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Abstract
Fusarium species are common fungal pathogens of maize. Fusarium graminearum and Fusarium verticillioides, among oth‑
ers, can cause maize ear rot, and they are also mycotoxin producers. The aims of this work were to determine the frequency 
and diversity of Fusarium species in Uruguayan maize kernels, evaluate the toxigenic potential of the isolates, determine 
toxin contamination levels on freshly harvested grain, and assess the sensitivity of main Fusarium species against fungicides. 
Fusarium verticillioides was the most frequent species isolated, followed by Fusarium graminearum sensu stricto. Of F. 
verticillioides isolates studied for fumonisin production, 72% produced fumonisin B1 and 32% fumonisin B2. Considering 
in vitro toxin production by F. graminearum sensu stricto isolates, deoxynivalenol was the main toxin produced, followed 
by zearalenone and nivalenol. Fumonisins were the most frequently found toxins on freshly harvested maize samples (98% 
in 2018 and 86% in 2019), and also, fumonisin B1 was the toxin with highest concentration in both years studied (4860 µg/
kg in 2018 and 1453 µg/kg in 2019). Deoxynivalenol and zearalenone were also found as contaminants. Metconazole and 
epoxiconazole were the most effective fungicides tested on F. verticillioides isolates. Fusarium graminearum sensu stricto 
isolates also were more sensitive to metconazole compared to other fungicides; nevertheless, epoxiconazole was less effi‑
cient in controlling this species. This is the first study that reports Fusarium species and mycotoxin contamination levels 
associated with maize grain in Uruguay. Its detection is the main step to develop management strategies in order to minimize 
fungal infection in maize crops.
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Introduction

Maize, Zea mays L., is considered to be one of the most 
susceptible crops to mycotoxin contamination worldwide. 
Fusarium species are common fungal pathogens of maize, 
and these fungi are responsible for various diseases includ‑
ing seedling blight, stalk, and ear rot. Within Fusarium 
species, Fusarium graminearum and some species of the 
Fusarium fujikuroi complex (FFSC) such as Fusarium ver-
ticillioides, Fusarium proliferatum, and Fusarium subgluti-
nans are considered among the predominant species causing 
maize ear rot (Logrieco et al. 2002).

Fusarium verticillioides is capable of producing fumoni‑
sins, dangerous toxins for animals and humans. They have 
been classified into four main groups: fumonisins A, B, C, 
and P. Fumonisin B (FB) is divided into 4 analogs (FB1, 
FB2, FB3, and FB4) and is the most abundant naturally 
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occurring fumonisin (Picot et al. 2010; Reddy et al. 2010; 
Sundheim and Tsehaye 2015). Also, FB1 is the most toxic 
and usually appears in the highest concentrations in grains 
contaminated with F. verticillioides (Alexander et al. 2009; 
Baldwin et al. 2014). This mycotoxin is classified as pos‑
sibly carcinogenic to humans and livestock and also causes 
equine leukoencephalomalacia, rat hepatocarcinoma, and 
porcine pulmonary edema (Gelderblom et al. 1988; Mara‑
sas et al. 1988).

Species in the Fusarium graminearum species complex 
(FGSC) are important pathogens of small‑grain cereals 
and maize in many areas of the world. These fungi often 
cause crop diseases at different stages of development, and 
they are also mycotoxin producers. Fusarium graminearum 
species complex can produce different mycotoxins such as 
zearalenone (ZEN), nivalenol (NIV), and deoxynivalenol 
(DON). Deoxynivalenol is also divided into two acety‑
lated derivatives, 3‑acetyldeoxynivalenol (3‑AcDON) and 
15‑acetyldeoxynivalenol (15‑AcDON), where 3‑AcDON 
has shown to be more phytotoxic and isolates that produce 
it may have higher pathogenic potential than those produc‑
ing 15‑AcDON (Pestka 2010; McCormick et al. 2011). In 
South America, 15‑AcDON‑producing isolates are usually 
predominant, while 3‑AcDON and NIV isolates are less 
frequent (Del Ponte et al. 2022). Zearalenone is a toxin 
which has an estrogenic effect on humans and animals, 
causing hyperestrogenism, especially in swine (Sundlof and 
Strickland 1986).

Fungicides have always been a useful strategy for lim‑
iting fungal diseases on important crops. However, long‑
term and extensive use of chemical compounds in different 
crops can cause the emergence of fungicide resistance in 
pathogens. For this reason, monitoring the efficacy of fungi‑
cides against Fusarium species plays a key role in managing 
chemical control strategies. Carbendazim, a benzimidazole 
fungicide, has been widely applied for Fusarium control, 
and in recent years, carbendazim‑resistant field populations 
have been increasing in isolates from small‑grain cereals 
(Duan et al. 2014). On the other hand, sterol biosynthesis 
inhibitors, which include triazoles, are reported to be the 
most effective chemicals against Fusarium (Pirgozliev et al. 
2002; Amarasinghe et al. 2013).

In Uruguay, the area planted with corn has been increas‑
ing over the last 3 years, reaching 143,000 hectares in the 
2020/2021. At the same time, the productivity of the crop 
has increased (an accumulated 45% in the last 10 years) 
due to the professionalization of corn production with the 
incorporation of technological improvements and the use 
of late sowing varieties. Maize in Uruguay is mainly used 
as livestock feed for beef and dairy cattle (Methol 2021). 
In addition to this, surveys to determine prevalence of dif‑
ferent Fusarium species and mycotoxins in maize have not 
been extensively carried out in Uruguay. This is extremely 

important, since a comprehensive knowledge of the Fusar-
ium species occurring on maize kernels, as well as the myco‑
toxins present, has important practical implications for the 
development of appropriate strategies to limit the presence 
of fungi in maize and ensure animal health.

Considering the information mentioned above, the aims 
of this study were (i) to determine the frequency and diver‑
sity of Fusarium species in Uruguayan maize kernels, (ii) to 
evaluate the toxigenic potential of the isolates, (iii) to deter‑
mine mycotoxin contamination levels on freshly harvested 
maize grain, and (iv) to evaluate the sensitivity of different 
fungicides to the main Fusarium species associated to maize.

Materials and methods

Sampling and fungal isolation

A total of 152 maize kernel samples were collected from 
fields located in the major maize growing area south‑west of 
Uruguay, at the departments of Paysandú (n = 4), Río Negro 
(n = 21), Soriano (n = 47), Colonia (n = 71), Flores (n = 1), 
San José (n = 2), Florida (n = 1), Durazno (n = 3), and Rocha 
(n = 2) (Fig. 1). Samples from the two crop seasons, 2018 
(n = 94) and 2019 (n = 58), were analyzed. Kernels were 
surface sterilized for 1 min in 0.4% sodium hypochlorite 
solution, rinsed twice in sterile distilled water, and dried 
on sterilized filter paper. One hundred kernels from each 
sample were placed in Petri dishes containing potato dex‑
trose agar (PDA) and incubated at 25 °C under a 12 h white 
/12 h black fluorescent light photoperiod for 7 days. Fungal 
colonies presumably belonging to Fusarium spp. were puri‑
fied and transferred to new Petri dishes with PDA, using 
a single‑spore technique, for subsequent identification to 
species level.

Identification of Fusarium spp

Identification to species level was performed based on mor‑
phological characteristics following mycological methods 
according to Leslie and Summerell (2006). Subsequently, 
in order to confirm morphological identification, molecular 
methods were performed. For this, genomic DNA (gDNA) 
was extracted from single‑spore culture isolates with a cetyl‑
trimethylammonium bromide (2% CTAB) method (Leslie  
and Summerell 2006). All PCR reactions were carried out in 
a GeneAmp PCR system 9700 thermocycler (Perkin‑Elmer,  
USA). Fusarium graminearum sensu stricto (Fusarium 
graminearum s. s.) was identified by RFLP of the TEF-1α 
gene method using enzyme BsaHI (Garmendia et al. 2018a). 
Fusarium graminearum s. s. strains were identified by two 
fragments of 367 bp and 291 bp each. The identification of 
F. verticillioides strains was carried out by PCR detection 
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assays using sets of species specific primers VER‑1 and 
VER‑2 (5′‑CTT CCT GCG ATG TTT CTC C‑3′ and 5′‑AAT TGG 
CCA TTG GTA TTA TAT ATC TA‑3′, respectively) (Mulè et al. 
2004). Also, elongation factor‑1 α (tef‑1α) gene sequence was 
used to identify other Fusarium isolates obtained (Geiser et al. 
2004). DNA sequences were analyzed using the SeqMan 
software (Lasergene, Madison, WI) and compared with the 
sequences of closely related species in GenBank database by 
using the Basic Local Alignment Search Tool (BLAST) and 
in the CBS‑KNAW Fungal Biodiversity Centre’s Fusarium 
MLST website (https:// fusar ium. mycob ank. org/ datab ases). 
The generated sequences were deposited in the GenBank 
database under accession numbers OQ948480–OQ948506.

Toxigenic capacity of fungal isolates

A random subsample of all collected isolates of F. verticil-
lioides (n = 86) and FGSC (n = 79) was selected in order to 
analyze their in vitro toxigenic profile. Toxins were analyzed 
by high‑performance liquid chromatography (HPLC) con‑
sisting of a Shimadzu LC‑10ADvp pump. A RF‑10Axl fluo‑
rescence detector and a photodiode array detector were used 
for fumonisins and trichothecenes, respectively (Shimadzu). 
For all toxin evaluations, a C18 column (150 mm × 4.6 mm 
i.d., 5  µm particle size;  Nucleodur®, Macherey–Nagel, 
Düren, Germany) connected to a pre‑column security guard 

(8 mm × 4 mm i.d., 5 µm particle size;  Nucleodur®, Mach‑
erey–Nagel, Düren, Germany) was used. Fumonisins B1 and 
B2, DON, NIV, and ZEN standards were supplied by Tril‑
ogy Analytical Laboratory Inc., Washington, MO. For FB1 
and B2 evaluation, 20 g of rice kernels with 10 ml of sterile 
water was autoclaved for 30 min twice on alternate days. For 
DON, NIV, and ZEA production, 25 g of rice with 10 ml of 
water was used. Bags of autoclaved rice were inoculated 
with 3 mycelium plugs taken from pure cultures of each 
selected isolate. Bags were incubated in the dark at 25 °C 
for 28 days, and developed cultures were then oven dried at 
60 °C, finely ground with a laboratory blender, and stored 
at − 20 °C until use.

Fumonisins extraction was performed according to 
the AOAC: 995.15 method. Toxins were extracted from 
5g of grinded rice with methanol:water (3:1 v/v), filtered 
extract was applied to an anion‑exchange (SAX) column 
 (Strata®SAX, 55μm, 70 Å, Phenomenex), and fumonisins 
were eluted with acetic acid: methanol (1:99 v/v). Eluate 
was evaporated to dryness, and the residue was dissolved in 
methanol. O‑Phthaldialdehyde (Sigma‑Aldrich, Milan, Italy) 
reagent solution was added to form fluorescent fumonisin 
derivatives. A fluorescence detector with excitation and 
emission wavelengths of 335nm and 440 nm, respectively, 
was used. The mobile phase was methanol: NaH2PO4 0.1M 
solution (77:23 v/v) pH 3.5, at a flow rate of 1ml/min; the 

Fig. 1  Map depicting the loca‑
tion of departments in Uruguay 
where maize kernel samples 
were harvested in two maize 
growing seasons, 2018 and 
2019

https://fusarium.mycobank.org/databases
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injection volume was 20 μl. Fumonisin concentration was 
determined by comparison with external standards.

Zearalenone production was performed based on the 
methodology described by AOAC 985.18. Five grams of 
ground rice was used for toxin extraction using methanol: 
water (80:20 v/v); the filtered extract was cleaned using a 
 MycoSep®226 column (Romer Labs Inc., MO, USA). The 
eluate was first evaporated and then dissolved in methanol: 
water (70:30 v/v), the same solution was used as mobile 
phase, the flow rate was 1ml/min, and the injection volume 
was 50 μl. ZEN concentration was determined by compari‑
son with external standards.

Deoxynivalenol and NIV were detected using methods 
described by Reynoso et al. (2011). Toxins were extracted 
from 7.5 g of ground rice with acetonitrile: methanol (14:1 
v/v) and then filtered through an aluminum C‑activated 
(20:1, w/w) laboratory made column. Eluate was evaporated 
to dryness and resuspended with methanol: water (5:95 v/v). 
An UV detector (220 nm) was used. The mobile phase was 
methanol: water (12:88 v/v), at a flow rate of 1.5 ml/min. 
The injection volume was 50 μl. DON and NIV concentra‑
tion was determined by comparison with external standards.

Trichothecene genotype determination

For FGSC isolates, trichothecene genotypes were also deter‑
mined using three different PCR assays. First, two multiplex 
assays targeted a portion of trichothecene biosynthesis genes 
Tri3 and Tri12 to determine NIV, 15‑AcDON, and 3‑AcDON 
genotypes (Ward et al. 2002), while the third assay tar‑
geted portions of the Tri13 gene to determine DON geno‑
types (Chandler et al. 2003) (Table 1). The Tri3 multiplex 
included a primer common to all genotypes (3CON) and 
three genotype‑specific primers: 3NA, 3D15A, and 3D3A. 
This reaction produces amplicons of approximately 840, 
610, and 243 bp for isolates that match NIV, 15‑AcDON, 
and 3‑AcDON genotypes, respectively. The Tri12 multiplex 

similarly included a primer common to all genotypes, 
12CON, and three genotype‑specific primers: 12NF, 12‑15F, 
and 12‑3F. This multiplex produced amplicons of approxi‑
mately 840, 670, and 410 bp for isolates that match NIV, 
15ADON, and 3ADON genotypes, respectively. The Tri13 
gene amplification was performed using primers Tri13F and 
Tri13DONR; the PCR amplifies a fragment of 282 bp for 
DON‑producing isolates. The multiplex PCR was conducted 
in 25 µl reaction mixtures containing 50 ng of DNAg, 1X 
PCR buffer (Nzytech), 2 mM  MgCl2, 0.2 mM dNTPs, 0.5U 
DNA Taq polymerase (Nzytech), and 0.2 mM each primer. 
PCR for Tri3 and Tri12 consisted of an initial denaturation 
of 2 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.

PCR assays for Tri13 genes were conducted using 50 ng 
of fungal DNA in a total volume of 25 µl containing 1.5X 
PCR buffer (Nzytech), 2  mM  MgCl2, 0.2  mM of each 
dNTPs, 0.75 U of DNA Taq polymerase (Nzytech), and 
0.4 mM each primer. PCR amplification of Tri13 consisted 
of an initial denaturation of 2 min at 94 °C, followed by 35 
cycles of 30 s at 94 °C, 30 s at 65 °C, and 30 s at 72 °C.

All amplification products were resolved on 1.5% (wt/
vol) agarose gels and scored by size in comparison to a 
100‑bp DNA size ladder (Invitrogen Life Technologies, 
Carlsbad, CA).

Natural mycotoxin occurrence in maize grain

Sixty‑one representative samples of maize grain from the 
2018 harvest and 58 samples from 2019 were selected for 
mycotoxin determination. One kilogram of each sample was 
ground in a Romer mill, range of 60–200 mesh (Romer Labs 
Inc., MO, USA) and stored in the freezer at − 80 °C until 
analysis. Before the analysis, a ground subsample (20 g) 
was obtained by the quartering sampling method following 
Codex guidelines. Fumonisins and ZEN determination were 
performed according to AOAC methods described above 
(AOAC 2019). All toxins were determined using HPLC con‑
nected to a reversed‑phase Gemini C18 (4.60 mm × 150 mm, 
5 μm, for fumonisins and DON and 4.60 mm × 250 mm, 
5  μm, for ZEA and NIV) analytical column (Phenom‑
enex, USA) connected to a pre‑column security guard 
(8 mm × 4 mm i.d., 5 µm particle size;  Nucleodur®, Mach‑
erey–Nagel, Düren, Germany). The HPLC system consisted 
of a Waters 1525 pump, Waters 717 Injector, and Waters 
TCM oven. For fumonisins and ZEN, the HPLC system was 
coupled to a Waters 2475 Fluorescence detector. The mobile 
phase and standard solutions used were that described above. 
Deoxynivalenol and NIV extraction was performed accord‑
ing to the AOAC: 986.17 method. A Waters 2996 photodi‑
ode array detector (220 nm) was used. The mobile phase and 
standard solutions used were that described above. Veracity 
and precision of the method were evaluated by using maize 

Table 1  Primer sequences used for genotype characterization by mul‑
tiplex PCR (Tri3, Tri12) and PCR (Tri13)

Gene Primer Sequence (5′‑3′)

Tri 3 3CON TGG CAA AGA CTG GTT CAC 
Tri 3 3NA GTG CAC AGA ATA TAC GAG C
Tri 3 3D15A ACT GAC CCA AGC TGC CAT C
Tri 3 3D3A CGC ATT GGC TAA CAC ATG 
Tri 12 12CON CAT GAG CAT GGT GAT GTC 
Tri 12 12NF TCT CCT CGT TGT ATC TGG 
Tri 12 12‑15F TAC AGC GGT CGC AAC TTC 
Tri 12 12‑3F CTT TGG CAA GCC CGT GCA 
Tri 13 Tri13F CAT CAT GAG ACT TGT GTC AGA GTT GGG 
Tri 13 Tri13DONR GCT AGA TCG ATT GTT GCA TTGAG 
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kernels spiked with each toxin (DON, NIV, ZEN, FB1, or 
FB2 as appropriate). Replicates of spiked samples were per‑
formed, and the relative standard deviation was calculated 
among them to stipulate the precision of the method. The 
veracity of the analytical method was evaluated in terms 
of recovery. Recoveries were determined by spiked maize 
samples with known levels of standards. Percent method 
recovery was 93% for DON, 87% for NIV, 76% for FB1, 77% 
for FB2, and 77% for ZEA. The limits of report quantifica‑
tion (LOQs) were 80 µg/kg (FBs), 30 µg/kg (ZEN), 88 µg/
kg (DON), and 50 µg/kg (NIV).

Fungicide sensitivity assay

Sensitivity of F. verticillioides and F. graminearum s. s. iso‑
lates was evaluated against two different chemical classes 
of fungicides, triazoles and benzimidazoles. Fungicides 
belonging to triazoles were metconazole, tebuconazole, and 
epoxiconazole, while carbendazim belongs to benzimidazole 
class. The assay was performed on a total of 20 isolates per 
species, 10 isolates from each crop season (2018 and 2019). 
Fungicides were diluted in dimethylsulfoxide 0.1% (DMSO) 
and incorporated into PDA to achieve concentrations of 
0.25, 0.50, 0.75, 1.5, 3, 6, and 10 mg/l. Three replicates of 
each fungicide concentration per isolate were performed. A 
mycelial plug (8 mm in diameter) of each isolate was taken 
from a 5‑day‑old colony and placed on the center of a PDA 
plate amended with each fungicide at each concentration. 
Fusarium verticillioides isolates plates were incubated for 
7 days at 25 °C in darkness; F. graminearum s. s. strains 
were incubated for 5 days under the same conditions. Colony 
diameters were measured daily in two perpendicular direc‑
tions. Evaluation was performed based on the radial growth 

on PDA containing different concentrations of each fungi‑
cide, compared to control plates (PDA + DMSO) (Becher 
et al. 2010; Tateishi et al. 2010). Effective concentration 
of fungicides leading to a 50% inhibition (EC50) of myce‑
lial growth of each strain was determined. The EC50 was 
calculated on the basis of linear regression analysis of rela‑
tive growth inhibition values against the log10‑transformed 
fungicide concentrations based on Probit analysis (Finney 
1952). Analysis of variance (ANOVA) of the EC50 val‑
ues were conducted to determine differences in sensitivity 
among species (F. verticillioides and F. graminearum s. s.) 
for each fungicide and among fungicides within each spe‑
cies. Means were compared using Fisher’s least significant 
difference (LSD) (α = 0.05). Statistical analysis was per‑
formed using Infostat (Di Rienzo et al. 2011).

Results

Frequency of Fusarium in maize kernels

According to the 152 field samples analyzed over both years 
(2018 n = 94, 2019 n = 58), Fusarium species were the most 
frequent toxigenic contaminants in maize kernels (45%) with 
incidence values ranging between 7 and 100%, followed by 
Aspergillus species (15%). Within the Fusarium species, 
Fusarium verticillioides was the most frequent species iso‑
lated, with an average frequency of 44% and 30% in 2018 
and 2019, respectively. The second most frequent Fusarium 
species isolated was the FGSC with 3% average frequency 
for both years studied. Other Fusarium species identified 
were F. proliferatum and F. subglutinans, but they were in 
low frequency over both years (Fig. 2).

Fig. 2  Fusarium species distri‑
bution according to morpho‑
logical features in both seasons 
studied
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To correctly assign the Fusarium species identifica‑
tion, 236 Fusarium isolates from both years were selected 
as representatives of the Fusarium population isolated 
from maize kernels and were molecularly identified. 
This allowed to identify 115 isolates as F. verticillioides, 
89 isolates as F. graminearum s.s, 14 isolates as F. sub-
glutinans, 10 isolates as F. proliferatum, 6 isolates as F. 
meridionale, 1 isolate as F. pseudograminearum, and 1 
as F. armeniacum.

Toxigenic capacity of fungal isolates

Fumonisin production was assessed for 84 of the isolates 
identified molecularly as F. verticillioides. Fumonisin B1 
was produced by 69% (n = 33) of the isolates from 2018 
and 75% (n = 27) from 2019; the proportion of FB2 pro‑
ducers was 31% and 33% for each year (n = 15 from 2018, 
n = 12 from 2019) (Fig. 3).

Deoxynivalenol, NIV, and ZEN production was stud‑
ied in 74 of the F. graminearum s. s. isolates and in 4 
of the F. meridionale strains found. The proportion of F. 
graminearum s. s. mycotoxin producer strains was high 
during both years of study, with 70.5% (n = 24) and 72.5% 
(n = 29) ZEN producer strains in 2018 and 2019, respec‑
tively, and 85% of DON producer strains for each year 
of study. On the other hand, NIV producer strains were 
less frequent with 23.5% (n = 8) and 7.5% (n = 3) in 2018 
and 2019, respectively (Fig. 3). Finally, F. meridionale 
strains showed a different mycotoxin profile compared to 
F. graminearum s. s. strains, with 2 out of 4 isolates being 
NIV producers in 2018, while ZEN and DON producer 
strains were not found.

Trichothecene genotypes

Trichothecene genotype study was performed on 85% 
(n = 29) and 86% (n = 45) of F. graminearum s. s. isolates 
from 2018 and 2019, respectively. Moreover, genotype pro‑
file was assessed for four F. meridionale isolates. All isolates 
identified as F. graminearum s. s. belong to genotypes DON‑
15‑AcDON, and all F. meridionale isolates have a genotype 
NIV‑DON.

Natural mycotoxins occurrence on freshly harvested 
maize grain

The presence of Fusarium mycotoxins (DON, ZEN, NIV, 
FB1, and FB2) was assessed on 119 maize samples, 61 
belonging to 2018 and 58 from 2019. About 97% and 86% of 
freshly harvested samples from 2018 and 2019, respectively, 
were contaminated with FB1, which was the main contami‑
nant found in the study (Table 2). Higher concentrations of 
fumonisins were found on samples from 2018, FB1 averaged 
4071 µg/kg and 1529 µg/kg for FB2 (Table 2). Most samples 
studied had contamination levels of fumonisins lower than 
2000 µg/kg, and only 10% or less of the samples showed 
levels of contamination above 5000 µg/kg (Fig. 4).

The presence of DON was also detected in maize sam‑
ples, but at lower concentrations during 2018 and 2019 with 
a mean content of 278 µg/kg and 118 µg/kg, respectively 
(Table 2). Regarding ZEN, the contamination levels were 
higher during 2018, with 64% positive freshly harvested 
samples and a mean value of 302 µg/kg (Table 2). On the 
other hand, NIV was detected in one sample each year and 
at low levels.

Fig. 3  Percent of F. verticil-
lioides isolates that produced 
FB1 and FB2 and of F. 
graminearum s. s. isolates that 
produced DON, NIV, and ZEN, 
in vitro for both years of study
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Sensitivity to fungicides

EC50 values of epoxiconazole for the tested F. verticillioides 
isolates (n = 20) ranged between 0.002 and 0.107 mg/l with a 
mean of 0.040 mg/l (Fig. 5). For metconazole, the sensitivity 
range was between 0.004 and 0.146 mg/l with a mean value 
of 0.027 mg/l (Fig. 5). EC50 values for tebuconazole ranged 
from 0.03 to 0.429 mg/l with a mean value of 0.093 mg/l 
(Fig. 5). Lastly, carbendazim EC50 values ranged between 
0.181 and 0.651 mg/l with a mean of 0.410 mg/l (Fig. 5). 
One of the F. verticillioides isolates (A61) was less sensitive 
for both tebuconazole and metconazole with EC50 values 
of 0.499 and 0.186 mg/l, respectively (online resource 1).

In the case of F. graminearum s. s isolates (n = 20), 
the EC50 values for triazole fungicide class ranged from 
0.217 to 3.951 mg/l with a mean of 1.392 mg/l for epoxi‑
conazole, 0.001 to 0.710 mg/l with a mean of 0.155 mg/l 
for metconazole, and 0.040 to 1.656 mg/l with a mean 
of 0.763 mg/l for tebuconazole (Fig.  5). Additionally, 
carbendazim EC50 values ranged between 0.130 and 
1.145 mg/l with a mean of 0.649 mg/l (Fig. 5). In the case 

of epoxiconazole, isolates A539 and A545 were observed 
to be the least sensitive, with EC50 values of 3.939 and 
3.951 mg/l, respectively. Also, isolates A545 and A560 
showed low levels of sensitivity for metconazole, with val‑
ues of 0.710 and 0.403 mg/l (online resource 2).

Considering F. verticillioides, no differences were 
shown between epoxiconazole and metconazole, although 
tebuconazole appears to be less effective showing signifi‑
cant differences on EC50 values (p < 0.05) when compared 
to metconazole and epoxiconazole. Also, isolates were sig‑
nificantly less sensitive to the presence of carbendazim 
(p < 0.05). On the other hand, F. graminearum s. s. isolates 
were more sensitive to metconazole (p < 0.05) than other 
fungicides tested and least sensitive to epoxiconazole.

Overall, F. verticillioides isolates were more sensitive than 
F. graminearum s. s. strains for all fungicides tested (p < 0.05).

Less sensitive isolates of F. graminearum s.s were 
observed in the case of all fungicides assessed (Fig. 5). 
The EC50 for the least sensitive isolates was 3.951 mg/l for 
epoxiconazole, 1.656 mg/l for tebuconazole, 0.710 mg/l 
for metconazole, and 1.145 mg/l for carbendazim.

Table 2  Presence of mycotoxins (DON, ZEN, NIV, FB1, and FB2) on harvest maize grain samples from Uruguay during the years 2018 (n = 61) 
and 2019 (n = 58)

Maize Average contamination 
(µg/kg) ± SD

Percentage of 
contaminated 
samples (%)

Average contamination on contaminated samples(µg/kg)

Average of contaminated 
samples (µg/kg) ± SD

Contamination 
range

Average of 
contaminated samples 
(µg/kg) ± SD

Contamination range

2018 2019 2018 2019 2018 2019

FB1 4071 ± 9893 1252 ± 2002 96.7 86.2 4860 ± 10023 80–59004 1453 ± 2089 80–9881
FB2 1529 ± 2774 427 ± 756 90.2 60.4 1695 ± 2874 80–14,908 708 ± 868 80–4138
DON 278 ± 456 118 ± 233 52.5 46.5 530 ± 513 59–2471 253 ± 289 59–922
ZEN 302 ± 732 18 ± 45 64 17.2 472 ± 874 30–2522 103 ± 58 30–200
NIV 3 ± 15 3 ± 20 5 1.7 66 ± 16 50–84 ‑ ‑

Fig. 4  Sample distribution (%) 
according to FB1 and FB2 con‑
tamination levels (µg/kg) con‑
sidering all samples analyzed



 Mycotoxin Research

1 3

Discussion

This work represents the first survey on Fusarium spe‑
cies associated with maize kernels in Uruguay. Fusarium 
verticillioides appeared as the predominant species, and 
to a lesser extent, F. graminearum s. s. was also identified 
as an important contaminant of this crop. Studies carried 
out in other regions, in particular, in Brazil and Argen‑
tina, showed that F. verticillioides was the most prevalent 
Fusarium species in freshly harvested maize (Castañares 
et al. 2019; van der Westhuizen et al. 2003). In our study, 
F. verticillioides was isolated with a frequency of 37% 
that is similar to that found in maize samples from Bra‑
zil (Almeida et al. 2002), Korea (Choi et al. 2018), Iran 
(Fallahi et al. 2019), Bélgica (Scauflaire et al. 2011), and 
China (Zhou et al. 2018). However, our frequency is lower 

than those observed by other authors. In Brazil, Stumpf 
et al. (2013) determined that F. verticillioides was present 
in a frequency of 96% and Barroso et al. (2017) between 
54.1 and 91.8% on commercial hybrids of maize. Same 
results were obtained from Argentina (Castañares et al. 
2019), Brazil (Lanza et al. 2014), China (Qin et al. 2020), 
Nigeria (Bankole and Mabekoje 2004) and Spain (Aguín 
et al. 2014). These differences could be due to several 
factors, including climatic conditions, maize genotypes, 
and cultural practices that influence the occurrence and 
prevalence of F. verticillioides and other Fusarium species 
that affect maize (Munkvold 2003).

On the other hand, two more species members of FFSC 
have been detected with significant frequency: F. subglu-
tinans and F. proliferatum (O'Donnell et al. 1998). Both 
species often co‑occur with F. verticillioides worldwide on 

Fig. 5  Fungicide EC50 values 
for F. verticillioides and F. 
graminearum s. s. strains. 
Letters above boxes indicate sta‑
tistical differences; lower cases 
indicate differences in between 
fungicides within each species 
(Fisher LSD p < 0.05)
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maize, making the development of resistant hybrids more 
difficult for breeders (Fallahi et al. 2019). Considering that 
this is the first report of some of the species within the FFSC 
in crops of Uruguay, more studies about this species com‑
plex should be carried on in order to develop adequate strat‑
egies to control Fusarium ear rot and minimize mycotoxin 
contamination of maize.

When it comes to FGSC, it is usually suggested that F. 
meridionale is adapted to maize agroecosystems, as it is the 
most prevalent contaminant of the FGSC in maize in Brazil 
and Argentina, despite the prevalence of other FGSC species 
on wheat and rice in those countries (Alvarez et al. 2009; Del 
Ponte et al. 2015; Kuhnem et al. 2016; Sampietro et al. 2011). 
However, our data indicate that F. graminearum s. s. is the 
main contaminant of the FGSC in maize in Uruguay, sug‑
gesting that extended areas of crops such as wheat and barley, 
usually contaminated with F. graminearum s. s. (Garmendia 
et al. 2018b; Pan et al. 2016; Umpiérrez‑Failache et al. 2013), 
may be a very important factor in species distribution when 
these crops coexist in rotation on the same cultivated areas 
like in our country.

The present study showed that over 70% of F. verticil-
lioides isolated from maize in Uruguay are in vitro fumoni‑
sins producers, being FB1 the principal toxin produced by 
this species. Considering this, and the fact that F. verti-
cillioides was the most prevalent species, the presence of 
fumonisins in maize grain is a potential threat to human and 
animal health in our country. In this sense, the presence of 
F. proliferatum and F. subglutinans of further concern due to 
the ability of these species to produce fumonisins increases 
risks of consumption of contaminated maize due to the coex‑
istence of these toxigenic species in maize.

Regarding F. graminearum s. s., in vitro mycotoxin pro‑
duction profile, DON, was the most frequently produced 
toxin, followed by ZEN and NIV. Previous studies in South 
America about this species contaminating different crops 
have also found DON as the main toxin produced (Del Ponte 
et al. 2022). Nevertheless, our study also showed a very 
high proportion of isolates being ZEN producers (70.5% 
and 72.5% from 2018 and 2019, respectively). Although 
there are very few studies on potential ZEN production 
by F. graminearum s.s isolates, it is well known that the 
levels of ZEN are frequently present in grains from differ‑
ent crops, including maize (Salay and Mercadante 2002; 
Maragos 2010). On the other hand, F. graminearum s. s. 
isolates evaluated in this study showed DON‑15‑AcDON 
genotype, and none of them had NIV genotype. This result 
is consistent with the previous reports from different crops 
in Uruguay (Garmendia et al. 2018b; Pan et al. 2013, 2016; 
Umpiérrez‑Failache et al. 2013), where DON‑15‑AcDON 
genotype prevails for F. graminearum s. s., showing stabil‑
ity of genotype composition across crops and years in our 
country. Moreover, in recent years, it has been shown that 

in Europe, 15‑AcDON genotype is the predominant one in 
wheat and maize, with an overall distribution in cereals up 
to 83% (Pasquali et al. 2016).

Previous studies that evaluated the toxigenic potential of 
F. meridionale from Argentina, Brazil, and other parts of 
the world including Europe, China, and Mexico (Scoz et al. 
2009; Astolfi et al. 2012; Sampietro et al. 2011; Desjardins 
and Proctor 2011; Boutigny et al. 2014) suggested a very 
strong association of this species to NIV genotype. However, 
our results showed that all strains of F. meridionale stud‑
ied were characterized as a DON/NIV genotype and were 
either non‑toxin producers or NIV producers by chemical 
analysis. Some studies reported the presence of DON/NIV 
genotype in different species of FGSC. Furthermore, iso‑
lates of this genotype showed different chemical profiles 
(Del Ponte et al. 2022; Lee et al. 2012; Sampietro et al. 2013; 
Reynoso et al 2011). Moreover, Barros et al. (2012) found 
that all F. meridionale strains isolated from Argentinian soy‑
bean grain showed the DON/NIV genotype. However, these 
DON/NIV isolates of F. meridionale produced detectable 
DON and NIV levels and only DON by chemical analysis. 
Further studies will be necessary in order to characterize the 
F. meridionale DON/NIV strains.

The fact that F. verticillioides was the most prevalent 
species found on maize samples and that most of the iso‑
lates were able to produce FB1 was to be expected that over 
85% of the maize samples were naturally contaminated with 
fumonisins, being FB1 the predominant toxin. Piñeiro et al. 
(1997) studied the levels of fumonisins in unprocessed corn 
kernels form Uruguay; their results showed average con‑
tamination levels with FB1 of 963 µg/kg, with a range from 
ND to 3688 µg/kg, with 50% of contaminated samples with 
FB1, and no contaminated samples with FB2. Although their 
results are based only on 22 samples, both surveys show that 
FB1 contamination of maize grains is frequent in Uruguay, 
and it is frequently found at high levels. Also, our results 
are similar to those reported for maize in other parts of the 
world (Garrido et al. 2012; Scussel et al. 2014; Udovicki 
et al. 2018; Yli‑Mattila and Sundheim 2022) and support the 
idea that this crop is very prone to fumonisin contamination 
(Ponce‑García et al. 2018).

In Uruguay, maize is principally used for feeding cattle, 
dairy cattle, poultry, and swine. Considering currents inter‑
national reglementations, the levels found on 24% (n = 15) 
of the samples from 2018 and 10% (n = 6) of the samples 
from 2019 are higher than those recommended by CAC 
(2019) for food and feed (4000 µg/kg FB1 + FB2), and only 
one sample exceeded China recommended levels (GB 13078, 
2017) in maize grain and maize by‑products for animal feed 
(60,000 µg/kg FB1 + FB2). Despite the similar incidence of 
F. verticillioides in both years of study (44% and 30% in 2018 
and 2019, respectively), the levels of fumonisins were much 
higher in 2018 compared to 2019. This could be explained by 
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fumonisin production being very variable among strains and 
that environmental conditions play an important role in its 
production (Munkvold and Desjardins 1997).

The levels of DON and ZEN found in the present study 
were similar when compared to the reports from maize of the 
region (Castañares et al. 2019; Mendes de Souza et al. 2013). 
Only the DON levels present in 6% (n = 7) of samples exceed 
the recommended levels in Uruguay for swines and equines 
(1000 μg/kg). No samples exceed the levels for raw materials 
destined for the production of animal feed (10,000 μg/kg) 
(MGAP resolución S/N/001 2001; FDA 2010). Consider‑
ing levels of ZEN, 11% (n = 13) of the samples exceeded 
the recommended levels in Uruguay of 250 μg/kg. It could 
be explained by the low incidence of FGSC (3%) in both 
years studied.

Chemical applications to control Fusarium ear rot are not 
a widely used practice, and few studies have demonstrated 
the efficacy of synthetic fungicide to control Fusarium ear 
rot in maize, especially against Fusarium fujikuroi species 
complex (Masiello et al. 2019; Tava et al. 2021). This study 
provides new information on the sensitivity of the two main 
toxigenic Fusarium species associated with Fusarium ear 
rot of maize to different fungicides commonly used in other 
crops. Sensitivity of F. verticillioides Uruguayan isolates to 
tebuconazole, metconazole, and carbendazim was similar 
to those reported by other authors years ago in other geo‑
graphical regions (Ivić et al. 2011; Marin et al. 2013). No 
reported data was found on sensitivity of F. verticillioides 
to epoxiconazole.

Metconazole was the most effective fungicide to inhibit 
growth of F. graminearum s. s. isolates in this study, fol‑
lowed by carbendazim, despite some reports mentioning the 
occurrence of resistant field strains to benzimidazole fungi‑
cides in other crops (Brent and Hollomon 2007; Chen et al. 
2007; Liu et al. 2010). However, our results showed EC50 
values higher than 0.362 mg/l and 0.320 mg/l for metcona‑
zole, which were the highest values reported by Garmendia 
et al. (2018b) for isolates of F. graminearum s.s from barley 
in Uruguay and Spolti et al. (2014) from wheat in Brazil, 
respectively.

Results showed significant differences in sensitivity of 
two important Fusarium toxigenic species to four fungi‑
cides commonly used, with F. verticillioides being more 
sensitive to fungicides than F. graminearum s. s. These 
differences are probably due to long‑term exposure of F. 
graminearum s. s. strains to different classes of fungicides; 
thus, F. graminearum s. s. is known to be the most frequent 
pathogen on barley and wheat in Uruguay, causing severe 
Fusarium head blight (Umpiérrez‑Failache et al. 2013; Gar‑
mendia et al. 2018b). These crops, especially wheat, are 
usually treated with fungicides to control this disease. On 
the other hand, F. verticillioides appears here as the most 
important contaminant of maize, but generally in Uruguay, 

farmers produce maize primarily to feed their animals, so 
no fungicide is applied.

The in vitro assay on fungicides available in the market 
allowed us to select the most effective chemical against the 
most occurring pathogenic and toxigenic fungi on maize. 
Results of fungicide assays should be taken into account 
to design experiments in the field to confirm in vitro tests.

In conclusion, this is the most extensive study that 
reports Fusarium species associated with maize kernels 
in Uruguay and the presence of Fusarium toxins on grain 
samples. This knowledge is an important step for develop‑
ing management strategies to minimize Fusarium infection 
and the presence of their toxins in maize. To this purpose, 
it was determined that the most effective fungicide for the 
control of the Fusarium species analyzed is metconazole. 
However, it is important to continue studying the sensitivity 
of Uruguayan Fusarium strains to fungicides, considering 
this an important strategy to control the disease in the field 
and improve crop sustainability.
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