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Genetic instability of the rice blast fungus Magnaporthe
oryzae has been suggested as a major factor underlying
the rapid breakdown of host resistance in the field.
However, little information is available on the mech-
anism of genetic instability. In this study, we assessed
the stability of repetitive DNA elements and several key
phenotypic traits important for pathogenesis after
serially transferring two isolates though rice plants and
an artificial medium. Using isolate 70-15, we obtained a
total of 176 single-spore isolates from 10 successive
rounds of culturing on artificial medium. Another 20
isolates were obtained from germ tubes formed at the
basal and apical cells of 10 three-celled conidia. Addi-
tionally, 60 isolates were obtained from isolate KJ201
after serial transfers through rice plants and an arti-
ficial medium. No apparent differences in phenotypes,
including mycelial growth, conidial morphologies, coni-
diation, conidial germination, appressorium formation,
and virulence, or in DNA fingerprints using MGR586,
MAGGY, Pot2, LINE, MG-SINE and PWL2 as probes
were observed among isolates from the same parent iso-
late. Southern hybridization and sequence analysis of
two avirulence genes, AVR-Pita1 and AVR-Pikm, show-
ed that both genes were also maintained stably during
10 successive generations on medium and plants. How-
ever, one reversible loss of restriction fragments was
found in the telomere-linked helicase gene (TLH1) family,
suggesting some telomere regions may be more unstable
than the rest of the genome. Taken together, our results
suggest that phenotype and genotype of M. oryzae iso-
lates do not noticeably change, at least up to 10 successive
generations on a cultural medium and in host plants.
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Magnaporthe oryzae is a heterothallic ascomycete fungus

that causes rice blast, one of the most devastating diseases

in rice throughout the world. Since there is no evidence for

sexual reproduction in the field in most parts of the world,

asexual spores (conidia) are the most important source of

inoculum. Through the production of conidia, M. oryzae

normally undergoes 8-11 disease cycles in rice plants under

field conditions during one growing season (Han et al.,

1997). Although asexual reproduction is expected to pro-

duce genetically identical clones, the high rate of appear-

ance of new races with the ability to infect previously

resistant varieties of rice, suggests that M. oryzae may have

high mutation rates in avirulence genes, which determine

race (also called pathotype in M. oryzae) (Kang et al., 2001;

Kang and Lee, 2000; Zhou et al., 2007).

Although the most effective control strategy for rice blast

is cultivating resistant varieties, it has often achieved only

short-term success due to frequent breakdown of newly

introduced resistance. This resistance breakdown has been

attributed to genetic variability in M. oryzae (Bonman et al.,

1986; Correa-Victoria and Zeigler, 1993; Correa-Victoria

and Zeigler, 1993). Various mechanisms have been sug-

gested to explain the frequent generation of race variants,

including heterokaryosis, parasexuality, and mutations

(Genovesi and Magill, 1976; Wu and Magill, 1995; Xia and

Correll, 1995; Zeigler et al., 1997). Parasexual recombina-

tion of genetic markers, resulting new genetic variants, has

been demonstrated in the laboratory for M. oryzae, sug-

gesting the potential for parasexual recombination to

generate new races (Noguchi et al., 2006; Zeigler et al.,

1997). However, no evidence for parasexuality has been

found in nature for M. oryzae. The activity of transposable

DNA elements is another possible mechanism that has been

suggested (Kang et al., 2001; Nishimura et al., 2000; Zhou

et al., 2007). For example, mobilization of Pot2, Pot3, and

LINE elements has been shown to cause variation by insert-

ing into promoter region or coding sequences of avirulence
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genes (Kachroo et al., 1994; Kachroo et al., 1995; Kang et

al., 2001; Nishimura et al., 2000), indicating their potential

to generate novel races.

The transposable elements MGR586 and MAGGY have

been frequently used as markers to assess genetic diversity

and variation in populations of M. oryzae (Xia and Correll,

1995; Zeigler et al., 1997), mainly because 40-50 copies

these elements are scattered throughout the genome in rice

pathogenic isolates and appear to mutate at relatively high

rates compared to other markers (Borromeo et al., 1993;

Chen et al., 1995; Levy et al., 1993; Park et al., 2003; Xia et

al., 1993; Xia et al., 2000). Other repetitive DNA elements

in M. oryzae, such as Pot2, Pot3, LINE, and MG-SINE, are

also distributed throughout the genome and have potential

to be used as markers for detecting genetic variation in M.

oryzae.

Our overall question was how stable M. oryzae isolates

would be both genotypically and phenotypically during 10

serial transfers, which would be roughly equivalent to 10

disease cycles during an epidemic in the field in one grow-

ing season. To address this question, we serially transferred

isolate 70-15, whose genome was recently sequenced (Dean

et al., 2005), and field isolate KJ201 on an artificial medium

and/or through rice plants and genotyped the conidia after

each transfer. The specific objectives were: (i) to determine

phenotypic variation of these two isolates during serial

transfers in vitro and in planta, (ii) to investigate genotypic

variation of the isolates collected in each generation using

DNA fingerprinting and (iii) to compare sequence variation

of two avr genes of isolate KJ201 isolates during successive

passages in vitro and in vivo.

Materials and Methods

Culture media. Oatmeal agar medium (50 g rolled oats

and 15-20 g agar per liter H2O) was used for long-term

storage and production of conidia. For long-term storage,

all isolates were grown and kept as described previously

(Park et al., 2003). All isolates were cultured in complete

liquid medium (6 g yeast extract, 6 g casamino acid, 10 g

sucrose per liter H2O) to harvest mycelia for genomic DNA

extraction as described previously (Park et al., 2003).

Complete medium (CM) and oatmeal agar medium (OMA)

were used to measure the mycelial growth rate and colony

characteristics of individual isolates, respectively, as de-

scribed below. V8 juice agar medium (80 ml V8 juice, 920

ml distilled water, 15 g agar, pH 6.97) was used for quanti-

fying production of conidia.

Serial transfers on artificial medium and through rice

plants. Magnaporthe oryzae isolates 70-15 and KJ201 were

obtained from the Center for Fungal Genetic Resources

(CFGR) at Seoul National University, Seoul, Korea.

For serial transfer on artificial medium, we used both

isolates. A schematic diagram of the serial transfers of single

conidia is shown in Fig. 1A. For the first generation,

conidia of isolates 70-15 and KJ201 from cultures on OMA

were spread on 2% water agar and incubated for 12 h.

Three germinated conidia were transferred to OMA and

were grown for 2 weeks at 23 oC under continuous fluore-

scent light. For the second generation, three conidia for 70-

15 and one conidium from KJ201 from each of the three

cultures were transferred to new plates resulting in nine

isolates and three isolates, respectively. In the third gene-

ration for isolate 70-15, two conidia from each the nine

isolates were transferred, resulting in 18 isolates. From

fourth to tenth generations for isolate 70-15, one conidium

from each of the 18 cultures was transferred to new plates,

maintaining 18 independent replicates. For isolate KJ201,

one conidium from each the three isolates of second gene-

ration of KJ201 were transferred to new plates from the

third to tenth generation (Fig. 1A), maintaining three

independent replicates.

For serial transfers on host plants, we only used isolate

KJ201. After culturing KJ201 on OMA, conidia were

collected by flooding plates with 3 ml sterile water with 200

ppm of Tween 20, filtering through cheesecloth to remove

mycelium and adjusting the concentration of the spore

suspension to 5 × 105 conidia/ml. Three susceptible rice

plants of the cultivar Nakdongbyeo, which is not known to

contain resistance gene effective against rice blast in Korea,

were grown in 20 × 1 cm test tubes (to prevent cross-

contamination) using Murashige-Skoog medium (Duchefa

Biochemie, Haarlem, The Netherlands) with 0.8% (w/v)

agar in a growth chamber at 25 oC with a photoperiod of 16

h light, 8 h dark. Two-week old plants were inoculated with

5 ml of conidial suspension of isolate KJ201 by disposable

sprayer for first passages. Three plants were inoculated for

each of three independent replicates (Fig. 1B). Seven days

after inoculation, one leaf per plant for a total of 3 leaves for

each replicate was sampled, surface sterilized and placed on

a water agar plate. Three days later, a single conidium from

each of the three plates was transferred to OMA for geno-

typic and phenotypic assays (Fig. 1B). In parallel, approxi-

mately 2,000 to 3,000 conidia produced on the detached

leaves were separately collected from each of the three

plates of the leaves in 3 ml of 200 ppm Tween 20 solution,

as described above. Each conidial suspension was used to

inoculate another three host plants as an independent

replicate. Ten generations of inoculation and conidial iso-

lation were performed. To distinguish the isolates generated

by serial transfers on medium from those obtained by plant

inoculations, we added M (for medium) and H (for host),

respectively, after the parental isolate name (Table 1).
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In addition to serial transfers, we assessed stability by

sampling germ tube isolates from both ends of the same

conidium. Conidia of isolate 70-15 were spread on 2%

water agar for 24 h at room temperature and allowed to

germinate. Germ tubes at both the basal and apical cells of

each of 10 conidia, which typically contain three-cells (Fig.

1C), were carefully cut from the medium under a light

microscope (100 ×) and transferred to OMA (Fig. 1D).

Twenty isolates, one each from the apex and base of 10

conidia, named 70-15-GT (germ tube), were recovered for

characterization.

In vitro phenotypic assays for growth rate, colony

morphology, conidiation, conidial morphology, conidial

germination and appressorium formation in vitro. 3-mm

diameter disks from the margin of 14-d-old cultures on

OMA were placed on CM and OMA to determine growth

and colony morphology, respectively. The cultures were

incubated at 25oC under constant fluorescent light with

three replicates. After 5 days, the diameter of each colony

was measured on CM and colony morphology was observed

on OMA. Conidia were harvested from 14-d-old cultures

on OMA using sterile distilled water and counted with a

hemocytometer. Conidial morphology, conidial germination

rate, and appressorium formation were observed on glass

cover slips as described previously (Jeon et al., 2008). All

experiments were repeated at least twice independently

with three replicates, and a representative set of data was

represented.

Virulence assay. Isolate KJ201 and single-conidial isolates

from each of the three replicates from the 1st, 5th, and 10th

passage generations through rice plants and on artificial

medium were compared for virulence. Conidia were harvest-

ed from 14-d-old cultures on OMA as described above and

5 ml of conidial suspension (4 × 105 conidia/ml) was spray-

ed onto seedlings of cv. Nakdongbyeo at the 3~4-leaf stage

grown in a growth chamber at 25 oC with a photoperiod of

16 h. The inoculated plants were kept in a dew chamber

with 100% relative humidity for 24 h, and then transferred

to a growth chamber at 25 oC with a photoperiod of 16 h.

Disease reactions were scored 7 days after inoculation

using the 0 to 9 disease index defined by Valent et al.

(1991). All experiments were performed at least twice.

DNA extraction, Southern blot hybridization and DNA

sequencing. Culturing of M. oryzae, genomic DNA extrac-

tion and DNA fingerprinting analyses with probes MGR586,

MAGGY, Pot2, Mg-SINE, Line, TLH1, PWL2 and AVR-

Pita1 were done as described previously (Park et al., 2003).

The two PCR primer pairs used to amplify the coding

sequences of AVR-Pita1 and AVR-Pikm are shown in Table

2. The PCR-cycling program included an initial denatu-

ration for 2 min at 95 oC, 30 cycles of 30 sec denaturation at

94 oC, 30 sec annealing at 56 oC, and 1 min extension at

72 oC, followed by a final extension for 5 min at 72 oC. The

PCR products were purified using MEGA-spin™ PCR

Product Purification Kit (Intron Biotechnology, Korea). All

products were sequenced from both directions using the

same PCR primers.

Fig. 1. Serial transfer and isolation methods used in this study. Schematic diagram of successive transfers of Magnaporthe oryzae isolate
KJ201 (A) on artificial medium and (B) through rice plants. (C) Conidiogenesis of M. oryzae showing the origin of nuclei in each cell
(Rao, 1994). (D) Methods for isolating from germinated conidia to produce 70-15 GT (germ tube) isolates; A and B in this panel denote
the apical and basal cells of a conidium, respectively.
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Amplified fragment length polymorphism (AFLP) ana-

lysis. AFLP analysis was performed as described previous-

ly (Park et al., 2009) on isolates derived from serial trans-

fers of 70-15 (one isolate from each of 10 generations) and

all 20 isolates derived from germ tubes (Table 1). As a first

step, 500 ng of genomic DNA was digested with EcoRI and

MspI and then ligated with 5 pmol of EcoRI and 50 pmol of

MspI double stranded adapters for 2 h at 16 oC. The ligation

mixture was diluted 1:9 and used for preamplification. The

selective amplification was performed with four possible

combinations of the selective primer pairs (Table 2). The

amplified samples were loaded in a polyacrylamide gel and

stained with Vistra Green (Amersham Pharmacia Biotech,

Piscataway, NJ, USA) as described previously (Park et al.,

2009). Fragment polymorphics compared to parental haplo-

type were excised under a UV transilluminator and were

recovered by reamplification as described previously (Park

et al., 2009) and sequenced. The identity of recovered frag-

ments was compared to sequence databases using the

BLAST Network Service (National Center for Biotechno-

logy Service).

Results and Discussion

To investigate the genetic stability of M. oryzae during

serial transfers, we systematically collected conidia during

10 serial passages of two M. oryzae isolates both in vitro

and in vivo. One hundred fifty six single-conidial isolates

were generated from isolate 70-15 and 30 isolates from

KJ201 by successively transferring these isolates on OMA

for 10 generations (Fig. 1A). An additional 30 isolates were

collected from serial inoculations of rice cv. Nakdongbyeo

with isolate KJ201 (Fig. 1B). Additionally, 20 isolates were

generated in vitro from germ tubes originating from both

the basal and apical cells from 10 conidia of isolate 70-15

(Fig. 1D). A total of 238 isolates, including parental isolates

Table 1. Isolates used in this study

Isolates Generationa Substrate
Total No.
of isolates

70-15 Parental isolate 1

70-15-Mb 1-1~3 1st Artificial medium 3

70-15-M2-1~3 2nd Artificial medium 9

70-15-M3-1~9 3rd Artificial medium 18

70-15-M4-1~18 4th Artificial medium 18

70-15-M5-1~18 5th Artificial medium 18

70-15-M6-1~18 6th Artificial medium 18

70-15-M7-1~18 7th Artificial medium 18

70-15-M8-1~18 8th Artificial medium 18

70-15-M9-1~18 9th Artificial medium 18

70-15-M10-1~18 10th Artificial medium 18

70-15-GTc1-1~10-2 − Artificial medium 20

KJ201 Parental isolate 1

KJ201-M1-1~3 1st Artificial medium 3

KJ201-M2-1~3 2nd Artificial medium 3

KJ201-M3-1~3 3rd Artificial medium 3

KJ201-M4-1~3 4th Artificial medium 3

KJ201-M5-1~3 5th Artificial medium 3

KJ201-M6-1~3 6th Artificial medium 3

KJ201-M7-1~3 7th Artificial medium 3

KJ201-M8-1~3 8th Artificial medium 3

KJ201-M9-1~3 9th Artificial medium 3

KJ201-M10-1~3 10th Artificial medium 3

KJ201-H1-1~3 1st Rice cv. Nakdongbyeo 3

KJ201-H2-1~3 2nd Rice cv. Nakdongbyeo 3

KJ201-H3-1~3 3rd Rice cv. Nakdongbyeo 3

KJ201-H4-1~3 4th Rice cv. Nakdongbyeo 3

KJ201-H5-1~3 5th Rice cv. Nakdongbyeo 3

KJ201-H6-1~3 6th Rice cv. Nakdongbyeo 3

KJ201-H7-1~3 7th Rice cv. Nakdongbyeo 3

KJ201-H8-1~3 8th Rice cv. Nakdongbyeo 3

KJ201-H9-1~3 9th Rice cv. Nakdongbyeo 3

KJ201-H10-1~3 10th Rice cv. Nakdongbyeo 3

Total 238

a1 to 10th serial transferred isolates from each parental isolates 70-15
and KJ201 were recovered by monoconidiation.

bM means medium-oriented monoconidial isolates; H means host-ori-
ented monoconidial isolates.

cThe isolates were generated by cutting the germ tube from the basal
and apical cell of a conidium of isolate 70-15. Therefore, a pair of
GT1-1 and GT1-2 was recovered from a conidium.

Table 2. PCR primers used in this study

Primer 5' - 3'

AVR-Pita1_ORF_F
AVR-Pita1_ORF_R
AVR-Pikm_ORF_F
AVR-Pikm_ORF_R

For AFLP analysis

ATGCTTTTTTATTCATTATTTTTTTTTCACAC
TTAACAATATTTATAACGTGCACATTGTG
ATGCGTGTTACCACTTTTAACACA
TTAAAAGCCGGGCCTTTTTTTCC

Adapter primers

EcoRI-adapter1 CTCGTAGACTGCGTACC

EcoRI-adapter2 AATTGGTACGCAGTCTAC

MspI-adapter1 GAGTCCTGAGTAGCAG

MspI-adapter2 CGCTCAGGACTCATC

Standard primers

EcoRI-standard CTCGTAGACTGCGTACCAATTC

MspI-standard GACGATGAGTCCTGAGCGG

Selective primers

EcoRI-0 GACTGCGTACCAATTC

MspI-0 GATGAGTCCTGAGCGG

EcoRI-ACA GACTGCGTACCAATTCACAa 

MspI-C GATGAGTCCTGAGCGGC

aUnderlines are the selective nucleotide.
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70-15 and KJ201, were subjected to phenotypic and geno-

typic analyses (Table 1).

We observed no significant differences between the

parental isolates and any isolates derived from them in

successive generations through both medium and host

plants for any of the six phenotypes tested in vitro. No

differences were observed for mycelial growth or cultural

morphology on three different media, potato dextrose agar,

CM and OMA (Fig. 2A, 2B, and 2C), for conidiation on V8

juice agar and OMA media, or for conidial morphology,

conidial germination, and appressorium formation. In addi-

tion, we did not found any sectoring either from medium

Fig. 2. Phenotypic characterization of M. oryzae after serial passage on medium and through host plants. (A) Cultural characteristics of
parental isolates 70-15 and KJ201 and isolates derived from them after serial passages. Cultures were photographed 7 days after
inoculation on oatmeal agar medium (OMA). Numbers 1 to 10 indicate 1st to 10th serial transfer on medium and rice plants. GT indicates
isolates that were recovered from the germ tubes at the basal and apical cells of 10 conidia; 1(to 10)-1 and 1(to 10)-2 were generated from
apical and basal cells, respectively. (B) Mycelial growth, conidiation, conidial germination, and appressorium formation of isolate 70-15,
single-conidial isolates derived from it after successive serial transfers on OMA (M), and representatives of three pairs of isolates from
germinated conidia (GT). (C) Mycelial growth, conidiation, conidial germination, and appressorium formation of isolate KJ201, single-
conidial isolates derived from it after successive serial transfers on OMA (M) and through rice plants (H).
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transfers or host transfers.

Similarly, no differences were observed for virulence in

planta. All tested isolates were highly virulent to cv.

Nakdongbyeo, which is highly susceptible to KJ201 and

70-15 (Chi et al., 2009; Jeon et al., 2007), with disease

indexes of 7-9 (maximum of 9), indicating that virulence

was not significantly affected (Fig. 3A). These results are

similar to those of Latterell and Rossi (1986), who reported

no loss of virulence and no changes in cultural characteri-

stics in M. oryzae isolates after repeated assays of the same

isolates from stock cultures over long periods of time.

However, because stability of virulence does not guarantee

stability of pathotype in M. oryzae, pathogenicity assays of

differential rice lines that contain different blast resistance

genes are needed to detect variation in pathotypes.

To assess genotypic stability during serial transfers, we

conducted DNA fingerprinting with various probes includ-

ing transposable elements (MGR586, Pot2, MAGGY, LINE,

and Mg-SINE), a host specificity gene (PWL2), and an

avirulence gene (AVR-Pita1). Isolates 70-15 and KJ201

differed in DNA fingerprint haplotypes when MGR586 and

MAGGY were used as probes, but all isolates derived from

them were identical to their parent isolates. Representative

autoradiograms of blots probed with MGR586 and MAGGY

for isolate KJ201 and its single-conidial isolates are shown

in Figs. 3B and 3C, respectively. The other probes, includ-

ing Mg-SINE (Kachroo et al., 1995), LINE (Nishimura et

al., 2000), Pot2 (Kachroo et al., 1994), host specificity gene

PWL2 (Sweigard et al., 1995), and avirulence gene AVR-

Pita1 (Khang et al., 2008), also failed to detect differences

among isolates (Fig. 3E, F, and G). These results indicate

that these transposable elements were stably maintained

during 10 serial passages.

Interestingly, however, an approximately 8-kb restriction

fragment that is present in parental isolate KJ201 was ab-

sent in several single-conidial isolates when the telomere-

helicase gene TLH1 (Gao et al., 2002) was used as a probe

(Fig. 3D). One reversible loss of a TLH1 fragments was

observed during successive transfers (Fig. 3D).

We also determined the stability of two telomere-located

Fig. 3. Virulence assay and DNA fingerprinting. (A) Virulence assay using isolates from the 1st, 5th, and 10th serial transfers of isolate
KJ201. Rice seedlings (cv. Nakdongbyeo) were inoculated at the 3~4-leaf stage, with three replicates. (B) DNA fingerprinting of isolates
from 2nd, 4th, 6th, 8th, and 10th serial transfers of isolate KJ201 on medium (M) and host plants (H). The number after M and H indicates
generation number of serial transfers for each isolate. Probes included (B) MGR586, (C) MAGGY, (D) Telomere-linked helicase 1
(TLH1), (E) AVR-Pita1, (F) PWL2, and (G) LINE. The asterisk in (D) denotes a restriction fragment for a member of the TLH gene family
that was lost in two isolates (M6 and H4).
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avirulence genes including AVR-Pita1 (Chomosome 3)

(Orbach et al., 2000) and AVR-Pikm (Chomosome 1) (Feng

et al., 2007) at the nucleotide sequence level. The coding

regions of the AVR-Pita1 and AVR-Pikm were sequenced in

parental isolate KJ201 and single-conidial isolates after the

1st, 5th and 10th serial passages on medium and on plant

hosts. However, no sequence variation was detected.

We further analyzed a sample of isolates using AFLPs to

detect any additional genetic variation. Twenty isolates

from germ tubes of 10 conidia and one representative iso-

late from each generation of serial transfers of isolate 70-15

were genotyped. Four AFLP primer pairs were used. Poly-

morphism was detected in only one isolate, 70-15-GT 8-1,

generated from the basal cell of a conidium. Sequence

analysis of this polymorphic band showed that it matched

with partial fragment of a solo LTR (37-bp, AATTCTTC-

GTGACGGAAACCAAGTTCCTGGGCCTGCT) that is

highly dispersed in the M. oryzae genome. This suggests

that some transposable elements such as solo LTR are mobile

and might be agents of genetic variation in M. oryzae.

However, we have not found any additional phenotypic and

genotypic changes in isolate 70-15-GT 8-1.

In conclusion, we conducted 10 serial transfers of two

rice-pathogenic isolates of M. oryzae, 70-15 and KJ201. All

single-conidial isolates showed stable genotypes, with minor

exceptions, and stable phenotypes, including virulence.
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