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Aspergillus nidulans translationally controlled tumor protein
has a role in the balance between asexual and sexual
differentiation and normal hyphal branching
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Abstract

Translationally controlled tumor protein (TCTP) is a highly conserved and ubig-
uitously expressed protein present in all eukaryotes. Cellular functions of TCTP
include growth promoting, allergic response and responses to various cellular
stresses, but the functions in filamentous fungi have not been reported. In this
report, we characterized an Aspergillus nidulans TCTP (TcpA) with high similarity
to TCTP. The level of tcpa mRNA was relatively high, both during vegetative
growth stage and at early phases of development. TcpA was found predominantly
in the nucleus during germination and mycelial growth, and was localized in
cytoplasm and nuclei of vesicles on stipes during conidia development. Deletion
of tcpA resulted in abnormal hyphal branch formation during vegetative growth.
The tcpA deletion inhibited sexual development, but enhanced asexual develop-
ment via induction of brlA expression. These results imply that TcpA is involved
in normal hyphal branch establishment during vegetative growth and also has a
role in the balance between asexual and sexual differentiation.

Aspergillus nidulans; translationally controlled
tumor protein; differentiation.

Introduction

The translationally controlled tumor protein (TCTP), also
called p21, p23, fortilin, histamine releasing factor and
MMI1, which is initially identified in Ehrlich ascites
tumor cells, is highly conserved and abundantly expressed
across a wide range of eukaryotes (Chitpatima et al,
1988; Bommer & Thiele, 2004). TCTP functioning is
related to anti-apoptosis, tumor reversion, microtubule
organization, ion homeostasis, oxidative stress resistance
and histamine releasing factor (Bommer & Thiele, 2004).
Cellular proteins, including polo kinase, Na*/K"-ATPase,
protein synthesis elongation factor eEF1A, and small
GTPase Rheb, have been identified to interact with TCTP
(Cans et al., 2003; Bommer & Thiele, 2004). The human
TCTP has been suggested to participate in the control of
the cell cycle through TCTP phosphorylation by polo
kinase (Yarm, 2002). It also has been identified as a guan-
ine nucleotide dissociation inhibitor of the translation
elongation factor eEF1A (Cans et al., 2003). In Arabidopsis
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thaliana, TCTP has been implicated as an important regu-
lator of growth as a mediator of the target-of-rapamycin
(TOR) activity (Berkowitz et al., 2008). It has been identi-
fied as a transcription factor activating the pluripotency
genes oct4 and nanog (Koziol et al., 2007; Johansson et al.,
2010), implying a role as a regulator of early development
and stem cell proliferation.

The filamentous fungus, Aspergillus nidulans is an
important model organism used to investigate fundamen-
tal biological questions in fungal development, gene regu-
lation, and the regulation of secondary metabolites
(Morris & Enos, 1992; Adams et al., 1998; Osmani &
Mirabito, 2004). Previously, we reported proteins involved
in early phase of conidial germination in A. nidulans by
proteomic approach and observed up-regulation of
A. nidulans TCTP (TcpA) after initiation of germination
(Oh et al, 2010). To further investigate functions of
TcpA, we examined the expression and localization
of TcpA and analyzed the phenotypic characteristics of a
tcpA deletion mutant strain.
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Materials and methods

Strain and growth conditions

Aspergillus nidulans strains used in this study are listed in
Table 1. For submerged cultivation, 107 spores were inoc-
ulated in 100 mL glucose minimal medium (MM) with
essential supplements (Kafer, 1977) or complete medium
(CM) with 0.5% (w/v) yeast extract and cultured at
37 °C with shaking For Northern blot analysis, fungal
samples from liquid-submerged and developmentally
induced cultures were collected at designated time points.
For induction of asexual and sexual development, vegeta-
tive mycelia grown for 18 h or 10° conidia were spread
onto a solid MM. The plates were then incubated under
air-exposed light conditions for asexual development
induction or under air-tight dark conditions for sexual
development induction as described (Adams et al., 1988;
Han et al., 2004; Seo et al., 2004).

Nucleic acid isolation and manipulation

To obtain the open reading frame (ORF) of fcpA coding
region, total RNA from the mycelia was applied to a
reverse transcription reaction and then ¢cDNA was ampli-
fied by PCR using YTAOI; YTAO2 primer pair (Support-
ing Information, Table S1). The amplicon was sequenced
and compared with the DNA sequence of fcpA. Southern
and Northern blot were performed as given in detail in
Sambrook & Russell (2001) and Yu et al. (2004). For
Northern blot analysis, individual probes were prepared
by PCR amplification of the coding regions of tcpA
(amplified by YTA1l; YTA12) and brlA (amplified by
YTA13; YTA14).

Deletion and localization of TcpA

For the deletion of fcpA, the DJ-PCR method was used
(Yu et al., 2004). Both flanking regions of fcpA were
amplified from FGSC A4 genomic DNA using the YTA03:
YTA04 and YTAO5: YTAO6 primer pairs. The A. nidulans
argB marker gene was PCR-amplified from FGSC A4
genomic DNA using the YTA1-1:YTA1-2 primer pair. The
three fragments were fused, and the final PCR product for

Table 1. Aspergillus nidulans strains used in this study

Strains Genotype Source
FGSC A4 veA* (wild-type) FGSC*
FGSC A850 biA1, argB; methG1; veAT (wil-type) FGSC*
ATD5-2 biA1; argB;, methG1, tcpA:.argB* veAl This study
TF3-2 biA1; argB;, methG1, tcpA:.gfp::argB* veAl  This study

*Fungal genetics stock center.
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the tcpA deletion was amplified using the YTA07:YTAO8
primer pair, and introduced into FGSC A850 protoplasts
generated by lysing enzymes (L1412; Sigma-Aldrich;
Szewczyk et al., 2006). The successful transformation was
confirmed by PCR and Southern blot (Fig. S1B).

For the construction of TcpA with C-terminal GFP tag,
the tcpA ORF without a stop codon was amplified using
the YTA09:YTA10 primer pair. The PCR product then was
digested with Ascl and Nhel, and cloned into the pAT-
sGFP vector, which was modified by exchange of appropri-
ate multiple cloning sites from pMT-sGFP (FGSC) vector.
The construct was integrated into the genomic DNA locus
of tcpA. The single locus integration by homologous
recombination was confirmed by PCR and Southern blot
analyses (Fig. S1D).

Microscopic analysis

Samples of conidia and mycelia were fixed in 3.7% form-
aldehyde, 50 mM Na,HPO, (pH 7.0) and 0.2% Tween 80
for 30 min. Samples were washed in deionized water and
stained for 5 min with 0.1 pg mL™" 4,6-diamidino-
2-phenylindole (DAPI), and the preparations were exam-
ined under a fluorescent microscope (Olympus BX51) to
detect DAPI (equipped for fluorescence with a fluorescein
iso-thiocyanate filter for DAPI) and GFP (samples were
excited with a 488 nm and emitted light was bandpassed
with a 522-532 nm filter) fluorescence.

Results

Gene structure of tcpA

The ORF of tcpA (chromosome VIII; AN0641.2) was
809 bp in length and consisted of four exons (15, 280, 160
and 85 bp) and three introns (Fig. 1a). The predicted TcpA
protein revealed 179 amino acid-length polypeptides, and
including two TCTP signatures, a Ca**/microtubule bind-
ing domain and a polo kinase interaction domain (Fig. S2).
Multiple sequence alignment revealed that TcpA had
between 23% and 46% identity with TCTPs from other
eukaryotic organisms. A phylogenetic tree showed that the
fungal and eukaryotic TCTPs were clearly separated
(Fig. 1b). TCTP was highly conserved in most aspergilli
including Aspergillus terreus (87% amino acid sequence
identity), Aspergillus niger (77%), Aspergillus clavatus
(84%), and Aspergillus fumigatus (82%) (data not shown).

Expression and subcellular localization of TcpA

Northern blot analysis revealed that the level of #cpA
mRNA peaked during active vegetative growth and
decreased rapidly during the stationary phase (Fig. 2a).
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Fig. 1. Structure of tcpA. (a) Schematic presentation for the tcpA
gene. The exons and introns were determined by comparison of
genomic DNA and cDNA sequences. Filled blocks and lines represent
exons and introns, respectively. Length of the three introns (from 5’
to 3') are 147, 69, and 54 bp, respectively. (b) Phylogenetic tree of
TCTP. The tree was derived from multiple sequence alignment (Fig.
S2).

At early stages of (a)sexual development, the mRNA level
was relatively high (Fig. 2a). This indicates a potential
role of TcpA in germination, early hyphal growth and the
developmental stage.

To examine the localization of TcpA, we generated a
strain TF3, which carries a GFP::tcpA allele replacing the
wild-type gene. Successful construction of the strain was
confirmed by Southern blot analysis (Fig. SID). Fluores-
cence microscopic analysis revealed that GFP:TcpA was
predominantly localized in the nucleus and dispersed
throughout the cytoplasm in a relatively low concentra-
tion in vegetative cells (Fig. 2b). To understand the func-
tion of TcpA in spore germination, we investigated the
localization of TcpA in dormant (0 h), activated (1 h),

( a) Veg Asex Sex
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swelling (2 h), and germ-tube formation (4-6 h) stages
of germination. As shown in Fig. 2¢, GFP:TcpA was not
present in dormant spores. After the activated phase of
germinating conidia, GFP:TcpA was uniformly distrib-
uted upon activation of conidia (Fig. 2¢, 1 h). GFP=TcpA
was then localized predominantly in the nucleus in the
swelling and the germ-tube formation stages (Fig. 2c,
2-6 h). Because, after early phase of asexual development
the mRNA level of #cpA decreased (Fig. 2a), we investi-
gated the localization of TcpA in early (vesicle), middle
(metulae, phialide), and late (basipetal structure) asexual
developmental structures (Fig. 2d). As expected, the GFP
signal was high in the cytosol and nuclei of vesicles on
stipes, but decreased notable in phialides and could not
be observed in newly formed conidia (Fig. 2d).

TcpA is required for hyphal branching

In our previous proteomic study, TcpA was abundantly
present during conidial germination (Oh et al, 2010).
TcpA was also highly expressed in the spore germination
and hyphal growth stages, confirming our previous obser-
vation (Fig. 2a). To investigate functions of TcpA, we
constructed a fcpA deletion mutant (Fig. SIA and B) and
its phenotypic characteristics during germination and
hyphal stages were examined. Unexpectedly, deletion of
tcpA resulted in accelerated conidial germination that was
completed 1 h earlier compared to the wild type (Fig. 3a
and b). Moreover, the second germ tube was not formed
and aberrant (hyper) branching was observed on primary
germ-tube in fcpA deletion mutant (Fig. 3a).

In hyphae, side branches generally emerge from subapi-
cal cells (Momany, 2002). However, in the tcpA deletion
mutant, the side branch showed patches with disturbed
side branch patterning (Fig. 3c). The multiple side branches
emerged at septa without distinct primary hyphae or side
branch in one direction (Fig. 3c¢).

»
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Fig. 2. Expression and localization of TcpA.
(a) Expression of tcpA during the life cycle of
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Asex, asexual induction; Sex, sexual induction;
AtcpA indicated negative control. Equal
loading of total RNA was confirmed by
ethidium bromide staining of rRNA. (b)
Localization of GFP::TcpA in vegetative
hyphae. Conidia from strain TF3-2 (GFP::TcpA)
were inoculated on a coverslip submerged in
liguid minimal medium. (c) Localization of
GFP::TcpA in germination process. (d)
Localization of GFP::TcpA in conidation.

GFP::TcpA
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Fig. 3. Phenotypic analysis of the tcpA
deletion mutant in vegetative growth. (a)
Second germ tube generation. Arrows indicate
second germ tube in tcpA deletion mutant. (b)
Time course of early vegetative growth
measured by conidial swelling (upper) and
germ tube emergency (lower). For quantitation
of phenotypes, counts of at least 300 cells
were done. Three independent experiments
were performed and values of mean + SD are
displayed in each bar. (c) Hyperbranching of
the tcpA deletion mutant. Arrows indicate the
abnormal side branching points.

Functions of TcpA in the regulation of sexual
and asexual development

The deletion of tcpA mutant strain showed a clear over-
production of conidia compared to the wild type. The
mutant produced up to 3.2 x 10° conidia/plate after
5 days compared to 5.0 x 10° in case of the wild type
(Fig. 4b). This suggests a role of TcpA in the regulation
of asexual development. The transcription factor brlA is a
key regulator of asexual development and its activation is
indispensable for conidiation (Adams et al., 1988). The
expression of brJA mRNA in the wild type was induced
after 24 h and the amount of transcript gradually
increased and peaked at 72 h (Fig. 4c). However, in the
tcpA deletion mutant, a huge amount of the brJA mRNA
started to accumulate at only 12 h after induction and
the level peaked after 48 h (Fig. 4c).

Because asexual and sexual development pathways are
mutually antagonistic, we examined whether tcpA deletion
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reduces the formation of the sexual fruiting body (cleisto-
thecium) formation. We spread 10° conidia of wild-type
(WT) and fcpA deletion mutant on a solid medium and
incubated in the air-limited dark condition for sexual fru-
iting body formation. As shown in Fig. 4d, the tcpA dele-
tion mutant was unable to produce cleistothecium while
WT accumulated high amount of cleistothecium (Fig. 4d,
arrow heads). The results suggest that TcpA has a role in
the balance between asexual and sexual differentiation.

Discussion

The mRNA of tcpA was abundantly present during germi-
nation, germ tube elongation and early vegetative growth
and subsequently decreased in the stationary phase. It was
also present during early (a)sexual developmental stages,
but became absent at later sporulation stages. GFP::TcpA
was absent from dormant conidia, became formed in the
cytoplasm and then transferred to the nuclei during early

(a) (b) MM 37°C

WT
Fig. 4. The role of TcpA in development.
(a, b) Early and augmented conidation of the AtepA
tcpA deletion mutant. For the quantification 2day  3day 4day  Sday
of conidia, plates were harvested at each time
point. The values shown are the means + SD (d) - dodi
from five independent experiments. (c) ves Asex '

Light Dark Light Dark

(c) Northern blot analysis of brlA expression

during asexual development. Equal loading of

total RNA was confirmed by rRNA. (d) Effect brid
of tcpA deletion on the sexual fruiting body
(cleistothecia) formation, which was induced
by the air-limited dark conditions. Arrowheads
indicate cleistothecia.

TRNA
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germination and It was clearly observed in the vesicles on
stipes during conidiophore formation and then disap-
peared in phialides and newly formed conidia. Deletion
of tcpA resulted in an acceleration of swelling of conidia
and germination, but no second germ tube was formed
and aberrant branching was observed. Very notable, while
asexual development was much enhanced after deletion of
tcpA, the formation of cleistothecium was inhibited.

TCTP has been implicated to participate in cell growth
and cell division. Overexpression of a mutant TCTP, in
which the phosphorylation sites for the mitotic polo-like
kinase (Plk) was mutated, disrupted the completion of mito-
sis (Yarm, 2002). In A. nidulans, spore polarization is cou-
pled to cell cycle progression (Harris, 1999; Momany &
Taylor, 2000). It has been suggested that coordination
between the polarity establishment and the nuclear division
is important for ensuring an appropriate volume of cyto-
plasm per nucleus in the dividing hyphae (Harris, 2006).
Recently, the function of A. midulans PLK (PLKA) was
reported that PLKA is not essential for hyphal growth but
may be important for aspects of hyphal morphogenesis and
polar axis formation (Mogilevsky et al., 2012). On this basis,
our findings that include translocation of TcpA to nucleus
during germination and hyphal growth (Fig. 2b) and
hyperbranching (Fig. 3a and c) of the TcpA deletion strain,
may imply a role of TcpA in cell cycle progression. This
is further justified by the fact that TcpA contains a Plk
interaction domain (Fig. S2).

Sexual fruiting body formation occurs preferentially in
darkness in A. midulans and is inhibited by light as an
external signal (Bayram et al., 2008; Calvo, 2008). In con-
trast, formation of asexual spores is promoted by light.
The molecular mechanism of light signal transduction is
yet to be fully understood, but a nuclear protein VeA
(velvet A) has been known to regulate the developmental
process by activating sexual development and inhibiting
asexual development (Champe et al., 1981; Yager, 1992).
Aspergillus nidulans VeA localizes in the nucleus in dark
conditions but is predominantly retained in the cyto-
plasm in light conditions. VeA interacts with o-importin
KapA, a nuclear transporter (Stinnett et al., 2007) and
regulates the expression of the asexual transcription factor
gene brlA (Kato et al., 2003). Deletion of veA (AveA)
caused failure in fruiting body formation while overex-
pression of VeA increased formation of sexual structures
with reduced conidiation. These indicate that veA is a
positive regulator of sexual development and simulta-
neously a negative regulator of asexual development (Kim
et al., 2002). Additionally, the function of GanB
(Go-protein) was indicated that negative regulation of
asexual sporulation by active GanB maybe mediated
through repression of brlA expression at the transcrip-
tional level (Chang ef al., 2004). According to our data,
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tcpA deletion induced asexual development and caused
failure in fruiting body formation even under the condi-
tions that promote sexual development (Fig. 4). More-
over, the tcpA deletion resulted in premature and
augmented induction of the brlJA mRNA. The presented
data suggest that the function of TcpA has a close rela-
tionship with that of VeA and GanB proteins during
development.
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MLLYEDVISGDELVSDAYDLEEVDD-IVYEADCOMVIVEQ-GGDVDIG-ANPSAEDAEEN
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GGAEGGEVMVHDIEDQFRLVWLEAEDGARPPRDAFRGHLRTYMRRVLEALOQDRGAPDETI
AGGDGEEVMVHDIEDQFRLVWLRTEEGMRPSRDAFRSHLRTYMRRVLARLQERGVPEAEI

EGTESTVVIGVDIVMNHHLOQETSFTR-——--EA-—-YRRYIRDYMRSLRGELEEQRPE-—RV
EGTESTVITGVDIVMNHHLOETSFTR————-EA-—YRKRYIRDYMKSIKGELEEQRPE-—RV
EGITDITSESGVDVVLNHRLTECFAFG————-DRRSYTLYLRDYMRERVLARLEERSPD——QV
DGSDEHVERGIDIVLNHELVEMNCYE-———-DASMFRAYIRKRFMENVIDHMERNNRDERADV
EGVDDSTQRVVDIVDTFRLOQEQPTYD————-RRKG-FIAYIRKRYIRLLTPELSEEDQA————
—-=VEEGAEMVNNVVHSFRLOQTAFD-————— RESFLTYIRGYMRAVRARLOETNP-—-EEV
--AEEGTETVNNLVYSFRLSPTSFD-————— FEESYMSYIRGYMFAIFARLOESNP--ERV
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*o = en = 3| Microtubule binding___|

NEFRRGAPAAVNRILEN-—-YDNYDVLMGESMDG—-—--DAMHILIDFRE-DG-VTPYATLWK
DAFRRKGAPAAVERILAN-—YDNYDVLMGHSMDG——-DAMHVLIDFRE-DG-VTPYATLWK
EPFMTGAAEQIRHILAN--FNNYQFFIGENMNP--—-DGMVALLDYRE-DG-VITPFMIFFK
EKPFMTGAAEQIRHILAN-—-FENYQFFIGENMNP-—-—-DGMVALLDYRE-DG-VTPYMIFFK
DIFRTNMNRAMRDILG-—RFRELQFFTGESMDC——-—-DGMVALVEYREINGDSVPVLMFFK
DAFRRRIQGWVVSLLARDRFRENLAFFIGERAAEGAENGOQVAIIEYRDVDGTEVPTLMLVK
—~VFRRGIEGATRFLLPR--LSDFQFFVGEGMHD-—--DSTLVFAYYRE-—-GSTNPTFLYFA
PRFERGAQTYVRERVIGS--FERDWEFFTGESMDP—---DAMVVMLNYRE-DG-TTPFVAIWK
PVFERNAIGFVRRILAN-—-FRDYDFYIGESMDP---DAMVVLMNYRE-DG-ITPYMIFFK
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Supplementary table. The primers used in this study

Name  Sequence (5°— 3°) Description
YTAO1 ACATGACTT GCATAT GAT TAT TTACAA GGATAT tcpA ORF 5’-forward for cDNA amplification and
sequencing
YTAO02 CAAGTCATG TGGATC CTT AAACCT TCATCT CCT CAA tcpA ORF 3’-reverse for cDNA amplification and
sequencing

YTAll GGT CCT CTC GGACAC CTACA tcpA probe 5’-forward

YTA12 ACACCATCC TCACGGAAGTC tcpA probe 3’-reverse

YTAL3 CCAGGCAGC TGC TTACCTAC brlA probe 5’-forward

YTAl4 GAACTG CACCTGCTT CAT GA brlA probe 3’-reverse

YTAO3 AGG TTT GAC AGT TAACTT CGT 5’ flanking region of tcpA

YTAO4 GGT CTG TTT CAT TAG ATG ACT TTT GAA AGA TGG 5’ flanking reverse with 5’argB tail
AGA TGG AGA

YTAO05 ATC CAG CAC ATT CTT CTG AGG GTT CCA CGA ATT 3’ flanking forward with 3’argB tail
ATG AAG AAT

YTAO06 ACCACAGTCTCT CAATCTCCT 3 flanking region of tcpA

YTAl-1  AGT CAT CTAATG AAACAGACC Forward primer for argB

YTA1-2 CCT CAG AAG AAT GTG CTG GAT Reverse primer for argB

YTAO07 AGT CAT CTAATG AAACAG ACC 5’ nested of tcpA

YTAO8 CCT CAG AAG AAT GTG CTG GAT 3’ nested of tcpA

YTAO09 CAG CTAGCAACC TTCATC TCCTCAAGACC tcpA ORF 5’°-forward with Ascl

YTAL0 ACA CAC GGC GCG CCT GCAGGATCT CCATCT CCA tcpA ORF 3’-reverse with Nhel
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