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Fusarium asiaticum of the F. graminearum species
complex causes head blight in small-grain cereals. The
nivalenol (NIV) chemotypes of F. asiaticum is more
common than the deoxynivalenol (DON) chemotypes
of F. asiaticum or F. graminearum in Korea. To
understand the prevalence of F. asiaticum—NIV in
Korean cereals, we characterized the biological traits
of 80 cereal isolates of F. asiaticum producing NIV
or 3-acetyl-deoxynivalenol (3-ADON), and 54 F. gra-
minearum with 3-ADON or 15-acetyl-deoxynivalenol
(15-ADON). There was no significant difference in
mycelial growth between the chemotypes, but F.
asiaticum isolates grew approximately 30% faster
than F. graminearum isolates on potato dextrose agar.
Sexual and asexual reproduction capacities differed
markedly between the two species. Both chemotypes of
F. graminearum (3-ADON and 15-ADON) produced
significantly higher numbers of perithecia and conidia
than F. asiaticum—NIV. The highest level of mycotoxins
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(sum of trichothecenes and zearalenone) was produced
by F. graminearum—3-ADON on rice medium, followed
by F. graminearum—15-ADON, F. asiaticum—3-
ADON, and F. asiaticum—NIV. Zearalenone levels
were correlated with DON levels in some chemotypes,
but not with NIV levels. Disease assessment on barley,
maize, rice, and wheat revealed that both F. asiaticum
and F. graminearum isolates were virulent toward all
crops tested. However, there is a tendency that viru-
lence levels of F. asiaticum—NIV isolates on rice were
higher than those of F. graminearum isolates. Taken
together, the phenotypic traits found among the Korean
F. asiaticum—NIV isolates suggest an association with
their host adaptation to certain environments in Korea.

Keywords : cereal, chemotype, head blight, mycotoxin,
pathogenicity
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Fusarium head blight (FHB) of small-grain cereals is a
worldwide problem. The pathogens of FHB not only cause
serious plant diseases, but also threaten public health via
mycotoxin contamination of the infected crops (Goswami
and Kistler, 2004). FHB mycotoxins include trichothe-
cenes such as deoxynivalenol (DON), nivalenol (NIV),
and their acetyl derivatives, and zearalenone (ZEA).
These metabolites are toxic to humans and animals when
consumed (Desjardins, 2006). The best-known causative
agent of FHB, Fusarium graminearum sensu stricto
(hereafter F. graminearum), is distributed worldwide, and
belongs to the F. graminearum species complex (FGSC)
consisting of at least 16 phylogenetically distinct species
(Aoki et al., 2012). The distributions of some FGSC species
and trichothecene chemotypes are regional. While F. gra-
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minearum is cosmopolitan (van der Lee et al., 2015; Yli-
Mattila 2010), F. asiaticum, which is a member of FGSC,
is relatively confined to eastern Asia (Karugia et al., 2009;
Lee et al., 2010; Qui et al., 2014; van der Lee et al., 2015;
Zhang et al., 2010). Other FGSC members, F. aethiopicum
and F. acacia-earnsii are reported to be endemic to the
Southern hemisphere (Aoki et al., 2012; van der Lee et al.,
2015).

While F. asiaticum is morphologically indistinguishable
from F. graminearum (O’Donnell et al., 2004), the species
dramatically differ in their toxin profiles. Although both
species produce type B trichothecenes including DON,
NIV, and their acetyl derivatives, F. asiaticum is frequently
associated with NIV chemotype, while F. graminearum
is with DON chemotype (especially 15-acetyl-DON [15-
ADON] chemotype) in Korea. F. asiaticum—NIV has been
also reported in Brazil, China, Japan, Nepal, and USA (Del
Ponte et al., 2015; Desjardins and Proctor 2011; Gale et
al., 2011; Gomes et al., 2015; Suga et al., 2008) on barley,
maize, rice, and wheat. Barley and wheat are the crops
frequently infected with F. asiaticun—NIV in China and
Japan, while rice is affected in Brazil and USA (van der
Lee et al., 2015), and maize in Nepal (Desjardins and Proc-
tor 2011). In Korea, F. asiaticum—NIV has been isolated
mostly from barley, rice and wheat at 95% frequencies
(Lee et al., 2010; Shin et al., 2018; unpublished data). F.
asiaticum—NIV is also present on maize, but less often than
is F. graminearum—15-ADON. The first official outbreak
of FHB was reported in 1963 (Chun 1963; Chung 1975).
However, the fungal pathogen producing NIV was first
reported in 1985 (Lee et al., 1985). The uneven distribution
of FGSC species/chemotypes is found among crops and
regions throughout the country. Neither the route nor
timing of the introduction of F. asiaticum—NIV into Korea
is known, but head blight outbreaks in small-grain cereals
caused by this pathogen have long threatened both growers
and consumers.

In an effort to further understand prevalence of F.
asiaticum—NIV in Korean cereals, we characterized the
biological properties of F. asiaticum—NIV and other FGSC
species/chemotypes present in Korea. We compared F.
asiaticum and F. graminearum isolates with DON or NIV
chemotypes for their significant traits such as mycelial
growth, sexual/asexual reproduction, pathogenicity, and
toxin production.

Materials and Methods

Fungal resources. Fusarium isolates were retrieved from
laboratory collections stored in 25% (v/v) glycerol at

—80°C. All were single-spore isolates from barley, maize,
rice, soybeans, or wheat grains collected from fields during
2014 and 2015 harvest, as previously described (Lee et al.,
2016). For comparison with Korean strains, nine foreign F.
asiaticum isolates were used. Seven of them were obtained
from the Agriculture Research Service Culture Collection
(ARS) and two were isolated directly from Japanese brown
rice, as described previously (Lee et al., 2016). Freeze-
dried ARS-isolates were revived on potato dextrose agar
(PDA). All isolates were stored at —80°C. Species and B-
type trichothecene genotypes were respectively determined
based on PCR assays targeting the translation elongation
factor 1-alpha (TEF-1a) and TRII2 genes, as described
previously by Starkey et al. (2007). Phylogenetic analyses
were performed on three genes (TEF-1a, MATI-1-3, and
TRI101), as described previously by Lee et al. (2016).

For isolation of Fusarium spp. from rice residues, rice
straws were collected three times during each period be-
tween January and February, and between April and May
in 2017, respectively, in rice paddy field located at Asan,
Chungnam, Korea. A 10 cm-long rice straw was placed on
the Fusarium selective pentachloronitrobenzene medium
(Nash and Synder, 1962) without surface sterilization, and
incubated for 3-4 days. The species identification of the
Fusarium isolates from rice straws were done using their
nucleotide sequences of TEF-1a obtained as described
above.

Myecelial growth, conidiation, and perithecia produc-
tion. Mycelial growth was evaluated on PDA and di-
chloran 18% (v/v) glycerol agars (DG18, Oxoid, Basing-
stoke, UK). Five-day-old PDA cultures (5 mm in diameter)
were center-placed on fresh PDA and DG18 plates and
incubated at 25°C. The PDA colony diameter was mea-
sured 3 and 7 days later, and the DG18 colony diameter
was assessed at 7 and 14 days. The experiments were re-
peated three times and the average values were generated.
Conidia were generated in carboxymethyl cellulose (CMC)
broth cultures (1.5% CMC, 0.1% yeast extract, 0.05%
MgSO,-7H,0, 0.1% NH,NO;, 0.1% KH,PO,) (Joo et al.,
2015). After 5-day incubation at 25°C and 140 rpm, cul-
tures were filtered through Miracloth (22-25 pum pore size;
Merck Millipore, Billerica, MA, USA) to remove mycelia.
Conidia in filtrates were counted using a hemocytometer
(Superior Marienfeld, Bad Mergentheim, Germany). To
measure perithecia production, PDA cultures (5 mm in
diameter) of each strain were placed in the centers of carrot
agar prepared in 60 mm of the diameter Petri dishes (Leslie
and Summerell, 2006). After 7 days of incubation at 25°C,
aerial mycelia were flooded with 1 ml of 2.5% (v/v) Tween
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60 (Sigma-Aldrich, Dorset, UK) and then scraped with the
back of a scalpel (Bowden and Leslie, 1999). The plates
were then re-incubated under fluorescent light (12 h/day)
for 7 days. The number of perithecia was quantified under
a stereo microscope (Leica DMC2900, Wetzlar, Germany)
at 2x resolution. The full image covered 8 x 6 mm and
three areas per plate were counted. Three plates per isolate
were used to average the number of perithecia.

Mycotoxin analysis. Trichothecene and ZEA levels were
prepared, harvested and measured in triplicate during fun-
gal growth in rice medium as described previously (Lee et
al., 2016) with minor modifications (6 ml water with 10 g
long-grain rice). For NIV analysis, 2 g of ground rice cul-
tures were extracted with 20 ml water at 300 rpm for 1 h,
centrifuged at 3,600 rpm for 10 min, and filtered through
Whatman No. 4 paper (Whatman, Kent, UK). The filtrate
(5 ml) was cleaned up using a DON-NIV WB immunoaf-
finity column (Vicam, Watertown, MA, USA). The eluates
were subjected to liquid chromatography—mass spectrom-
etry. DON, 3-acetyl-DON (3-ADON), 15-ADON, and
ZEA were measured using a modified QUEChERS method
(Lee et al., 2013). Milled samples (1 g) were extracted with
3.5 ml water/0.1% (v/v) formic acid and 5 ml acetonitrile
(ACN) at 300 rpm for 1 h. Then, NaCl (1 g) and MgSO,
(4 g) were added, followed by vigorous shaking for 1 min.
The mixtures were centrifuged at 3,600 rpm for 10 min,
and 2 ml aliquots of the supernatants were extracted with
primary secondary amine (50 mg) and MgSO, (150 mg)
with vortexing for 1 min. The mixtures were centrifuged
at 3,600 rpm for 10 min, and 1 ml amounts of superna-
tant were evaporated to dryness under a nitrogen stream.
The residues were dissolved in 15% (v/v) MeOH, passed
through a 0.2-um pore-sized filter, and analyzed via high-
performance liquid chromatography (HPLC; €2695 sepa-
ration module, Waters, Milford, MA, USA) fitted with a
Zorbax SB-Aq C18 column (5 pum internal diameter, 3.0 %
150 mm; Agilent, Santa Clara, CA, USA). Mass spectrom-
etry was performed using a Waters 3100 instrument op-
erating in electrospray ionization mode. The detector was
operated in the negative ionization mode, except when 15-
ADON was quantified. The quantification limits for NIV,
DON, 3-ADON, 15-ADON, and ZEA were all 0.03 ng/
g. The recovery rates of NIV, DON, 3-ADON, 15ADON,
and ZEA were 76.0, 109.0, 85.0, 62.2, and 116.0%, respec-
tively. Standard solutions of NIV, DON, 3-ADON, 15-
ADON, and ZEA in ACN were purchased from Biopure
(Tulln, Austria). All organic solvents including MeOH and
ACN were of HPLC grade (Fisher Scientific, Waltham,
MA, USA). Tap water was transformed into MilliQ-quality

water using a Millipore purification system.

Disease assessment. Pathogenicity of fungal isolates was
evaluated as previously described (Lee et al., 2016) using
susceptible cultivars of wheat (cv. Keumkang), barley (cv.
Dahyang), rice (cv. Dongjin), and maize (cv. Kwangpy-
eongok) grown in a greenhouse. Prior to inoculation of
the plants, fungal strains were cultured in CMC broth for
5 days for conidial production and the final conidial con-
centrations were adjusted to 1 x 10%/ml. For barley, rice
and wheat, conidial suspensions were sprayed onto 5 head
flowers from different pots. Each head was then covered
with plastic bags for 3 days to prevent drying, and main-
tained in a greenhouse for 3 weeks. A negative control re-
ceived only water. Pathogenicity was assessed as a percent-
age of symptomatic spikelets/head, as described previously
(Groth et al., 1999). For maize, plant internodes (at the RO
stage, thus showing ear development) were stabbed with
toothpicks dipped in conidial suspensions (1 x 10*ml) as
described previously (Lee et al., 2016), and the toothpicks
remained in place throughout the experiment. Control
stalks received only buffer. After 3 weeks, the inoculated
internodes were cut and lesional lengths were measured.
Disease was assessed as a rate of the lesional length/whole
length of the inoculated internode. We used two plants/six
internodes per isolate.

Statistics. Statistical significance was assessed using the
Duncan multiple range test and Student’s z-test. Analyses
were performed using the SPSS statistical package (version
21.0, IBM Corp., Armonk, NY, USA). We also calculated
95% confidence intervals. Correlation coefficients were
calculated with Microsoft Excel 2010.

Results

We tested a total of 134 isolates consisting of 80 F. asiati-
cum and 54 F. graminearum among which three chemo-
types (NIV, 3-ADON, and 15-ADON) were found (Table
1). All NIV types were F. asiaticum (n = 66) and all 15-
ADON types (n = 33) were F. graminearum; 3-ADON
types were found in both species. None of isolates belong-
ing to F. asiaticum—15-ADON or F. graminearum—-NIV
type was identified. Phylogenetic analyses revealed that all
isolates examined were clearly separated into two phyloge-
netically distinct clades, each was matched to the species,
but thetrichothecene chemotypes were not associated with
speciation; they were dispersed evenly within each species
(Supplementary Fig. 1).
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Table 1. Number of isolates tested in this study

Chemotype
Host NIV 3-ADON 15-ADON  Total
Fa Fa Fg Fg

Barley 18(1) 4(1) 4 5 31 (2)
Maize 12(1) 1(1) 5 11 29 (2)
Rice 26 (2) 3 9 14 52(2)
Soybean 2 0 0 2 4

Wheat 8 6(1) 3 1 18 (1)
Unknown (@) @)
Total 66(6) 14(3) 21 33 134 (9)

Number in parenthesis indicates foreign isolate.

NIV, nivalenol; 3-ADON, 3-acetyl-deoxynivalenol; 15-ADON,
15-acetyl-deoxynivalenol; Fa, Fusarium asiatium; Fg, Fusarium gra-
minearum.

Mycelial growth, conidiation, and sexual reproduc-
tion. On both PDA and DG18 agar, the average growth
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rates of F. asiaticum isolates were higher than those of F.
graminearum strains (Table 2). Of the various species/
chemotypes, F. asiaticum—3-ADON grew faster on both
media than did other types, followed by F. asiaticum—NIV.
However, no significant differences were found between
species or chemotypes during later cultivation periods.

F. asiaticum exhibited poor sexual and asexual repro-
duction. In CMC liquid medium, F. graminearum (both
3-ADON and 15-ADON types) produced significantly
higher numbers of conidia (approximately 4.5-fold on av-
erage) than F. asiaticum (P = 0.05) (Table 3). However,
foreign F. asiaticum strains (of both NIV and 3-ADON
types) produced more conidia (~9.1-fold on average) than
Korean F. graminearum isolates. Of the F. asiaticum iso-
lates, NIV types produced more conidia (~25.8-fold) than
the 3-ADON types.

On carrot agar medium, F. graminearum—DON isolates
produced approximately 20 times more perithecia than

Table 2. Comparison of mycelial growth (colony diameter) among Fusarium asiaticum and F. graminearum chemotypes

PDA (mm) DG18 (mm)
Species Chemotypes (n)
Day 3 Day 7 Day 7 Day 14
F. asiaticum Total (80) 482+ 10.7a 825+76a 332+6.7a 56.6+112a
NIV(66) 474+105a 822+83a 32.8+7.1ab 559+ 11.5ab
3-ADON (14) 521+11.1a 843+15a 352+43a 59.7£95a
F. asiaticum Total (9) 347+11.0b 69.0£21.6b 18.6+£6.2c¢ 308+85¢
(foreign origin) NIV (6) 350+263b 66.7+26.3b 19.6+72¢ 333+9.1¢
3-ADON (3) 342+4.0b 73.6+9.5 ab 16.6£39¢ 259+49¢
F. graminearum Total (54) 355+11.2b 76.5+12.8a 283+£5.1b 49.4+102b
3-ADON (21) 37.1+£11.0b 759+ 14.4 ab 29.7+5.5ab 53.7+9.7 ab
15-ADON (33) 345+11.4b 769+ 11.8 ab 273+4.8b 46.7+£9.6b
15-ADON (PH-1) 47.0+2.0 74.0+£6.0 33.7+£6.0 46.7+6.0

Means with the same letter did not differ significantly (P = 0.05) and the sums were treated separately.
PDA, potato dextrose agar; DG18, dichloran 18% glycerol agar; NIV, nivalenol; 3-ADON, 3-acetyl-deoxynivalenol; 15-ADON, 15-acetyl-

deoxynivalenol.

Table 3. Production of conidia and perithecia by Fusarium asiaticum and F. graminearum

Species Chemotype (n) Conidia (10%ml) Perithecia (8 x 6 mm)

F. asiaticum Total (80) 62.1+£2.6b 85+289b
NIV (66) 74.7+2142¢ 10.1£31.5b
3-ADON (14) 29+26¢ 0.0+£0.0b

F. asiaticum NIV (6) 3,484.8+6,053.4a 00+0.0b

(foreign origin) 3-ADON (3) 1,653.6+2,782.6 b 58+10.1b

F. graminearum Total (54) 2823+4725a 212.0+2130a
3-ADON (21) 402.1+659.5¢ 177.8+213.1a
15-ADON (33) 206.1 £287.3 ¢ 233.7+2113a

F. graminearum PH-1 15-ADON 369.6 +237.8 3253+26.3

Means with the same letter did not differ significantly (P = 0.05) and the sums were treated separately.

NIV, nivalenol; 3-ADON, 3-acetyl-deoxynivalenol; 15-ADON, 15-acetyl-deoxynivalenol.
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Fig. 1. Comparison of perithecia produced by Fusarium asiaticum (A) and Fusarium graminearum (B) on artificial medium. From left
to right, perithecia produced on carrot agar at 2 weeks after inoculation; enlarged (2x) surface of the 2-week culture plate; and asci re-
leased from perithecia (400x). Scale bars = 50 um. (A) F. asiaticum 15RhGg04-f2. (B) F. graminearum 15ShGw06-f1.

either DON or NIV type isolates of F. asiaticum (Table
3, Fig. 1). Of the F. asiaticum isolates, Korean NIV and
foreign 3-ADON types produced much fewer perithecia,
while the other types produced none. Despite the poor
capacity for sexual reproduction in F. asiaticum, all peri-
thecia were full of normal asci containing good-looking
ascospores (Fig. 1). Of the F. graminearum isolates, both
types produced similar number of perithecia.

Mycotoxin production. F. asiaticum—NIV produced the
least amounts of trichothecene toxins among the species/
chemotypes tested. Excluding the NIV isolates, the sum
levels of DONs (including 3-ADON) produced by F.
asiaticum—3-ADON were all less than those produced by

F. graminearum chemotypes (Table 4). The NIV levels
produced by 66 F. asiaticum—NIV strains ranged from 0.05
to 16.1 pg/g (mean 6.5 pg/g) (Supplementary Table 1). On
average, rice isolates produced the most NIV (7.2 ng/g),
followed by the wheat, soybean, barley, and maize (5.8 pg/
g) strains. Of the six foreign F. asiaticum—NIV strains, only
three produced NIV (8.2-12.2 pg/g).

Most DON-type isolates produced both 3-ADON and
15-ADON along with DON, regardless of species. F.
asiaticum—3-ADON isolates produced mean levels of 50.1
pg/g DON, 14.1 pg/g 3-ADON, and 6.5 pg/g 15-ADON;
foreign F. asiaticum—3-ADON isolates produced up to
13.6 pg/g DON in total (Table 4, Supplementary Table 2).
In contrast, F. graminearum—3-ADON isolates produced

Table 4. Mean level of mycotoxins produced by all chemotypes of Fusarium asiaticum (Fa) and F. graminearum (Fg) tested in this

study
Species Chemotype No. Toxin (ng/g)
NIV DON 3-ADON 15-ADON DON total ZEA Total
Fa NIV 66 6.6+42 - - - - 22.1+43.0b 28.7+£43.6b
3-ADON 14 - 50.1+41.7b 141+£70b  65+3.5b 70.6+47.0b 649+803b 1355+117.2b
Fg 3-ADON 21 - 261.3+216.0a 111.3+1004a 69.4+109.3a 441.9+386.7a 417.9+4689a 859.8+581.3a
15-ADON 33 - 2212+176.0a 6.1+23.6b 575+46.0a 284.8+190.7a 396.1+502.4a 680.9+614.7a

Means with the same letter did not differ significantly (P = 0.05).

NIV, nivalenol; 3-ADON, 3-acetyl-deoxynivalenol; 15-ADON, 15-acetyl-deoxynivalenol; ZEA, zearalenone.
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5-fold more DON, 5-fold more 3-ADON, and 10-fold more
15-ADON than F. asiaticum—3-ADON isolates. For the
3-ADON types of both species, the 3-ADON levels were
nearly twice the 15-ADON levels, while the 3-ADON level
(6.1 pg/g) of F. graminearum—15-ADON was 9-fold less
than that of 15-ADON. Although the total level of DON
by F. graminearum—3-ADON types were 1.5 times higher
than that of F. graminearum—15-ADON types, the differ-
ence was not supported statistically.

ZEA production levels also varied among species/chemo-
type. ZEA production by DON types was greater than that
by NIV types, and F. graminearum produced more ZEA
than F. asiaticum (Table 4). The ZEA level produced by F.
asiaticum—NIV was again the lowest among all the tested
species/chemotypes. Among the F. asiaticum—NIV types,
maize isolates produced the highest level of ZEA (57.0 ng/
g for mean, up to 239 pg/g), followed by barley (16.8 ng/g),
rice, wheat, and soybean (4.2 pg/g) isolates (Supplementary
Table 1). Foreign F. asiaticum—NIV strains produced the
amounts similar to domestic ones (up to 254.3 ug/g). F.
asiaticum—3-ADON produced about three-fold more ZEA
on average than the F. asiaticum—NIV. Barley isolates of F.
asiaticum—3-ADON produced the most ZEA (mean 87.4
ng/g), followed by the rice (69.2 pg/g) and wheat (58.5
ng/g) isolates (Supplementary Table 2). Single maize iso-
late of F. asiaticum—3-ADON did not produce any toxins,
whereas a single foreign maize strain of the same type pro-
duced 532.8 ng/g ZEA, which level is exceptionally higher
than other toxins. The highest level of ZEA was produced
by the F. graminearum—3-ADON type (417.9 ng/g), fol-
lowed by the F. graminearum—15-ADON (390.2 pg/g). Of
the F. graminearum strains, the highest ZEA producer was
a soybean 15-ADON type isolate (2,331.4 pg/g), followed
by arice 3-ADON isolate (2,217.3 pg/g).

In some chemotypes, ZEA level showed correlation
with DON or ADON levels but not with NIV levels. In
3-ADON types of both species from barley, ZEA levels

were correlated with either DON (correlation coefficient of
0.9056 for F. asiaticum and 0.6759 for F. graminearum) or
with total DON (0.8639 for F. asiaticum and 0.767 for F.
graminearum). Correlations were also found between the
ZEA and 3-ADON for F. graminearum—15-ADON types
from rice (0.9706), F. asiaticum—3-ADON from wheat
(0.6748), and F. graminearum—3-ADON from barley
(0.659). Correlations between ZEA and 15-ADON were
shown in F. graminearum—3-ADON from barley (0.7675)
and F. asiaticum—3-ADON from wheat (0.7305).

Pathogenicity on cereals. Most isolates were virulent to-
ward all the cereals such as barley, maize, rice, and wheat.
Most F. asiaticum—NIV isolates were virulent toward all
cereals and the virulence levels appeared similar to or even
higher than the other species/chemotypes (Table 5). Re-
gardless of host origins, all F. asiaticum—NIV isolates ex-
amined were more virulent toward barley than the other ce-
reals. The average virulence levels of all 18 F. asiaticum—
NIV isolates on barley were ranging from 53% to 87%,
while those on maize (14 isolates tested), rice (6 isolates),
and wheat (19 isolates) were 19-31%, 6.1-22.1%, and 0.7-
35%, respectively (Supplementary Table 3). Similarly,
F. asiaticum—3-ADON isolates were also more virulent
toward barley than the other cereals. The average virulence
levels on barley (5 isolates tested) were 41-47%, while
those on maize (4 isolates), rice (2 isolates), and wheat (2
isolates) were 15-20%, 14%, and 2.2-5.4%, respectively
(Supplementary Table 3).

Unlike F. asiaticum isolates, the average virulence levels
of both 3-ADON and 15-ADON F. graminearum chemo-
type isolates toward barley, maize, and wheat seemed to be
more varied among isolates than those of F. asiaticum iso-
lates (Supplementary Table 3). Interestingly, the virulence
levels (2.6-2.0%) of three out of four F. graminearum
isolates tested toward rice seemed to be much lower than
those of F. asiaticum isolates. All foreign F. asiaticum

Table 5. Mean level of pathogenicity on cereals by all chemotypes of Fusarium asiaticum (Fa) and F. graminearum (Fg) tested in this

study
) Pathogenicity”
Species Chemotype - -
Barley Maize Rice Wheat

Fa NIV 60.4+12.7 (18) 23.0+10.0 (14) 23.7+£32.0(7) 20.1£23.5(19)
3-ADON 44.0+232(5) 16.8+3.6 (4) 14.1+163(2) 38+23(2)

Fg 3-ADON 50.5+28.8 (5) 26.7+£13.7(5) 2.6(1) 16.6+16.2 (4)
15-ADON 53.4+70.0 (2) 232+89(4) 5.6+4.8(3) 222+33.1(4)

NIV, nivalenol; 3-ADON, 3-acetyl-deoxynivalenol; 15-ADON, 15-acetyl-deoxynivalenol.
"Pathogenicity toward barley, rice and wheat was measured as average percentage (%) of diseased spikelets per head. Maize was measured as an
average length of lesion (mm) on the stalk. The number of isolate tested in parenthesis.
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Table 6. Number of Fusarium isolates obtained from rice resi-
dues (straws) in 2017

) Fusarium species
Period” Total
Fa Fg  Fei Fec  Far Fo
Jan-Feb 2 1 14 1 4 1 24
Apr-May 15 - 11 - - - 26

Fa, F. asiaticum; Fg, F. graminearum; Fei, F. equiseti-incarnatum
species complex; Fe, F. commune; Far, F. armeniacum;, Fo, F. oxys-
porum; -, not isolated.

*Rice straw samples were collected three times during each period.

isolates were virulent toward barley and, to a lesser extent,
maize. Two foreign F. asiaticum—3-ADON isolates were
aggressive to rice as much as the F. asiaticum—NIV barley
isolate.

Isolation of Fusarium spp. from rice straws during
winter and spring. Several species of Fusarium were re-
covered from the rice straws collected from the same rice
paddy field during winter and spring (Table 6). The total
numbers of Fusarium isolates obtained from two different
seasons were similar to each other, but frequencies of each
Fusarium species in the samples were dramatically differ-
ent. In winter samples, the fungal isolates belonging to the
F. equiseti-incarnatum species complex were predominant
with 58.3% (14 out of all 24 Fusarium isolates), while
FGSC isolates (F. asiaticum and F. graminearum) were
recovered with a lower frequency (12.5%, 3 out of 24);
three other species (F. commune, F. armeniacum, and F.
oxysporum) were also found. However, F. asiaticum was
predominant species in spring samples with 57.7% (15 out
of 26), followed by F. equiseti-incarnarum with 42.3%.
Interestingly, the three other species recovered from the
winter samples were not found in the spring samples (Table
6).

Discussion

This is the first report to explore Korean F. asiaticum and F.
graminearum populations with different trichothecene che-
motypes in terms of their mycological, toxicological, and
pathological characteristics. We found that F. asiaticum—
NIV type isolates differed from other species/chemotypes
isolates tested, particularly exhibiting low capacity of asex-
ual/sexual reproduction and mycotoxin production. Similar
work was carried out by Liu et al. (2017) using the three
Chinese chemotypes (F. asiaticum—NIV and —3-ADON,
F. graminearum—15-ADON), where F. graminearum—
15-ADON produced the highest quantities of perithecia.
Our work was also confirmed by an earlier study (Nicolli et

al., 2018) using the chemotypes of Brazil (15-ADON of F.
graminearum, 3-ADON and NIV of other FGSC members
rather than F. graminearum or F. asiaticum). However,
when perithecia production was compared, two Chinese
F. asiaticum chemotypes (NIV and 3-ADON) appeared to
produce more perithecia than the respective Korean chemo-
types. Previous work on Korean isolates also showed that F.
asiaticum was 10-fold less self-fertile than F. graminearum
(Lee et al., 2009). All these results together indicate that
capacity for sexual reproduction by Korean F. asiaticum
may be intrinsically low, characterizing a regional popula-
tion. However, it is intriguing that F. asiaticum survived
better than F. graminearum during winter by vigorously
producing perithecia on rice residues in more restrictive
environment (Lee et al., 2009). Hence, it is possible that F.
asiaticum may engage in sexual reproduction under certain
environmental conditions. However, no natural occurrence
of perithecia in rice fields have been reported in Korea
where both rice and barley have been rotating. Therefore,
it requires further investigations to re-confirm the superior
capability of F. asiaticum over F. graminearum for perithe-
cia production (Lee et al., 2009).

In addition, relatively poor capacities of both NIV and
3-DON chemtotypes of Korean F. asiaticum isolates for
asexual/sexual reproduction strongly suggest that these
traits, which are recognized as important characteristics of
survival and dispersal in F. graminearum in the fields, are
no longer essential in Korea. This hypothesis is possible as
other propagules (e.g., mycelia) of F. asiaticum—NIV can
survive on previous crop residues (e.g., rice straws) dur-
ing Korean winter. As rice fields are rotated consecutively
with barley or wheat mostly in southern part of Korea, such
farming practices could allow pathogens to mingle and
adapt in the same fields over many years. The recovery of F.
asiaticum isolates from rice straws collected during winter
would support this possibility. Based on a higher mycelial
growth rate on PDA and prevalence on spring rice straws,
it can be presumed that capacity of Korean F. asiaticum
isolates for mycelial growth would be a fitness trait espe-
cially on rice.

The NIV levels produced in vitro by F. asiaticum iso-
lates were lower than the DON levels produced by either
species under the laboratory. Previous work done by Gale
et al. (2011) showed the similar result that the NIV types
of both F. asiaticum and F. graminearum produced 4-fold
less trichothecenes than the DON types. This indicates that
the NIV biosynthesis machinery per se may be weaker than
that of DON in the genus Fusarium. This may be due to
the difference in biosynthetic pathways between NIV and
DON; the synthesis of NIV requires two more enzymatic
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steps catalyzed by TRI13 and TRI7, respectively, com-
pared to that of DON (Lee et al., 2002). Further work with
more NIV types of other FGSC species, including F. corta-
deriae, F. luisianense, F. meridionale, and F. vorosii, will
be necessary to test this hypothesis. In addition, F. asiati-
cum-NIV types produced less amounts of ZEA than other
isolates, further suggesting that the mycotoxin biosynthetic
machinery (at least for NIV and ZEA) of F. asiaticum is
functionally different from that of F. graminearum. The
strong correlations (>0.9) between ZEA and DONS levels
in some isolates were contrary to the previous study report-
ing a negative correlation between DON and ZEA levels
(Tancic et al., 2015), suggesting further studies. Although
F. asiaticum—NIV frequently produce both NIV and ZEA
simultaneously, there was no correlation found between
ZEA and NIV levels.

It is notable that the Korean 3-ADON chemotypes (of
both species) produced approximately twice amounts of
3-ADON on average than those of 15-ADON, while the
15-ADON chemotypes (F. graminearum) produced much
less 3-ADON. Thus Korean 3-ADON chemotypes resulted
in production of more DONs than 15-ADON under the
laboratory condition. A study with Chinese populations,
however, showed that F. asiaticum—3-ADON produced
more 15-ADON than 3-ADON (Liu et al., 2017). The
different results from two countries showed that even the
same chemotypes have different capacities developed un-
der the respective environments. As 3-ADON is more toxic
and aggressive on host plants than 15-ADON producer
(Ward et al., 2008; Zhang et al., 2010, 2012), monitoring
for a change or increase in the frequency of 3-ADON che-
motype should be conducted.

Korean F. asiaticum, predominantly found in rice or
barley, is more associated with NIV type than DON type.
Thus, it is reasonable to focus on how NIV production is
associated with their pathogenicity and fitness on these
crops in Korea. Although rice may afford a selective
growth advantage to F. asiaticum at some phase of the
fungal life cycle (Lee et al., 2009), it is not known if NIV
would confer a pathogenic advantage in Korean F. asiati-
cum isolates. Unlike NIV, DON is known to be one of the
virulence factors toward wheat (Proctor et al., 2002), but
not toward barley or maize (Maier et al., 2006). However,
it is not clear if DON also serves as a virulence factor to-
ward rice, as is the case for wheat. Based on our virulence
test results, we hypothesize that NIV, but not DON, is a
virulence factor in Korean F. asiaticum—NIV isolates par-
ticularly on rice. Note that all F. asiaticum—NIV isolates
examined were aggressive to four crops including rice
with similar degree, while F. graminaerum—DON isolates

showed a lower virulence only on rice when compared
to F. asiaticum—NIV isolates. Given that NIV production
contributed to fungal virulence toward maize (Maier et al.,
2006), it is possible to speculate that NIV is toxic to all four
crops as much as DON, but DON is less only to rice than
NIV. In this perspective, it would be not so surprised that
the Korean F. asiaticum—NIV isolates keep a low NIV pro-
duction level assuming that NIV requires more energy for
biosynthesis than DON. To test the role of NIV in pathoge-
nicity, it is necessary to perform further analyses including
a virulence assay on rice with a transgenic F. asiatium—
NIV strain lacking NIV production.

F. asiaticum—15-ADON and F. graminearum—NIV
type appear to be rare in Asia including Korea, Japan, and
China, although F. asiaticum—15-ADON was detected in
18% of wheat isolates from China (Puri et al., 2012). Of
237 FGSC isolates from Louisiana (USA), however, F.
graminearum—NIV constituted 79% of all isolates (Gale et
al., 2011). Fungal proportions appear to vary regionally so
that continuous monitoring is required to track population
changes. We speculate that uncommon species/chemotypes
are either poorly pathogenic or are in the early stages of ad-
aptation to their host regions.

In summary, the Korean F. asiaticum—NIV type isolates
differed from other species/chemotypes isolated from the
country, being aggressive toward several crops but highly
associated with rice, producing low levels of NIV and
ZEA, and engaging in less asexual/sexual reproduction
than F. graminearum. These characteristics may explain
why the F. asiaticum—NIV type prevails in Korea although
further comprehensive investigations should be performed.
They rely on vigorous mycelial growth and the synthesis of
NIV as a virulence factor, but not on sexual reproduction
for survival in rice paddy field. Hence, they may adapt with
crops (e.g., rice) by maintaining the specific fitness traits
that differ considerably from those of F. graminearum.
However, it is not clear why the ability of F. asiaticum—
NIV types to produce conidia was lower than that of other
species/chemotypes, assuming that conidia are the only
primary inocula of F. asiaticum—NIV.
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