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Filamentous ascomycetes form hyphal networks that are compartmentalized by septa which have a perfo-
rated pore allowing the passage of cytoplasm and organelles between adjacent hyphal compartments. Thus,
the septal pore may play an important role in the organized growth of multicellular organisms. Upon hyphal
injury, the septal pore is plugged by a wound-healing organelle, known as the Woronin body, to prevent
excessive cytoplasmic leakage. However, the movement of proteins towards the septal pore in response
to stress has not been extensively studied in filamentous fungi. In this study, we identified an Aspergillus
oryzae protein, AoSO, which is homologous to the Neurospora crassa SO protein that was reported to accu-
mulate at the septal pore in aging hyphae. The AAoso strain showed excessive cytoplasmic leakage upon
hyphal injury similar to the Woronin body-deficient strain AAohex1. Cellular localization studies using
EGFP showed that AoSO accumulated at the septal pore adjacent to the injured compartment, while it
was dispersed throughout the cytoplasm under normal growth conditions. These results indicate that AoSO
plays a role in preventing excessive cytoplasmic leakage upon hyphal injury by accumulating at the septal
pore. Furthermore, AoSO accumulated at the septal pore in response to various stresses, including low and
high temperature, extreme acidic and alkaline pH, and nitrogen and carbon depletion. Physical stress
induced by pulse laser treatment on a hyphal region at a distance from the septum caused accumulation
of the AoSO protein at the septal pore within only a few minutes. This study presents a novel behavior in
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which a filamentous fungal protein relocalizes to the septal pore in response to various stresses.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Filamentous ascomycetes grow at their apices to form straight
hyphae and subapical branches which are compartmentalized by
septa. The presence of septum divides the hyphae into distinct cells
which classifies filamentous fungi as multicellular organisms. The
possible functions of the septum include increasing the structural
integrity of the hyphae and division of the mycelium into distinct
sections for developmental processes such as sexual and asexual
reproduction. However, the septum does not completely separate
the hyphae due to the presence of a septal pore which allows the
passage of cytoplasm and organelles between adjacent hyphal
compartments [1-6]. This characteristic is shared in higher eukary-
otic organisms as gap junctions in animal cells and plasmodesmata
in plant cells.

Cytoplasmic continuity with adjacent compartments would
cause catastrophic risks when hyphae are damaged if it were not
for the Woronin body, a unique organelle in filamentous ascomyce-
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tes which plugs the septal pore and prevents excessive cytoplasmic
leakage from the hyphae [7]. This was demonstrated by deletion of
the hex1 gene, encoding a Woronin body protein, which resulted in
excessive loss of the cytoplasm upon hyphal injury [8,9]. Using fluo-
rescence microscopy, an Aspergillus oryzae protein characteristic of
a Woronin body, known as AoHex1, was found to plug the septal
pore adjacent to an injured hyphal compartment [9].

Previous electron microscopic analysis has shown that septal
pores in aging hyphae are plugged by electron-dense material dis-
tinct from Woronin bodies [10]. Aging hyphae encounter a variety
of environmental stresses, such as nutrient depletion, which often
suddenly occur during vegetative growth. To maintain homeostasis
during vegetative growth as multicellular organisms, filamentous
fungi require an acute system for the regulation of cytoplasmic
continuity between adjacent compartments in response to these
sudden environmental changes. It is hypothesized that there are
proteins capable of relocalizing to the septal pore in response to
stress, however, such proteins have not been extensively studied
in filamentous fungi.

Among several proteins known to localize at the septal pore in
filamentous ascomycetes, Neurospora crassa SO protein and its
homolog in Sordaria macrospora, Pro40, exhibit an interesting
localization behavior. Under normal growth conditions, they do
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not localize at the septal pore, but are found at septal pores adja-
cent to injured compartments [11,12], a characteristic which is
similar to the Woronin body. The SO and Pro40 proteins were iden-
tified to be necessary for hyphal fusion [13] and sexual reproduc-
tion [12], respectively. The SO protein was also reported to
accumulate at the septal pore in aging hyphae [11] which raises
the possibility that it may be capable of responding to a variety
of environmental stresses.

In the present study, we identified and disrupted the A. oryzae
Aoso gene, a homolog of the N. crassa so gene, and studied its role
in the prevention of excessive cytoplasmic leakage upon hyphal in-
jury. We also constructed the fusion protein AoSO-EGFP in an at-
tempt to visualize the subcellular localization of AoSO in
response to various stresses.

Materials and methods

Strains and growth media. The A. oryzae wild type-strain RIB40
was used as a DNA donor. Escherichia coli DH5a was used for DNA
manipulation. A. oryzae NSRKu70-1-1 (niaD~ sC- adeA™
AargB::adeA~ Aku70::argB) [14] was used as host strain for Aoso
gene disruption. DPY medium [14] was used for liquid cultivation
and growth analyses of the A. oryzae strains. Czapek Dox (CD) + Met
(2% glucose, 0.3% NaNOs, 0.2% KCl, 0.1% KH,PO4, 0.05% MgS04-7H,0,
0.002% FeSO4-7H,0 and 0.0015% methionine, pH 5.5) and M + Met
medium [14] were used for transformation and growth analyses
of A. oryzae. Transformation of A. oryzae was carried out as de-
scribed previously by Kitamoto [15]. For the counting of conidia,
mycelia were first streaked on Potato Dextrose (PD) medium and
incubated at 30°C for 5 days. Plates were flooded with 10 ml
0.01% Tween-80 and the conidia were then harvested for counting.

Construction of the AAoso strain. For disruption of the Aoso gene,
the plasmid pgdAoSO was constructed using the MultiSite Gate-
way™ cloning system (Invitrogen, Carlsbad, CA, USA) [16]. The
1.5 kb upstream region of the Aoso gene was amplified by PCR
using the primers aB4F_usAoSO (5'-GGGGACAACTTTGTATAGAAA
AGTTGCAAGATGGTTTTAGGAAGCGACCTGC-3") and aB1R_usAoSO
(5'-GGGGACTGCTTTTTTGTACAAACTTGGAGGTAATGAGGGGG ATCT
TTAGGAG-3'), while the 1.5 kb downstream region of the gene
was amplified using aB2F_dsAoSO (5'-GGGGACAGCTTTCTTGTAC
AAAGTGGCTTCGGGTCTGCATCCCTTTATGCTT-3') and aB3R_dsAoSO
(5'-GGGGACAACTTTGTATAATAAAGTTGGCTTTCCGTGGCACCTATTC
AATCAC-3'). The underlined sequences represent MultiSite Gate-
way attB recombination sites. The upstream and downstream
DNA fragments of the Aoso gene were cloned by the BP clonase
reaction into the pDONR-P4-P1R and pDONR-P2R-P3 entry vectors,
respectively. The obtained 5 and 3’ entry clones and the center en-
try clone, pgEaA (containing the adeA marker gene) [17], were sub-
jected to the LR clonase reaction in the presence of pDEST R4-R3
(destination vector) to obtain the plasmid pgdAoSO. The deletion
fragment for the Aoso gene was amplified by PCR using the plasmid
pgdAoSO as a template and the primers aB4F_usAoSO and
aB3R_dsAoSO. The deletion fragment was introduced into the
NSRKu70-1-1 strain and M + Met medium was used for selection
of adeA* transformants.

Disruption of the Aoso gene was confirmed by Southern blot-
ting. Briefly, after electrophoresis, digested genomic DNA was
transferred onto Hybond N + membrane (GE Healthcare, Bucking-
hamshire, UK). The ECL (enhanced chemiluminescence) direct nu-
cleic acid Ilabeling and detection system (GE Healthcare,
Buckinghamshire, UK) and a LAS-1000plus luminescent image ana-
lyzer (Fuji Photo Film, Tokyo, Japan) were used for detection.

All six AAoso strains obtained in this study showed nearly iden-
tical phenotypes. The NSK-ASO11 strain (niaD~ sC- adeA™
AargB::adeA~ Aku70::argB AAoso::adeA) was used as the represen-

tative AAoso strain. The NSRKu70-1-1A strain (niaD~ sC~ adeA™
AargB::adeA~ Aku70::argB adeA), a transformant with a plasmid
containing the adeA maker gene from the NSRKu70-1-1 strain
[14], was used as the control strain.

Hypotonic shock experiment. To induce hyphal tip bursting, 1 ml of
water was added to A. oryzae strains cultured on a thin layer of DPY
agar medium at 30 °C for 24 h and observed by DIC (differential inter-
ference contrast) microscopy as described in Maruyama et al. [9].

Complementation of the AAoso strain. The plasmid pgPaBSG was
constructed to express the AoSO-EGFP fusion protein under the con-
trol of the amyB promoter by using the MultiSite Gateway™ cloning
system. The Aoso gene open reading frame was amplified by PCR
using the primers attB1_SO-F2 (5'-GGGGACAAGTTTGTACAAAAAAG
CAGGCTtaATGAATCCCAGCAAGGCCCGTCA-3') and attB2_SO-R2 (5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTATTTCCCATGTCCTAAG
CTTGGGATAATG). The underlined sequences represent MultiSite
Gateway attB recombination sites. The amplified attB-flanked Aoso
gene was introduced into the entry vector pDONR 221 by the BP
clonase reaction. The resultant center entry clone was named pgESO.
The 5’ entry clone pgPaB (amyB promoter; [16]), center entry clone
pgESO, 3’ entry clone pg3’E (egfp; [16]), and the destination vector
pgDN containing A. oryzae niaD as a selectable marker [16] were sub-
jected to the LR clonase reaction to generate the plasmid pgPaBSG.
This plasmid was then introduced into the AAoso strain NSK-
ASO11 and CD + Met medium was used for the selection of niaD*
transformants. The generated strain was named NSK-ASG1 (niaD~
sC~ adeA~ AargB::adeA~ Aku70::argB AAoso::adeA P-amyB::Aoso-
egfp::niaD). Plasmid pNR10 (containing niaD as a selectable marker)
was introduced into NSK-ASO11, generating strain NSK-ASON9
(niaD~ sC~ adeA~ AargB::adeA~ Aku70::argB AAoso::adeA niaD)
which served as the negative control of the complementation.
NSRKu70-1-1AN (niaD~ sC~ adeA~ AargB::adeA~ Aku70::argB adeA
niaD) [14] was used as a control.

Confocal microscopy. Conidia (1 x 10%) of the NSK-ASG1 strain
were pre-inoculated into 100 pl CD + Met liquid medium on a glass
bottom dish, and incubated at 30 °C for 18 h before being subjected
to various stresses. Glucose was used as a carbon source, with which
the amyB promoter is activated at an intermediate level of expres-
sion [18]. The stresses used were low (4 °C) or high (45 °C) temper-
ature, low (2) or high (10) pH, and either carbon (glucose and
methionine) or nitrogen (nitrate and methionine) source depletion.
For physical stress, pulse laser treatment with a power intensity of
level 6 directed at 4 spots in close proximity with 5 pulses for each
spot in a hyphal region 10-15 pm from the septum was made using
the Micropoint Laser Illumination System (Photonic Instruments,
Inc., Saint Charles, IL, USA). Hyphal injury, such as cytoplasmic
bleeding, was not observed under these conditions. The cultures
were observed by confocal laser scanning microscopy using an
[X71 inverted microscope (Olympus, Tokyo, Japan) equipped with
a 100x Neofluor objective lens (1.40 numerical aperture), 488 nm
semiconductor laser (Furukawa Electric, Tokyo, Japan), GFP filters
(Nippon Roper, Chiba, Japan), a CSU22 confocal scanning system
(Yokogawa Electronics, Tokyo, Japan), and an Andor iXon cooled dig-
ital CCD camera (Andor Technology PLC, Belfast, UK). Images were
analyzed with Andor iQ software (Andor Technology PLC) and Meta-
morph software (Molecular Devices, Sunnyvale, CA, USA).

Results
A. oryzae possesses a gene homologous to the so gene

Although the so gene is conserved in the genomes of filamen-
tous ascomycetes, homologs are not found in Saccharomyces cerevi-
siae, Schizosaccharomyces pombe, or basidiomycete species [13].
The A. oryzae so gene homolog was identified in the A. oryzae gen-
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ome database (DOGAN; http://www.bio.nite.go.jp/dogan/Top) and
designated as Aoso (AO090003000023). cDNA cloning confirmed
that the Aoso gene contains two introns and three exons and en-
codes a polypeptide of 1195 amino acids. AoSO showed 48% iden-
tity with both the N. crassa SO and S. macrospora Pro40 proteins,
and had a higher identity with other Aspergilli, including A. fumig-
atus (Afu6g06520) (74%) and A. nidulans (ANID_05776.1) (70%).

Disruption of the Aoso gene and phenotypic analysis of the AAoso
strain

In order to examine the function of AoSO, we first generated an
AAoso strain in A. oryzae by replacement of the Aoso gene with the
adeA marker gene, and confirmed the gene disruption by Southern
analysis (data not shown). To determine if disruption of the Aoso
gene resulted in any growth defects, the AAoso strain was exam-
ined on agar media. While there were no significant variations in
the growth of the AAoso strain on nutrient-rich medium, it exhib-
ited slower growth on minimal medium as compared with the con-
trol strain (Fig. 1). The AAoso strain also produced fewer conidia
(Fig. 2A), which is similar to the result observed in the N. crassa
so mutant [13].

We next investigated whether the lack of AoSO resulted in
excessive cytoplasmic leakage upon hyphal injury by the addition
of water to the AAoso strain grown on agar medium to induce
hypotonic shock and hyphal tip bursting [9,14]. It was previously
shown that the absence of Woronin bodies in the AAohex1 strain
resulted in excessive cytoplasmic leakage from the second com-
partment adjacent to the burst apical compartment [9]. After
inducing hypotonic shock in the AAoso strain, the ability to retain
cytoplasmic constituents in the second compartment adjacent to
the injured compartment was examined by DIC microscopic obser-
vation. In contrast to the control strain in which the cytoplasmic
constituents were retained in 85% of the second compartments in
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the damaged hyphae, the AAoso strain retained only 50% of this
ability (Fig. 2B).

Complementation of the AAoso strain with the AoSO-EGFP fusion
protein

To determine whether the AoSO-EGFP fusion protein was func-
tional in A. oryzae, it was used to complement the AAoso strain.
When the plasmid for expression of the AoSO-EGFP fusion protein
was introduced into the AAoso strain, the transformants showed
almost comparable levels of conidiation and the ability to prevent
excessive cytoplasmic leakage upon hypotonic shock as the control
strain (Fig. 2A,B). The transformants also had no apparent growth
differences as compared with the control on either nutrient-rich
or minimal media (data not shown). These data confirmed that
the AoSO-EGFP fusion protein is functional and complements the
loss of the native Aoso gene.

Accumulation of AoSO at the septal pore in response to stress

We sought to determine the subcellular localization of the
AoSO-EGFP fusion protein expressed in the AAoso strain in re-
sponse to hyphal stress. Fluorescence microscopy revealed that un-
der normal growth conditions, the AoSO-EGFP fusion protein was
distributed throughout the cytoplasm and no obvious accumula-
tion of AoSO at the septal pore was observed (Fig. 3A). In the sub-
sequent experiments we focused on the first septum adjacent to
the apical compartment as it was considered to be the most likely
to allow cytoplasmic continuity between adjacent compartments,
as suggested by van Peer et al. [19]. Since the AAoso strain had re-
duced ability to prevent excessive cytoplasmic leakage upon hy-
phal injury, the subcellular localization of the AoSO-EGFP fusion
protein was observed after subjected to hypotonic shock. The
AoSO-EGFP fusion protein appeared as a punctate dot at the septal
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Fig. 1. Growth of the AAoso strain on nutrient-rich (DPY) and minimal (M + Met) media. (A) Photographs of the mutant and control colonies after 2 days of growth at 30 °C.

(B) Time-course growth analyses with respect to colony diameter.
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Fig. 2. Phenotypes of the AAoso strain and the AoSO-EGFP fusion protein-
complemented mutant. (A) Determination of the conidial number of each strain.
The control, AAoso strain, and AAoso strain expressing the AoSO-EGFP fusion
protein were grown on PD medium at 30 °C for 5 days. The number of conidia
formed was counted and is shown in the graph. Standard deviations are indicated
by error bars. =+ represents the level of significance [p < 0.001 (¢ test, n=4)]. (B)
Excessive cytoplasmic leakage in the AAoso strain upon hyphal tip bursting induced
by hypotonic shock. The control, AAoso strain, and AAoso strain expressing the
Ao0SO-EGFP fusion protein were subjected to hypotonic shock. The percentage of
hyphae preventing excessive cytoplasmic leakage from the second compartment
adjacent to the burst apical compartment upon hypotonic shock is shown. Fifty
randomly selected hyphae with ruptured hyphal tips were observed. Error bars
represent standard deviations. =+ represents the level of significance [p <0.001 (t
test, n =4)].

pore in the septum adjacent to the burst apical compartment
(Fig. 3B), indicating that AoSO played a role in plugging the septal
pore, which is a behavior similar to that observed for the Woronin
body [9].

We further examined the subcellular localization of AoSO in re-
sponse to various stress conditions. Hyphae grown at 30 °C for 18 h
in liquid medium were then stressed by low (4 °C) and high (45 °C)
temperatures, low (2) and high (10) pH, and nitrogen and carbon
depletion. In response to each of these stresses, AoSO-EGFP fluores-
cence was observed as a punctate dot at the pore in the first sep-
tum (Fig. 3C). We estimated that the AoSO-EGFP fusion protein
accumulated at the septal pore within 10-20 min of incubation
at 4 °C and within 5 min at 45 °C. Time-lapse microscopy showed
that the first appearance of AoSO-EGFP fluorescence at the septal
pore appeared within approximately 20-25 min after the shift to
acidic conditions (Fig. 3D). The other stress conditions, including

alkaline pH and nitrogen and carbon depletion resulted in accumu-
lation of the AoSO-EGFP fusion protein at the septal pore at almost
the same rate as the low pH stress. Collectively, these data demon-
strate that AoSO accumulates at the septal pore in response to a
variety of stress conditions.

Finally, we examined the movement of AoSO-EGFP in response
to physical stress, using pulse laser treatment to induce stress at a
specific area along a hypha. The accumulation of the AoSO-EGFP
fusion protein at the septal pore was then traced using time-lapse
analysis. The advantage of this experimental system is that stress
can be spatially targeted which is not possible using other environ-
mental stresses. Pulse laser treatment was applied at a distance of
10-15 pm from the first septum in the strain expressing the AoSO-
EGFP fusion protein without causing hyphal injury. Fluorescence
microscopy showed that AoSO-EGFP fluorescence accumulated at
the septal pore approximately 2 min after pulse laser treatment
(Fig. 4) which indicates that this technique is an effective physical
stress for inducing relocalization of AoSO to the septal pore.

Discussion

Filamentous ascomycetes are multicellular organisms intercon-
nected via a septal pore that allows the passage of cytoplasm and
organelles. Our experiments demonstrated that A. oryzae AoSO
protein accumulated at the septal pore in response to several stres-
ses. To our knowledge, this is the first report demonstrating the
relocalization of a protein to the septal pore in response to stress
in filamentous fungi.

Our analysis indicated that AoSO plays a role in the prevention
of excessive cytoplasmic leakage by accumulating at the septal
pore upon hyphal injury (Figs. 2B and 3B), which is similar to N.
crassa SO protein [11]. However, the ratio of hyphae preventing
excessive cytoplasmic leakage in the AAoso strain was higher than
that of the Woronin body-deficient strain, AAohex1 [9], and a dou-
ble disruptant (AAoso AAohex1) did not show more severe cyto-
plasmic leakage than the AAohex1 strain (data not shown). Taken
together, these results suggest that AoSO acts together with the
Woronin body to plug the septal pore.

We found an interesting localization behavior of AoSO: it accu-
mulated at the septal pore in response to various stresses (Figs. 3C
and 4). Analysis with pulse laser treatment showed that early sep-
tal pore accumulation of AoSO occurred at a distance from the
physically stressed hyphal region. In contrast, there are no reports
of Woronin bodies plugging the septal pore under conditions of
stress. AoSO also accumulated at the septal pore in the AAohex1
strain (data not shown), suggesting that its localization does not
require the Woronin body. In order to determine how AoSO local-
izes site-specifically at the septal pore in response to stress, further
experiments including screening for AoSO-interacting proteins are
required. It was reported that N. crassa SO protein accumulated at
the septal pore upon hyphal injury and remained there during the
resumption of hyphal growth [11]. Likewise, AoSO was still ob-
served at the septal pore after A. oryzae was relieved from the
stress conditions of high temperature, low and high pH, nitrogen
and carbon depletion, and pulse laser treatment. However, AoSO
dissociated from the septal pore 20-25 min after the hyphae were
relieved from the low temperature stress (data not shown). These
localization data suggest the possibility that AoSO might regulate
the septal pore connection between adjacent compartments in re-
sponse to stress.

Recently, van Peer et al. [19] developed an experimental system
in the basidiomycete Schizophyllum commune to evaluate cytoplas-
mic continuity between adjacent compartments by observation of
the cytoplasmic streaming through the septal pore after injuring
the hyphae. They suggested that the cytoplasmic continuity be-
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Fig. 3. Localization of the AoSO-EGFP fusion protein in A. oryzae hyphae. (A) DIC and fluorescence images of the AoSO-EGFP fusion protein under normal growth conditions.
The AAoso strain expressing the AoSO-EGFP fusion protein was grown in CD + Met liquid medium at 30 °C for 18 h. An asterisk denotes the first septum adjacent to the apical
compartment. (B) Accumulation of the AoSO-EGFP fusion protein at the septal pore upon hyphal injury induced by hypotonic shock. Hyphae grown on agar medium were
flooded with water to induce hyphal tip bursting. The hyphal region around the first septum adjacent to the burst apical compartment was observed by fluorescence
microscopy. An asterisk denotes the septum while an arrowhead indicates the punctate dot formed at the septal pore. Note that the upper region of the hypha corresponds to
the burst apical compartment. (C) Accumulation of the AoSO-EGFP fusion protein at the septal pore in response to various stresses. The AAoso strain expressing the AoSO-
EGFP fusion protein was grown in CD + Met liquid medium at 30 °C for 18 h and then subjected to stresses of temperature, pH, and nutrient depletion. The fluorescent
micrographs of low (4 °C) temperature, low (2) pH, and carbon source depletion show the representative response to each kind of stress. Asterisks denote the first septa while
arrowheads indicate punctate dots at the septal pore. (D) Time-lapse fluorescence microscopy of the AoSO-EGFP fusion protein accumulating at the septal pore upon
subjecting AAoso to low pH stress. Asterisks indicate the septum while arrowheads denote the AoSO-EGFP fusion protein accumulating at the septal pore as a punctate dot.
Bars, 5 pm.
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Fig. 4. Accumulation of the AoSO-EGFP fusion protein at the septal pore upon pulse laser treatment. The AAoso strain expressing the AoSO-EGFP fusion protein was grown in
CD + Met liquid medium at 30 °C for 18 h and then subjected to pulse laser treatment (0 min). The circles indicate the area where the pulse laser was applied, while
arrowheads indicate the appearance of a punctate dot at the septal pore upon pulse laser treatment. Bar: 5 pm.
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tween adjacent compartments was blocked by certain stress condi-
tions, including high temperature [19]. This gating phenomenon of
the septal pore in response to stress coincides well with the cur-
rent stress-dependent behavior observed for AoSO localization
and suggests that accumulation of AoSO at the septal pore serves
to block cytoplasmic continuity between adjacent compartments.
In contrast to N. crassa and Sordaria fimicola, which exhibit exten-
sive cytoplasmic streaming through septal pores [4-6], such cyto-
plasmic streaming across the septum is rarely seen in A. oryzae
(Maruyama, unpublished results). In order to monitor cytoplasmic
continuity in living A. oryzae cells, it is first necessary to establish
an appropriate experimental system. Further studies combining
the identification and molecular characterization of other septal
pore-localizing proteins and detailed observation of cytoplasmic
continuity will help unravel the molecular mechanisms involved
in the gating of septal pores in filamentous fungi.
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