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Bakanae disease caused by Fusarium fujikuroi is an important
fungal disease in rice. Among the seven strains isolated from
symptomatic rice grains in this study, one strain, FfB14,
triggered severe root growth inhibition and decay in the
crown and root of rice seedlings. The remaining six strains
caused typical Bakanae symptoms such as etiolation and
abnormal succulent rice growth. To reveal the relationship
between mycelial growth in the infected tissues and Bakanae
disease progression, we have established a reliable quantifi-
cation method using real time PCR that employs a primer
pair and dual-labeled probe specific to a unigene encoding
FE. fujikuroi PNG1 (FfPNG1), which is located upstream of
the fumonisin biosynthesis gene cluster. Plotting the crossing
point (CP) values from the infected tissue DNAs on a stan-
dard curve revealed the active fungal growth of FfB14 in
the root and crown of rice seedlings, while the growth rate
of FfB20 in rice was more than 4 times lower than FfB14.
Massive infective mycelial growth of FfB14 was evident in
rice stems and crown; however, FfB20 did not exhibit vigo-
rous growth. Our quantitative evaluation system is appli-
cable for the identification of fungal virulence factors other
than gibberellin.
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Introduction

Fusarium fujikuroi Niremberg is an anamorph of Gibberella
fujikuroi (Sawada) Ito in Ito & K. Kimura and is a member
of the G. fujikuroi species complex (GFSC) (O’Donnell et al.,
1998). GFSC is a polyphyletic group composed of species
from sections Liseola and Elegans and more than nine mat-
ing populations, and F. fujikuroi is mating population C
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(MP-C) (Leslie and Summerell, 2006). This seed-borne
pathogen is a causal agent of Bakanae or foolish seedling
disease in rice (Oryza sativa L.) and is widely distributed in
Asia, Africa, North America, and Italy (Ou, 1985; Pra et al.,
2010). In particular, outbreaks of this disease during the
rice growth rate stage provoke severe yield losses up to 70%
(Ou, 1985). Infected rice turns pale yellow and exhibits
chlorosis, poor grain ripening such as empty panicles, and
foot and stem rot. Despite its readily distinguishable symp-
toms, exact diagnosis and evaluation of this disease are fre-
quently confusing because several other fungal species also
belong to GFSC, and section Liseola also inhabits the in-
fected plants to a degree (Carter et al., 2008; Izzati and Salleh,
2010; Wulft et al., 2010). Resistance breeding and biological
control are most ideal, and some of them are now available
(Watanabe et al., 2007; Ma et al., 2008; Kazempour and
Anvary, 2009; Kato et al., 2012). Bakanae disease manage-
ment is mainly dependent on fungicide treatments such as
prochloraz and carbendazim; however, these are not envi-
ronmentally friendly, and there have been recent reports of
chemical-resistant F. fujikuroi in Korea (Kim et al., 2010;
Yang et al., 2012).

F. fujikuroi is known for its production of the plant hor-
mone gibberellic acid (GA), which is involved in plant growth
regulation. GAs accumulate within and around rice roots
during host recognition, pre-penetration morphogenesis,
and/or pathogen growth in the plants, and GAs are believed
to be responsible for abnormal internode elongation of the
stem because high concentrations of this hormone cause
hypertrophy of the cells in the parts of rice found above
ground. In extreme cases, infected plants topple over and
die because they are no longer sturdy enough to support
their own weight. Although several studies have been per-
formed to elucidate the chronological interactions between
F. fujikuroi and rice, no explanations for the roles of GA in
disease progression and pathogen growth in the host are
available.

Accurate quantification is indispensable in the evaluation
of resistance germplasm, Bakanae disease forecasting, and
management. Like other disease assessment, enumeration
of this disease have been dependent on the observation of
visible symptoms. Although this method is easiest and is still
useful for some objectives such as Bakanae forecasting in
the field, it does not produce quantitative values and is not
applicable for chronological Bakanae estimation and in par-
ticular, early disease initiation. In addition, this evaluation
does not reflect fungal growth in the host but rather meas-
ures alterations to plants. To develop sensitive techniques
specific to the pathogen itself, several alternative approaches
have been designed (Jarnagin and Harris, 1985; Harrison et



al., 1990; Martin et al., 1990). However, the above approaches
have drawbacks with respect to sensitivity, time and labor
efficiency, and reproducibility. Several polymerase chain
reaction (PCR)-based approaches have been described; how-
ever, they were also qualitative because the number of am-
plicons does not mirror the amount of fungal DNA in the
input plant DNA. Finally, crossing point (CP) value-based
quantitative real time PCR was introduced to solve this
problem (Lievens et al., 2006; Selma et al., 2008). The use
of fluorophores made it possible to measure detectable am-
plification-initiation steps and CP values. As CP values are
inversely related to the logarithm of the initial copy number
of target genes, objective and reproducible measurements
of fungal DNA can be calculated (Kulik, 2011; Pavon et al.,
2012; Su’udi et al., 2012; Zhao et al., 2012).

The aim of this study was to reveal the relationship be-
tween symptom progression and F. fujikuroi proliferation
in rice. We have developed a reliable method to produce a
digitalized estimation of F. fujikuroi among infected tissue
DNA by employing a primer pair and dual-labeled probe
that is specific to the unigene FfPNGI, which encodes
transglutaminase deemed to confer resistance against pro-
teolysis to a processed protein.

Materials and Methods

Fungal strains and pathogenicity assay

The Fusarium fujikuroi isolates and other fungal species used
in this study (Table 1) were obtained from Dr. Sun-Hwan
Yun at Soonchunhyang University and the National Academy
of Agricultural Science in Korea. Fusarium species were
grown on Fusarium complete medium containing 2% agar
(Leslie and Summerell, 2006). Magnaporthe oryzae was grown
on oatmeal agar (50 g oatmeal flakes and 20 g agar per 1 L
distilled water), Cochliobolus miyabeanus was grown on su-
crose proline agar (SPA) (Ahn et al., 2005), and Rhizoctonia
solani was grown on potato dextrose agar (PDA, Difco Lab,
USA). All strains were grown at 22°C under continuous
florescent light. Subsequently, each inoculum was trans-
ferred into complete liquid media and grown for 3 days at

Table 1. Fungal strains used to evaluate primer pair specificity

Scientific name collitcrtzii(i)rrll/ 1o, PCR results’ Hosts isolated”
Fusarium fujikuroi F7f{B14 + O. sativa
FfB20 + O. sativa
FfB66 + O. sativa
FfB98 + O. sativa
FfB100 + O. sativa
FfB101 + O. sativa
F. proliferatum Fp45823 O. sativa
F. graminearum Fg46434 H. vulgare
F. oxysporum Fo40032 O. sativa
Magnaporthe oryzae KI197 O. sativa
Cochliobolus miyabeanus Cm85 O. sativa

Rhizoctonia solani Rs40101 S. tuberosum

4, strain was detected; -, strain was not detected.
®Scientific name of the original hosts harboring each strain
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25°C and 150 rpm in the dark. Prior to sampling, the my-
celial mass was filtered through miracloth (Calbiochem,
Germany) and was subsequently frozen in liquid nitrogen
and stored at -80°C.

Virulence of F. fujikuroi on rice plants (Oryza sativa L. cv.
‘Dongjin’) was analyzed as described previously (Wiemann
et al., 2009). After surface sterilization of rice seeds by sub-
merging in 1% (v/v) sodium hypochlorite for 30 min with
gentle shaking, excess surface disinfectant was thoroughly
washed out with a sufficient amount of sterilized distilled
water. Rice seeds were germinated on half strength Murashige
and Skoog agar for 7 days at 25°C under a 16 h photoperiod
of fluorescent light. The F. fujikuroi strains tested were grown
on oatmeal agar as described above. Ten agar blocks (6 mm
in diameter) were placed in a 2 x 5 matrix on vermiculite
soil contained in block-shaped pots (width x length x height
=16 x 7.5 x 7 cm’). Additional vermiculite was evenly
poured on the soil up to 2 cm. Ten healthy rice seedlings
were planted on the surface of the vermiculite layer just above
the sites of inoculum placement. The plants were returned
to the greenhouse with natural light conditions. Whole seed-
lings were harvested every other day after inoculation, and
their weight and height were measured. The seedlings were
kept at -70°C for DNA or RNA preparation. Pictures of symp-
tom progression were taken at 14 days post inoculation (dpi).
A pathogenicity assay was performed at least three times,
and similar results were obtained.

Standard molecular methods

Genomic DNA of the fungal mass or infected plant materials
were prepared as described previously (Stewart and Via,
1993). DNA concentrations were estimated by comparing
band brightness with the largest 23.1-kb fragment of
HindIII-digested lambda DNA (Bioneer, Korea) using Image]J
software (NIH, 2011). The DNA concentrations of the fungal
and plant samples were adjusted to 50 ng/ml, and DNA was
subsequently prepared in serial dilutions as indicated for
Tagman real time PCR.

For Southern blot analysis, genomic DNA was isolated from
seven F. fujikuroi strains: FfB14, FfB20, F{66, FfB90, FfB98,
and FfB100. DNA (5 ug) was digested with Xhol or HinCII
and transferred to a nylon membrane (Hybond N+, Amer-
sham). The blot was hybridized with a 320-bp fragment of
FfPNGI amplified using the primer pair FfPNG1_232F (5'-
CTG CGA CAT CTC CCC AAG ATC-3") and FfPNGI1_
551R (5'-CTG TGT TAG TCA ATC CA TCC-3") (Fig. 1).
The primers were designed based on the nucleotide sequence
of the scaffold 41_2 in the draft genome of FfB14 (GenBank
accession No. KB205993.1) (Jeong et al., 2013) and compared
with the whole coding DNA sequence of F. fujikuroi PNG1
(FfPNGI) and the same gene in F. verticillioides strain M-3125
(Sugplementary data Fig. S1). The probe was labeled with
[a-""P] ACTP through random priming (Feinberg and Vo-
gelstein, 1983) using a Rediprime II DNA Labeling system
kit (GE Healthcare, USA). After washing with an SSPE series
ranging from 2 x to 0.1x supplemented with 0.1% SDS, the
membrane was exposed to BAS film (Fujifilm, Japan).

The specificity of a primer pair for real time PCR, FIPNG1_
232F and FfPNG1_355R (5'-CAA CAG ACC GGG GTT
CTC-3"), for F. fujikuroi was enumerated. Conventional
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PCR was performed using genomic DNA (83.3 ng) from
seven F. fujikuroi strains as template, including the three
Fusarium species F. proliferatum, F. graminearum, and F.
oxysporum, as well as three were other fungal species fre-
quently found in rice paddy fields, specifically Magnaporthe
oryzae, Cochliobolus miyabeanus, and Rhizoctonia solani,
and finally rice (Oryza sativa L. cv. Dongjin). PCR con-
ditions were 95°C for 5 min, followed by 30 cycles of 95°C
for 15 sec, 55°C for 15 sec and 72°C for 30 sec, with a final
extension at 72°C for 5 min. The primer specificity was de-
termined by F. fujikuroi-specific 134-bp amplicon production.

A picture was taken using a Gel Documentation System
(Bio-Rad, USA).

For the molecular identification of the fungal strains, 520-bp
ITS regions were amplified from the genomic DNA of seven
F. fujikuroi strains using the primer pair ITS1 (5'-TCC
GTA GGT GAA CCT GCG G-3') and ITS4 (5'-TCC TCC
GCT TAT TGA TAT GC-3') (White et al., 1990). After
cloning them into the pGEM-T Easy vector, the nucleotide
sequences of the cloned ITS regions were identified using
MI13F and M13R primers.

Consensus ATGGCGGGCCAACGTACGCCTGCGGGCGAGTATGGCGAGGAATGGGCCCGAGACCTTCGGGTCCAATTCGAAGGCTTGTTGCGTGACAAGCGXATGAATG

FEPNGL A SRG i s o o o o e o oo A S aT W T e e e s
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Fig. 1. Genomic DNA sequence of FfPNG]1 in Fusarium fujikuroi strain FfB14 and FvPNGI in F. verticillioides strain M-3125. Three different amino acids
between FfPNGI1 and FvPNGI are indicated with solid boxes, and the items remain above. Two exon regions are indicated with capital letters, and the
translated amino acid sequences are shown. Primer pairs (FfPNG1_232F and FfPNG1_355R) and Tagman-FfPNG1, the probe sequence for Tagman real
time PCR, are designated with dotted boxes and an empty arrow. The primer pair consisting of FFPNG1_232F and FfPNGI1_551R is indicated with solid
boxes, and the probe for Southern blot analysis was amplified using this primer pair for PCR. The three HinclI sites are indicated with dashed boxes, and
one of them is located between FfPNG1_232F and FfPNG1_551R. This HinclI site is specific to F. fujikuroi and is absent in F. verticillioides. However,
there was no Xhol site within FfPNGI. Four HinclI sites in the upstream region of FfPNG1, designated with a double-sided arrow, are absent.



Taqman real time PCR

Two fluorescent dyes, Texas Red and matching black hole
quencher 2 (BHQ2), were added at the 5" and 3’ ends for
probe design. The probe for Tagman real time PCR was
5'-GAT CGC GAT TCT CAA AAA TTC AGA AAC-3". A
10-fold dilution series (10'° to 10™ gene copies) of pGEM-T
Easy::FfPNGI (134-bp) plasmid was used as a template for
preparation of a standard curve to indicate the relationship
between crossing point (CP) values and FfPNGI copy num-
ber. Similarly, F. fujikuroi genomic DNA was adjusted in a
3-fold dilution series from 83.3 ng to 1 pg to construct the
standard curve to indicate the relationship between CP values
and the amount of fungal DNA. Real time PCR was per-
formed in a Light Cycler 480 II (Roche, Germany) in triplicate
for 40 cycles (15 sec at 95°C and 15 sec at 60°C), starting
with initial incubation at 95°C for 4.5 min. The CP values
obtained from this reaction were set automatically. For the
evaluation of pathogen growth in planta, genomic DNA of
the 20 rice seedlings infected with F. fujikuroi were com-
bined when DNA was prepared. Quantification in ng of
pathogen DNA among 250 ng of plant DNA was performed
by plotting CP values on the standard curve.
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Fig. 2. Restriction map of the genomic sequence around FfPNGI and
Southern blot analysis. (A) Restriction map of FfPNGI and its neighboring
12,400-nucleotide sequence. Solid line and dashed lines represent the Xhol
and HinclI sites, respectively. The numbers under the dashed line are the
relative positions of the Xhol sites, and those above the solid lines are
Hincll sites. The two exons of FfPNG1 are marked with empty arrows, E1
and E2. The probe region for Southern blot analysis is designated with a
small arrow within the first exon. (B) Southern blot analysis using the
cloned amplicon between FfPNG1_232F and FfPNGI1_551R as the probe.
This probe hybridized with the FfPNGI-containing 9,601 bp-long Xhol
fragment and two HincllI fragments approximately 2.08 kb and 991 bp in
length.
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Fungal ramification in planta

To observe fungal growth within plants, the crown and stem
parts were recovered at 7 dpi. The tissues were stained with
2.5 mg/ml aniline blue staining solution resuspended in lac-
tophenol (equal volumes of glycerol, lactic acid, and phenol).
After slight boiling for 1 min, the samples were further
stained in the same solution for a day. Excessive aniline blue
was washed away several times with lactophenol, and then
mycelial growth within the infected tissue was observed
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Fig. 3. Specificity of the primer pair for FfPNGIand the relationship be-
tween crossing point (CP) values, copy number of the Ff/PNGI1/genome,
and amount of fungal DNA. (A) The primer pair FfPNG1_232F and
FfPNGI1_355R was used for all PCR reactions. Each reaction contained
250 ng of DNA from the seven strains of F. fujikuroi, other fungal patho-
gens, and host DNA indicated. (B) Linear regression of the CP values and
copy numbers of FfPNGI or fungal genome. A 10-fold dilution series of
FfPNGI cloned into the pGEM-T easy vector was used as the template.
(C) Linear regression of the CP values and amount of F. fujikuroi DNA
from the FfB14 and FfB20 strains. A three-fold dilution series of F. fuji-
kuroi DNA was used as the template.
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under the light microscope (Peng et al., 1986).

Results and Discussion

Mycological and molecular identification of F. fujikuroi

We analyzed morphological characteristics and molecular
evidence and then comparatively enumerated these results
with F. fujikuroi to rule out taxonomic confusion (O’Donnell
et al., 1998; Leslie and Summerell, 2006). As briefly described
in the “Introduction”, the Gibberella fujikuroi species com-
plex (GFSC) is composed of several mating populations
(MPs), and F. fujikuroi shares visible characteristics and
habitats with other fungal species belonging to the same
complex. The colony morphology on PDA was completely
identical to descriptions of F. fujikuroi (data not shown).
Approximately 5 to 6 days after inoculation, colony diameter
reached 7 to 8 cm, and its color became whitish pink with
active sporulation (data not shown). All seven strains pro-
duced micro- and macroconidia, and in particular, they
produced microconidia in chains on conidiophores, which
is one of the important mycological characteristics of F.
fujikuroi. Subsequently, the nucleotide sequence of the in-
ternal transcribed spacer (ITS) region on ribosomal DNA
(rDNA) was identified to support above classical identifi-
cation. ITS region sequencing has been widely adopted in
mycology, and furthermore, this DNA region-based bar-
code system was recently deemed useful for fungal numerical
taxonomy (Schoch et al., 2012). As shown in Supplementary
data Fig. S1, the ITS sequence of our strains was absolutely
identical to F. fujikuroi strain DC-1-77 from Dracaena cam-
bodiana (GenBank accession No. KC215122). These results
provide evidentiary support that all our strains were F.
fujikuroi.

EfPNGI as a target for quantitative real time PCR

In previous studies, the fumonisin biosynthesis gene cluster
of Fusarium verticillioides was characterized, and its nucleo-
tide sequence is now accessible (Proctor et al., 2003; Kistler
et al., 2007). A draft genome of F. fujikuroi strain F{B14 was
recently opened, and the sequence was deposited in GenBank
(Jeong et al., 2013). FfPNGI, which is located upstream re-
gion of this cluster, spans two exons separated by one short
intron sequence (Fig. 1). Despite 38 nucleotide changes within
the exon regions, amino acid sequences were relatively well
conserved, and only three amino acid changes were observed.
The open reading frame (ORF) consisted of 1,353 nucleo-
tides encoding 450 amino acids.

A Southern blot was performed to confirm the copy num-
ber(s) of FfPNG1 within the fungal genome. A 320-bp frag-
ment of this gene, which was amplified using the primer pair
FfPNG1_232F and FfPNG1_551R, was used as the probe
(Figs. 1 and 2). Xhol and HinclI digestion of the amplicon
and its nucleotide sequencing indicated the absence of a
Xhol site and the presence of a single HinclI site (data not
shown). In particular, this HinclI site is specific to FfPNG1
and absent in FYPNGI1. As shown in Fig. 2B, the probe hy-
bridized with single XhoI-digested fragments and double
Hincll-digested fragments of all strains analyzed. These data

indicated that FfPNGI exists as a single copy in the fungal
genome. Therefore, Ff/PNGI was a proper target for real
time PCR aimed at quantification of fungal DNA because
amplicon copy number reflects the number of fungal ge-
nomes within the tested DNA from infected tissue. The draft
genome sequence around the FfPNGI indicated that two
Hincll fragments, 784- and 991-bp-long, should hybridize
with our 320-bp probe. A 991-bp HinclI fragment was evi-
dent in the tested strains; however, the remaining signals
were shifted to 2.08 kb. To confirm these results, we ampli-
fied a 2,252-bp fragment via PCR and analyzed its nucleo-
tide sequence. Sequencing results revealed the absence of four
Hincll sites located upstream of FfPNG1 (data not shown).

Next, the specificity of our primer pair was evaluated based
on the specific amplification pattern that is peculiar to F.
fujikuroi species and distinguishable from other fungal spe-
cies sharing the same host and habitat (rice and paddy field).
Our primer pair was able to specifically amplify the target
genomic region, a 124-bp genomic sequence from FfPNGI,
from F. fujikuroi listed in Table 1, and the primers did not
react with DNA from fungal species belonging to the same
genus Fusarium and those included in Dothidiomycetes and
Basidiomycota, which are taxonomically far from F. fujikuroi
(Fig. 3A). They also did not produce any amplicon from rice
DNA. These results guaranteed our system’s specificity for
F. fujikuroi and its ability to discern this pathogen in bio-
logical material and in an agricultural environment.

Linear regression construction through Tagman real time
PCR

Crossing point (CP) values from real time PCR are the most
reliable criteria in determining a target organism’s existence
and assessing the number of organisms present, as this value
negatively reflects the copy number of template DNA with
high accuracy. This value is the cycling number at which the
fluorescence of a sample rises above background fluores-
cence. In addition to specific primer pair above, we also
adopted a dual-labeled Tagman probe, Tagman_FfPNG1,
to further improve the specificity of our reaction (Yin et al.,
2001; Matsenko et al., 2008; Gunel et al., 2011). Accumulated
results have shown that employment of a Tagman probe in
real time PCR is recommended for enhancement of the re-
liability of a standard curve depicting with the relationships
between (CP) values, copy number, and amount (weight) of
pathogen genomic DNA (Su’udi et al., 2013a, 2013b). The
relationship between the log values of the cloned FfPNGI
copy number and their CP values was negative straight re-
gression; its slope value was -3.3709, and the Y intercept was
46.213 (Fig. 3B). The regression showed absolute reliability.
Subsequently, we estimated CP values of a known amount
of fungal DNA from two strains, FfB14 and FfB20. The log
values of the DNA and corresponding CP values also showed
negative straight regressions; their slope values were -3.3696
and -3.3416 and Y intercepts were 27.812 and 27.989, re-
spectively (Fig. 3C). They were also highly reliable (R*>0.998).
If all the experimental conditions, such as template DNA
quantification, are ideal, then the above two standard curves
should be identical regardless of strain differences. As ex-
pected, the two standard curves almost completely merged
with a high degree of reliability. These results indicated
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Fig. 4. Progression of Bakanae disease on rice (Oryza sativa cv. Dongjin)
seedlings infected with FfB14 and FfB20. (A) After placing each fungal
inoculum with FfB14 or FfB20 on the vermiculite, the surface was evenly
covered with 2-cm-thick vermiculite again, and the seedlings were placed
on the upper layer. Oatmeal agar blocks were placed as the mock treat-
ment. FfB14 challenge resulted in poor growth; however, FfB20 infection
triggered rice seedling etiolation and foolish growth. (B) Symptoms on the
rice roots inoculated with FfB14 or FfB20 harvested at 7 days post inocu-
lation (dpi). Compared to the mock-treated rice roots, FfB14 drastically
inhibited root growth, and the roots and crowns were decayed. Although
FfB20 also inhibited root growth, this inhibition was relatively minute. (C)
Invasive mycelial growth of FfB14 and FfB20 in the rice stem harvested
at 7 dpi. FfB14 vigorously infected rice stems, and active invasive mycelial
growth was observed. FfB20 also grew in the rice stem; however, the growth
was relatively lower. Bars=50 pum.

that our DNA evaluation is preferable and reliable for fungal
quantification of A. brassicicola biomass. These results fur-
ther confirmed that our system can be trusted to enumerate
fungal biomass within infected rice tissues.

Pathogenicity assay and enumeration of pathogen growth

Etiolation and chlorosis of the aboveground parts of rice see-
dlings are the typical, representative symptoms of Bakanae
disease due to gibberellin production of the pathogen F. fu-
jikuroi and frequently result in the toppling of whole plants.
However, our pathogenicity analysis in this research revealed
that some strains preferred to induce crown and/or root rot
and dark brown coloration of the infection sites, usually ac-
companied by poor root growth. This tendency was much
more evident in the rice seedlings directly exposed to the
fungal inoculum; all infected rice seedlings were dead within
3 days. To prevent direct contact between rice root and
fungal inoculum, we placed fungal inoculum, in the form
of a 6-mm diameter mycelial block, in soil and covered
them with 2 cm-thick-vermiculite layer. Prior to covering
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the fungal inoculum, we marked the inoculum’s position
with a toothpick. The rice seedlings were placed on the ver-
miculite layer precisely above the location of each inoculum
block. Despite preventing the direct contact between in-
oculum and plants, the growth of almost all rice seedlings
challenged by FfB14 was noticeably retarded at 5 dpi com-
pared to mock-treated controls, and more than 90% of them
were dead by two weeks after inoculation (Figs. 4A and 5A).
FfB14 did not trigger the promotion of growth of the above-
ground parts of the seedling and furthermore induced clear
stunting at 5 dpi and thereafter. In contrast, infection with
strain FfB20 triggered typical hypertrophy and abnormal
growth promotion. The rice seedlings did not exhibit ob-
servable differences compared to the mock (oatmeal agar
block)-treated seedlings up to 2 dpi for all inoculated plants.
Approximately 5 dpi, strain FfB20-inoculated rice seedlings
showed peculiar faster growth, and the differences between
inoculated and mock-treated plants increased and reached
61.3% at 13 dpi. Rather than provoking the accelerated rice
growth, the FfB14 strain ferociously infected the rice seed-
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Fig. 5. Alterations in the growth of rice challenged by FfB14 and FfB20
and quantification of pathogen growth in planta with Tagman real time
PCR. (A) FfB14 infection resulted in the inhibition of rice growth; how-
ever, FfB20 promoted seedling growth. After pathogen inoculation, 10
rice plants were harvested at the indicated times, and their growth was
estimated. (B) Quantification of pathogen DNA among DNA from plants
inoculated with F. fujikuroi at the indicated times. Roots of 5 rice seedlings
challenged by FfB14, FfB20, or mock treated were harvested at the indicated
time, and DNA was prepared. The ng of fungal DNA in 1 ug of infected
root DNA were quantified by plotting CP values on the standard curve.
The pathogenicity assay was performed at least 3 times, and representative
results are shown.
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lings and actively propagated within and around the rice
stems and roots. The rice roots infected by FfB14 also ex-
hibited poor growth and turned brown to dark brown within
5 dpi (Fig. 4B). Although FfB20 infection also restricted root
growth, the inhibition was very low compared to the FfB14-
infected rice. To observe the mycelial propagation of the
pathogen, we harvested stems and roots at 7 dpi and ana-
lyzed them under the microscope after staining with ani-
line blue. Massive invasive mycelial growth was evident in
the seedling stems and roots, and active conidiogenesis was
observed on the surface of stems inoculated with FfB14;
however, this fungal infection and sporulation were very rare
in the seedlings challenged by FfB20. Although FfB20 in-
fected the rice plants, the infectivity was much lower (Fig.
4C). To estimate the fungal growth in the rice seedlings in-
fected by FfB14 and FfB20, we harvested rice seedlings at the
indicated times after inoculation and evaluated the amount
of fungal DNA within the infected rice seedlings through
Taqman real time PCR (Fig. 5B). Seedling infection by FfB14
was detected at 3 dpi; however, FfB20 growth in the rice
was initiated at 7 dpi. FfB14 growth was 16 times higher
than that of FfB20 at 7 dpi, and the differences were ampli-
fied from 4.5 ng at 7 dpi to 16.9 ng at 13 dpi. Our real time
PCR analysis revealed that fungal growth of FfB14 was
more than 4 times higher than that of strain FfB20 at 13
dpi. Although the other strains did not exhibit discrete dif-
ferences, their inoculation usually culminated in etiolation
and abnormal growth of the internode. Compared to other
strains, strain B90 did not provoke typical the foolish seed-
ling appearance, but this strain did induce seedling with-
ering and finally death.

In summary, we have developed a reliable method to eval-
uate F. fujikuroi mycelial growth by demonstrating that CP
values inversely reflect the amount of fungal DNA present.
Our method is dependent on a specific primer pair and an
additional dual-labeled probe, which guaranteed accurate
and objective enumeration. Based on the results presented
here and additional observations not described here, we can
create a brief protocol for to establish this dual-labeled probe
and primer pair; confirmation of target gene copy numbers
and nucleotide sequences are indispensible. After evalua-
tion of the specificity of the primer pair, sequencing of the
resulting amplicons and Southern analyses employing the
amplicons as probes are recommended. Exact quantifica-
tion of fungal template DNA and infected tissue DNA is a
critical step for the construction of a reliable standard
curve and estimation of fungal DNA among tissue DNA.
Several trials based on absorbance at 260 nm did not give
us constitutive values, but measurement of band brightness
was reproducible. Although the aim of this investigation was
to establish a quantification system, our data here strongly
emphasize the value of symptom development results and
exact characterization of tested fungal strains.
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