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MoTCTP, A Homolog of Translationally Controlled Tumor Protein, Is
Required for Fungal Growth and Conidiation in Magnaporthe oryzae
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Abstract Translationally controlled tumor protein (TCTP) is a multifunctional protein abundantly ex-
pressed in multicellular organisms. It plays important roles in lots of biological processes, such as cell growth,
differentiation and gene expression in animal and plant. In this report, we described the expression, distribution,
and function of MoTCTP, a homolog of human TCTP, in the rice blast fungus Magnaporthe oryzae. MoTCTP
is highly expressed in hyphae, conidia and appressoria. MoTCTP is localized to cytoplasm, mitochondrial outer
membrane and cytoplasm nearby vacuoles. Knockout of MoTCTP led to reduction in mycelial growth, decrease
in conidial production and delay in conidial germination in the fungus, but increase in resistance to hydrogen
peroxide stress. The expression of six genes encoding cyclins and cell division control proteins and three genes
encoding known conidiogenesis related proteins were downregulated in MoTCTP null mutants, but three genes
encoding cyclin-dependent kinases were upregulated among fifteen analyzed genes. These results demonstrated
the biological function of MoTCTP in the control of fungal development and in the response to cellular stresses
in rice blast fungus and suggested that cell cycle regulation proteins might be involved in these process regulated
by MoTCTP.
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Translationally controlled tumor protein (TCTP) is
an evolutionarily highly conserved protein and initially
identified as a factor involved in cell growth from hu-
man tumor cells!'?. Subsequent researches in animal
and human cells reveals that TCTP is a multifunctional
protein, which functions in cell growth, development,
differentiation, apoptosis, cellular stress responses, and
a lot of cell physiological events in cancer by regulating
cell cycle, expression regulation, protein synthesis regu-
lation and cytoskeleton networks™®. In plants, TCTP
is associated with long-distance movement of phloem
proteins®” and cell division in the root cap'’. Arabidop-
sis thaliana AtTCTP regulates mitotic growth positively
through affecting the duration time of the cell cycle!!l.
And silencing of TCTP leads to slowed vegetative
growth, reduced lateral root formation and impaired root
hair development!'?.

In yeast, TCTP (TMA19 or MMI1) binds to ribo-
somes!”’, and localizes to the cytoplasm and relocates
to the mitochondrial outer surface upon mild oxida-
tive stress, replicative ageing or mutation of cdc48!".
Deletion of MM]I1 increases the resistance to hydrogen
peroxide stress, and confers sensitivity to benomyl in
Saccharomyces cerevisiae'¥. MMI1 might interact
with microtubules and mitochondria for correct local-
ization of mitochondria during cell division!". The
protein structure of TCTPs in Saccharomyces pombe
and human shows that TCTPs contain a helix domains
and B sheet domains, which bind to microtubules and
calcium ions!"'>'%, Rab GTPase!'"), polo kinase!'®), Na*/
K" ATPase!"” and MCL/BCL-xL",

Little was known about TCTP protein’s function
in filamentous fungi. Only two reports were published
recently. They were about Cladosporium herbarum
and Alternaria alternata TCTPs, respectively, which
were cross-reactive fungal allergens™™*?. However, the

functions of TCTPs in filamentous fungi are still un-
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clear. Here we showed that MoTCTP was abundantly
expressed in mycelia, conidia and appressoria in Mag-
naporthe oryzae, and filamentous fungal TCTPs shared
high sequence identity with each other as well as with
human TCTP. The deletion of MoTCTP led to the
changes of cell cycle-related genes and conidiogenesis-
related genes at mRNA expression level in mycelia,
which resulted in the defects in fungal growth, conidia-

tion and germination consequently.

1 Materials and Methods
1.1 Fungal strains, media and culture conditions
M. oryzae strain Guy11 was used as a wild type in
this study. The wild type and its MoTCTP null mutants
or ectopic transformants were grown at 25 °C under a
14-h light and 10-h dark cycle using fluorescent lights
on complete medium (CM)™**! or under dark on defined
complex medium (yeast nitrogen base without amino
acids, 1.7 g/L; asparagine, 2 g/L; NH4;NO;, 1 g/L;
glucose, 10 g/L; pH to 6.0 with Na,HPO,).
1.2 Nucleic acid manipulation and Real-time PCR
Genomic DNA was isolated from mycelia with
2% CTAB solution and total RNA was isolated from
mycelia, conidia or appressoria with Trizol reagent
using a standard method™”*?*!, Restriction enzyme
digestion, agarose gel separation, PCR, RT-PCR and
Southern blot were performed following standard
procedurest’!. RT-qPCR was conducted follow-
ing our previous report®!. The primer sets of PCR
for MoTCTP DNA manipulation and RT-qPCR for
MoTCTP, cyclin genes (CYC1, CYC2, MoCCNK, Mo-
CLB3, MoCTK2, MoPCL1, MoCCLI and MoCCNL?2),
cell division control protein genes (MoCDC14,
MoCDC15, MoCDC28 and MoCDC42), conidiogen-
esis related genes (CON7, MoATGS5, MoTEA4) and
p-tubulin were listed in Table 1 and described in the

text.
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Table 1 Primers used in this experiment

Primer Sequence(5'—3") Usage

upF TCT CGA GAA GGG GTG GCAAAT CCGACAT MoTCTP, PCR
upR TGT CGA CTG CCC CGC CAC CAGTTG CTAC MoTCTP, PCR

dnF TGA TAT CAC ATT TGG GTC TCG GGC ATC TG MoTCTP, PCR
dnR TGG ATC CAC GGC AAA CGG GCT CAACGAAAAG MoTCTP, PCR
CKF CTT GGC ATT CGT TGG TTT GTA G MoTCTP, PCR
CKR TTT CCT TCC GTG TGG GTA TAT G MoTCTP, PCR
HBF TAG AAT TCT TGT ATA GGG CGC CGT AAG CGT AA MoTCTP, PCR
HBR TAC TGC AGT ACG GCATTG CAGACAAGG TCT CT MoTCTP, PCR
TCTP4F TTC TAG AAT GCT TAT TTT CAA GGA TAT TGT MoTCTP, PCR
TCTP4R TTC TAG AGC ACT TCA TCT CGG TAA GAC CAT MoTCTP, PCR
MoTCTP-RTF ATG CTTATT TTC AAG GAT ATT G MoTCTP, RT-PCR
MoTCTP-RTR TTA GCA CTT CAT CTC GGT AAG MoTCTP, RT-PCR
Tubulin-RTF TTC CGC CTG TCACCG TTC C B-tubulin, RT-PCR
Tubulin-RTR GGG CCT CCT CCT CGT ACT CCT CTT B-tubulin, RT-PCR
qTubulin-F ATT GTT CAC CTT CAG ACC GG B-tubulin, RT-qPCR
qTubulin-R TTG AAG TAG ACG CTC ATA CGC B-tubulin, RT-qPCR

MoTCTP-qRTF
MoTCTP-qRTR
MoCTK2-qRTF
MoCTK2-qRTR
MoCDC14-qRTF
MoCDC14-qRTR

CTG CTC AAC TAC AGG GAA GAT G
ATG CCC GAG ACC CAAATG

CTA CGA CTC CAG ATG ACAAGA TG
GAT CAA GTACTT TTG CGG GTG
AGCAAGATC CTC TTT ATG CGG
CAA ATG TGC GAG TGT TCT GG

MoTCTP, RT-qgPCR
MoTCTP, RT-qgPCR
MoCTK2, RT-qPCR
MoCTK2, RT-qPCR
MOCDC14, RT-gPCR
MOCDC14, RT-gPCR

qCDC42f AAGAACTCG GTG CGG TTAAG CDC42, RT-qPCR
qCDC42r TTG GAT TTC CTC TTG GGT GTC CDC42, RT-qPCR
qCDC15f CCT CGG ACT GCC TAAACATC CDC15, RT-qPCR
qCDCl15r GAG AAC CTG CGT CAT ATA CACC CDC15, RT-qPCR
CYCI1-qRTF AGC CCG TTG TAAACCTCATG CYC1, RT-qPCR
CYCI1-gqRTR GGT CAATGC CAAAGA GATAACC CYC1, RT-gPCR
CYC2-qRTF GAT TCT TGA GAA GGG TGA CTG G CYC2, RT-qPCR
CYC2-gqRTR CTT GAT GGT GCT TCT CGG G CYC2, RT-qPCR
MoPCL1-qRTF GTA GTC TGT TCC AAC GTC CAG MOPCLI1, RT-gPCR
MoPCL1-qRTR ACT TAG CGG CCA GAATCAAAG MOPCLI1, RT-gPCR

MoCCNK-qRTF
MoCCNK-qRTR
MoCCL1-qRTF
MoCCL1-qRTR
MoCLB3-qRTF
MoCLB3-qRTR
MoCDC28-qRTF
MoCDC28-qRTR
MoCCNL2-qRTF

MoCCNL2-qRTR

MoATGS5-qRTF
MoATG5-gRTR
MoTEA4-qRTF
MoTEA4-qRTR
CON7-qRTF
CON7-qRTR

CAAATAACATTATGG GTC GCC G
CAA GAATAAAGA GGT TGC AGC G
CAG CAC CAT GAT CAAAAC CG
CTC GCAAAG CAGAAACTCG
TCG GGAATG AGC TTT CGC

ATG AGG TAG GGA CGC ATA AAC
CCC GGA GACTCT GAAATT GAT G
GGC TTG AAG TCA GGG TAG ATG
TCG ATA CTG GCT TGT GGATTC
GGAAAC TGG AGAAAG GAG GTAG
GGG TCTTTT AGG GTC ATG CAG
AGCAAG TCA CGT AGT GTT GG
AGCACATTGAGACACCCAC

GGC TACAGT CTT GGT CTT CC
ACC ATT TAAACG CGC ATG TG
CGT TCC TCG TCT GCC TTG

MoCCNK, RT-qPCR
MoCCNK, RT-qPCR
MoCCL1, RT-qPCR
MoCCL1, RT-qPCR
MoCLB3, RT-qPCR
MoCLB3, RT-qPCR
MoCDC28, RT-gPCR
MoCDC28, RT-gPCR
MOCCNL2, RT-qPCR
MOCCNL2, RT-qPCR
MoATGS, RT-qPCR
MOoATGS, RT-qPCR
MoTEA4, RT-qPCR
MoTEA4, RT-qPCR
CON7, RT-qPCR
CON7, RT-qPCR
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1.3 Vector construction and fungal transformation

A gene deletion vector of MoTCTP was built ac-
cording to a previously reported method?*. A 0.9 Kb
downstream flanking sequence fragment and an 1.0 Kb
upstream flanking sequence fragment of MoTCTP,
obtained by PCR using genomic DNA as a template
with primer sets upF/upR and dnF/dnR (Table 1), were
inserted into the Xho 1/Sal 1 sites and EcoR V/BamH
I sites of pBS-HPH1 vector®*! successively. Then, the
MoTCTP gene deletion construct containing a hygro-
mycin resistance gene cassette (HPH) was cut and in-
serted into the Xho I/BamH 1 sites of pCAMBIA1300
vector. The pCAMBIA1300 vector was transformed
into Agrobacterium tumefaciens strain AGL1 and then
transformed into M. oryzae using an Agrobacterium
tumefaciens-mediated transformation (ATMT) method
according to a previous report?”, The transformants
were initially screened on selective CM media contain-
ing 200 pg/mL hygromycin and then confirmed by
PCR using primer set CKF/CKR (Table 1). Knockout
mutants were purified by mono-conidial isolation and
confirmed by Southern blot.

For complementation assay, 3.4 Kb DNA fragment
covering MoTCTP gene amplified from genomic DNA
was inserted into EcoR 1/Pst 1 sites of pKDS5 vector con-
taining sulfonylurea resistance gene”® and then trans-
formed into AMotctp mutant through ATMT method.
The transformants were initially screened on selective
defined complex media containing 100 pg/mL chlo-
rimuron-ethyl. The expression of MoTCTP in MoTCTP-
rescued transformants was confirmed by RT-PCR using
primer set MOTCTP-RTF/MoTCTP-RTR with fS-tubulin
(primer set, Tubulin-RTF/Tubulin-RTR) (Table 1) as a
control.

1.4 Localization of MoTCTP

To test the localization of MoTCTP in a cell, a
strain expressed with GFP-MoTCTP fusion protein
was built as follows. MoTCTP CDS fragment ampli-
fied from genomic DNA with primer set TCTP4F/
TCTP4R was inserted into the Xba 1 site of pKDS5-
GFP vector®™. The GFP-MoTCTP infusion expression

vector was transformed into wild type strain through

ATMT method. The transformants were screened on
selective defined complex media after transformation
and then GFP expression was observed under fluores-
cence microscope.
1.5 Characterization of MoTCTP null mutants

CM medium was used to measure the vegetative
growth, colony characteristics and conidiation as pre-
viously reported®*. To check the resistance of AMotcip
to hydrogen peroxide stress, 0.1 pmol/L~100 umol/L
H,0, was added to CM medium for 10 days. The ex-
periments were repeated three times with 5 replicates
each. Conidial germination and appressorial formation
were assayed on plastic coverslips under humid condi-
tions at 25 °C*%. For conidial germination and appres-
sorial formation assay, more than 300 conidia were
examined for each sample with three repeats.

Subcellular localization or co-localization of
GFP-MoTCTP fusion protein was observed under
fluorescence microscope. For mitochondrial staining,
hyphae were cultured with 1 mmol/L Mitotracker red
(Invitrogen, USA) for 40 minutes. For vacuole stain-
ing, hyphae were incubated with 7.5 umol/L FM4-64
(Invitrogen, USA) for 2.5 h. And for DNA staining,
hyphae were stained with 5 pg/mL DAPI (Beyotime,
China) for 15 minutes.
1.6 Plant infection assays

The virulence test on barley (Hordeum vulgare)
seedlings was performed as described previously™*.
For barley leaf explants inoculation, 5 mm mycelium
blocks of Guy11 and transformants were inoculated on
leaf, and then cultured in a wet box at 25 °C for 4 days.
Disease lesions were recorded 4 days for barley after
inoculation. The experiments were repeated three times

independently.

2 Results
2.1 MoTCTP is an abundantly expressed gene

in M. oryzae and shares high homologous TCTP
domain sequence with human TCTP

The gene expression profiles in aerial mycelia
and appressoria of M. oryzae were analyzed using

the Illumina sequencing platform (data not shown)
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and putative MGG _06249.7 gene was found to be
listed as the 24™ most abundantly expressed genes
with 1571 TPM (number of transcripts per million
clean tags) in aerial mycelia. After blast search on
NCBIL, MGG_06249.7 was identified as a homolog of
human translationally controlled tumor protein domain
(TCTP, pfam00838), and such was named as MoTCTP
in present work. The ¢cDNA sequence of MoTCTP
was cloned from ¢cDNA library of M. oryzae®! and
submitted to NCBI (GenBank KC834738). The cDNA
confirmed MoTCTP protein contained 170 amino
acids with 39% identity to human TCTP protein,
and exhibited much higher similarities to its fungal
homologues, e.g., 52% identity to S. cerevisiae
TMA19, 61% identity to FOTCTP in Fusarium
oxysporum, 59% identity to GzTCTP in Gibberella
zeae/NcTCTP in Neurospora crassa, and 56% identity
to AaTCTP in Alternaria alternate.

MoTCTP mRNA levels during vegetative growth,
conidiation, conidial germination, and appressorium
formation were analyzed using quantitative Real-time
PCR (RT-qPCR) to compare transcriptional changes of
MoTCTP during the fungal development. The results
showed that MoTCTP is abundantly expressed in M.
oryzae, even more than f-tubulin, a highly expressed
house-keeping gene, in all checked developmental
stages (Fig.1). The relative abundance of MoTCTP
transcripts to those of f-tubulin were 5.4-fold (sub-

Relative MoTCTP mRNA level
(compared with S-tubulin, fold)
=

SM AM 2h 6h 20h  24h 25h

Total RNAs of substrate mycelia (SM, cultured in liquid CM medium),
aerial conidial mycelia (AM, cultured on solid CM medium), and
conidia incubated for 2 h (germinating conidia), 6 h (developing
appressoria), 20 h (maturing appressoria), 24 h and 25 h (matured
appressoria) were extracted and synthesized to cDNA. The f-tubulin
gene was selected as a control in RT-qPCR.

Fig.1 The expression pattern of MoTCTP in M. oryzae

strate mycelia) and 7.3-fold (aerial conidium-produced
mycelia), 2.5-fold (germinated conidia) and 12.5-fold
to 4.9-fold (developing and developed appressoria).
2.2 MoTCTP knockout and recovery in M. oryzae

To evaluate the function of MoTCTP at molecu-
lar level, we constructed MoTCTP-deleted mutants by
targeted gene replacement as described in materials
and methods. 1 277 bp DNA sequence covering whole
coding sequence of MoTCTP gene was deleted in M.
oryzae strain Guyl1 (Fig.2A). The transformants were
screened by PCR using internal primers (CKF/CKR)
of MoTCTP coding sequence and 6 transformants were
found losing MoTCTP genes. Then genomic DNA of
MoTCTP mutants, wild type strain Guyl1, and one
ectopic transformant were digested with Hind III for
Southern blot analysis. After hybridized with a probe,
a 998 bp downstream flanking sequence fragment of
MoTCTP, a 2.7 Kb band that was 1 Kb smaller than
that of the wild type appeared in the AMotctp mutants
(Fig.2B). The ectopic transformant showed two bands,
one is 3.7 Kb same with that of the wild type strain, the
other is 0.5 Kb representing an ectopic insertion. Thus,
six AMotctp mutants and one ectopic transformant
were identified in this experiment.

To confirm whether the phenotypical changes
of AMotctp mutants were caused really by the loss of
MoTCTP, we reintroduced MoTCTP into the AMotctp
mutant strain M35. An original copy of MoTCTP
which was inserted into binary vector pKD5 containing
sulfonylurea resistance gene®™ was transformed into
AMotctp germinating conidia through ATMT method.
The expression of MoTCTP in the complementation
transformant (M35-HB1) was confirmed by RT-PCR
which assured the gene recovery event (Fig.2C).

2.3 AMotctp mutants display defects in mycelial
growth and resistance to hydrogen peroxide stress

AMotctp mutants showed defects in mycelial
growth on CM medium. Mutant M3/M35 colonies
grew as much as 59.6%/53.1% of the wild type
Guyll1, while ectopic transformant M11 showed no
significant differences to Guyll on CM medium at
10 d after inoculation (Fig.3A). And the mycelial
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A: MoTCTP locus and gene targeted deletion vector (pTCTP). The probe for Southern blot is shown in A. H: Hind 111; E: EcoR 1; S: Sal 1; B: BamH 1; X:
Xba 1. HPH: hygromycin resistance gene. B: Southern blot analysis of AMotctp mutants (M3, M9, M19, M24, M30, M35) and an ectopic transformant
(M11). All genomic DNA samples were digested with Hind 111, and probed with a 998 bp downstream flanking sequence fragment of MoTCTP. As
expected, the 2.7 Kb bands were detected in A Motctp mutant (M3, M9, M19, M24, M30, M35) and the 3.7 Kb band was detected in wild-type strain
Guy-11 and an ectopic transformant (M11), whereas a 0.5 Kb band was also detected in ectopic transformant M11. C: confirmation of MoTCTP expres-

sion in the complementation transformant (M35-HB1) by RT-PCR. Total RNAs were isolated from mycelia of the wild-type Guyl1, AMotctp mutant
M35, and MoTCTP-rescued strain M35-HB1 grown on CM medium plates. The S-tubulin gene was selected as a control. RT-PCR results confirmed that
MoTCTP transcripts were absent in the AMotctp mutant and present in MoTCTP-rescued strain M35-HB1. M: DNA marker (Trans2k Plus II, TransGen

Biotech, China).

Fig.2 Knockout and recovery of MoTCTP

growth in MoTCTP-rescued strain M35-HB1 was re-
covered when compared to mutant M35 and wild type
(Fig.3B).

As yeast mutant lacking MMI1, a homolog of
TCTP, which displayed resistance to H,O, stress!'¥, we
assayed the resistance of AMotctp to hydrogen perox-
ide stress in CM medium. After trying 0.1 pmol/L~100
pmol/L H,O,, we found 10 pmol/L H,0, is a suitable
concentration. In this concentration wild type strain
could grow in a speed nearly half of that in a controlled
CM medium. The growth inhibit rate of 10 pmol/L
H,0,on CM medium at 10 d after inoculation is 55.1%
for wild type Guy11, 31.5% for mutant M3, 23.1% for
mutant M35 and 56.1% for ectopic transformant M11,

respectively when compared to the growth under con-

trol CM medium. However, there were no significant
differences among these four tested strains in term of
the mycelial growth of colonies on CM medium con-
taining 10 pmol/L H,O, (Fig.3A and 3C). These results
suggested that AMotctp increase resistance to hydrogen
peroxide stress.
2.4 AMotctp mutants display defects in conidiation
MoTCTP is necessary for the conidiation in rice
blast fungus. Conidial production of AMotctp mu-
tants M3 and M35, wild type Guyll and MoTCTP-
rescued transformant of AMotctp (M35-HB1) was
measured on CM medium. Wild type Guy11 produced
(5.37+1.12)x10* conidia/mm?, while AMotctp mutants
M3 and M35 produced less conidia than wild type at
(0.20+0.07)x10* conidia/mm? and (0.31+0.07)x10*
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A: the mycelial growth of wild type Guyl1, AMotctp mutants M3 and M35, and an ectopic transformant strain M11 on CM media or CM media con-
taining 10 pmol/L H,0O, at 10 DPI (days post inoculation). **P <0.01 indicates significant differences between wild type strain/ectopic transformant
strain and mutants estimated by Duncan’s test. B: the colonies of Guyl1l, M35 and MoTCTP-rescued strain M35-HB1 on CM media. The photo was
taken at 6 DPI with point mycelial block. C: the colonies of Guyll, M3 and M35, and M11 on CM media containing 10 pmol/L H,O,. The photo was
taken at 4 DPI with 0.5 cm mycelial block. Bar=1 cm.

Fig.3 Growth defects of AMotctp mutants
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A: conidiation of wild type Guyll and AMotctp M3 and M35, and MoTCTP-rescued transformants M35-HB1 on CM medium. **P<0.01 indicates
significant differences between wild type strain/MoTCTP-rescued transformant and mutants estimated by Duncan’s test. B: development of conidia on
the conidiophores of wild type Guyl1l, AMotctp M35 and MoTCTP-rescued transformants M35-HB1. The photos were taken on strains grown on CM
medium over microscope slides for 4 days. Bar=40 um. C: expression levels of CON7, MoATG5 and MoTEAS5 genes in mutant M35. Total RNAs were
isolated from mycelia grown in liquid CM medium. The data from RT-qPCR were firstly normalized using f-tubulin and then the expression levels in
the wild type used as a control. *P<0.05 indicates significant difference between wild type strain and mutant estimated by Duncan’s test.

Fig.4 Conidiation defects of AMotctp mutants
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conidia/mm? respectively, just 3.7% or 5.8% of that in
wild type (Fig.4A). The MoTCTP-rescued transformant
of AMotctp showed no significant difference to Guyll
in conidiation.

Conidial development was observed by careful
inspection for mycelial mat grown on CM medium over
microscope slides. There were fewer conidiophores
developed in AMotctp mutant M35, and most conidia
were singly developed in mutant M35 compared to
the wild type, while MoTCTP-rescued transformant of
AMotctp (M35-HB1) produced normal conidiophores
and conidia as the wild type Guyl11 (Fig.4B).

Conidiation are often weakened in many reported
gene deletion mutants in rice blast fungus. However, the
causes leading to weakened conidiation are still unre-
vealed. We selected three genes: CON7, MoATGS5 and
MoTEA4, which resulted in defective conidiation when
they were deleted®Y, and assayed their expression in
mutant M35 and wild type Guy11. We found that these
three genes were downregulated compared to wild type
(Fig.4C), and the mRNA level of CON7, MoATGS5 and
MoTEA4 in mutant is only 22.4%, 39.4% and 62.1% of
the wild type. These results implied that the weakened
conidiation in AMotctp mutants was possibly caused
by the expression changes of some conidiation-relative
genes expression.

2.5 Delayed conidial germination and normal
appressorium formation in AMotctp

The germination of conidia in AMotctp mutants
M3 and M35 was delayed. At 2 hpi (hours post incuba-
tion), conidial germination rates were (74.47+5.89)%
in M3 and (76.77+5.85)% in M35, compared to
(92.30+0.50)% in Guyll and (93.53+£1.70)% in ecto-
pic transformant M11. At 4 hpi, conidial germination
rate of AMotctp mutants was comparable to wild type
and ectopic transformant (Fig.5). However, the ability
to form appressorium in AMotctp mutants didn’t show
any abnormity (Fig.5).

2.6 Expression level of genes related to cell cycle
is affected by MoTCTP

The reduced mycelial growth and weakened

conidiation in AMotctp implied MoTCTP functions in

cell growth, cell proliferation and differentiation. It
is known that cyclin proteins control cell progression
by activating cyclin-dependent kinases (CDK). To see
whether the expression of cyclin genes was affected
by MoTCTP, the mRNA level of 10 cyclin or cyclin-
dependant proteins (Table 2) were detected using RT-
gPCR in both the wide type and mutants.

The results showed that the mRNA level of six
cell cycle genes (MoCCNK, CYC1, MoCLB3, MoCTK?2,
MoCDC14 and MoPCLI) was downregulated, while
three CDK genes (MoCDC15, MoCDC28 and MoCDC42)
were upregulated (Fig.6). However, three cyclin proteins
(CYC2, MoCCL1 and MoCCNL?2) were little affected at
mRNA expression level by MoTCTP. It is known that
CYCI, MoCDC15 and MoCDC42 are required for fungal
growth or conidiation®*%, These results suggested that
the transcription of several cell cycle genes was regulated
by MoTCTP, and the defects in the fungal growth and
conidiation might be possibly caused by the altered ex-
pression of cell cycle relative genes in AMotctp mutants.
2.7 Cellular localization of MoTCTP

GFP-MoTCTP fusion expression transformants
were built to investigate the localization of MoTCTP in
M. oryzae. In yeast, the translocations of Mmil (TCTP)
between cytoplasm and mitochondria were observed
under oxidative stress!'Y. So, we checked the MoTCTP

distribution in the transformant hyphae after staining
100 -
80 -

60 -
E2h

o04h
m6h

Conidial germination at 2 h or 4 h/
appressorium formation at 6 h (%)

Guyll M3 M35 Ml11

Mutants M3 and M35, wild type Guy11, and ectopic transformant M11
were cultured in H,O on plastic cover slides for 2 h and 4 h (conidial
germination), and 6 h (appressorial formation). *P<0.05 indicates sig-
nificant difference between wild type strain/ectopic transformant and
mutants estimated by Duncan’s test.
Fig.5 Conidial germination rate (%) and appressorial
formation rate (%) of AMotctp mutants
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Table 2 Genes encoding cyclins and cell division proteins in Magnaporthe oryzae

Gene Locus No. Description Reference
MoCTK2 MGG _11817.7 C-type cyclin, ortholog to ctk2 in yeast [35]
cycl MGG_05646.7 B-type cyclin, ortholog to clb2 in yeast [32,36]
MoCDC14 MGG _00757.7 CDC14 [37]
cyez MGG 07065.7 B-type cyclin, ortholog to clb3 in yeast [32]
MoPCLI MGG 01361.7 PHOB8S cyclin, ortholog to pcll in yeast [38]
MoCCNK MGG 01258.7 Cyclin K, ortholog to human Ccnk [39]
MoCCLI MGG _15176.7 Cyclin H, ortholog to ccll in yeast [40]
MoCLB3 MGG _03595.7 B-type cyclin, ortholog to clb3 in yeast [41]
MoCDC28 MGG _01362.7 Cyclin-dependent kinase, ortholog to cdc28 in yeast [42-43]
MoCCNL2 MGG 01437.7 Ortholog to cyclin L2 in human [44]
MoCDC42 MGG_00466.7 CDC42 [33]
MoCDCI5 MGG _04100.7 CDCI5 [34]
with dyes for mitochondria, vacuole and DNA under 2.5 x
fluorescence microscope. = mGuyll  oM33
Firstly, the hyphae were stained with 1 mmol/L Mi- E :§ ’ .
totracker red, a red-fluorescent mitochondrial dye, for < %1.& Ayl
40 minutes to check if GFP-MoTCTP was co-localized Cg i N .
with mitochondria. The results showed the mitochon- ;;; g T +
dria marked by red fluorescence were encircled by ~ éo.s— . xoox
£ [ *
green GFP-MoTCTP fusion proteins in some hyphal o L L s 'f ij Tgl

cells grown in liquid CM media (Fig.7A), and cyto-
plasm nearby vacuoles and mitochondria were also
localized by GFP-MoTCTP fusion proteins in some
aerial hyphal cells (Fig.7B). To identify the co-local-
ization of MoTCTP with mitochondrion furthermore,
DAPI which binds strongly to A-T rich regions in DNA
of mitochondrion or nucleus were used to stain hyphae
cultured in liquid CM media. GFP-MoTCTP fusion
protein showed co-localization with mitochondrion
stained by DAPI (Fig.7C) under fluorescence micro-
scope.

To check if MoTCTP could also be localized
to vacuoles, aerial hyphae were further stained with
7.5 pumol/L vacuole membrane-specific dye FM4-64
for 2.5 h. The results showed GFP-MoTCTP fusion
protein appeared in cytoplasm or in circular balls, but
not in vacuoles marked in red by FM4-64 (Fig.7D-
7F). These data implied that MoTCTP might locate in
mitochondrial outer membrane, cytoplasm, cytoplasm

nearby vacuoles and other unidentified cellular organ-

G@@ do\ A @' > Cﬁ‘e GQ\) Cﬁ’ RURAeS
0 QQ (3 o 0 0 C Co QQ
W W @ NOEEER “\o \4\0 W

Total RNAs (n=6) were isolated from mycelia grown in liquid CM

medium. The data from RT-qPCR were normalized using f-tubulin

(=1). *P<0.05 indicates significant difference between wild type strain

Guyl11 and mutant M35 estimated by Duncan’s test.

Fig.6 Expression in mRNA level of cyclins and cell division
proteins in AMotctp mutant

elles, but not in vacuoles.

2.8 Pathogenicity in AMotctp mutants
Pathogenicity of AMotctp mutants was tested on

barley. After being inoculated on leaf explants of bar-

ley with 5 mm mycelium blocks, AMotctp mutant M35

displayed weakened lesions compared with wild type

Guyl11 and MoTCTP-rescued strain M35-HB1 (Fig.8).

3 Discussion
3.1 Structure, function, expression and localization
of TCTP

TCTPs (translationally controlled tumor proteins)
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A,B: GFP-MoTCTP protein co-localization with mitochondrion. Left 1, light microscopy; left 2, green fluorescence for GFP-MoTCTP; middle, red
fluorescence for mitochondria stained by Mitotracker red; right 1 and 2, merged pictures. C: GFP-MoTCTP protein co-localization with mitochondria.
Left 1, light microscopy; left 2, green fluorescence for GFP-MoTCTP; middle, blue fluorescence for mitochondrial DNA stained by DAPI; right 1 and 2,
merged pictures. D~F: GFP-MoTCTP protein not co-localization with vacuoles. Left 1, light microscopy; left 2, green fluorescence for GFP-MoTCTP;

middle, red fluorescence for vacuolar membranes stained by FM4-64; right 1 and 2, merged pictures. Bar=5 um.
Fig.7 Co-localization of GFP-MoTCTP fusion protein in hyphal cells

M35-HB1
e

MOCK

5 mm mycelium blocks (Guy11, M35 and M35-HB1) were inoculated on barley leaves and cultured in a wet box at 25 °C for 4 days.

Fig.8 Pathogenicity assays on barley leaves

from metazoans, plants and fungi exhibit extensive
conservation in protein sequence®®). It is proved that
TCTP sequences have several binding sites in differ-
ent proteins. With these binding sites, TCTPs could
interact with microtubules in mammalt®*-*"1 and

4 actin in mammal“®**], Bcl-2 family proteins

yeast
in mammal®-*, P53 in mammal®'~?, Rab proteins
act as a guanine nucleotide exchange factor (GEF)
to activate TOR pathway in yeast, plant, insect and
mammall!>'73-53 and Na-K-ATPase in mammal®®,
and Ca*'™™! etc. TCTPs could also bind to DNA and
function as a transcription factor. For example, TCTP

regulates the expression of Oct4 gene in mammal cells

via binding its promoter®**, In accord with its binding
to diversified proteins, TCTP plays different roles in
various cellular processes, such as cell growth, cell dif-
ferentiation, cell cycle, gene expression, cellular stress
responses and apoptosis?®'>*!, In the rice blast fungus,
MoTCTP is also required for various fungal processes,
such as mycelial growth, conidiation, conidial ger-
mination and cellular stress response. After deletion,
MoTCTP null mutants display many defects, such as
decreased growth, greatly weakened conidiation, and
delayed conidial germination, but increased resistance
to H,O, stress.

TCTP is one of most abundantly expressed
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proteins in many cells®?!. TCTP expression is highly
regulated at transcription level or translation level in
response to various cellular stimuli and stresses®’.. In
rice blast fungus, MoTCTP is also a highly expressed
gene in various developmental stages, including myce-
lium, germinating conidium, forming appressorium and
mature appressorium. Coinciding with its diversified
functions, TCTP is localized to cytoplasm and nucle-
ust*%148 and outer membrane of mitochondria!™¥. The
translocations of TCTP from cytoplasm to nucleus and
mitochondria, from mitochondria to cytoplasm were
regulated by cellular stress, such as oxidative stress
and glucose level**Y, The localization of MoTCTP
in cell is also variable in rice blast fungus. It was de-
tected in the mitochondrial outer membrane, cytoplasm
and cytoplasm nearby vacuoles in hyphae. Consider-
ing its diversity in function, MoTCTP might locate in
other cellular organelles as well. The translocations of
MoTCTP among cellular organelles are still needed to
be further revealed in the future in response to cellular
stress or during cell differentiation.
3.2 MoTCTP and Cyclins in fungal growth

The mycelial growth depends on two develop-
mental processes, cell growth (increase in cell size) and
cell division (increase in cell number). Cyclins and cell
division control proteins play key roles in the regula-
tion of cell division and cell growth. Cyclin gene CYC2
is necessary for normal hyphal growth in M. oryzae®?.
Deletion of MoCDC15 leads to defects in hyphal
growth and conidial production®*. The MoCDC42 null
mutant doesn’t exhibit obvious deficiency in hyphal
growth on several tested media, but its aerial growth
is reduced and conidiogenesis weakened™ . In this
study, six cyclin and cell division control protein genes
(MoCCNK, CYCI, MoCLB3, MoCTK2, MoCDC14
and MoPCLI) were downregulated and three cyclin-
dependent kinase genes (MoCDC15, MoCDC28 and
MoCDC(C42) were upregulated in AMotctp mutants.

Human cyclin-K, homolog of MoCCNK, is a
positive regulator of cyclin-dependent kinase (CDKs)™.
B-type cyclins (CLB1, CLB2 and CLB3, homologs of
CYCI, CYC2 and MoCLB3) are activators of cyclin-

dependent kinases in yeast'®', and have been shown
to be essential for vegetative growth in Ustilago may-
dis' and Candida albicans'“*Y. Cyclin-K and B-type
cyclins may regulate transcription through activation
of CDK kinases (cyclin-dependent kinase, such as
CDC28) and then phosphorylation of the C-terminal
domain (CTD) of the large subunit of RNA polymerase
11254 CTK2 is a B-subunit of CTDK1 (C-terminal
domain kinase I), which is required for transcription,
mRNA maturing and translation'®!. CDC14 is a protein
phosphatase essential for inactivation of mitotic cyclins
and meiotic progression'®. PiCDC14 is expressed
during sporulation but not hyphal growth in oomycete
Phytophthora infestans®”. PCL1 is a cyclin interacting
with the CDK kinase Pho85" and required for polar-
ized growth and morphogenesis in cell cycle!®®. The
expression changes of cyclins and cell division control
proteins will affect expression of lots of genes and sub-
sequently changes cell division and cell growth. The
reduction of mycelial growth and conidial production
in MoTCTP null mutant might be caused by the defects
in the expression of cyclin proteins and cell division
control proteins.
3.3 MoTCTP and Asexual differentiation
Conidial production is a cell differentiation
process, where there are lots of genes involved. 603
(4.42%) of 13 666 checked genes were upregulated
and 557 genes (4.08%) were downregulated more than
two-fold respectively during conidiation in the rice
blast fungus'®. Many reported works also showed that
the defect in conidiation was a common phenotype
when some genes were deleted in rice blast fungus,
such as autophagy-related genes", transcription fac-
tors MoHOX2", COM 1" and MNH6™, phospho-
diesterase genes PDEL and PDEH"!, chitin synthase
genes!™, genes encoding Pmk-interacting proteins!”
and cell division control proteins®~*, and MTPI"°.
In our study, the deletion of MoTCTP dramatically re-
duced conidial production. However, the up-regulation
of MoTCTP was not strong, and actually, no more than
two folds during conidiation'®’. In order to make sure

if conidial production reduced in AMotctp mutants is
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caused by the expression change of known conidial
production related genes, we assessed the expression
level of three genes, CON7, MoATGS5 and MoTEA4,
in the mycelia of the wild type and AMotctp. It was
reported that deletion of these three genes separately
resulted in defective conidiation™-*!!, As expected,
the expression of CON7, MoATGS5 and MoTEA4
were downregulated in AMotctp mutants. Consider-
ing the expression changes of cyclin and cell division
control protein genes in mutants, these data implied
that MoTCTP might affect fungal conidiation through
regulating conidiogenesis related genes directly or in-
directly.

Taken together, MoTCTP is necessary for fungal
growth, conidiation, conidial germination and has a
role in resistance to hydrogen peroxide stress. MoTCTP
is a highly expressed gene in mycelia, conidia and
appressoria, and its protein localizes to mitochondrial
outer membrane, cytoplasm and cytoplasm nearby
vacuoles. Deletion of MoTCTP changes the mRNA
expression levels in cyclins, cell division control genes

and conidiogenesis related genes greatly.
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