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Abstract Lodging is one possible risk factor that leads to

increased cereal mycotoxin contamination, but few reports

have been published on the subject. We examined the

effects of lodging on the level of deoxynivalenol (DON)

and nivalenol (NIV) contamination in wheat, barley, and

rice infected with the Fusarium graminearum species

complex. Case-control and intervention studies were

applied to test the hypothesis that lodging increases the

level of mycotoxin contamination. A total of 66 grain

samples were collected from each field in 12 Japanese

prefectures from 2002 to 2006. Each sample set consisted

of grains from lodged and nonlodged plants. The concen-

tration of DON + NIV in lodged plants was significantly

higher than in nonlodged plants. All samples of wheat and

barley were contaminated with DON and NIV; however,

most of the lodged rice samples were contaminated only

with NIV. In intervention trials to investigate the effects of

lodging duration, a small area of wheat inoculated with the

pathogen was completely lodged by trampling. Even with

5 days of lodging, the levels of DON + NIV in wheat

grain at harvest increased by 27–51% compared to non-

lodged control plots. For rice, half of each plot area was

completely lodged by trampling 20 days before harvest.

The level of NIV in lodged rice grain was significantly

higher than that in nonlodged rice at optimum and delayed

harvests, because lodging significantly increased the level

of Fusarium mycotoxins in the three crops. Thus, practices

(e.g., rational use of fertilizers) to avoid lodging should

reduce the risk of mycotoxin contamination. This is the

first epidemiological study on the effect of lodging on

mycotoxin production by the F. graminearum species

complex in wheat, barley, and rice.
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Introduction

Fusarium head blight (FHB) is a destructive disease of

small grain cereals in many warm, humid regions world-

wide. The Fusarium graminearum species complex (Ward

et al. 2002), once considered a single species [F. grami-

nearum Schwabe; teleomorph: Gibberella zeae (Schwein.)

Petch] is the main cause of FHB in Japan (Koizumi et al.

1991). Molecular phylogenetic analyses revealed that

F. graminearum is a species complex consisting of at least

nine biogeographically structured lineages (O’Donnell

et al. 2000, 2004; Ward et al. 2002). Two of these,

F. graminearum Schwabe sensu stricto (s. str.) and

F. asiaticum O’Donnell et al., have been isolated from

Japan (O’Donnell et al. 2000; Suga et al. 2008).

This disease infects spikes and reduces grain yield and

quality. Moreover, the fungi produce mycotoxins such as

deoxynivalenol (DON), nivalenol (NIV), and zearalenone

(ZEA). These mycotoxins can be so harmful to animals and

humans that protective guidelines and legislation on

allowable levels are in place or under consideration in most
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countries. In Japan, the Food Sanitation Council of the

Japanese Ministry of Health, Labor and Welfare set pro-

visional guidelines for DON content in unpolished wheat

grains as 1.1 ppm (lg/g) in 2002, while the Ministry of

Agriculture, Forestry and Fisheries stipulated that the

percentage of FHB-damaged grains of wheat and barley for

food must be less than 0.05%. The establishment of these

two standards for DON and FHB has caused confusion in

wheat-producing areas in Japan.

Because Fusarium mycotoxins are produced on the

crops in the field, it is crucial to understand how agricul-

tural practices affect mycotoxin contamination in grain.

Such evidence could be used to establish guidelines for

good agricultural practices (GAP) to minimize the risks of

mycotoxin contamination of cereal products. In Japan,

lodging is common after strong winds accompanied by

heavy rains near harvest time. Recently, overluxuriant

growth during warm winters due to global warming has

also led to increased lodging.

Lodging of cereals greatly reduces grain yield and

quality (Easson et al. 1993; Fischer and Stapper 1987)

because of the permanent displacement of plant shoots

from their upright position (Pinthus 1973). Lodging nor-

mally results from the interactions between the crop and

the wind, rain, and soil, with a subsequent increase in the

moisture content of the grain. Therefore, lodging seems to

be a significant risk factor in relation to mycotoxin pro-

duction. However, few reports (Langseth and Stabbetorp

1996; Nicholson et al. 2003) have addressed the interaction

between lodging and mycotoxin levels, and previous

studies on these issues focused only on DON. In Japan,

however, the NIV prpducing isolates (chemotype) of the

F. graminearum species complex are widely distributed in

western parts of Japan and more frequently isolated than

the DON chemotype (Ichinoe et al. 1984; Nakajima and

Yoshida 2007; Yoshizawa and Jin 1998). Their virulence

may also be very high (Nakajima and Yoshida 2007).

Additionally, NIV is more toxic to animals than is DON

(Minervini et al. 2004; Ryu et al. 1988; Takahashi et al.

2007; Ueno et al. 1997).

The objectives of this study were to elucidate the effects

of lodging on the level of DON and NIV contamination in

wheat, barley, and rice infected with the F. graminearum

species complex.

Materials and methods

Sample collection from naturally infected fields

(Experiment 1)

Sixty-six sets of grain samples of wheat (31), barley (15),

and rice (20) were collected from different fields in 12

Japanese prefectures from 2002 to 2006. Each sample set

consisted of grains from lodged and nonlodged plots. One

grain sample was harvested from the same field in which

some plants had lodged naturally. The crop from an area of

3.3 m2 in one plot was harvested by hand at the optimal

harvest time and dried in a greenhouse to a moisture con-

tent below 12% (w/w); the spikes were then threshed

carefully. The grains were carefully mixed, and 500 g were

packed in a paper bag and dried at 70�C for 1 day to stop

fungal development.

Artificial lodging in an artificially infested field

(Experiment 2)

This experiment was conducted in Koshi (32.5�N,

130.4�E), Kumamoto, Japan, during 2002–2004 for wheat

and in 2006 for rice. The wheat cultivar Chikugoizumi

and the rice cultivar Nishiaoba were used to examine the

effect of artificial lodging on mycotoxin accumulation.

Chikugoizumi is a leading soft wheat cultivar in Japan

with medium resistance to FHB, and Nishiaoba is a newly

developed forage rice cultivar with unknown resistance to

FHB resistance. The wheat cultivars were sown in a field

of volcanic ash soil on 25 November 2002 and 26

November 2003, in single rows 0.8 m apart and 50 m

long at a seeding rate of 5 g m-2. Basal fertilizer was

applied before sowing at 5 g N m-2, 5 g P2O5 m-2, and

5 g K2O m-2, and the wheat plants were again fertilized

at the stem elongation stage [Zadoks growth stage (ZGS)

30–31; Zadoks et al. 1974] with ammonium sulfate at

2 g N m-2. The rice cultivar was seeded on 12 June

2006, and the four or five seedlings per hill were trans-

planted on 3 July 2006 with equidistant spacing of

30 9 18 cm in a 50 9 10 m paddy field. The fertilizers

(N, P2O5, and K2O, each at 14 g m-2) were then applied.

Basal fertilizer was applied to rice plants before trans-

planting at a rate of 71% and top-dressed at 29% at the

early-boot stage (ZGS 40). The wheat and rice cultivars

were grown in the field in accordance with standard

agronomic practices until heading.

A mixture of two isolates of the F. graminearum species

complex, differing in trichothecene chemotype, i.e., H-3

(F. graminearum s. str.; MAFF101551) of the DON type

and NIV-2 (F. asiaticum; Nakajima and Yoshida 2007;

Suga et al. 2008) of the NIV type, was used as the inoc-

ulum. In the experiment in 2002–2003, we used only

isolate H-3 (DON chemotype). The inoculum was prepared

according to methods described in our previous study

(Yoshida et al. 2007) and stored at -20�C. On the days of

inoculation, macroconidia suspensions of the two isolates

were thawed and diluted to 5 9 105 spores per ml and then

mixed in equal volumes. New Gramin (Sankyou-Agro Co,

Tokyo, Japan) was added to a final concentration of
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0.3 ml l-1 as a spreader. The heads of each wheat or rice

cultivar in a 10 9 50 m field were sprayed with 50 l of

spore suspension at anthesis (ZGS 64, 50% of the spikelets

flowered).

Two weeks after inoculation, 50 spikes were arbitrarily

selected from each plot and assessed for FHB severity on a

scale of 0–100 (0, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,

100%), according to a visual rating of the percentage of

infected area in each spike. Using these data, FHB inci-

dence (%), that is, the percentage of visually diseased

spikes, was calculated for each plot. The frequency of

perithecia formation was also investigated at harvest using

100 diseased spikes, and fungi were isolated from a single

perithecium using selective medium (Togawa 1994) for

F. graminearum. The surface of the perithecium was

sterilized in 70% ethanol and sodium hypochlorite solution

(1% available chlorine), and incubated at 25�C for 7 days

under fluorescent light.

We selected three uniformly diseased plots (4 rows 9

20 m) from each field (10 9 50 m). For wheat, one-

quarter of the area of the each plot was completely lodged

by trampling 15, 10, or 5 days before harvest. All plots

were harvested at optimum maturity stage (ZGS 91; cary-

opsis hard, no longer dented by thumbnail) on June 2, 2003

and June 4, 2004. The experiment had a one-way ran-

domized complete block design with four durations (0, 5,

10, 15 days) of lodging and three replications. For rice, half

of each plot area was completely lodged by trampling

20 days before harvest. Each plot was harvested at the

optimal maturity stage (ZGS 92; over 90% of the spikelets

were ripened) on October 15, 2006 and a 10 day delayed

harvest. Therefore, the experiment had a two-way split-plot

randomized complete block design having three replica-

tions, with lodging as the main effect factor, and harvest

timing as the second factor.

We sampled all spikes in a 2 m length of row from the

center of each plot. The harvested spikes were dried

immediately at 70�C for 1 day to stop fungal development.

After drying, the spikes were threshed carefully so that no

shriveled or small grains were lost. The grains were mixed

carefully, and 1 kg was packed in a paper bag.

Toxin analysis

After all other evaluations were done, the grains from

each plot were analyzed for DON and NIV content at

the KM Assay Center, Kyowa Medex Co. (Nagaizumi,

Shizuoka, Japan) for toxin analyses with the ELISA

system, as previously described (Yoshizawa et al. 2004).

In the case of rice, ZEA was also analyzed in an ELISA

system at Kyowa Medex Co. The quantification limits

for DON, NIV and ZEA were 0.1, 0.05, 0.08 lg/g,

respectively.

Statistical analyses

To evaluate the effects of natural lodging on mycotoxin

accumulation for samples of wheat, barley, and rice col-

lected from naturally infested fields, we ran nonparametric

Wilcoxon matched-pair signed-rank tests for each crop,

and the statistical probability (P-value) was determined.

Data analyses for artificial lodging of rice were performed

based on a split-plot randomized complete block design.

Wilcoxon matched-pair signed-rank tests were used to

compare the level of mycotoxins in a lodged plots with

those in nonlodged plots. All statistical analyses were

performed with JMP statistical discovery software (SAS

Institute, Cary, NC, USA). If the level of the mycotoxins in

the samples was less than the quantification limit, the

quantification limit was used for the calculations.

Results

Effect of natural lodging (Experiment 1)

In total, 22 of 31 wheat sample sets, 10 of 15 barley sample

sets, and 6 of 20 rice sample sets were positive for DON

and/or NIV. The effect of natural lodging in the three crops

on the level of DON and NIV is shown in Fig. 1. The

concentration of DON + NIV in lodged crops was signif-

icantly higher than that in nonlodged crops, and the

P-values of Wilcoxon matched-pair signed-rank tests for

wheat, barley, and rice were \0.001, 0.004, and 0.031,

respectively. With increasing levels of DON + NIV in the

nonlodged plot, the increasing effect of lodging was con-

siderable. This tendency was observed in every year and

sample set from every district in Japan. The ratio between

DON and NIV was not affected by lodging: they increased

in parallel. All rice samples in the nonlodged plot were

negative for DON and NIV; only six lodged samples were

above the detection limit. The mean concentration of

DON + NIV in contaminated rice was 0.27 mg kg-1,

much lower than that of the other crops. All samples of

wheat and barley were co-contaminated with DON and

NIV; however, five of six lodged rice samples were con-

taminated only with NIV. We could not collect information

as to the cause (i.e., wind, rain, cultivar, fertilization,

seeding ratio, pesticide application, or diseases), duration,

and degree of lodging from each field (Fig. 2).

Effect of artificial lodging of wheat and rice

(Experiment 2)

In the intervention trials on the effect of duration of

lodging in a small area of wheat inoculated with an iso-

late of F. graminearum, DON and NIV concentrations
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increased with increasing duration of lodging in both

years. The average levels of disease severity caused by

inoculation at anthesis were 39.8 with 100% incidence in

2003 and 23.6 with 80% incidence in 2004. The total

precipitation during the 15-day lodging in 2003 and 2004

was 200 and 108 mm, respectively. In the lodged plot,

abundant perithecia formed on the spikes of wheat

(Fig. 3). Using selective medium, we isolated the typical

scarlet colony of the F. graminearum species complex

from the single perithecium. At the optimal harvesting

stage, the perithecia formed only in the 10 to 15-day

lodged plots in 2003 and the 15-day lodged plot in 2004

(Fig. 4); however, at the 10-day delayed harvest, peri-

thecia formed even in the nonlodged plot. Preharvest

sprouting was observed in the 10 to 15-day lodged plots

at the optimal harvesting stage in both years.

Artificial inoculation of rice with the F. graminearum

species complex in the field was successful: the incidence

and severity of FHB in the plots were uniform (Table 1).

DON was not detected in three of four plots even though

DON and NIV producers were included in the inoculum.

The level of contamination with NIV in lodged rice grain

was significantly higher than that in nonlodged grain for

both harvests, but the concentration was lower than that in

the experiment with wheat. In the case of ZEA, an

increasing effect of lodging was seen in the delayed harvest

plots, but a significant difference was not detected in the

Fig. 1 Comparison of the sum

of deoxynivalenol (DON) and

nivalenol (NIV) contamination

between lodged and nonlodged

grain samples of wheat, barley,

and rice collected from different

fields in 12 Japanese prefectures

from 2002 to 2006. Significant

differences in the concentration

of DON + NIV between lodged

and nonlodged grain samples

were detected using Wilcoxon

matched-pair signed-rank tests.

The probability values of wheat,

barley, and rice were \0.001,

0.004, and 0.031, respectively

Fig. 2 Effect of lodging duration on the concentration of deoxyni-

valenol (DON) and nivalenol (NIV) at optimal harvest timing in a

wheat field after artificial inoculation with the Fusarium graminearum
species complex in a 2003 and b 2004. Each point is the mean of

three replications; bars indicate standard errors

Fig. 3 Abundant perithecia formation by the Fusarium graminearum
species complex on heads of wheat at optimal harvest timing in the

plot with 15 days of lodging after artificial inoculation in 2003
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optimal harvest plots. Neither the increase in mycotoxin

with delayed harvest nor the interaction effect of lodging

and harvest timing was significant.

Discussion

To our knowledge, this is the first epidemiological study on

the effect of lodging on mycotoxin accumulation from

FHB in wheat, barley, and rice. We investigated the

accumulation of both DON and NIV because they often

co-occur (Placinta et al. 1999; Tanaka et al. 1988;

Yoshizawa and Jin 1998). Two types of study design, case-

control and intervention, were used to provide evidence

that lodging increases the level of mycotoxin contamina-

tion in wheat, barley, and rice. In Experiment 1, using

natural lodging, the level of DON + NIV in the lodged

crop was significantly higher than that in the nonlodged

crop. However, the amount of increase differed among

sample sets for each crop. The increasing effect of lodging

appeared to be considerable when the level of DON + NIV

in the nonlodged crop was high. These results suggest that

the increasing level of mycotoxins in lodged crops depends

on the inoculum potential of mycotoxin-producing fungi at

the time when the lodging occurred. Langseth and Stabbetorp

(1996) reported an increasing effect of lodging on DON

levels in barley and oats; however, they only provided

averaged data among plots. Therefore, it was not possible

to compare increasing patterns of mycotoxins without

analyses of the one-to-one relationship, as shown in Fig. 1.

Nicholson et al. (2003) provided only a fragmentary

observation that when lodging occurred, DON production

was very high irrespective of any fungicide treatment.

Co-contamination with DON and NIV was common in

the collected wheat and barley; however, five of six lodged

rice samples were only contaminated with NIV. The level

of the mycotoxins in rice was lower than that in the other

two crops. Tanaka et al. (2004b) reported that of 124

Japanese rice samples analyzed for DON and NIV, only 4

(3.2%) and 15 (12.1%) were positive, respectively. Mean

concentrations in all rice samples tested were 0.7 (DON)

and 0.6 (NIV) lg/kg, and the exposure levels estimated

from these concentration were very low (Tanaka et al.

2004b). The natural occurrence of DON (0.12–2.90 lg/g),

fusarenon-X (1.9 lg/g), and NIV (0.2–2.2 lg/g) on lodged

and water-damaged domestic rice in Japan was recorded

Fig. 4 Effect of lodging duration on perithecia formation on wheat

heads in the field at optimal harvest timing after artificial inoculation

with the Fusarium graminearum species complex in a 2003 and b
2004. Each point is the mean of three replications; bars indicate

standard errors

Table 1 Effect of lodging and harvest timing on the level of deoxynivalenol (DON), nivalenol (NIV), and zealarenone (ZEA) in rice inoculated

with a mixture of DON- and NIV-producing Fusarium graminearum species complex in paddy field in Koshi, Kumamoto, Japan in 2006

Harvest timing Lodging Incidencea (%) Severitya (0–100) DON (lg/kg) NIV (lg/kg) ZEA (lg/kg)

Optimum - 99 11.7 ND 62 94

+ 99 11.7 ND 99* 87

Delayedb - 100 11.2 ND 62 ND

+ 100 11.2 160* 138* 149*

Each data point represents the mean of three replicates
a Disease incidence and severity were assessed 2 weeks after inoculation
b Ten-day delay in harvesting

Each data point represents the mean of three replicates

ND not detected. The quantification limits for DON, NIV, and ZEA were 100, 50, 80 lg/kg (ppb), respectively

An asterisk (*) represents a significant difference (P \ 0.05) between a lodged and nonlodged pair with the same harvest timing according to a

Wilcoxon matched-pair signed-rank test
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after a typhoon in 1998 (Tanaka et al. 2004a). The NIV

chemotype produces NIV and fusarenon-X (Lee et al.

2002). These results indicated that NIV producers rather

than DON-producers of F. graminearum may be associated

with rice and that the risk of DON and NIV in rice is

relatively low.

Our investigation in Experiment 1 was only a case-

control study. This type of study requires less effort for

collecting data and reflects actual contamination in a field,

but confounding factors cannot be controlled in a field with

natural lodging. The cause (i.e., wind, rain, cultivar, fer-

tilization, seeding ratio, pesticide application, or diseases

such as eyespot of wheat), duration and degree of lodging,

incidence or severity of FHB, and mycotoxin productivity

of the pathogen in the collected sample sets were unknown

in Experiment 1. These factors might affect the conditions

during the lodging period, and the subsequent mycotoxin

concentration would differ depending on the cause of

lodging.

Hence, Experiment 2 was conducted as an intervention

trial to investigate the effect of the duration of lodging in a

small area of wheat inoculated with the pathogen. The

degree of lodging, incidence and severity of FHB, and

mycotoxin productivity of the pathogen were nearly uni-

form through the use of artificial lodging by trampling and

inoculation with isolates of the F. graminearum species

complex to control confounding factors. Even after 5 days

in lodging plots in which preharvest sprouting was not

observed, the level of DON + NIV in wheat grain at har-

vest increased by 51 and 27% compared to nonlodged

control plots in 2003 and 2004, respectively. In both years,

we had adequate precipitation during the experiments.

Although precipitation during lodging might increase the

level of DON and NIV, short-term lodging even for 5 days

would be a risk factor for mycotoxin contamination

because strong wind accompanied by heavy rain are the

main causes of lodging.

We observed abundant perithecia of the F. graminearum

species complex on spikes of lodged wheat at harvest

(Figs. 3, 4). The moisture conditions in the lodged wheat

spikes seemed to be ideal for perithecia formation. Peri-

thecia are considered to be important for long-term survival

of F. graminearum in fields (Atanasoff 1920). These results

indicate that lodging would increase the inoculum potential

in the following year. New infections of the wheat heads by

mycotoxin-producing fungi from the soil might occur

because some wheat spikes had been in contact with the

soil surface during lodging. Not only Fusarium mycotoxins

(DON, NIV, and ZEA), but also Aspergillus or Penicillium

mycotoxins (e.g., aflatoxin, sterigmatocystin, citrinin,

ochratoxins) might occur and increase after lodging.

Fusarium species were isolated at significantly higher

frequencies in lodged cereals in Denmark, but species of

Aspergillus and Penicillium were not correlated with the

degree of lodging (Welling 1975). Further work is required

to investigate the new infection by mycotoxin-producing

fungi from the soil during lodging periods.

In the case of the artificial inoculation trial with rice, the

level of DON was mostly below the detection limit, even

though a mixture of DON and NIV producers was inocu-

lated (Table 1). The level of NIV in lodged rice grain was

significantly higher than that in nonlodged grain at optimal

harvest timing and delayed harvesting (Table 1). Although

the concentration of mycotoxins was lower than that in

Experiment 2 for wheat, the increasing effect of lodging on

mycotoxin levels in rice was confirmed. Delayed harvest-

ing resulted in higher DON levels in wheat (Farrer et al.

2006) and maize (Lauren et al. 1996), but mycotoxin

(DON, NIV, ZEA) levels were not affected by delayed

harvesting in pearl millet (Wilson et al. 1995). The effect

of delayed harvesting in rice was not clear, but the detec-

tion of ZEA was noteworthy. Few surveys have examined

contamination by ZEA in rice (Park et al. 2005). Because

the F. graminearum species complex isolates obtained

from the western part of Japan had high ZEA productivity

(Nakajima and Yoshida 2007), ZEA accumulation should

be studied further.

In conclusion, our experiments provide strong evidence

that lodging significantly increased Fusarium mycotoxin

levels in grains of wheat, barley, and rice. Therefore,

appropriate management measures (e.g., lodging-resistant

cultivars, seed sowing rates, rational use of fertilizers,

trampling before wintering, soil top dressing and appli-

cation of plant growth regulators) should be used to

reduce lodging and thus the risk of mycotoxin contami-

nation. In addition, the lodged part of a field should be

harvested separately, especially if symptoms of FHB are

visible.
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