived from the two distinct parent strains are in
equal numbers in the heterozygous diploid strain, while in
the 1112_4_12 strain in which chromosomal segregation
and rearrangement had occurred, and the expected regions
of chromosome 7 and chromosome 8 were simultaneously
removed without other significant modifications in other
chromosomes (data not shown).

The PFGE analysis also demonstrated that the chromo-
somal pattern of the 1112_4_12 strain was altered com-
pared with that of the RIB40 strain (Fig. 6a). To further
validate whether the changed pattern occurred simulta-
neously in chromosomes 7 and 8, Southern blot analysis
was performed (Fig. 6b). Approximately, 0.5 kb of DIG-
labeled probes were designed and constructed to target
undeleted regions of chromosomes 7 and 8. The gel
mobility shift showed simultaneous reduction of chromo-
some 7 and chromosome 8 in the candidate strain. Inter-
estingly, the reduced chromosome 7 in the heterozygous
diploid strain moved faster than that from both the
8BCh7N_3 strain and the 1112_4 12 fusant. In chromo-
some 7 of heterozygous diploid strain, no other deletions
were detected using aCGH (Fig. 5b); therefore, the reason
why it moved faster still remains unclear. These results
confirmed that the 1112_4_12 strain was an objective
haploid fusant harboring the two reduced chromosomes, 7
and 8.

Phenotype observation of the new haploid strain

The growth phenotype of the new haploid fusant was
observed (Fig. 7). The new haploid fusant 1112_4_12, the
heterozygous diploid strain, and the wild type strain RIB40
were separately cultivated on malt agar medium for 5 days.
Except that growth was slower, the morphogenesis of the
heterozygous diploid strain was most similar to that of the
wild type strain. On the other hand, although the new
haploid fusant harbored various combinations of parental
genetic markers and showed parental morphology, the
phenotype of the haploid fusant resembled that of the
chromosome 8-reduced strain, PNDR T6-1, rather than that
of the chromosome 7-reduced strain, 8BCh7N_3. In addi-
tion, because the parent strains, 8BCh7N_3 and PNDR
T6-1, are auxotrophic strains carrying the pyrG and niaD
deletion, respectively (Fig. 1), they displayed slower
growth rates than did the 1112_4_12 strain (Fig. 7).
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Fig. 7 Growth phenotype of
the new haploid fusant.
1112_4_12, the new haploid
fusant, 8BT6_6, the
heterozygous diploid strain, and
the wild type strain RIB40 were
cultivated on malt agar medium
at 37°C for 5 days. The
phenotype of the haploid fusant
resembled that of the
chromosome 8-reduced strain,
PNDR T6-1, rather than the
chromosome 7-reduced strain,
8BCh7N_3

Conclusions

In this study, we successfully created a new chromosome-
reduced strain that contained the reduced chromosomes 7
and 8 using a protoplast fusion method. This method pro-
vides a useful tool for large-scale chromosome manipula-
tion and further chromosomal reduction. Combining the
protoplast fusion method with the loop-out method, which
is useful for multiple large-scale chromosomal deletions
(Takahashi et al. 2009; Jin et al. 2010), may eventually
help minimize the whole A. oryzae genome and lead to the
construction of a safer, more efficient industrially useful
A. oryzae strain.
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