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Abstract. Soaking with difenoconazole, thiabendazole, benomyl, and polyoxin eliminated the pathogen as an initial
inoculum source in rhizome-tillers and root-plantlets of wasabi. The effective period was 2, 4, 8, and 10 h, respectively,
for difenoconazole, thiabendazole, benomyl, and polyoxin. Because thiabendazole and difenoconazole caused injury
to wasabi tillers, only benomyl was used to control disease in tillers in the field. When plots were covered with PE
sheets, leaf spot disease of wasabi was significantly reduced. The average disease incidence of black rot was reduced
from 90% to 5.9%. The pathogen was effectively prevented by benomyl from spreading from the parent rhizomes
to tillers in the field. Treating wasabi tillers only with benomyl, however, did not significantly reduce the disease
incidence on wasabi leaves or petioles. In contrast, the tillers from rhizomes treated with benomyl and covered with
a polyethylene sheet on the cultivated plot significantly reduced the disease severity on wasabi rhizomes, petioles
and leaves. The treatments reduced disease severity from 75% to 12.5% in rhizomes, from 73.5% to 37.5% on
petioles, and from 72.6% to 33.5% on leaves of wasabi. The results of this study suggest that using pathogen-free
plantlets and preventing secondary infection with polyethylene cover could be effective in controlling black rot dis-

ease of wasabi in the field.
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Introduction

Wasabi (Wasabia japonica [Miquel] Matsu.), is a pe-
rennial crucifer introduced into Taiwan from Japan in 1915
and has become an economically important export com-
modity (Cheng and Tung, 1986; Lo et al., 1990; Hu et al.,
1991; Lo et al., 1996). Unfortunately, black rot disease,
caused by Phoma wasabiae Yokogi has caused consid-
erable losses in yield and market value of the crop since
first report of the disease in Taiwan in 1986 by Cheng and
Tung (Hu et al., 1986; Lo and Wang 2000a). The disease
results in leaf spot, petiole blight, root rot, and black rot
or streak in rhizomes. Approximately 30 to 70% of the to-
tal production of wasabi rhizome has been affected by the
disease annually, resulting in downgrading of the rhizome
and lower market prices (Hu et al., 1986; Lo and Wang,
2001).

Transmission of black rot disease through vegetative
propagation has been demonstrated as the primary cause
of wasabi black rot disease and the most likely means of
introducing the pathogen into previously uninfested areas,
because farmers in Taiwan are accustomed to planting
wasabi via vegetative propagation, such as tillers from par-
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ent rhizomes or plantlets from fibrous roots of a parent
plant (Lo et al., 1990, 1991; Lo and Wang, 2001). This cul-
tural practice has caused the disease to become endemic
to all areas of Taiwan where wasabi is cultivated.

In addition to transmission by propagative materials,
pycnidia produced by P. wasabiae either on infected plant
debris or survival in soils may provide initial inoculum as
pycnidiospores are released from pycnidia exposed to high
humidity (>97% RH) and spread by splashing and wind-
blown rain or sprinkler irrigation (Lo and Wang, 2000a,
2000b). Our previous study identified pycnidia and
pycnidiospores as important sources of primary and sec-
ondary inoculum for black rot disease of wasabi (Lo et al.,
1991; Lo and Wang, 2001). Lo and Wong reported that
rainfall and irrigation may be important factors increasing
the incidence of black rot of wasabi in the field, especially
the leaf spot phase of the disease (Wang et al., 1992; Lo
and Wang, 2000a, 2001). Consequently, reducing primary
and secondary inoculums of P. wasabiae should be con-
sidered an important strategy for controlling wasabi black
rot disease.

Management of wasabi black rot is a challenge in com-
mercial production fields due to the limited efficacy of dis-
ease management strategies in Taiwan and Japan (Ozoe
et al., 1971; Takuda et al., 1973; Goto and Matsumoto,
1986; Lo and Wang, 2000a). Takuda developed some con-
trol methods including fungicides against this disease sev-



220

eral years ago (Takuda et al., 1973). However, these meth-
ods have not been used against black rot disease in the
field because some fungicides were not effective and oth-
ers were not approved for use in Taiwan (Cheng and Tung,
1986; Lo et al., 1990). Therefore, development of an effec-
tive strategy for controlling black rot disease of wasabi is
urgently needed in Taiwan.

The objectives of this study were (a) to determine which
fungicide would prevent the pathogen from spreading
from the parent plants to plantlets, and (b) to assess
whether the tillers from parent rhizomes of wasabi and the
plantlets from fibrous roots of the parent wasabi treated
with fungicide can effectively reduce the wasabi streak dis-
ease in the field. In addition, disease severity on patho-
gen-free plantlet transplants covered with a plastic sheet
on the cultivated plots was also evaluated.

Materials and Methods

Plant Materials and Fungicides

The cultivar 70-I-1 of wasabi was used in this study (Hu
etal., 1991). Vegetative materials, including plantlets such
as tillers from parent rhizomes and root plantlets from fi-
brous roots of parent wasabi plants were provided by
wasabi growers in Ali-shan and Ta-pang unless indicated
otherwise. Rhizomes and root fragments of parent plants
and plantlets from tissue culture provided by Hsin-Guo Co.
(Hsin-Chu, Taiwan) were also used. Unless stated
otherwise, rhizomes and fibrous root fragments from par-
ent wasabi were grown in sterile sand (10 kg) in boxes (45
x 30 x 10 cm) and covered with 1 cm of sterile peat moss
(2% Nitrogen, pH 6.0). Each box was moistened with 1800
ml of sterile distilled water at the beginning of each
experiment. Water was added as needed during the 3-month
incubation in a growth chamber at 15-18°C with a 12 h pho-
toperiod to produce the tillers and root plantlets. The
tillers and root plantlets were then transplanted to pots
with sterile sandy loam and peat moss (1:2, pH 6.0). These
plantlets were grown at 15-18°C with a 12 h photoperiod
for 6 months in a growth chamber to obtain adult plants.
Fertilizer (N:P:K=15:10:10) was added to the medium as
needed. The fungicides used were thiabendazole [40%
WP; 2-(4-thiazoly)-benzimidazole] (Merck & Co., Inc.,
Germany), difenoconazole [24.9% E.C; 1-(2-(4-(4-
chlorophenolxyl)- 2-chlorophenyl)-4 methyl-1,3-dioxolan-2-
yl-methyl)-1H-1,2,4-triazol | (Ciba-Geigy, Switzerland),
polyoxin [2.2% WP; 1-5-n-carbamoyl-2-amino-2-deoxy-L-
xylonyl-5-amino- 5-deoxy-(-D-allofulanosyluzonic acid)-5-
hydroxyl methyl-uracil (Nihon Nohyaku Co., Ltd., Japan),
and benomyl [50% WP; methyl-1-(butylcarbamoy)-2-
benzimidazolecarbamate] (Dupont de Nemours & Co., Inc.,
Taipei, Taiwan).

Media

Potato dextrose agar supplemented with streptomycin
sulfate (PDSA) and 2% water agar (WA) were used for iso-
lating P. wasabiae. PDSA consists of potato dextrose
broth 24 g (Difco Laboratories, Detroit, MI. USA), agar 20
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g (Difco), streptomycin sulfate 300 mg (Sigma, Co., MO.
USA), and distilled water 1000 ml.

Effect of Fungicide Treatment on Disease Inci-
dence of Wasabi Plantlets Infected with Phoma
Wasabiae

The efficacy of fungicides for eradicating the pathogen
was analyzed by soaking the infected plantlets in
fungicide solutions. The rhizomes and the fibrous roots
of parent wasabi were cut with sterile knives into lengths
0f 0.8-1.0 and 3-5 cm, respectively. Samples infected by P.
wasabiae were individually divided into five groups. Each
group contained 100 rhizomes and 100 fibrous roots to be
separately treated with either thiabenazole, difenoconazole,
polyoxin or benomyl at their recommended concentrations
0f 400, 249, 55 and 1000 pg/ml, respectively. Each group
was then soaked in each fungicide (200 ml) for either 0, 2,
4,6, 8,0r 10 h. Control (untreated) plants were treated
similarly with sterile distilled water. After treatment, these
test materials were air-dried in a hood for 1 h, then cut
into fragments. Five tissue fragments (0.5 x 0.3 cm) taken
randomly from each fibrous root or rhizome were placed
onto a PDSA plate and incubated at 25°C for 3 days. The
efficacy of the fungicides was evaluated by the presence
or absence of the pathogen on PDAS-plates. The
experiment was performed twice; data presented are from
a representative test.

Effect of Fungicide Treatment on Black Rot Dis-
ease Control in Wasabi

Two hundred wasabi tillers were divided into four
groups for treatment with either thiabendazole,
difenoconazole, benomyl or sterile water as described
earlier. Preliminary tests were performed to determine the
best treatment duration for each fungicide. Treated tillers
were then planted in sterilized peat soils as described and
placed into a growth chamber at 15-20°C with a 12 h pho-
toperiod provided by cool-white fluorescent lights. The
peat soil was moistened to 18% water content and addi-
tional water was added as needed. The incidence of streak
disease in wasabi tillers treated with fungicides was exam-
ined at 6 months after planting. Each tiller was cut into 0.5
% 0.3 cm cross sections. Five sections randomly taken from
each tiller were incubated on a PDSA plate at 25°C for 3
days. When P. wasabiae from any section of a tiller ap-
peared on PDSA media, the pathogen was considered to
be present in the tiller. Mortality of the wasabi tillers after
each fungicide treatment was also evaluated 14 days after
planting. Analysis of variance and Duncan’s LSD . test
were used to analyze the data. The experiments were re-
peated twice. Data presented are from a representative test.

Disease Control with PE Cover in the Field

To understand the effect of pathogen dissemination by
water on disease severity of black rot on wasabi leaves,
polyethylene sheet covers (PE) were designed as tunnel
to prevent the pathogen spread by windblown rain or wa-
ter drops from the sprinklers in the field. The experimen-
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tal field was located at Ta-pong, Chia-yi County, Taiwan.
The plots were arranged in a randomized complete block
design with three replications. The PE cover and control
(uncovered) were treated as subplots (4x1 m). Each sub-
plot contained 40 wasabi tillers. All plots were evaluated
for leaf spot severity two months after planting. Ten
wasabi plants were randomly selected to survey the dis-
ease severity and incidence of wasabi leaves. The dis-
ease incidence of leaf spot of wasabi were rated as
previously described Lo and Wang, 2000a. The disease
severity was measured as described below.

Disease Control with Tissue-Culture Plantlets in
the Greenhouse

The tissue-culture plantlets of wasabi were transplanted
into sterilized soils and infested field soils in pots in a plas-
tic house in Mei-fong, Na-tou County, Taiwan. Each 15-
cm pot had four tissue culture plantlets. Each treatment
had three replicates. The disease incidence and severity
of wasabi on leaves, petioles, and rhizomes were then re-
corded for six months after transplanting. Disease inci-
dence was assessed by symptom appearance on rhizomes,
petioles, and leaves of whole plants. Disease severity of
leaf spot was rated on a scale of 0-4 where 0 meant no
disease, 1, 1-10%; 2, 11-25%; 3, 26-50% and 4, >51% dis-
eased area. Disease severity on the rhizome was recorded
as the number of rhizomes with discolored vascular tis-
sue /total number of wasabi rhizomes x 100%. The dis-
colored vascular tissue of rthizomes was calculated as the
total length of discolored vascular tissue minus the initial
length of the rhizome black rot. Disease incidence on
wasabi petioles was measured as the number of infected
petioles/total number of wasabi petioles X 100%. The se-
verity on infected petioles of wasabi was measured as the
total length of the black tissue on petioles/ total length of
the entire wasabi petiole.

Evaluation of Integrated Control of Disease in
the Field

Two field tests were performed during 1991 to 1992 and
1993 to 1994 to evaluate the efficacy of fungicide treat-
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ment for control of black rot disease on wasabi platelets.
Wasabi tillers were soaked in benomyl (1000 pg/ml) for 8
h, and then transplanted to the field. Control (untreated)
tillers were similarly treated with sterile distilled water. To
prevent pathogen dissemination by water droplets from
sprinkler or rainfall, polyethylene sheet covers were used
as tunnel in this experiment. The four treatments were
benomyl-treated tillers covered with polyethylene sheets
(PE); uncovered, benomyl-treated tillers; uncovered, un-
treated tillers; and covered, untreated tillers. Disease se-
verity of rhizomes, tillers and petioles of adult plants
(full-grown plants) of wasabi was rated 10 months after
transplanting as described previously. In 1993 to 1994, the
experiment was repeated, except that tissue culture plant-
lets were used instead of the benomyl-treated tillers. Data
were recorded 18 months after transplanting. A completely
randomized design with four replicates was used in 1991
to 1992 and 1993 to 1994.

Experimental Design and Data Analysis

All data were submitted to analyses of variance and
Duncan’s multiple range tests to separate the means us-
ing the Statistical Analysis System (SAS Institute Inc.,
Cary, NC) program.

Results

Effect of Fungicide Treatment on Spread of
Pathogenin Wasabi Plantlets

The efficacy of fungicides for eradicating the pathogen
was analyzed by soaking the infected plantlets in differ-
ent fungicide solutions. All tested fungicides effectively
eliminated the pathogen from tiller or root plantlets after a
10 h soaking. The minimum effective treatment periods
for difenoconazole, thiabenazole, benomyl, and polyoxin
were 2, 4, 8, and 10 h, respectively (Table 1).

Thiabenazole, difenoconazole, and benomyl were se-
lected for further study to develop safe, efficient, and ef-
fective plantlet treatments. The effectiveness of the
fungicides in agar plate tests was positively correlated with
their ability to eradicate P. wasabiae from infected plant-

Table 1. Effect of different fungicide soakings on disease incidence of wasabi tissues infected by Phoma wasabiae.

Disease incidence (%)"

Treatment duration (h) for wasabi tissue

Fungicide
Concentration 0 2 4 6 8 10

(ng/ml) tiller root  tiller root tiller root  tiller root tiller root tiller root
Thiabenazole 400 90 100 10 50 0 0 0 0 0 0 0 0
Polyoxin 55 90 100 70 80 30 50 10 10 10 10 0 0
Difenoconazole 249 90 100 0 0 0 0 0 0 0 0 0 0
Benomyl 1000 90 100 40 40 20 20 20 20 0 0 0 0
Control/(water) 90 100 90 100 90 100 90 100 90 100 90 100

"Each treatment consisted of 100 wasabi tillers and 100 root sections. The experiments were repeated twice, and data presented are

from a representative test.
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lets when difenoconazole, thiabenazole, and benomyl were
used to treat wasabi plantlets for 2, 4, and 8 h, respectively.
These fungicides significantly reduced the incidence of
wasabi black rot disease. However, thiabenazole and
difenoconazole increased the mortality of wasabi plantlets
as compared with benomyl and control (Table 2).

Evaluation of Disease Control of Leaf Spot by PE
Cover

From January to February, the disease incidence and
severity of leaf spot of wasabi showed no difference be-
tween plots covered with PE sheet and untreated plots.
However, the treatment of PE cover significantly reduced
the disease severity and incidence of wasabi compared with
uncovered plots after March, particularly after June (Figure

).
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Evaluation of Integrated Method for Disease
Control in the Field

Tissue-culture plantlets were used to detect the infec-
tion sources of P. wasabiae in May-feng, Natou County.
Wasabi rhizomes became infected by P. wasabiae when
pathogen-free plantlets were planted in naturally infested
soils, whereas no streak disease developed in wasabi rhi-
zomes when plantlets were planted in sterilized soils (Table
3). No disease incidence occurred on wasabi leaves and
petioles when the plantlets were covered with a PE sheet.
However, the disease occurred on wasabi leaves and peti-
oles without a PE cover (Table 3).

In field evaluations, benomyl effectively reduced the
disease severity in rhizomes of tillers during the growing
period (Table 4). However, treating of plantlets with
benomyl alone was not sufficient to reduce the disease

Table 2. Effect of fungicide treatment on mortality and disease incidence in wasabi plantlets in growth chamber.

Fungicide Concentration (pg/ml) Mortality (%)! Disease incidence of tiller (%)*
Thiabenazole 400 52a3 18b
Difenoconazole 249 28b 17b
Benomyl 1000 8c 21b
Control 0 4c 86a

'Data were taken 2 weeks after fungicide treatment.
“Data were taken 6 months after transplanting.

’Means followed by the same letter do not differ significantly (p=0.05) according to Duncan’s multiple range test.

Table 3. Suppression of wasabi streak disease using tissue culture plantlets and polyethylene sheet (PE) cover in Mei-fong'.

Disease incidence (%)

Treatment

Rhizomes Petioles Leaves
Sterilized soil + PE cover 0.0 0.0 0.0
Sterilized soil 0.0 4.2 12.5
Natural soil + PE cover 50.0 0.0 0.0
Natural soil 66.7 13.2 433

'The data were taken 6 months after transplanting.

Table 4. Effect of planting pathogen-free plantlets and a polyethylene sheet cover on disease severity on wasabi in a field in Ta-

pang.
Disease severity (%)
Treatment Adult plants
Tillers Rhizomes Petioles Leaves
1992! 19942 1992 1994 1992 1994 1992 1994
Treated plantlets with PE cover® 18.2d* 19¢ 12.5b 7.2¢ 37.5b - 33.5b 37.1b
Treated plantlets without PE cover 43.1c 33b 12.5b 15.0b 73.5a - 71.5a 68.7a
Untreated plantlets with PE cover 62.2b 38b 68.2a 54.0a 45.5b - 40.2b 41.5b
Untreated plantlets without PE cover 91.0a 50a 75.0a 58.0a 73.5a - 72.6a 74.5a
'Data were taken 10 months after transplanting tillers treated with benomyl.
’Data were recorded 18 months after transplanting tissue-culture plantlets. “-“ = No data.

3Polyethylene sheet cover.

“Means followed by the same letter do not differ significantly (p=0.05) according to Duncan’s multiple range tests.
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Figure 1. Effect of polyethylene sheet cover on disease sever-
ity and incidence of black rot of wasabi during 1994.

on wasabi leaves and petioles without the additional pro-
tection of a PE sheet cover in 1991-1992 (Table 4). Similar
results were also found for tissue-culture plantlets planted
in the field in Ta-pang that were not covered with PE sheets
in 1993-1994 (Table 4). The best control was obtained by
planting pathogen-free plantlets (benomyl treated tillers
and tissue-culture plantlets) and covering them with a PE
sheet (Table 4).

Discussion

Reducing of initial plant infection by soilborne patho-
gens is a reasonable strategy for controlling monocyclic
diseases (Lo et al., 1996). Adams (1980) and Cooke and
Logan (1984) indicated that tuber inoculum was more im-
portant than stem inoculum in the transfer of Phoma
foveata to progeny tubers of potatoes. Our previous
study also indicated that plantlet transmission of wasabi
such as tillers and root plantlets was an important inocu-
lum source for rhizome black rot disease (Lo and Wang,
2001). Results from this study demonstrated that usage
of pathogen-free plantlets was an effective method for con-
trol of black rot disease of wasabi rhizomes.

Eliminating infected stems or tubers reduces the inci-
dence of tuber contamination by P. foveata (Logan, 1974;
Carnegie and Cameron, 1991). Planting the symptomless
tiller plantlets was not effective in reducing disease inci-
dence on rhizomes in fields, probably because P. wasabiae
is a systemic pathogen and was present in wasabi tissues

223

before the appearance of symptoms (Lo et al., unpublished
data). Mercury and lime-sulfur were used to suppress dis-
ease caused by P. wasabiae (Nozu and Yokogi, 1932;
Yokogi, 1952; Ozoe et al., 1971). However, these com-
pounds may cause injury to wasabi plantlets and seeds
(Ozoe et al., 1971). Results from this study indicated that
thiabenazole and difenoconazole were as effective as
benomyl in eradicating the pathogen from tillers or fibrous
roots. However, difenoconazole and thiabenazole caused
injury to the tiller and root plantlets at the recommended
dosage. When benomyl was used to treat the infected
wasabi plantlets, it also effectively reduced black rot dis-
ease on wasabi rhizomes but not leaves in the field.

Secondary infection with polycyclic diseases is also an
important factor in disease progress when primary inocu-
lum is low (Lo, 1996). Logan (1974) suggested that pyc-
nidia of P. foveata could be an important source of
inoculum for potato tuber contamination (Logan, 1974).
Lapwood et al. (1978) asserted that the pathogen produced
a watery brown rot in aging seed tubers in the ground,
and pycnidia were formed rapidly when rotten tissue was
placed in water. Pycnidia of P. wasabiae were quickly pro-
duced on PDA and rapidly released pycnidiospores when
the culture was sprayed with water on PDA discs (Wang
et al., 1992; Lo and Wang, 2000b). Similarly, water drop-
lets from sprinklers or rainfall dispersed the pathogen and
increased the disease development on wasabi in fields (Lo
et al., unpublished results). In addition, presence of the
pathogen in other hosts also affected the disease devel-
opment (Lo and Wang, 2001). Consequently, preventing
dispersal by splash droplets of rainfall may reduce disease
incidence. Walker and Tisdal (1922) demonstrated that
spread and disease development of black leg in cabbage
seed beds depended on rainfall and that the average dis-
ease incidence of black leg was reduced from 50% to 2%
when cabbage seedbeds were covered during rains in
Wisconsin. Our previous studies showed that the disease
development of wasabi streak disease was associated with
rainfall and rainy days and that high relative humidity (over
97%) increased pycnidiospore release of P. wasabiae
(Wang et al., 1992; Lo and Wang, 2000b). Results from
these studies indicated that leaf spot of wasabi caused
by P. wasabiae could be reduced by covering the plant
plot with a polyethylene sheet (Figure 1). A small amount
of disease occurring under the cover was probably due
to splash-dispersal pycnidiospores from untreated plots
during the rainy periods. Similarly, leaf spot and petiole
blight of wasabi was significantly reduced in integrated
control plots whereas there was no difference without a
PE cover, even when tissue-cultured or benomyl-treated
plantlets were used. Thus, reduction of secondary infec-
tion is also important in suppressing Phoma disease of
wasabi.

Phoma wasabiae can survive as mycelia in plant resi-
dues or pycnidia in soils (Lo and Wang, 2001; Lo, unpub-
lished data). The pathogen in soil may thus have a chance
to serve as the source of initial inoculum. To reduce black
rot disease of wasabi, it is necessary to eliminate the
pathogen from soils (Table 3).
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Based on our results, a possible strategy for control of
wasabi black rot disease begins with soil fumigation to re-
duce the soil inoculum. Pathogen-free planting materials
such as tissue-culture plantlets or fungicide treated tillers
or root plantlets should be used for planting. Cultivation
beds should be covered with PE sheets. Sprinker should
also be replaced by a drip irrigation system to prevent
pathogen dispersal.
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