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Introduction 

Abstract 

To identify varietal differences in deoxynivalenol (DON) and deoxyniva-

lenol-3-glucoside (D3G) content in forage corn in Japan, field experiments 

involving fungal inoculations were conducted. High levels of DON content 

were observed in both the silk insertion and kernel injection experimental 

plots, probably because of favorable environmental conditions including 

that of temperature and rainfall. A variety'Kimimaru', resistant to Fusarium 

ear rot and fumonisin contamination, is a key contributor to DON contami-

nation resistance. D3G concentration was lower than that of DON in all 

experimental plots. Some varieties had low DON content and high D3G/ 

DON ratio in the silk insertion. Since the D3G/DON ratio is an indicator of 

DON detoxification activity, further evaluation of these varieties is required. 

The coefficients of determination for DON and D3G content were significant 

in both plots (R2 = 0.90 and 0.54, respectively). Although the toxicity of D3G 

is lower than that of DON, most of the varieties examined in this study accu-

mu lated non-negligible D3G. Since the data in this study was obtained from 

a single-year trial、furtherstudies are required for future breeding and stable 

forage supply. 

The fungal pathogen Fusarium graminearum is the 

most common agent of Gibberella ear rot of corn (Zea 

mays L.). The outbreak of this disease reduces crop 

yield and results in mycotoxin contamination in fer-

mented silage or harvested cereals. Among the Fusar-

ium mycotoxins, a trichothecene deoxynivalenol (DON) 

is the most critical in Japan because of its high toxicity, 

causing immune depression, digestive disorders, or 

deterioration of feeding preference for livestocks 1l,2l, 

and its frequent outbreak in Japan, including in Hok-

kaido, the northernmost island where dairy farming is 

an important industry3l. 

glucosylating the -OH at the C-3 position, which signif-

icantly contributes to the toxicity of DON6l,7l_ The com-

pound produced in this reaction is DON-3-glucoside 

(D3G), and detoxified mycotoxins such as D3G are 

known as "modified" mycotoxins8l. 

The objective of this study was to identify varietal 

differences in DON and D3G content in forage corn in a 

field experiment conducted in Hokkaido, Japan. 

冒 Materialsand Methods 

Plant materials 

DON-producing Fusarium graminearum fungus 

has the ability to weaken plant tissues in order to infect 

easily4l、SJ_Plant tissues also have their own anti-toxicity 

systems to prevent such infections, mostly by employ-

ing a UDP-glucosyltransferase that detoxifies DON by 

Ten elite maize F1 varieties bred at the HARC 

(NARO Hokkaido Agricultural Research Center), two 

commercial varieties, and three old varieties were used 

in this study (see Results section). Most of the varieties 

had not been evaluated for their resistance to DON 
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and D3G contamination, except'Ohzora'and'Tiberius' 

(adopted as control varieties). 

Chemicals and standards 

A standard solution of D3G (50 mg/L in acetoni-

trile) was purchased from Fujifilm-Waka Chemicals 

(Osaka, Japan). Acetonitrile (LC-MS grade) was obtained 

from Fisher Scientific (Waltham, MA), and distilled 

water (LC-MS grade) from Kanta Chemical (Tokyo、
Japan). DON was purchased from Fujifilm-Waka. 

Ammonium acetate (chemically pure grade) was from 

Kanto Chemical, and acetic acid(> 99.9 % of chemically 

pure grade, not glacial) was from Fujifilm-Wako. All 

other reagents were of analytical grade. 

Fungal strain for inoculation 

A DON-producing F. graminearum strain (isolated 

from Hokkaido in 2009 and deposited in the Genebank, 

Genetic Resources Center, NARO, Japan as MAFF 

242587) was used in this study. The strain was initially 

multiplied in Petri dishes filled with PDA (Potato Dex-

trose Agar) medium、andincubated at 25°C for 10 

days. Several culture fragments punched using a cork 

borer were transferred to a flask filled with 135 ml of 

modified Bilai's medium9>. The solution was placed on a 

shaker for 7 days (135 rpm) and maintained at 25°C. Fil-

tered spores were adjusted to lx106/ml concentration 

as a spore suspension in distilled water and stored in a 

freezer. For inoculating corn plants, the spore suspen-

sion was melted and an aliquot (20μL) was re-cultured 

with 200 ml modified Bilai's medium for 7 days, and 

adjusted to appropriate spore counts as described later. 

＂ 
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Field trials 

The field experiments were conducted at NARO 

HARC, Sapporo, Japan (altitude of 67 meters above sea 

level, coordinate 43°N, 141.4°W, with an average 

annual precipitation of 1106 mm)、duringthe summer 

season (May to September) in 2015. In the early spring, 

30 t/ha of manure, 1.5 t/ha of calcium carbonate, 500 

kg/ha of fused phosphate, 1 t/ha of fertilizer (contain-

ing 14 % each of N, P20s and灼0)and 50 kg/ha of 

insecticide (diazinon granule) were applied prior to 

seeding. Some herbicides (5 L/ha of dimethenamid-P 

and linuron emulsion, 2 L/ha of atrazine and S-metola-

chlor wettable powder) were also applied after seeding. 

The experimental design used was a split plot design 

with three replications. The main plots were inoculated 

using the following methods: silk insertion or kernel 

injection lO),l 1) and the subplots were the tested variet-

ies. All the varieties were grown in single row plots (3.3 

m in length, 0.75 m apart) each comprising 18 plants. 

The inoculation was done at 10 days after the silking 

stage in each line. The techniques used were: (i) inser-

tion of 0.1 ml of the lxlO乃mlspore suspension in the 

silk channel of the primary ear (silk insertion)、and(ii) 

injection of 0.5 ml of the 5x10勺mlspore suspension 

through the husk leaves to the side of the primary ear 

(kernel injection) (Fig.1). When each of the varieties 

reached the yellow-ripe stage (about 40 days after silk-

ing), harvested ears were collected and stored in a con-

vection drying system maintained at 60°C for a week. 

Ten dried ears per plot were ground to 4 mm  size and 

used for the extraction and purification of mycotoxins. 

Fig. 1 Inoculation methods used in this study. 

(left: silk insertion, right: kernel injection) 
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P『eparationof stock and working solutions for 

chemical analysis 

Mycotoxin stock solutions were calibrated at the 

NARO Food Research Institute as described below. 

DON obtained in the crystalline form was accurately 

weighed and individually dissolved in acetonitrile. The 

solvent volume was adjusted to yield concentrations of 

100-200 mg/L. D3G solution in acetonitrile was used as 

the stock at a concentration of 50 mg/L. These stock 

solutions were stored in amber glass containers at 4°C 

to prevent photo-degradation of the mycotoxins and 

evaporation of the solvent. As an internal standard 

solution, verrucarol (VEL) was dissolved in acetonitrile 

at a concentration of 100-200 mg/L, and also stored in 

amber glass containers at -20°C. The VEL stock solu-

tion was appropriately diluted with acetonitrile and 

used for spiking and preparation of working solution. 

For working solution, each stock solution (DON, D3G) 

was taken, dried under a nitrogen gas stream, and dis-

solved again by diluting in acetonitrile/water/acetic 

acid (5/94/1, v/v/v) as described previously12>. 

Extraction and purification of mycotoxins 

Extraction, purification, and determination of myco-

toxins were performed at the NARO Food Research 

Institute in 2017 as described in previous work 12l. The 

method was further confirmed as valid for D3G in 

wheat and barley flours 13l_ Each ground sample (corn 

powder、10g) was taken in glassware and fortified with 

0.5 ml of internal standard solution (VEL 2 mg/Lin ace-

tonitrile) to adjust its final concentration as 0.1 mg/kg. 

After storing in the refrigerator for more than 12 h, the 

fortified samples were left at room temperature for 

approximately 30 min. Thereafter, 40 ml of acetoni-

trile/water (80/20, v/v) and 0.4 ml of acetic acid (> 99.9 

%) were added, and the mixture was homogenized for 

5 min or vigorously shaken for 30 min. The extract was 

centrifuged at 2,000 x g for 10 min, and an aliquot of 

the supernatant (15 ml) was loaded onto a solid-phase 

Presep C18 extraction (SPE) column (ODS) (2 g/15 ml) 

(Fujifilm-Wako, Part No. 296-34091). The resulting elu-

ate was subsequently loaded in a multifunctional Bond 

Elut Mycotoxin column (Agilent Technologies, Santa 

Clara, CA). After discarding the initial 3 ml of the sol-

vent flowing through the column, 1.6 ml of aliquot 

from the subsequent eluate was transferred to a new 

tube, and dried under a nitrogen gas stream at 40℃ 

The residue was dissolved again in 0.4 ml of acetoni-

trile/water/acetic acid (5/94/1, v/v/v) and filtered using 

a DISMIC-13 HP hydrophilic PTFE disposable syringe 

filter unit (pore size, 0.20μm) (Toyo Roshi Kaisha, Ltd., 

Tokyo, Japan), and the resultant filtrate was subjected 

to LC-MS/MS analysis. 

Analysis of mycotoxins 

Detection and quantification of mycotoxins were 

performed using a 4000 QTRAP LC-MS/MS system 

(Sciex, Foster City, CA) equipped with a 1290 Series 

HPLC system (Agilent Technologies). Chromatographic 

separation was performed at 40°C on a ZORBAX Eclipse 

XDB-C18 RRHD Solvent Savor column (150 mm  x 2.1 

mm  i.d., 1.9μm particle size) (Agilent Technologies). 

Eluate consisted of water/acetic acid (99.9: 0.1, v/v) 

containing 0.5 mmol/L ammonium acetate (eluate A), 

and acetonitrile/acetic acid (99.9: 0.1, v/v) (eluate B), 

with stepwise gradient for 13.8 min (0-1 min: hold 12 % 

B; 1-6.5 min: from 12 % to 68 % B; 6.5-9 min: from 68 % 

to 85 % B; 9-10 min: hold 85 % B; 10-10.1 min: from 85 

% to 12 % B; 10.1-13.8 min: hold 12 % B to equilibrate). 

ThreeμL of each sample was injected and ionization 

was performed with an electrospray ionization (ESI) 

probe in negative polarity. Data was acquired in the 

multiple reaction monitoring (MRM) mode of the LC-

MS/MS, and the ions were selectively monitored for 

detection of the respective mycotoxins, as shown in 

Table 1. 

Determination of DON and D3G content 

The amounts of DON and D3G were determined 

based on the average of measurements on samples 

prepared in duplicate from each maize extract, using 

three sets of [precursor-product] ions to ensure accu-

racy. The lower limits of quantification (LOQ) for both 

DON and D3G were 10μg/kg, respectively. The D3G/ 

DON ratio was calculated from the absolute values of 

DON and D3G using the following equation: 

D3G/DON ratio = (D3G (mg/kg) /517.1) / 

(DON (mg/kg) /355.1) x 100 

Statistical Analysis 

To compare the levels of DON and D3G content 

among the varieties in dried ears、Tukey'sHSD test was 

used with R 3.4314l, and "multcomp" package15l. We 

also used R 3.43 to determine the correlation between 

DON and D3G. 

Table 1 LC-MS/MS parameters of each analyte studied 

Analyte Precursor ion Product ion 

DON 355.1 
294.8 

(C1s出006) [C1s出oO研 CH3COO]―

264.8 
58.9 

D3G 517.1 
456.9 

(C21出0011) [C21由0011+CH3COO] -
426.9 
58.9 

VEL 325.2 
58.8 

(C1sH2204) [C1sH220牡 CH3COO]―
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Results and Discussion 

Typical LC-MS/MS chromatograms are shown in 

Fig. 2. Both DON and D3G were simultaneously 

detected in the negative polarity environment. Using a 

semi-micro RRHD column and the two-step gradient of 

mobile phase, separation was achieved within 14 min 

(DON: 2.8 min, D3G: 2.3 min, VEL: 4.6 min). 
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Fig.2 Typical LC-MS/MS chromatograms of a commercial standard compared to DON and D3G of 

'Variety A'in each experimental plot fortified with VEL. 

(a: 100μg/kg standard DON, b:'Variety ft: with silk insertion, c:'Variety ft: with kernel injection). 



Vol. 69, No. l, l -8 (2019) 5
 

Symptoms of Gibberella ear rot were observed in 

most of the harvested ears (Fig. 3). The concentration of 

DON in the dried ears ranged from 0.02 to 36.8 mg/kg 

for those treated with silk insertion procedure (Table 2). 

Whereas the DON levels ranged from 13.3 to 53.3 mg/ 

kg for those with kernel injections (Table 3)、whichwere 

considered to be high levels of contamination. Signifi-

cant differences were observed among all varieties with 

regards to both DON and D3G content (Tukey's HSD 

test; P < 0.05). D3G/DON ratio ranged from 12.3 to 50.5 

% for silk insertion, and 6.2 to 19.5 % for kernel injec-

tion, respectively. Significant correlation between DON 

and D3G content was observed, with the coefficient of 

determination of 0.90 for silk insertion, and 0.54 for 

kernel injection (Fig.4). 

Fig. 3 Symptoms of Gibberella ear rot in susceptible control variety'Ohzora'with kernel injection. 

Table 2 DON and D3G concentration in dried ears subjected 
to silk insertion method 

DON D3G D3G / DON 
(mg/kg) (mg/kg) ratio(%)* 

Daichi t 24.Sab 4.40ab 12.3 

Ohzora t 29.lab 6.84ab 16.1 

Kimimaru t 0.02b 0.0lb 22.0 

Variety A (RM 106) * 0.10b 0.07b 50.5 

Variety B (RM 110)キ 36_8a 7_53a 14.1 

34N84§ o.2sb o_ogb 26.0 

Different letters in the same column indicate significant 
difference (Tukey's HSD test; P < 0.05). 
* (D3G/517.1) / (DON/355.1) x 100 
t F1 varieties bred at HARC 

キCommercialvarieties 
§Old varieties 

Table 3 DON and D3G concentration in dried ear subjected 

to kernel injection method 

DON D3G D3G / DON 
(mg/kg) (mg/kg) ratio(%)* 

Daichi t 45,2abc 1Q.4ab 15.8 

Tsukikou No.682 t 19.6de 3.17( 11.1 

Tsukikou No.683 t 53_3a 6.7sac 8.70 

Tsukikou No.684 t 28.8abe 5.64ac 13.5 

Tsukikou No.685 t 20.0cde 1.s2c 6.24 

Tsukikou No.686 t 46.8ab 9.63ab 14.1 

Papirika t 37.0abe 6.20ac 11.5 

Tachipirika t 13.3e 2.68( 13.8 

Ohzora t 39_5abd 11.2a 19.5 

Variety A (RM 106)キ 22_3be 4_74bc 14.6 

Tiberius§ 37_3abe 5.06bc 9.31 

Dukas§ 29.2abe s.ssac 13.1 

Different letters in the same column indicate significant 
difference (Tukey's HSD test; P < 0.05). 
* (D3G /517.1) / (DON /355.1) x 100 
t F1 varieties bred at HARC 
キCommercialvarieties 
§Old varieties 
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Fig. 4 Correlation of DON and D3G content in dried ears. 

(above: silk insertion, N = 18; below: kernel injection, N = 36, **: P < 0.01). 

In this study, high levels of DON content was 

observed in both、plantstreated using silk insertion and 

kernel injection plots. The optimal temperature for the 

DON-producing F. graminearum is lower (cooler) than 

that required for other mycotoxin; fumonisin, and 

humid conditions favor advancing from silking to the 

milk ripe stages 16l,l7l_ From early August to early Sep-

tember in 2015、theconditions in the fields were favor-

able for the growth of F. graminearum and DON 

production (180 mm total rain fall, and an average tem-

perature of 21.3°C). In addition, our study involved 

artificial inoculations of F. graminearum, such as the silk 

insertion and kernel injection. Therefore, these circum-

stances can be much more severe for the plants than a 

naturally-occurring infection. Our findings may reflect 

these attributes. 

Commercial'Variety A'displayed high resistance in 

the silk insertion treatments, while less resistance in 

kernel injection. Also, varieties'Kimimaru'and'34N84' 

were resistant in the silk insertion method, although 

they were not tested using the kernel injection.'Kimi-

maru'was bred at HARC as a resistant variety for Fusar-

ium ear rot and fumonisin contamination, therefore, it 

also seemed to be the preferred in terms of DON con-

tent compared to the general varieties tested. Previous 

studies have highlighted that the resistance for myco-

toxin contamination differs between the silk insertion 

and kernel injection methods、thatthe susceptibility 

tends to vary on an annual basis, and on the environ-

mental conditions 17J,lBl_ For example,'Variety A'seemed 

to have "insertion resistance" in the lines subjected to 

silk insertion but might not display "extension resis-

tance" in the lines subject to kernel injection 18l_ It 

should be noted that DON-resistant maize varieties 
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display stable resistance over time regardless of the 

attributes (silk, kernel, natural infection, etc.). Multi-

year experimental trials will be required to identify 

maize varieties that are consistently DON-resistant. 

D3G content was lower than that of DON in all the 

field experiments. Although there have been a few 

cases of occasionally higher levels of D3G (beer barley 

sample in the Czech Republic) 19l, our results are in 

agreement with those of several reports20l,21i,22i. The 

D3G/DON ratio ranged from 6.2 to 50.5 %. The variet-

ies with the highest ratio had low DON values espe-

cially in silk insertion plot, whereas the ones with the 

lowest ratio were those with kernel injection and hence, 

the low D3G value. The ratio is often suggested as an 

indicator of DON detoxification activity20l. In this study, 

DON content for'Variety A','Kimimaru'and'34N84'in 

silk insertion were low, and the ratio were over 20 %. 

These varieties should be further evaluated as potential 

candidates for stable DON resistance. 

The coefficient of determination for DON and D3G 

were significant in both the experimental plots (炉＝
0.90 and 0.54), and the findings were similar to a 

previous study22l. Although toxicity of D3G is less than 

that of DON, some reports suggest the risk that it 

could be reversed to DON via hydrolysis in animals or 

humans23l,24l,25l. In addition, most of the varieties 

examined in this study accumulated D3G at non-negli-

gible levels. Therefore, one should be aware that DON 

concentration measured using ELISA may occasionally 

overestimate the actual amounts of DON, particularly 

because the values obtained may represent DON and 

D3G26l. 

Previous study indicated high correlation between 

DON content and Gibberella ear rot symptoms (ratings) 

in silk insertion27l. Since the symptoms have the poten-

tial as an indicator for screening DON-resistant maize 

varieties, further examination will be required, consid-

ering that DON and D3G were highly correlated in our 

results. 

Our study is the first to report DON and D3G con-

tent in several forage corn varieties treated using dif-

ferent inoculation methods (silk and kernel). Since the 

data shown here were obtained from a single-year trial, 

further studies are required to apply these findings in 

future breeding programs to ensure safe and stable 

forage supply. 
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飼料用トウモロコシにおけるF.graminearum由来のデオキシニバレノール

および配糖体（モディファイドマイコトキシン）濃度の品種系統間差

三ツ橋昇平］，中川博之2,3, 松尾洋輔乞黄川田智洋4, 玉匿宏之1, 佐藤尚4

濃研機構畜産研究部門(〒329-2793 栃木県那須塩原市千本松768)
2農研機構食品研究部門(〒305-8642 茨城県つくば市観音台2-1-12)
3農研機構高度解析センター(〒305-8642 茨城県つくば市観音台2-1-12)

4農研機構北海道農業研究センター(〒062-8555 北海道札幌市豊平区羊ケ丘1)

飼料用トウモロコシにおけるデオキシニバレノール (DON) と配糖体DON-3・グルコシド (D3G)濃度の品種間差異

を明らかにするため，圃場での接種試験を行った人工的な接種と産生菌に有利な気象条件により，絹糸挿入および雌穂

注入の両処理区で高濃度のDONが観察された．フモニシン蓄積への抵抗性を持つ品種‘きみまる＇は，本研究での DON濃

度も低く有用と考えられた. DON減毒化の指標であるD3G/DONモル比が絹糸挿入区で20%を超えた品種については，

更なる試験の必要性が示唆された．本試験は単年の結果であり， DON抵抗性品種の育成に向けては，複数年に渡り種々

の検証が必要である．

キーワード：飼料用トウモロコシ；デオキシニバレノール；デオキシニバレノール令グルコシド；モディファイドマイコトキシン；
F ・usarzum gramznearum 
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