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Magnaporthe oryzae, the causal agent of rice blast, forms a

specialized infection structure, called an appressorium,

which is crucial for penetration and infection of the host

plant. Pharmacological data suggest that calcium/calmodulin-

dependent signaling is involved in appressorium formation

in this fungus. To understand the role of the calcium/

calmodulin-activated protein phosphatase on appressorium

formation at the molecular level, MCNA, a gene encoding the

catalytic subunit of calcineurin, was functionally characterized

in M. oryzae. Transformants expressing sense/antisense

RNA of MCNA exhibited significant reductions in

mycelial growth, conidiation, appressorium formation, and

pathogenicity. cDNA of MCNA functionally complemented

a calcineurin disruptant strain (cmp1::LEU2 cmp2::HIS3)

of Saccharomyces cerevisiae. These data suggest that

calcineurin A plays important roles in signal transduction

pathways involved in the infection-related morphogenesis

and pathogenicity of M. oryzae.

Keywords: Calcineurin, Magnaporthe oryzae, calmodulin,
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Magnaporthe oryzae (Hebert) Barr (anamorph Pyricularia

oryzae Sacc.) is a filamentous heterothallic ascomycete

fungus that is best known as the causal agent of rice blast,

the most destructive disease of cultivated rice throughout

the world [29, 41]. The infection process of M. oryzae

begins with adhesion of conidia through spore tip mucilage

released from the periplasmic space at the apex of the

conidia [11, 17]. Conidia then germinate, and the tip of the

germ tube develops a highly melanized and dome-shaped

infection structure, the appressorium. A penetration peg from

the appressorium invades the plant cuticle, and infectious

hyphae develop in host epidermal cells. The environmental

cues triggering appressorium formation of M. oryzae are

known to be surface hydrophobicity [19, 20] and hardness

of the contact surface, as well as cutin monomers from the

plant surface [3, 10].

Over the past decade, evidence has accumulated that

cAMP-dependent and mitogen-activated protein kinase

(MAPK) signaling pathways are involved in regulating

appressorium formation of this fungus. A series of elegant

experiments have identified and functionally characterized the

genes involved in these signaling pathways for appressorium

formation [1, 18, 40]. Pharmacological data also suggest

that the calcium/calmodulin-dependent signaling pathway

is involved in appressorium formation of this fungus [18].

Differential expression of the calmodulin gene, cam, in M.

oryzae was implicated in appressorium formation as well

as conidium attachment on plant surfaces [23]. CYP1, a

gene encoding cyclophilin, a cellular target of cyclosporin A

(CsA), was reported as a virulence factor regulating appressorial

turgor generation [38], but little is known about calcium/

calmodulin signaling in infection-related morphogenesis in

this fungus.

Calcineurin is the only calcium/calmodulin-activated

protein phosphatase and is composed of a heterodimer of

two subunits: an α-catalytic subunit A (calcineurin A, CNA:

57-71 kDa) and a β-regulatory subunit B (calcineurin B,

CNB: 19 kDa). The ubiquitous presence of this protein

phosphatase throughout the animal and plant kingdoms

has prompted investigations of its structure and function

[8, 33]. Calcineurin A is required for environmental stress

adaptation, such as to ions and salt in the budding yeast

Saccharomyces cerevisiae [24, 25, 27], and the regulation

of alkaline pH-mediated growth and virulence in the

human pathogens Candida albicans and Cryptococcus

neoformans [2, 28]. Calcineurin A also plays an important

role in controlling the pathogenicity of Aspergillus

fumigatus [35] and is essential for cell cycle progression in

Aspergillus nidulans [32]. More recently, the roles of

calcineurin A were characterized by inducible antisense

RNA expression strategies in Sclerotinia sclerotiorum and

Neurospora crassa [5, 12, 31]. Calcineurin A regulates the
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hyphal branching pattern in N. crassa [5, 31], and sclerotium

development was significantly affected in transformants

expressing antisense RNA of CNA in S. sclerotiorum [12].

To investigate the role of calcineurin A on infection-

related morphogenesis and pathogenicity in M. oryzae at

the molecular level, a gene (MCNA) encoding a calcineurin

catalytic subunit was functionally characterized by sense/

antisense RNA expression. The data suggest that calcineurin

A plays significant roles in mycelial growth, conidiation,

appressorium formation, and pathogenicity in this plant

pathogenic fungus.

MATERIALS AND METHODS

Fungal Strain and Cultural Conditions

M. oryzae isolate 70-15 was obtained from Dr. A. H. Ellingboe

(University of Wisconsin, Madison, WI, U.S.A.) and used throughout

this study. This fungus was grown on oatmeal agar media (OMA) under

continuous fluorescent light at 22
o
C for 10 days to induce conidiation.

Protocols for protoplast formation and transformation were used from

established procedures [21].

Vector Construction

Molecular techniques were performed according to standard methods

[34]. For the yeast complementation assay, cDNA of MCNA was

amplified by PCR (CNAFF: 5'-ATGGAAGATGGCACCCAGG-3’;

CNAFR: 5'-TCACGTGCTCAACCTGCG-3’) and inserted into the

EcoRI site of the yeast expression vector pYES2 (Invitrogen Life

Technologies, Carlsbad, CA, U.S.A.) under the control of the GAL1

promoter. This construct, named pYMCNA, was transformed into the

calcineurin disruptant strain of S. cerevisiae DHT22-1a (cmp1::LEU2

cmp2::HIS3) [13]. For MCNA sense/antisense vector construction,

MCNA (MGG07456.5) was isolated by PCR amplification with the

CAL1F (5'-GAAYAAGCAGTTCTTCTGYA-3') and CAL1R (5'-

TGGCKTKCTTAATWCCYTCS-3') primer pair and cloned into

pGEM-T (Promega, WI, U.S.A.), and the construct was named

pJC05. A 1.2-kb BamHI fragment of pJC05 was inserted into pAN7-

1 containing the hygromycin B resistance gene, and the resulting

construct was named pJC08. A 2.4-kb BglII and a BamHI fragment

of pAN7-1, a gpd promoter, were inserted into the BamHI site of

pJC13. The orientation of the BamHI fragment was determined by

restriction enzyme analysis and sequencing. Antisense and sense

MCNA vectors, pJH20 and pJH22, respectively, were transformed

into 70-15 protoplasts. Transformants were confirmed by Southern

blotting analysis.

Expression Assay

Total RNA was extracted from axenically grown fungal mycelia, as

described previously [7]. A total of 1×10
7
 conidia were inoculated

into the complete medium [36], and grown for 4 days at 160 rpm at

25oC. Mycelia were obtained through filtration, washed three times

with sterile distilled water, and transferred to either CM-C (complete

medium) (CM-glucose, yeast extract, peptone, and casamino acids) or

CM-N (CM-sodium nitrate, yeast extract, and casamino acids) [36].

Mycelia were incubated in these media for 16 h at 160 rpm at

25
o
C and were used for total RNA extraction. RT-PCR experiments

were carried out using the Superscript First-Strand Synthesis System

in accordance with the manufacturer’s instructions (Invitrogen Life

Technologies, Carlsbad, CA, U.S.A.). RT-PCR was performed with

10 pmol of each primer for 20 or 25 cycles of 1 min at 94
o
C, 1 min at

60oC, and 1 min at 72oC. CNARTPF (5'-AGCCACGAGGAGGTTGTC-

3')/CNARTPR (5'-TTTCTTGCGGTCACTGCTA-3') and CNAFF/

CNAFR PCR primer pairs were used for real-time PCR and RT-

PCR. The β-tubulin gene was included as a control.

Calcineurin Activity Assay

The wild-type strain and transformants of M. oryzae were grown for

3 days in complete media (CM) (25
o
C, pH 6.5). Cytoplasmic

extracts were prepared by homogenizing the mycelia using liquid

nitrogen in buffer containing 50 mM Tris-HCl (pH 7.4), 1 mM

EGTA, 0.2% Triton X-100, 1 mM phenylmethylsulfonyl fluoride,

and 10 µg/ml each of leupeptin and pepstatin. Calcineurin activity

was measured according to the method of Pallen and Wang [30].

Phosphatase activity was assayed in 1 ml of a reaction mixture

containing 25 mM Tris (pH 7.2), 25 mM MES (pH 7.0), 2.4 M p-

nitrophenyl phosphate, and 1 mM MnCl2. The reaction was initiated

by addition of p-nitrophenyl phosphate followed by incubation at

30
o
C for 10 min, and terminated by the addition of 10 µl of 13%

(w/v) KH2PO4. The absorbance of the samples was measured at a

wavelength of 405 nm. One unit of enzyme activity was defined as

p-nitrophenyl phosphate per min per mg protein [14].

Mycelial Growth, Conidiation, Appressorium Formation, and

Pathogenicity Assays

Mycelial growth was measured on CM under different pH conditions

(pH 4.5, pH 6.5, pH 8.5, and pH 10.5), 4, 6, and 10 days after

inoculation. Conidiation was measured in 10-day-old cultures on

OMA. Experiments were repeated three times with three replicates.

Conidia harvested from 8-day-old cultures on OMA plates were

used for appressorium formation on the hydrophobic side of GelBond

films or plastic microscope coverslips as perviously described [17].

A conidial suspension (5×10
5 conidia/ml) with 250 ppm Tween-20

was sprayed onto susceptible rice seedlings (cv. Nackdongbyeo).

Disease severity was measured 7 days after inoculation and calculated

using the modified equation of Ordonez [17].

RESULTS AND DISCUSSION

Effects of Cyclosporin A on Appressorium Formation

in M. oryzae

To investigate whether calcineurin A is involved in infection-

related morphogenesis in M. oryzae, we examined the effects

of cyclosporin A (CsA), a calcineurin A immunosuppressant,

on conidial germination and appressorium formation [37].

Conidia germination was unaffected by CsA even at

20 µM, but appressorium formation was significantly

reduced by CsA in a dose-dependent manner. A reduction

of about 60% in appressorium formation was observed in

the presence of 10 µM CsA (Fig. 1A). Addition of exogenous

CaCl2 and cAMP restored appressorium formation that had

been inhibited by CsA (Fig. 1A). These data strongly suggest

that calcineurin-mediated calcium signaling is involved in

appressorium formation and possibly in cross-talk between
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calcium- and cAMP-dependent signaling in this fungus.

Cross-talks between cAMP (PKA) and calcium-dependent

signaling pathways have been reported in several biological

systems including animal cells, yeast, and fungi [4, 16, 26].

Characterization of the MCNA Gene

The MCNA (MGG07456.5) gene of M. oryzae wild-type

strain 70-15 was isolated by using PCR amplification with

degenerate primers CAL1F/CAL1R. The MCNA of M.

oryzae contains a putative open reading frame (ORF) of

1608 bp encoding a product of 546 amino acids with two

introns. MCNA is highly homologous to calcineurin A in

other filamentous fungi, but less to those in yeasts; N.

crassa (88%), A. nidulans (80%), S. sclerotiorum (75%),

C. neoformans (61%), C. albicans (54%), and S. cerevisiae

(51%). Comparative analysis of three conserved domain

regions, including calmodulin B binding, calmodulin binding,

and autoinhibitory domains, clearly showed that MCNA

belongs to the fungal clade (data not shown). Increased

transcription of MCNA was detected under conditions of

nitrogen and carbon starvation but not in complete medium

(data not shown).

To investigate the functional homology between MCNA

and calcineurin genes in other organisms, a yeast expression

vector, pYMCNA, containing MCNA was transformed into

S. cerevisiae calcineurin A disruptant strain DHT 22-1a

(cmp1::LEU2 cmp2::HIS3). All strains including the control

transformant grew well on YPGal medium, but only the

transformant containing MCNA could grow on media in

Fig. 1. Effects of cyclosporin A and yeast complementation.
A. Effects of cyclosporin A on conidial germination and appressorium formation

in M. oryzae. Final concentrations of cyclosporin A (CsA), CaCl2, and adenosine

3’:5’-cyclic monophosphate (cAMP) were 10 µM, 10 mM, and 100 µM,

respectively. Error bar means standard deviation of three replicates. B.

Complementation of S. cerevisiae calcineurin A disruptant strain DHT22-1a

(∆cmp1∆cmp2) by the MCNA gene. a, YPGal; b, YPGal+NaCl (0.8 M); c,

YPGal + LiCl (50 mM).

Fig. 2. Construction and characterization of transformants
expressing the antisense/sense MCNA gene.
A. Construction of antisense/sense expression vectors of MCNA, pJH20

and pJH22. The gpd promoter, hygromycin resistance gene (HPH), and trpC

terminator are indicated by gray, light gray, and white, respectively. The direction

of the arrow indicates antisense or sense expression. B. Southern blotting

analysis of transformants containing pJH20 and pJH22. Genomic DNA was

digested with SacI and hybridized with part of the ORF as a probe. C.

Calcineurin activities of antisense/sense transformants, 3B and S54B. One unit

of acid phosphatase activity was defined as 1 nmol of p-nitrophenol released

from p-nitrophenyl phosphate (PNPP) per minute per mg protein. Error bar

means standard deviation of three replicates.
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the presence of 0.8 M NaCl and 50 mM LiCl (Fig 1B).

These observations suggest that MCNA of M. oryzae is the

functional homolog of calcineurin A of S. cerevisiae. Similar

results regarding salt stress tolerance have been reported in

S. cerevisiae with cnaA of A. oryzae [13].

Antisense/Sense Expression of the MCNA Gene

To better understand the function of MCNA in more detail,

a cosuppression strategy was applied [6, 15]. Antisense

and sense expression vectors of MCNA, pJH20 and pJH22,

respectively, were constructed (Fig. 2A) and transformed

into wild-type 70-15 protoplasts. The transformant 3B

contained the antisense construct of MCNA (pJH20) and

S53B possessed the sense construct (pJH22) (Fig. 2B). To

verify the effects of antisense/sense expression of MCNA, we

examined the calcineurin activities in these transformants

(Fig. 2C). Calcineurin activities in both transformants were

decreased significantly to 50% as compared with the wild

type (Fig. 2C). This clearly indicated that RNA silencing

mutants attenuated the expression of MCNA in M. oryzae.

S54B, the sense MCNA transformant, showed a greater

reduction in calcineurin activity than the antisense MCNA

transformant, 3B (Fig. 2C). A similar silencing phenomenon

was previously reported in M. grisea [15]. In S. sclerotiorum

and N. crassa, however, gene silencing of calcineurin A

homologs, CNA1 and CNA-1, was effective when an antisense

expression strategy was used [12, 31]. The hairpin RNA

structure is known to be the most efficient approach for

gene silencing in higher organisms as well as in fungi

[9, 15, 39]. In Cryphonectria parasitica, a sense transformant

of cpg1, a G-protein subunit, also altered colony morphology

and reduced CPG1 accumulation, whereas no such differences

were observed between an antisense cpg1 transformant

and non-transformed wild-type strain [6]. We have shown

that a single antisense/sense RNA expression, using part of

a gene, is also a useful strategy for homology-dependent

transcriptional gene silencing in fungi.

Effects of Antisense/Sense MCNA Expression on Mycelial

Growth Rate and Appressorium Formation

As calcineurin is required for pH-mediated regulation in C.

albicans and C. neoformans [2, 28], we examined the effects

of pH on mycelial growth of transformants. The mycelial

growth rates of transformants 3B and S54B were reduced

compared with that of the wild-type on CM at 25oC, but was

not significantly affected by pH (Fig. 3). These observations

indicate that MCNA is not involved in pH-mediated regulation

Fig. 3. Effects of pH on mycelial growth of transformants.
Fungal strains including 70-15, 3B, and S54B were grown on complete media

under various pH conditions. Colony diameter was measured after incubation

for 4, 8, and 12 days. Error bar means standard deviation of three replicates.

a, pH 4.5; b, pH 6.5; c, pH 8.5; d, pH 10.5.

Fig. 4. Phenotypes of transformants expressing antisense/sense
MCNA, 3B and S54B.
A. Hyphal branching pattern. Wild-type (70-15) and transformants were grown

in water agar media at 25oC for 48 h. B. Appressorium formation. Conidial

suspensions were incubated on the hydrophobic surfaces of coverslips for 16 h.

C and D. Pathogenicity test. Rice seedlings were spray-inoculated with 5×105

conidia/ml and disease severity was measured 7 days after inoculation.
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of mycelial growth rate in M. oryzae. However, extensive

hyphal branching and loss of apparent dominance of the

main hyphae were observed in antisense/sense transformants,

as also observed in the cna-1 antisense transformant of N.

crassa [31] (Fig. 4A). It seems that extensive hyphal tip

branching led to arrest of hyphal elongation, resulting in a

reduction in the mycelial growth rate of the transformants.

The average conidia production showed more than 70%

reduction in transformants 3B (343,000±25,000 conidia/

ml) and S54B (620,000±66,000 conidia/ml) compared

with that of the wild type (1,697,000±172,000 conidia/ml)

on OMA at 25oC. The effects of antisense/sense MCNA

expression on conidial germination and appressorium

formation were examined. Conidial germination was unaffected,

but the frequency of appressorium formation was significantly

decreased in 3B (56.3±6.3%) and S54B (49.1±5.2%) compared

with that of wild-type 70-15 (95.2±3.7%) on hydrophobic

surfaces. However, swollen germ tube tips were observed

in these transformants on inductive hydrophobic, but not

on hydrophilic surfaces (Fig. 4B). These observations indicate

that MCNA is required for appressorium formation but not

for surface recognition. Addition of exogenous CaCl2 restored

appressorium formation in the 3B and S54B transformants

(98.4±1.1% and 91.1±8.2%, respectively). These results,

together with pharmacological data, clearly indicate that

calcineurin A-mediated calcium signaling plays an important

role in appressorium development in M. oryzae. Interestingly,

addition of cAMP also restored defects in appressorium

formation in 3B and S54B by 95.0±2.8% and 94.1±1.3%,

respectively. These observations strongly suggest the existence

of cross-talk between calcium- and cAMP-dependent signaling

for appressorium formation in this fungus. Increased expression

of MCNA in the magB mutant further supports this

hypothesis. magB encoding the G-protein α-subunit has been

reported to regulate the cAMP/PKA signaling pathways

for appressorium formation in M. oryzae [22].

Effects of Antisense/Sense MCNA Expression on

Pathogenicity

Conidial suspensions of antisense/sense transformants and

wild-type strains of M. oryzae were sprayed onto rice

leaves. Typical diamond-shaped and gray-centered lesions

developed on rice leaves when inoculated with the wild

type, but much fewer and smaller lesions were observed

when inoculated with 3B and S54B (Fig. 4C). The disease

severities on rice leaves inoculated with 3B and S54B were

less than 30% compared to wild-type 70-15 (Fig. 4D).

The reduced pathogenicity of antisense/sense MCNA

transformants seems to be due, at least in part, to the reduced

frequency of appressorium formation and invasive growth

into the rice plant. Although the detailed mechanisms

remain to be elucidated, calcineurin A genes have been

reported as virulence factors in C. albicans, C. neoformans,

and S. sclerotiorum [2, 12, 28].

In summary, calcineurin A-mediated signaling plays

significant roles in cell differentiation in M. oryzae, including

hyphal growth/branching, appressorium formation, and

pathogenicity. Deciphering the cross-talk between calcium- and

cAMP-dependent signaling for infection-related morphogenesis

will provide new insights into disease control strategies.
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