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Abstract Members of Fusarium graminearum species com-
plex are the main pathogens associated with Fusarium head
blight (FHB) in wheat in Argentina, which produce trichothe-
cene mycotoxins that are found in wheat grain and by-prod-
ucts. The aim of this study was to determine the chemotype
and trichothecene genotypes of Fusarium graminearum spe-
cies complex strains isolated from wheat in Argentina during
an epidemic and a non-epidemic harvest season. A total of 115
and 108 strains obtained from wheat during 2012/13 and
2014/15 harvest seasons, respectively, were identified as be-
longing to the Fusarium graminearum species complex. PCR
assays were used to differentiate the 15-acetyldeoxynivalenol
(15-ADON), 3-acetyldeoxynivalenol (3-ADON) and
nivalenol (NIV) genotypes. The trichothecene type B
chemotype, zearalenone, and NX-2 toxin profiles were deter-
mined based on chromatographic (LC-MS/MS) analysis.
Differences in the genotype frequency were due to the target
locus analyzed and year of isolation of the strain. The most
common genotype and chemotype was 15-ADON in both
seasons, but an increasing frequency of the 3-ADON
chemotype was found in the non-epidemic season
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(2014/15). The strains were able to produce zearalenone and
its masked derivatives, but not the type A trichothecene NX-2.
This is the first report of the production of zearalenone and its
modified mycotoxins by Fusarium graminearum species
complex strains isolated from Argentina.

Keywords Triticum aestivum L - Fusarium - Chemotype -
Genotype - Mycotoxins

Introduction

Bread wheat (Triticum aestivum L.) is one of the most impor-
tant staple food crops with an annual worldwide production of
720 million tons (FAO 2015). Wheat is the most important
winter crop in Argentina, a major exporter of grain and by-
products worldwide. During the 2015/16 growing season 10.9
million tons of wheat were harvested in a planted area of 3.9
million ha (BCR 2015). Fusarium head blight (FHB), one of
the major diseases of wheat worldwide, affects the crop during
flowering and grain filling stages under humid and warm cli-
mate conditions (McMullen et al. 2012). Members of the
Fusarium graminearum species complex (FGSC), mainly
Fusarium graminearum sensu stricto, are the most important
FHB pathogens in South America (Magliano and Chulze
2013). The disease causes direct losses in grain yield and
quality, and also threatens food safety due to contamination
of grain with mycotoxins produced by the fungal pathogen.
Among them, the trichothecenes such as deoxynivalenol
(DON), nivalenol (NIV) and zearalenone (ZEA) are the most
important. These mycotoxins are potent inhibitors of protein
synthesis and also responsible for toxic effects at neurological,
gastrointestinal and immune functions (Desjardins 2006,
Pestka 2010; Wu et al. 2014).
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In Argentina, FHB epidemics were recorded 17 times from
1960 to 2012 with losses in the yield estimated as high as 70%
in some fields (Moschini et al. 2002; Palazzini et al. 2015).
During the most recently reported epidemic season (2012/13),
high levels of F. graminearum infection and DON contami-
nation were observed with levels of this mycotoxin reaching
up to 8.45 ppm in some samples. Weather conditions during
wheat anthesis across the main regions in Argentina were
highly favorable for FHB in that season, with frequent rainfall
events and persistent humid conditions, which were likely
responsible for reported yield losses (Moschini et al. 2013;
Palazzini et al. 2015).

Given the strong dependence of FHB on seasonal weather
conditions, the potential effects of global change, including
climate, on plant physiology, fungal biology and the resulting
disease and mycotoxin risk received increasing attention by
researchers and stakeholders. For example, studies on the ef-
fect of elevated CO,, temperatures and drought stress on
growth and mycotoxin production by Fusarium graminearum
showed the importance of the three-way interaction (Medina
etal. 2015). Recent review on the effect of climate changes on
wheat diseases suggests that increasing CO, concentration
will lead to increased susceptibility of wheat to FHB (Vary
et al. 2015). The continuous monitoring of genotypes and
chemotypes of the FHB pathogens, especially under distinct
weather conditions, is critical information for determining the
risk of pathogenic and toxigenic genotypes and factors affect-
ing their temporal and spatial distribution. Such studies have
been conducted in South America during the last 15 years. In
Argentina, the main phylogenetic species within FGSC asso-
ciated with FHB in wheat is F. graminearum sensu stricto with
a 15-ADON genotype (Reynoso et al. 2011; Castafares et al.
2014; Malbran et al. 2014). However, differences in the
frequency of 3-ADON producers have been reported in
Argentina during 2001 (29%) and 2004 (49%) harvest
seasons (Alvarez et al. 2009). The 15-ADON genotype of
FE. graminearum is also the most prevalent in Brazil, but five
species are found with £ meridionale being an important re-
gional contributor to FHB epidemics, such as in Parana state
(Scoz et al. 2009, Astolfi et al. 2011; Del Ponte et al. 2015). In
Uruguay, regional differences in species composition have
also been reported. In Eastern Uruguay, in wheat fields in a
typical rice-growing region, the NIV genotype was predomi-
nant and most belonged to F. asiaticum (Umpiérrez-Failache
etal. 2013). Other members of the FGSC were recovered from
maize in Argentina including F. meridionale with NIV geno-
type and F. boothii with 15-ADON genotype (Sampietro et al.
2010, 2011, 2012). In Brazil, recent surveys have shown that
F. meridionale is dominant in maize (Kuhnem et al. 2016) and
F. asiaticum in rice (Gomes et al. 2015). In summary,
F graminearum 15-ADON chemotype seems to be associated
with wheat, while F. meridionale isolates with the NIV
chemotype are common on maize and F. asiaticum isolates
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with NIV chemotype on rice. These data suggest some host
effect in determining the distribution of species within the
FGSC. Apart from host distribution, change in climate pat-
terns is also important driver of FGSC diversity with toxigenic
potential, thus affecting the risk of mycotoxins contamination
in wheat production areas worldwide (Vaughan et al. 2016).

The knowledge of the fungal population toxigenic potential
is critical for predicting their impact on food safety. Therefore
the aim of this study was to identify the potential and ability of
FGSC strains, obtained from two growing seasons in
Argentina, to produce three most common trichothecene type
B, anovel trichothecene A (NX-2), and zearalenone as well as
its modified toxins.

Materials and methods
Strains isolation

During the 2012/13 and 2014/15 harvest seasons, 100 wheat
spikes exhibiting FHB symptoms were collected from a field
at each of four different locations of the wheat growing area in
Argentina (Corral de Bustos, Marcos Juarez, Carlos Pellegrini
and Pergamino in 2012; and Corral de Bustos, Marcos Juarez,
Carlos Pellegrini and Los Molinos in 2014) (Fig. 1). For strain
isolation, one grain was taken from each symptomatic spike
and plated on Nash and Snyder medium for isolation. The
plates were incubated at 25 °C for 7 days under alternative

i Argentina
[P Il Brazil
7 = Uruguay

Fig. 1 Sampling area within the main wheat growing area from
Argentina. Numbers 1, 2, 3 and 5 sampling fields during 2012/13
harvest season and 1, 2, 3, 4, sampling fields during 2014/15 harvest
season. 1- Carlos Pellegrini (32°03" S, 61°48" W), 2- Marcos Juarez
(32°42' S, 62°06" W), 3- Corral de Busto (33°17" S, 62°12" W), 4- Los
Molinos (33°07' S, 61°20" W), 5- Pergamino (33°53' S, 60°34' W)
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cycles of 12 h/12 h of white and black light, respectively. The
colonies that presented characteristics of the genus Fusarium
were transferred to Synthetic Nutritive Agar medium (SNA)
and incubated under the same conditions previously de-
scribed. The strains were single-spored and cultured on carna-
tion leaf-piece agar (CLA) and potato dextrose agar (APG).
Cultures were incubated for two weeks with alternate cycles
of 12/12 h white/black light at 25 °C. Isolates were identified
by observations on CLA medium and microscopic observa-
tion on PDA medium (Leslie and Summerell 20006).

DNA extraction

DNA was extracted using the cetyltrimethylammnonium bro-
mide (CTAB) method from cultures grown in liquid media. In
brief, isolates were grown in complete medium (CM) and
incubated on an orbital shaker (150 rpm) for at least three days
at 25 £ 1 °C. The resulting mycelia were harvested by filtra-
tion through non-gauze milk filters (Ken AG,). Excess water
was removed by blotting mycelia between clean paper towels,
and the dried mycelia were stored frozen at —20 °C until
ground and extracted with CTAB (Lesliec and Summerell
20006).

Trichothecene genotype determination

A multiplex PCR assay was used to determine the trichothe-
cene genotypes 15-acety]DON (ADON), 3-ADON and
nivalenol (NIV) among the FGSC isolates (Ward et al.
2008). In this assay, specific primers differentiate the geno-
types based on the enzyme gene 15-O-acetyltransferase
(TRI3) and the trichothecene efflux pump gene (TRI12)
(Table 1). The reactions were carried out in a volume of
10 ul in 1X buffer PCR, 2 mM MgCl2, 0.2 mM of each
dNTP, 0.2 uM of each primer and 0.5 U of Taq DNA
Polymerase (Invitrogen,) and 100 ng of Genomic DNA. In
addition, a negative control containing all reagents and
primers but without the addition of DNA and as positive

Table 1  Primer sequences and amplified size fragments used on the
PCR assays for determination of trichothecene genotypes

Locus Primer Sequence bp' Genotypes
TRI3 3CON TGGCAAAGACTGGTTCAC 840bp NIV
3NA GTGCACAGAATATACGAGC 610bp 15-ADON

3DISA ACTGACCCAAGCTGCCATC 243 bp 3-ADON
3D3A  CGCATTGGCTAACACATG

TRII2 12CON CATGAGCATGGTGATGTC  840bp NIV
I2NF ~ TCTCCTCGTTGTATCTGG 670 bp 15-ADON
12-15F TACAGCGGTCGCAACTTC 410bp 3-ADON
12-3F  CTTTGGCAAGCCCGTGCA

! Base pairs number of the amplified product

controls reference strains of the NIV, 3-ADON and 15-
ADON genotypes were added. The amplification conditions
were: 5 min at 94 °C, followed by 25 cycles of 30 s at 94 °C,
30 s at 52 °C and 1 min at 72 °C. The amplification products
were resolved on 1% agarose gels.

Mycotoxin analyses

Each isolate was grown in Erlenmeyer flasks (250 ml) contain-
ing 25 g of long grain rice and 10 ml of distilled water, steril-
ized for 15 min. at 121 °C twice during two consecutive days.
Each Erlenmeyer flask containing rice was inoculated with
1 ml with a concentration of 10° conidia / ml, obtained from
the strain growing during 10-days in SNA culture medium in
Petri dishes and incubated with periods of 12/12 h of white/
black light at 25 °C. The cultures were incubated for 28 days at
25 °C under dark conditions. The inoculated Erlenmeyer flasks
were shacked during the first two weeks of growth to disperse
the culture in the rice. After the incubation period, the content
of each Erlenmeyer flask was dried in a forced air oven at
80 °C for 2 h and then stored at —20 °C until trichothecene
extraction. Dried rice was ground and homogenized and 5 g
were taken and mixed with 20 ml of acetonitrile/water/acetic
acid (79:20:1 v/v/v) shaken during 1 h and then the extracts
were filtered through Whatman filter paper number 1. The
filtered extracts were then placed in vials and dried under heat
and nitrogen gas. The extracts were analyzed to evaluate DON,
3-ADON, 15-ADON, NIV, ZEA and NX-2 toxin by tandem
liquid chromatography with mass spectrometry (LC-MS / MS)
according to Malachova et al. (2014).

Weather data

Weather data of 2012/13 and 2014/15 harvest seasons were
obtained from Instituto de Clima y Agua — INTA Castelar,
Buenos Aires, Argentina. The data were summarized as max-
imum and minimum temperatures (°C), relative air humidity
and the accumulated rainfall (mm) during August, September,
October, November and December for each season.

Results
Trichothecene genotypes and chemotypes

Out the strains isolated from different areas, 115 and 108 strains
recovered during the 2011/13 and 2014/15 harvest season, re-
spectively, were identified as belonging to the FGSC at mor-
phological species level. The three trichothecene genotypes
were detected using the primers proposed by Ward et al.
(2008). During the 2012/13 and 2014/15 seasons some differ-
ences were observed between locations. At Corral de Bustos,
the further west location evaluated, there was higher diversity of
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genotypes than in the other locations. Also, amplifications on
TRI12 gene for the 3/15-ADON genotype was observed in a
few strains belonging to the same location (Table 2).

The allocation of the toxicogenic profiles (chemotype) of
each strain was done taking into account the maximum pro-
duction of the acetylated derivatives by each strain (DON/15-
ADON, DON/3-ADON and NIV). Most of the strains had
the15-ADON chemotype but an increased number of 3-
ADON chemotype (n = 39) was found among the isolates
from 2014/15 harvest (Fig. 2). The production of trichothe-
cene type A, NX-2 toxin was not observed among the strains
isolated in both harvest seasons. The toxicogenic profile by
LC-MS / MS of 223 isolates from both seasons showed that
the mean DON level detected was 8.68 mg/kg and 10.16 mg/
kg for the strains isolated during 2012/13 and 2014/15 harvest
seasons, respectively. The 15-ADON production was highest
among strains isolated during the 2012/13 harvest season,
whereas 3-ADON production was highest among strains iso-
lated during the 2014/15 harvest season (Table 3). The pro-
duction of ZEA, ZEA-sulphate, «-ZEA and 3-ZEA among
the strains differed between years of isolation (Tables 3 and 4).

Seasonal weather during flowering

There was considerable variation in the amount and frequency
of rainfall during flowering period for the two seasons. In the
2012/13 season, the amount of rainfall at anthesis stage
(September and October) was around 392.9 mm in the

Western region (Marcos Juarez), and 379.7 mm in the
Eastern-South region (Pergamino). These values were higher
than reports of rainfall for the same period in 2014/15 harvest
season 188.9 mm in the Western region and 208 mm at the
Eastern-South region at anthesis stage. The persistent humid-
ity conditions after the flowering were more favorable for
FHB development in 2012/13 harvest season compared to
the 2014/15 season.

Discussion

Isolates within the Fusarium graminearum species complex
were collected from different wheat growing areas of
Argentina and varied in their trichothecene genotypes and
chemotypes between the seasons. For a few strains the tricho-
thecene genotype was incongruent with the chemotype, further
suggesting the importance of determining the toxigenic ability
of the strains by chemical analysis, along with genotype deter-
mination, as shown previously (Reynoso etal. 2011). The iden-
tification and trichothecene genotyping has been accelerated by
the use of multilocus genotyping (MLGT) targeting the TR/
cluster (Ward et al. 2008; Kelly et al. 2015). The difference in
the proportion of 3-ADON chemotypes between the two years,
although at lower frequency than 15-ADON, agrees with the
results by Alvarez et al. (2009) who evaluated strains in
Argentina collected during the 2002 and 2004 harvest season.
Alexander et al. (2011) demonstrated that TR/3 was not

Table2  Trichothecene genotypes of'isolates within the Fusarium graminearum species complex causing Fusarium head blight in Argentina during an

epidemic and non-epidemic year

2012/13*
Locus TRI3
Genotype NIV 15-ADON 3-ADON
Pergamino (n = 32)° 14 30
Carlos Pellegrini (n = 27) - 26 1
Marcos Juarez (n = 25) - 25
Corral de Bustos (n =31) 2 26 2
Total 3 107
2014/15
Locus TRI3
Genotype NIV 15-ADON 3-ADON
Los Molinos (n = 31) - 27
Carlos Pellegrini (n = 26) - 26
Marcos Juarez (n = 25) 1 21
Corral de Bustos(n = 26) 1 23 1
Total 2 97 1

TRII2
3-/15-ADON® NIV 15-ADON 3-ADON 3-/15-ADON
1 26 4 -
- 25 1 1
- 24 1 -
23 2
3 98 8
TRII2
3-/15-ADON NIV 15-ADON 3-ADON 3-/15-ADON
- 28 - -
- 26 - -
1 21 - -
23 1 -
2 98 1 -

*Harvest season
° Amplification of 3-ADON and 15-ADON genotypes
¢ Number of strain analyzed. Missing genotypes, negative for the locus

9Number of strains with named genotype
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Fig. 2 Sampling areas showing
the percentage of the chemotypes
in the two harvest seasons
evaluated

2012/13

adequate to discriminate between 3-ADON and 15-ADON ge-
notypes and showed that the 7RIS locus is more reliable for
such. It has been hypothesized that TR/ may have a de-

Table 3 Type B trichothecene production, analysed by LC-MS/
MS, of the isolates within the Fusarium graminearum species
complex causing Fusarium head blight in Argentina during an
epidemic and non-epidemic year

2012/13

Locality DON NIV 3-ADON 15-ADON
Pergamino (n = 32) 6.93* 0.08 047 1.68
Carlos Pellegrini (n =27)  8.57 0.07 094 2.78
Marcos Juarez (n = 25) 9.54 0.07 0.62 1.61
Corral de Bustos (n =31) 9.70 0.22  0.89 1.54
Total mean 8.68 0.11  0.73 1.90

2014/15

Locality DON NIV 3-ADON 15-ADON
Los Molinos (n = 31) 10.75 0.10 0.83 0.58
Carlos Pellegrini n =26) 12.76  0.07 1.62 0.75
Marcos Juarez (n = 25) 1140 0.17 217 1.15
Corral de Bustos (n =26)  5.65 0.05 1.42 0.98
Total mean 10.16 0.10 148 0.84

#Mean production expressed as mg/Kg (ppm)

2014/15

38%

62%

40%

56%

54%

Il DON/15-ADON
[© DON/3-ADON
% NIV

acetylation function in both reactions at C-3 and C-15 so it is
possible that a strain DON producing can also produce 3 and
15-ADON. The differential activity of TRIS locus determines
the differences observed between the genotypes/chemotypes

Table 4 Zearalenone and modified zearalenone derivatives
produced by isolates within the Fusarium graminearum species
complex causing Fusarium head blight in Argentina during an
epidemic and non-epidemic year

2012/13 N! Mean® Max Min
ZEA3 115/115 2.1284 6.6893 0.0224
ZEA-S 109/115 33313 15.5491 0.0064
aZEA 80/115 0.1919 4.5661 0.0051
BZEA 92/115 0.6415 10.4959 0.0054

2014/15 N Mean Max Min
ZEA 104/108 16.2831 41.7867 0.0518
ZEA-S 103/108 14.3019 109.7067 0.0061
oZEA 99/108 0.4839 3.7493 0.0006
BZEA 103/108 5.9483 453867 0.0113

! Number of strains toxin producers / Total number of strain.
2 Mean level of toxin production by the producer strains (mg/Kg; ppm)

37EA: Zearalenone, ZEA-S: ZEA-Sulfato. «ZEA: alpha-ZEA,
BZEA: beta-ZEA
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(Desjardins and Proctor 2007; Alexander et al. 2011 and
McCormick et al. 2013).

In this study we identified for the first time in Argentina
strains from the FGSC with the ability to produce ZEA and its
modified derivatives. The importance of the toxicity of ZEA
modified derivatives was studied on pigs, and it was observed
that these toxins were completely hydrolyzed in the gastroin-
testinal tract, thus contributing to the overall toxicity of ZEA
(Binder et al. 2017). Liang et al. (2014) studied strains of
F. graminearum associated with FHB and a new mycotoxin
type A trichothecene, NX-2 was detected. These strains were
identified in Canada and the United States of America at low
frequency. The strains evaluated in our study did not produce
NX 2 toxin, which agrees with the results of the genotyping
assay for NX-2 for strains isolated from wheat in Argentina
(Kelly et al. 2016).

The seasonal changes in chemotypes and genotypes found
in our study are expected to occur due to factors related to
agronomic practices or climate (van der Lee et al. 2015 and
Kelly et al. 2016). This finding is relevant since changes in
climate may potentially affect biodiversity and ability to cause
the disease and produce secondary metabolites such as myco-
toxins (Vaughan et al. 2016). For example, 3-ADON isolates
of F. graminearum were shown to be more resilient to extreme
temperature events, and in response to heat or cold become
more aggressive by producing more DON and ZEA than 15-
ADON isolates (Vujanovic et al. 2012). Also, the analysis of
the expression of some genes of the biosynthetic pathway
(TRI4, TRI5, TRI6, TRI10, TRI12 and TRI13) showed differ-
ent patterns of gene expression under interacting conditions of
water and temperature activity (Schmidt-Heydt et al. 2011).
Continuous monitoring of changes on biodiversity,
chemotypes and genotypes within FGSC populations are rel-
evant to improve the control strategies for FHB management
under a scenario of climate change.
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