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ABSTRACT 

 

DUFFECK, Maíra Rodrigues, D.Sc., Universidade Federal de Viçosa, September, 2020.          
Survey, experimental and simulation-based approaches for understanding the risks of          
yield losses and mycotoxin contamination to improve regional management of Fusarium           
head blight in wheat. ​Adviser: Emerson Medeiros Del Ponte. 
 

 

Fusarium head blight (FHB) is a major disease of wheat, barley and other small grain cereals                

due to contamination of grain with mycotoxins produced by the pathogenic fungus. The first              

chapter focused on quantifying and assessing the spatial variability of mycotoxins presented            

in commercial wheat grain samples in Brazil, as well as evaluating the accuracy and precision               

of immunoassay kits compared with the reference chromatographic method. The mycotoxins           

deoxynivalenol (DON), zearalenone (ZEA) and ochratoxin A (OTA) were quantified in wheat            

grain samples collected in 2015 across 78 locations in the states of Paraná, Rio Grande do Sul,                 

and São Paulo. The OTA mycotoxin was not found in the samples by both methods. The                

overall mean levels of DON and ZEA quantified by the reference method was 795.2 μg kg​-1                

and 79.78 μg kg​-1​, respectively. The ZEA levels estimated by the immunoassay agreed with              

the reference method, while DON levels were overestimated. In the second chapter, I             

employed a model-based approach to estimate the relative wheat yield losses due to FHB, and               

predict economic scenarios for fungicides application. First, a ​review of the literature on             

fungicide efficacy evaluated in Brazilian field trials was conducted to obtain FHB-yield data             

and explore their relationship following a meta-analytic method. ​Based on the median of             

maximum yields across trials, the studies were grouped into low (​Yl ≤ 3,631 kg ha​-1​) or high                 

(​Yh > 3,631 kg ha​-1​) baseline yields. Population-average intercepts, but not the slopes, differed              

between ​Yl (2,883.6 kg ha​-1​) and ​Yh (4,419.5 kg ha​-1​) baselines yields and the damage               

coefficients were 1.60%​-1 and 1.05% ​-1​, respectively. Our modeling of yield losses due to FHB              

in a 28-year period (1980 to 2007) showed that the magnitudes and trends obtained in this                

study were in general agreement with literature reports. The profitability of fungicide spray             

tended to increase in general after the 1990s, when a single fungicide spray (but not often two                 

sprays) was more likely to pay off. In the third chapter, 421 ​Fusarium isolates from naturally                

FHB-infected spikes of different small grain hosts obtained across Pennsylvania (PA) in 2018             

and 2019 were identified by molecular methods, using a FGSC-specific primer. The toxigenic             

potential of this isolates, ​as well as an additional set of 77 ​F. graminearum isolates from                



 

overwintering crop residues during the Winter 2012​, were determined with a ​multiplex PCR             

assay that amplified portions of the ​TRI3 and ​TRI12 genes. A subsample of 31 ​F.               

graminearum isolates, 16 of the 3ADON and 15 of the 15ADON type, were assessed for their                

reproductive fitness and sensitivity to triazole-based fungicides. Results showed that ​F.           

graminearum accounted for 97% of the FHB pathogen profile in PA, wherein 95.7%, 3.7%,              

and 0.6% of these isolates possessed the 15ADON, 3ADON and NIV trichothecene genotype.             

The frequency of the toxin types did not differ among sampled hosts nor years. The two                

genotypes could not be differentiated for most of the saprophytic traits based on multivariate              

analysis. All isolates were sensitive to tebuconazole and metconazole fungicides ​in vitro​. The             

results obtained in these studies contribute to advance knowledge of an important disease to              

both countries and may serve as a basis to improve regional management strategies.  

 

Keywords: ​Triticum aestivum​. ​Fusarium graminearum ​. Trichothecenes. Deoxynivalenol.       

meta-analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

RESUMO 

 

DUFFECK, Maíra Rodrigues, D.Sc., Universidade Federal de Viçosa, setembro de 2020.           
Utilização de abordagens experimentais e de simulação na compreensão dos riscos de            
perdas de produtividade e contaminação por micotoxinas visando melhorar o manejo           
regional da giberela em trigo.​ Orientador: Emerson Medeiros Del Ponte.  
 

 

A giberela é uma das principais doenças do trigo, cevada e outros cereais de inverno devido à                 

contaminação dos grãos com micotoxinas produzidas pelo patógeno. O primeiro capítulo teve            

como objetivo quantificar e avaliar a variabilidade espacial das micotoxinas apresentadas em            

amostras comerciais de grãos de trigo no Brasil, bem como avaliar a acurácia e precisão dos                

kits de imunoensaio em comparação com o método cromatográfico de referência. As            

micotoxinas deoxinivalenol (DON), zearalenona (ZEA) e ocratoxina A (OTA) foram          

quantificadas em amostras de grãos de trigo coletadas em 2015 em 78 cidades nos estados do                

Paraná, Rio Grande do Sul, e São Paulo. OTA não foi encontrada nas amostras por ambos os                 

métodos. Valores médios de DON e ZEA quantificados pelo método de referência foram             

795,2 μg kg ​-1 e 79,78 μg kg ​-1​, respectivamente. Níveis de ZEA estimados pelo imunoensaio              

concordaram com o método de referência, enquanto os níveis de DON foram superestimados.             

No segundo capítulo, uma abordagem de modelagem foi utilizada para estimar as perdas de              

produtividade do trigo devido à giberela e prever cenários econômicos para aplicação de             

fungicidas. Para isso, dados de produtividade de trigo e severidade da doença foram obtidos              

através de uma revisão sistemática, e os estudos foram classificados em grupos de baixa (​Yl ≤                

3.631 kg ha​-1​) ou altas (​Yh ​> 3.631 kg ha​-1​) produtividades com base na mediana dos               

rendimentos máximos entre os ensaios. Um modelo meta-analítico foi utilizado para avaliar a             

heterogeneidade da relação entre doença e produtividade. Os interceptos médios estimados,           

mas não os slopes, diferiram entre os grupos ​Yl (2.883,6 kg ha​-1​) e ​Yh (4.419,5 kg ha​-1​), com                  

coeficientes de dano médio estimados de 1,60%​-1 e 1,05% ​-1​, respectivamente. Simulações de            

perdas de produtividade do trigo devido à giberela em um período de 28 anos (1980 to 2007)                 

obtidas neste estudo concordaram com os relatos da literatura. De maneira geral, a             

lucratividade da aplicação de fungicida aumentou após a década de 1990, quando uma única              

aplicação de fungicida apresentou uma probabilidade maior de lucro em relação a duas             

aplicações. No terceiro capítulo, 421 isolados de ​Fusarium obtidos a partir de espigas de              

diferentes hospedeiros no estado da Pensilvânia (PA) em 2018 e 2019, foram identificados             



 

por métodos moleculares, utilizando de um par de primer específico para FGSC (complexo de              

espécies ​Fusarium graminearum ​). O potencial toxigênico destes isolados, bem como um           

conjunto adicional de 77 isolados de ​F. graminearum obtidos de restos culturais durante o              

inverno de 2012, foram determinados através de um ensaio de PCR multiplex que amplificou              

porções dos genes ​TRI3 e ​TRI12​. Uma subamostra de 31 isolados de ​F. graminearum ​, 16 do                

tipo 3ADON e 15 do tipo 15ADON, foram avaliados quanto à sua aptidão reprodutiva e               

sensibilidade a fungicidas à base de triazóis. Os resultados mostraram que 97% dos isolados              

foram identificados como ​F. graminearum ​, sendo que 95,7%, 3,7%, e 0,6% destes isolados             

possuem o genótipo tricoteceno 15ADON, 3ADON e NIV, respectivamente. Os isolados dos            

dois genótipos não puderam ser diferenciados para a maioria das características saprófitas            

com base na análise multivariada. Todos os isolados foram sensíveis aos fungicidas            

tebuconazol e metconazol ​in vitro​. Os resultados obtidos nesses estudos contribuem para o             

avanço do conhecimento de uma doença importante para os dois países e podem servir de               

base para o aprimoramento das estratégias de manejo regional. 

 

Palavras-chave: ​Triticum aestivum​. ​Fusarium graminearum ​. Tricotecenos. Deoxynivalenol.       

meta-análise.  
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GENERAL INTRODUCTION 

 

Fusarium head blight (FHB) is a major flowering disease of wheat, barley, and other              

small-grain cereals caused by ​Fusarium species. Since its resurgence during the early 1990s,             

FHB epidemics have contributed to significant crop losses in small grains, the fungus causes              

physical damage to kernels that are reduced in size and weight. In addition, infected grains               

that are not eliminated during harvest are contaminated with mycotoxins produced by the             

fungus during host infection and colonization. The lack of more effective pre-harvest            

management strategies to reduce mycotoxin contamination, which depend on host genetic           

resistance and chemical control, have led many countries or regions to establish maximum             

tolerated limits to protect consumers. 

Species of the ​Fusarium graminearum ​species complex (FGSC) are the main causal            

agent of FHB worldwide. One of them, ​F. graminearum sensu stricto, is the most dominant               

globally. ​F. graminearum isolates are capable of producing several mycotoxins but special            

attention has been given to zearalenone (ZEA) and type B-trichothecenes, including           

deoxynivalenol (DON) and nivalenol (NIV) that are detected at leves considered unsafe for             

both for human and animal consumption. Therefore, FHB pathogens represent both a food             

security and a food safety threat. 

In Brazil, decadal variability in the climatic patterns in the main wheat-growing region             

in the South has been linked to variations in FHB risk over several dozen years according to                 

simulation modeling. The increase in the frequency of more severe FHB epidemics after the              

1990s raised concerns about the magnitude of yield losses that were estimated, in small plots               

experiments, to ​increase from 5.4% during the period 1984 to 1994 to 21.6% after the 2000s.                

Additionally, surveys on ​Fusarium ​mycotoxins showed the increased levels of mycotoxin           

contamination in small-grain cereals and their by-products in Brazil. In this context, DON has              

been the prevalent mycotoxin associated with grain samples ​in studies conducted in the             

current decade, ​with 30% of them showing mycotoxin levels ​above the maximum tolerated             

limits that have been promulgated in Brazil. NIV and ZEA have also been found to be                

common grain contaminants. However, considerable variation has been found across sampled           

years and locations, which may be explained partially due to a variety of analytical methods               

used to quantify the toxins which differ in accuracy and detection limits. Thus, monitoring              

and reporting of the occurrence of ​Fusarium toxins in commercial wheat grain and             

by-products in Brazil, as well as the comparisons among different analytical methods methods             

used to quantity toxin levels is warranted. 
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In the context of crop losses due to diseases, knowledge of the diversity and              

composition of the pathogen population is fundamental to adjust disease management           

especially when the population can be highly variable and prone to genetic shifts that further               

shape pathogenic and toxigenic traits. In this context, continuous surveillance is important to             

rapidly detect variations in FHB pathogen populations, which may have practical implications            

for the durability of the implemented FHB control tactics since individuals may be selected              

for or against depending on the tactic employed. Reports of shifts in FHB pathogen              

populations from Canada and the Upper Midwest region of the U.S. motivated the research              

conducted in the third study of this thesis, regarding the current distribution of ​Fusarium              

species causing FHB in all wheat-growing regions of Pennsylvania. 

This dissertation is structured as a series of three studies. The first study used a               

survey-based approach to tested the hypotheses of co-occurrence of DON and ZEA            

mycotoxins in commercial wheat in Brazil, and that the immunoassay kits may present similar              

accuracy and precision as chromatographic methods regarding mycotoxin levels detection. In           

the second study, a model-based approach was used to test the hypothesis that yield losses in                

Brazilian spring wheat due to FHB was greater after the 1990s with more frequency of               

profitable scenarios for fungicide application. In a third study, conducted during my Visiting             

Scholar period at The Pennsylvania State University, USA, field survey and experimental data             

were used to determine species diversity and toxigenic profile of FHB pathogens in             

Pennsylvania, as well as characterized the populations based on reproductive and triazole            

sensitivity profiles.  
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CHAPTER 1 

 

Survey of mycotoxins in Southern Brazilian wheat and evaluation of immunoassay 

methods 

 

This chapter is published: Duffeck, M. R., Tibola, C. S., Guarienti, E. M., and Del Ponte, E.                 

M. 2017. Survey of mycotoxins in Southern Brazilian wheat and evaluation of immunoassay             

methods. Scientia Agricola. DOI:10.1590/1678-992x-2016-0263. 

 

ABSTRACT 

One hundred commercial wheat grain samples were collected during the 2015 season across             

78 municipalities in the states of Paraná (PR), Rio Grande do Sul (RS), and São Paulo (SP),                 

Brazil. Separate subsamples were analyzed for the concentration of deoxynivalenol (DON),           

zearalenone (ZEA) and ochratoxin A (OTA) mycotoxins using two methods:          

UHPLC-MS/MS (reference method) and a commercial enzyme-linked immunosorbent assay         

(ELISA) (AgraQuant® ). The OTA mycotoxin was not found in the samples by both methods.              

DON and ZEA were detected in 55% and 39% of the samples by the reference method, with                 

overall mean levels of 795.2 μg kg​-1 and 79.78 μg kg​-1​, respectively. There was a significant                

and positive correlation (Spearman rank) between DON and ZEA estimates by the reference             

method ( ​r ​= 0.77, ​P < 0.001). The DON levels estimated by the immunoassay agreed poorly                

with the reference, being largely overestimated. Based on a cut-off level of 1000 μg kg​-1​, the                

immunoassay correctly classified 57 samples as true negatives and 15 as true positives. Only              

28 were classified as false positives. For ZEA, the levels estimated by the two methods were                

in better agreement than for DON. Using the cut-off level of 200 μg kg​-1​, 96% of the samples                  

were classified correctly as true positives and only one sample was classified as false positive.               

The levels for both mycotoxins were mostly acceptable for human consumption. Further            

studies should focus on multi-toxin methods compared with immunoassays to understand the            

reasons of overestimation and the role of immunoassays as a cost-effective solution for fast              

screening of mycotoxins in the food chain. 

 

Keywords: ​ ​Triticum aestivum​, UHPLC, ELISA, trichothecenes, ochratoxin 
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INTRODUCTION 

Fusarium head blight (FHB) is a fungal disease of major concern to wheat production.              

In Brazil, the disease is caused by members of the ​Fusarium graminearum species complex              

(FGSC), which infect wheat florets and contaminate grains with dangerous mycotoxins (Del            

Ponte et al. 2015). These fungi are able to synthesize a range of mycotoxins such as                

trichothecenes, mainly deoxynivalenol (DON), and zearalenone (ZEA) (Bryden 2012).         

Ochratoxin A (OTA) is not a ​Fusarium ​mycotoxin, but it is found in grain stored under                

inadequate conditions and infected by ​Aspergillus​ and ​Penicillium​ species (Ghali et al. 2008). 

In order to mitigate the harmful effects of mycotoxins on public health, maximum             

limits have been established to reduce ​Fusarium mycotoxins around the world (Cheli et al.              

2014), including Brazil (ANVISA 2011). Surveys on mycotoxins in commercial Brazilian           

wheat grain and byproducts provide critical information for growers to assess the impact of              

control measures as well as to inform consumers and policy makers on the mycotoxin risks               

(Furlong et al. 1995, Oliveira et al. 2002, Calori-Domingues et al. 2007, Del Ponte et al. 2012,                 

Tralamazza et al. 2016). Among the quantitative methods for mycotoxin analysis, the most             

specific and sensitive ones include the ultra-high performance liquid chromatography-tandem          

with triple quadrupole mass spectrometry (UHPLC-MS/MS), liquid chromatography coupled         

to mass spectrometry (LC-MS) and gas chromatography coupled to mass spectrometry           

(GC-MS) (Shephard et al. 2011). However, high costs are limiting factors for their use in               

routine for processing large number of samples (Lattanzio et al. 2009, Xu et al. 2010).               

Commercial kits based on enzyme-linked immunosorbent assays (ELISAs) are widely used           

for screening commodities and foods, given their low cost and easy operation (Lattanzio et al.               

2009). Although these assays allow high throughput, disadvantages related to antibody           

cross-reactivity can lead to overestimation of the targeted mycotoxin compared to a reference             

(chromatographic) method (Berthiller et al. 2013, Liu et al. 2012). The main objective of this               

study was to quantify and assess the spatial variability of DON, ZEA and OTA in commercial                

grain harvested in southern Brazil, in the 2015 season, using UHPLC-MS/MS. A secondary             

objective was to evaluate commercial immunoassay kits targeting the three mycotoxins based            

on the accuracy, precision and validity of the estimates compared to the reference method. 

 

MATERIALS AND METHODS 

Survey area and sampling 

Grain samples were collected from the harvest of commercial wheat fields in            

wheat-growing regions in southern Brazil where FHB occurs frequently. The samples (10 kg)             
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were collected in 78 municipalities randomly chosen in the main producing regions of Paraná              

(PR, 60% of the samples), Rio Grande do Sul (RS, 35%) and São Paulo (SP, 5%) States (Fig.                  

1B). In most cases, one sample was obtained per municipality, but in eight municipalities, two               

samples were collected. Municipalities that provided more than two samples were Carambei            

(​n = 4), Imbau (​n = 6) and Tibagi ( ​n = 7), all in Paraná State. Cooperatives of local growers                    

and private industry provided the samples, which were collected at the storage facilities. The              

sampling procedures followed the protocols adopted by the provider. The moisture content            

across the samples ranged from 12% to 14%. 

 

UHPLC and immunoassay mycotoxin quantification 

Two subsamples (300 g) were obtained for the analyses of DON, ZEA and OTA using               

two different methods. One subsample was sent for chemical analysis by a commercial and              

certified laboratory (Santa Maria, RS) where the three mycotoxins were analyzed by            

UHPLC-MS/MS with an automated extraction, clarification and derivation, as described in           

Varga et al. (2012). The method has the following limits of quantification and recovery ratio:               

200 μg kg ​-1 and 80% for DON, 20 μg kg​-1 and 85% for ZEA and 2 μg kg ​-1 and 80% for OTA.                      

Another subsample was analyzed for the same three mycotoxins using a commercial direct             

competitive enzyme-like immunosorbent assay (ELISA) kit (AgraQuant®). The limit of          

detection (LOD) and the limit of quantification (LOQ) in this test were 200 μg kg​-1 and                

250-5000 μg kg ​-1​, respectively. Extraction procedure, calibration and reading were performed           

according to manufacturer instructions. Details were described by Zheng et al. (2004). 

 

Statistical analysis 

Descriptive statistics were used to summarize frequency and central tendency          

measures of the mycotoxin data from all samples. The frequency of the number of positive               

detections (above the detection limit) was compared between samples from RS and PR and              

SP combined using the test (​P < 0.05). Geographic maps were made to show the origin    χ2              

and the mean concentration levels of each mycotoxin aggregated by municipality. The            

correlation between levels of two mycotoxins was assessed using the Spearman rank            

correlation coefficient because the data normality could not be assumed. The accuracy            

(systematic and constant bias) and precision of estimates by immunoassay, compared to those             

by UHPLC, used as reference, were determined by the components of Lin's concordance             

correlation analysis (LCC) (Lin 1989). Absolute errors of the estimates by the immunoassay             

were also calculated. 
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In addition, the estimates by the two methods were categorized into two classes based              

on a cut-off level of 1000 μg kg​-1 and 200 μg kg​-1 for DON and ZEA respectively, both                  

determined based on the current legislation for each mycotoxin in wheat (ANVISA 2011).             

The number of cases in each category according to the cut-off, determined by each method,               

was related to one another and the validity (sensitivity and specificity) of the immunoassay              

compared to the reference method (UHPLC) was calculated based on the false positive rate,              

false negative, true positive and true negatives. Non-parametric tests were used to compare             

the mean DON and ZEA levels between the two states (Mann-Whitney test) and between the               

two methods (Wilcoxon test) (​P​ < 0.05) because normality could not be assumed. 

 

RESULTS 

UHPLC analysis of mycotoxins 

OTA mycotoxin was not found in the samples. DON was detected in 55% of the               

samples, with levels ranging from 200 (detection limit) to 2,743 μg kg​-1 in the positive               

samples, with a mean (median) of 795.2 and 682.8 μg kg​-1 in these positive samples. When all                 

samples were considered in the calculation (including negatives), the mean and median values             

were 437.4 and 210.4 μg kg​-1​, respectively.  

The frequency of positive DON detections varied between samples from RS (33 in 35)              

and PR+SP (22 in 65) States (Fig. 1B). The mean (median) DON levels in the positive                

samples were 685.1 (557.5) μg kg​-1 in RS (​n = 33) and 960.3 (854.0) μg kg​-1 in PR+SP States                   

(​n = 22), respectively. When all samples were used in the calculation, the mean (median) of                

DON levels were 646.1 (479.4) μg kg​-1 in RS (​n = 35) and 325.0 (0) μg kg ​-1 in PR+SP States                    

(​n​ = 65), respectively (Fig. 1A). 

In only 15 samples, five from RS and ten from PR, DON levels were > 1000 μg kg​-1                  

(Fig. 1A). In RS, higher DON levels were found in locations from the Planalto region, while                

in PR State, higher contamination was found in the southeastern region at levels similar to               

those found in RS. Most samples from western PR and SP State were not contaminated with                

DON (Fig. 1B). 

ZEA was detected in 39% of the samples, with an overall mean (median) of 79.78               

(35.90) μg kg​-1 in the positive samples. The relative frequency of positive ZEA detections was               

also higher in RS (25 in 35) than in PR (14 in 65). Mean (median) ZEA levels were 60.94                   

(34.4) μg kg​-1 in the 25 positive samples of RS and 113.4 (94.8) μg kg​-1 in the 14 positive                   

samples of PR (Fig. 2A). ZEA was not detected in SP State. Only three samples (2 from PR                  

and 1 from RS) showed levels of ZEA > 200 μg kg​-1 (Fig. 2A). The spatial variation of the                   
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ZEA levels followed that of DON levels (Fig. 2B). Overall, there was a significant and               

positive correlation (Spearman rank) between DON and ZEA determined using UHPLC (​r ​=             

0.77, ​S ​ = 36728, ​P​ < 0.0001).  

 

 

 

Figure 1. ​A ​, Boxplot for the distribution of deoxynivalenol (DON) levels (μg kg​-1​) estimated              
by UHPLC method in commercial wheat samples from Paraná and São Paulo (PR + SP)               
(north) States and Rio Grande do Sul (RS, south) State. ​B​, The circle represents the               
geographic location of each 78 municipalities and its size is proportional to the mean DON               
levels for the location. The darker grey circle represents locations with mean DON above the               
1,000 μg kg ​-1​ threshold.  



20 

 

Figure 2. ​A ​, Boxplot for the distribution of zearalenona (ZEA) levels (μg kg​-1​) estimated by               
the UHPLC method in commercial wheat samples from Paraná and São Paulo (PR + SP)               
(north) States and Rio Grande do Sul (RS, south) State. ​B, The circle represents the               
geographic location of each 78 municipalities and its size is proportional to the mean ZEA               
levels for the location. The darker circle represents locations with mean ZEA above the 200               
μg kg ​-1​ threshold (B). 
 

Immunoassay analysis of mycotoxins 

OTA was not found with the direct competitive immunoassay, agreeing with results of the              

UHPLC analysis. Conversely, DON was detected in all samples when the immunoassay was             

used, differing from UHPLC. There was only one sample in which DON was not detected by                

both methods. In 44 samples where DON levels were below the detection limit based on               
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UHPLC analysis, DON levels determined by immunoassay averaged 690 μg kg​-1 (190 to 1490              

μg kg ​-1​); eight samples showed DON levels > 1000 μg kg​-1​. 
The mean (median) of DON estimated by the immunoassay for all samples was             

1274.5 (800) μg kg​-1​, which was significantly higher than the mean (including all samples)              

levels measured by UHPLC (437.3 μg kg​-1​) (Fig. 3A). In 43% of the samples, DON was                

greater than 1000 μg kg​-1​. There was no difference (​P > 0.05) in the mean DON levels in the                   

samples from RS (1792.4 μg kg​-1​) and PR+SP States (1824.54 μg kg ​-1​). 
ZEA levels were similar between the two methods, although the frequency of positive             

detection was higher using UHPLC (39%) when compared with the immunoassay (27%). The             

mean estimated ZEA levels were 31.11 and 35.94 μg kg​-1 for UHPLC and the immunoassay,               

respectively (Fig. 3B), and did not differ statistically (​P​ > 0.05). 

 

Accuracy and validity of immunoassay 

The estimates of DON levels by immunoassay showed good precision (​r = 0.87). However,              

there were large positive deviations from the UHPLC estimates in 54% of the samples, which               

resulted in low accuracy ( = 0.57) and moderate overall concordance between the two    Cb           

methods (  = 0.5; 95% : 0.42 - 0.58) (Fig. 3C).cρ IC   

For samples classified as accepted or rejected based on the cut-off level of 1000 μg               

kg ​-1​, immunoassay correctly classified 57 samples as true negative (correctly accepted) and 15             

as true positives (correctly rejected). There were 28 false positives (incorrectly rejected) and             

no false negative (incorrectly accepted) (Fig. 3C). The immunoassay test showed 72% of             

accuracy, 35% of sensitivity and 100% of specificity. 

ZEA levels estimated by immunoassay were less precise than those estimated for            

DON (​r ​= 0.79), but they were more accurate ( = 0.91), resulting in a higher overall         Cb        

concordance among results by the two methods compared to DON ( = 0.72; 95% : 0.67          cρ     IC   

- 0.77) (Fig. 3D). Based on a 200 μg kg​-1 threshold, 96% of the samples were classified                 

correctly as true positive and only one sample was classified as false positive (Fig. 3D). False                

negative values were not found either. The immunoassay presented 99% of accuracy, 75% of              

sensitivity and 100% of specificity. The errors of the estimated DON by immunoassay and              

UHPLC were mostly positives in high magnitude > 3000 μg kg​-1 (Fig. 3E). On the other hand,                 

ZEA errors by immunoassay were both negative and positive < 150 μg kg​-1​ (Fig. 3F). 
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Fig. 3. A, Boxplot for the distribution of deoxynivalenol (DON), and ​B, zearalenone (ZEA)              
levels (μg kg​-1​) obtained by the reference method (UHPLC) and commercial immunoassay            
(ELISA) methods (AgraQuant®). Relationship between concentration of ​C, DON and ​D,           
ZEA estimated by the UHPLC and immunoassay methods. In ​C ​and ​D ​, the samples were               
classified as true negative (triangle), true positives (square) and false positives (circle)            
considering the threshold of 1000 μg kg​-1 for DON and 200 μg kg​-1 for ZEA. Frequency of                 
samples by ranges of absolute errors (μg kg​-1​) of the estimates to ​E, DON and ​F, ZEA by                  
immunoassay in relation to the concentration determined by the reference method. 
 

DISCUSSION 

 

This study updated critical data on the occurrence and spatial distribution of two             

important ​Fusarium mycotoxins in commercial wheat grain produced in the main growing            
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regions in Brazil. Results suggested that the DON and ZEA levels in commercial wheat were               

generally safe. Only a relatively small percentage showed contamination levels above the            

threshold, considering the reference (UHPLC) method. The DON levels determined in our            

study are in agreement with previous reports in the country, using chromatography methods.             

However, year-to-year (or decades) and region-to-region variations are expected, given the           

strong dependence on seasonal weather conditions as well as management practices that            

contribute to suppress the disease and mycotoxin levels (Del Ponte et al. 2009). For example,               

Furlong et al. (1995), two decades earlier, analyzed 38 samples of commercial wheat grain              

and found DON in 55% of the samples, but at lower mean and range (400 to 590 μg kg​-1​) than                    

those found in our study. The analyses of 50 Brazilian and 50 imported wheat samples               

showed mean DON levels of 332 μg kg​-1 and 90 μg kg ​-1​, in 94% and 88% of the samples,                   

respectively (Calori-Domingues et al. 2007). More recently, using LC-MS/MS, 12 in 64            

commercial wheat samples showed DON > 1000 μg kg​-1 and an average of 540 μg kg​-1 was                 

found across three growing seasons (2009 to 2011) (Del Ponte et al. 2012). These results were                

similar to the median value (437.3 μg kg​-1​) found in this study, including all samples. We                

found that DON was significantly higher in samples from RS compared to those from PR,               

when all samples are taken into account. This is in agreement with a previous study that                

reported mean DON ranging from 426 to 453 μg kg​-1 in samples from PR and SP States, and                  

1200 μg kg ​-1​ in samples from RS, all from the 2012 season (Tralamazza et al. 2016). 

We found ZEA at lower levels than DON levels and only in samples where DON was                

also present, being 14 samples from PR and 25 samples from RS. The co-occurrence of both                

toxins has been reported previously in the country (Tralamazza et al. 2016). Although ZEA is               

an important mycotoxin produced by members of the FGSC, few studies report its occurrence              

in Brazilian wheat (Tibola et al. 2015, Tibola et al. 2016). It is known that ZEA co-occur with                  

DON especially when produced by FGSC isolates (Tangni et al. 2010), which is indeed the               

main pathogen in Brazil and a known ZEA producer (Geraldo et al. 2006). The ZEA levels                

found in our study are similar to those reported in previous studies on commercial wheat from                

Brazil (RS, 70.9 μg kg​-1​ and PR, 57.9 μg kg ​-1​) (Tralamazza et al. 2016). 

OTA is produced by species of ​Aspergillus and ​Penicillium​, which commonly grow            

during grain storage (Duarte et al. 2010). The absence of OTA in our study may be due to                  

short storage time and good conditions, which may not have favored growth of these fungi.               

OTA is an important target due to its frequent report in cereal food and feed products such as                  

rice and wheat (González et al. 2006, Ghali et al. 2008). In Brazil, OTA has been reported in                  

corn and rice samples (Machinski et al. 2001). 
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The DON levels estimated by immunoassay were generally higher than those           

estimated by chromatography, which would result in considerable increase in the rejections            

based on the current regulation. Overestimation of ​Fusarium mycotoxins by immunoassays           

was known from previous studies targeting DON in other countries (Meneely et al. 2011,              

Lattanzio et al. 2009). An essential requirement for an immunoassay is the antibody             

specificity. Many studies described the successful production of monoclonal or polyclonal           

antibodies against the trichothecenes, but often the cross-reactivity profile is not ideal and can              

lead to overestimation and increased uncertainty in the measurements (Meneely et al. 2011).             

This is true for DON where most literature highlights that antibodies raised against             

deoxynivalenol show strong cross-reactivity to 3-acetyldeoxynivalenol,      

15-acetyldeoxynivalenol or both (Meneely et al. 2011). The antibodies designed for DON            

may also cross-react against DON-3-β-glucoside (DON-3G) and monoacetylated derivatives         

(3ADON) (Tangni et al. 2010). The presence of acetylated DON derivatives (15ADON and             

3ADON) has been generally reported together with DON, especially in cereals, although at             

relatively lower levels than DON levels (Berthiller et al. 2013). 

Using an immunoassay in Brazil, Santos et al. (2013) quantified DON levels in wheat              

samples from Paraná State and reported 66% of positive samples at levels ranging from 206.3               

to 4732.3 μg kg​-1 (mean 1894.9 μg kg​-1​). These levels are similar to those found in our study                  

using immunoassay, but no comparison was made with a reference method in that study. In               

southern Brazil, FHB is caused by ​F. graminearum strains that potentially produce 15ADON,             

but also ​F. meridionale that produces nivalenol, and a few other species that produce 3ADON               

(Del Ponte et al. 2015, Nicolli et al. 2015). Further studies should focus on the analysis of                 

acetylates, glucosilates and other masked forms, which are known to be related to             

mechanisms of plant resistance. Considering that acetylates and conjugates are also           

toxicologically important, immunoassay results are useful for fast screening of DON in            

commodities. On the other hand, the ZEA levels estimated by immunoassay were comparable             

to those determined by UHPLC, agreeing with previous findings (Shephard et al. 2011). 

In summary, the results of this study suggested that Brazilian wheat is mostly             

acceptable for human consumption. However, it is important to increase vigilance of            

mycotoxins in wheat because of yearly fluctuations due to climate variability and crop             

management practices. Future studies should focus on multi-toxin methods combined with           

immunoassays to improve the accuracy of the screening methods in routine analyses. 
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CHAPTER 2 

 

Modeling of yield losses and risk analysis of fungicide profitability for managing 

Fusarium head blight in brazilian spring wheat 

 

This chapter is published: Duffeck, M. R., Alves, K. S., Machado, F. J., Esker, P. D., and Del                  

Ponte, E. M. 2019. Modeling yield losses and fungicide profitability for managing Fusarium             

head blight in brazilian spring wheat. Phytopathology. DOI:10.1094/PHYTO-04-19-0122-R. 

 

ABSTRACT 

Fusarium head blight (FHB) and wheat yield data were gathered from fungicide trials to              

explore their relationship. Thirty-seven studies over 9 years and 11 locations met the criteria              

for inclusion in the analysis: FHB index in the untreated check ≥ 5% and the range of index in                   

a trial ≥ 4 percent points. These studies were grouped into two baseline yields, low (​Yl ≤                 

3,631 kg ha​-1​) or high ( ​Yh > 3,631 kg ha​-1​), defined based on the median of maximum yields                  

across trials. Attainable (disease-free) yields and FHB index were predicted using a wheat             

crop and a disease model, respectively, in 280 simulated trials (10 planting dates in a 28-year                

period, 1980 to 2007) for the Passo Fundo location. The damage coefficient was then used to                

calculate FHB-induced yield loss (penalizing attainable yield) for each experiment. Losses           

were compared between periods defined as before and after FHB resurgence during the early              

1990s. Disease reduction from the use of one or two sprays of a triazole fungicide               

(tebuconazole) was also simulated, based on previous meta-analytic estimates, and the           

response in yield was used in a profitability analysis. Population-average intercepts, but not             

the slopes, differed significantly between ​Yl ​(2,883.6 kg ha​-1​) and ​Yh (4,419.5 kg ha​-1​)              

baseline yields and the damage coefficients were 1.60%​-1 and 1.05% ​-1​, respectively. The            

magnitudes and trends of simulated yield losses were in general agreement with literature             

reports. The risk of not offsetting the costs of one or two fungicide sprays was generally                

higher (> 0.75) prior to FHB resurgence, but fungicide profitability tended to increase in              

recent years, depending on the year. Our simulations allowed us to reproduce trends in              

historical losses, and may be further adjusted to test the effect and profitability of different               

control measures (host resistance, other fungicides, etc.) on quality parameters such as test             

weight and mycotoxin contamination, should the information become available. 
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scab  

 

INTRODUCTION 

 

Fusarium head blight (FHB) is a damaging disease of wheat and barley that affects              

yield and contaminates grains with mycotoxins produced by the fungus (Goswami and Kistler             

2004, McMullen et al. 1997)​. FHB has been considered a resurgent problem worldwide since              

the early 1990s, with economic losses estimated around $2.7 billion in the United States over               

a two-decade period (McMullen et al. 2012)​. Similar patterns have been reported in wheat and               

barley regions in South America, where the frequency of FHB epidemics increased during the              

1990s compared with the previous two decades (​Del Ponte et al. 2009, Fernandes 1997,              

Moschini et al. 2013). Two hypotheses for the increase in FHB importance include the wider               

adoption of conservation tillage practices, as well as the increased use of corn-wheat rotations              

in North America and Europe (Landschoot et al. 2013, Schaafsma et al. 2005)​. In Brazil,               

modeling work also showed a significant contribution of climate variability to the resurgence             

of FHB based on analysis of a 50-year weather dataset for a location in southern Brazil (Del                 

Ponte et al. 2009)​. 
The occurrence and intensity of FHB epidemics are driven by the amount of airborne              

inoculum (primarily ascospores) dispersed from both within and outside the field, combined            

with humid conditions around anthesis (McMullen et al. 2012)​. Disease control is best             

achieved through the use of integrated practices, including cultural measures aimed at            

reducing local inoculum, the use of moderately resistant cultivars, and fungicide sprays            

(Wegulo et al. 2011)​. Although chemical fungicides, mainly of the triazole chemistry, have             

been recommended for controlling FHB, the efficacy levels are generally modest and            

influenced by the type of active ingredient, wheat cultivar, number of sprays, and application              

technology (Edwards and Godley 2010, Machado et al. 2017, Paul et al. 2008, Willyerd et al.                

2012)​. 
Coinciding with the resurgence of FHB, research conducted since the mid-1990s has            

focused on evaluating a range of control methods, including host resistance and fungicide             

sprays, all with the explicit goal to reduce mycotoxin contamination and protect wheat yields.              

Thus, these efforts have generated an increased amount of epidemiological data (McMullen et             

al. 2012, Machado et al. 2017, Shah et al. 2018). These large data sets have enabled the use of                   

meta-analytic approaches to study the effects of fungicides on disease control, yield increase             
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and mycotoxin reduction, as well as to explore empirical relationships between FHB index             

and wheat yield or mycotoxin levels (Madden and Paul 2009, Salgado et al. 2011, 2014,               

2015). Meta-analysis has become standard for studying empirical relationships between          

disease and yield data for other diseases such as soybean rust (Dalla Lana et al. 2015),                

soybean white mold (Lehner et al. 2017) and soybean target spot (Edwards Molina et al.               

2018). 

The majority of studies on the relationship between FHB intensity and other variables,             

such as yield, test weight, and mycotoxin contamination have been conducted in the temperate              

regions in North American cropping conditions (Madden and Paul 2009, Salgado et al. 2011),              

where several abiotic and biotic conditions may differ from the subtropics of South America,              

including management practices (Del Ponte et al. 2015, Spolti et al. 2014). In North America,               

the relationship between FHB index and yield has been studied using field trial data obtained               

from multiple location-years to estimate damage coefficients (​Dc ​) (percent reduction in yield            

per percent point increase in FHB index), which varied for winter wheat (Madden and Paul               

2009, Salgado et al. 2015) and spring wheat (Madden and Paul 2009). 

In Brazil, previous efforts to estimate yield losses due to FHB used a destructive              

random sampling of wheat heads in replicated nontreated plots of field experiments to             

estimate attainable yield (weight of disease-free spikes per sample weight) and actual yield             

(sample weight), with losses estimated in both absolute and relative terms. Using this method,              

mean yield losses for the period 1999 to 2010 were estimated at higher levels compared with                

1984 to 1994 (Panisson et al. 2003, Reis et al. 1996, Reis and Carmona 2013). Since the early                  

2010s, significant yield reductions due to FHB have been reported in nontreated plots from a               

network of uniform fungicide trials (UFTs) (Santana et al. 2012, 2014, 2016a,b,c). A recent              

meta-analysis of the effect of fungicides on FHB control and yield using data from several               

sources, including peer-reviewed articles published since the year 2000 and the UFTs data             

from Brazil, explored yield responses and economic benefits from using fungicides. Results            

of that study suggested that a spray of a triazole fungicide could be profitable, depending on                

disease risk, but only taking yield responses, not wheat quality parameters, into account             

(Machado et al. 2017). 

Although several studies have highlighted the impact of FHB on wheat in Brazil, the              

heterogeneity of the functional relationship between FHB intensity and wheat yield has not             

been explored for our conditions. Although knowledge is available for studies conducted in             

North America, it is not known whether the ​Dc are valid for our conditions of high and low                  

baseline yields in spring wheat, a hypothesis that we tested in this study. Once the relationship                
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is established, ​Dc ​could be useful as a non-destructive method for predicting FHB index and               

improving the risk assessment of economic losses due to FHB. 

The primary objective of this study was to model the relationship between a single              

(critical-point) assessment of FHB index and wheat yield data obtained from independent            

studies in order to obtain estimates of ​Dc in a manner similar to other previously published                

studies (Edwards Molina et al. 2018, Lehner et al. 2017, Madden and Paul 2009, Salgado et                

al. 2015). A secondary objective was to use the ​Dc to reconstruct yield losses curves in a                 

28-year time series by coupling wheat yield and disease model, and further calculating the              

profitability of fungicide applications to reduce predicted yield loss, not the quality            

parameters, for a range of wheat prices and fungicide costs for each year. 

 

MATERIALS AND METHODS 

Data source, description, and criteria for inclusion 

A systematic review of peer- and non-peer-reviewed articles and reports published           

after the year 2000 was conducted to identify studies reporting wheat yield and FHB intensity               

data in Brazil. In total, 29 publications reported results from trials conducted at 23 locations in                

southern Brazil spanning a 16-year period (2000 to 2016). Altogether, these locations            

comprise 90% of the total wheat production in Brazil (CONAB 2018). A portion of these data                

has been used in a previous study on the effect of fungicides on disease and yield (Machado et                  

al. 2017). In brief, the studies were conducted following a standard protocol and regional              

recommendations of agronomic practices. FHB disease development was natural in all trials.            

The number of treatments evaluated in each trial ranged from 5 to 13 (average of 8.5                

treatments/trial). All trials included a nontreated control. Fungicides were typically applied           

once at flowering (Zadok’s scale 60 to 64) or twice, the first at flowering and the second 10                  

days later. The specific fungicide treatments and respective application rates varied among            

trials (Machado et al. 2017). 

The disease response variable used in our study was FHB index (%), which represents              

the proportion of diseased spikelets in the sample of spikes (Paul et al. 2005, 2007). This                

index was assessed during the soft dough stage (Zadoks scale 85), prior to senescence. Plots               

were harvested and the mean yield (kilograms per hectare) was adjusted to 13% grain              

moisture. Data from all trials were inspected closely for both FHB index and yield, from               

which two criteria were defined to select trials for inclusion in the analysis: (i) FHB index in                 

the untreated check of the trial should be at least 5% (usually the maximum FHB index in the                  

trial) and (ii) the range of FHB index from the largest to smallest value was at least 4%. The                   
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latter criterion was adapted from a previous study that used 2% as the minimum range               

(Madden and Paul 2009). Twenty-seven trials did not meet these minimum criteria (FHB             

index values in the untreated check were mostly <5%) and were excluded from subsequent              

analyses. Influence analysis was also performed and five influential studies, or those that exert              

a very high influence on the overall results and distort the pooled effect (Viechtbauer and               

Cheung 2010), were identified and excluded (data not shown). Therefore, data were available             

for 37 trials reported in 18 studies (Supplementary Table 1). 

 

Effect sizes and meta-analytic modeling 

Intercepts ( ) and slopes ( (using ordinary least square regression modeling) β0    )β1        

were estimated for the relationship between FHB index and wheat yield at the trial level               

(Dalla Lana et al. 2015, Madden and Paul 2009)​. The interdecile (ID) range summarized the               

estimates of linear coefficients for each trial​ (Lehner et al. 2017, Madden and Paul 2009)​. 
A multilevel (random coefficients) model was fitted to the yield-FHB index           

relationship, and the population-average intercept and slope were estimated as described           

elsewhere, assuming a linear relationship between FHB index and yield (Lehner et al. 2017,              

Madden and Paul 2009)​. The ​lmer function of the ​lme4 package of R was used to estimate the                  

mean effect based on the between-study variance and within-study variance and to predict the              

study-specific intercept ( ) and slope ( coefficients, also termed as best linear unbiased  β0    )β1        

predictions (Lehner et al. 2017)​. A categorical baseline yield was created to represent trials              

with high yield (​Yh ​) or low yield (​Yl ​) based on the maximum yield achieved in the trial. We                  

used the median of the maximum yield values across trials (3,631 kg ha​-1​) as a threshold of                 

baseline yield. Baseline yield was tested as a moderator variable in order to account for the                

heterogeneity in the intercept or slope of the yield-FHB index relationship. Wald-type tests             

were performed to determine whether the inclusion of the covariate in the model significantly              

affected the model coefficients. We obtained a ​Dc (percent reduction in yield in our study) to                

compare with coefficients determined in other studies. The ​Dc for the ​Yl and ​Yh production               

situations was calculated by dividing the estimated population-average slope ( ) (kilograms         β
︿

1   

per hectare per percentage) by the estimated population-average intercept ( ) (kilograms         β
︿

0   

per hectare) x 100​ (Lehner et al. 2017, Madden and Paul 2009)​. 
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Simulation of yield losses 

The ​Dc obtained from the meta-analysis was used to calculate actual yield, representing a              

reduction in attainable yield based on the predicted FHB index obtained by a disease              

simulation model for the same experiment (Del Ponte et al. 2005, Del Ponte et al. 2009).                

Percent yield loss was defined as the relative reduction of the attainable yield due to FHB.                

This was done over the entire time series, encompassing two periods defined as before              

(pre-1990) and after FHB resurgence in Brazil.  

To simulate attainable yield, or the yield constrained only by factors like radiation,             

temperature, crop phenology, and physiology, as well as water and soil nutrients (Savary et al.               

2018), we used a crop simulation model (cropsim-wheat) calibrated with the parameter for a              

spring wheat cultivar and soil profiles for the conditions of Passo Fundo (28°15’00”S and              

52º25’12”W) (Lazzaretti et al. 2015). In total, 280 virtual experiments were simulated,            

combining 10 planting dates in a 28-year period (1980 to 2007). The 10 yearly runs were                

performed using historical daily weather data (minimum and maximum temperature, solar           

radiation, and rainfall) for a series of sowing dates from 1 to 30 June (spaced 3 days apart),                  

which is the recommended sowing period for Passo Fundo. Starting on the heading date              

simulated by the wheat model, the FHB model predicted daily infection risks using daily              

records of rainfall, air relative humidity, and air temperature (Del Ponte et al. 2015). The daily                

risks were accumulated during the flowering period and further used to predict FHB severity              

index based on a linear regression model (Del Ponte et al. 2005). The approach was similar to                 

a previous study that simulated FHB index (30 planting dates after June 1​st​) for a longer                

(50-year) dataset (Del Ponte et al. 2009). The attainable yields predicted by the crop model               

were penalized by the respective ​Dc​, depending on the value of attainable yield, using the               

predicted value FHB index for each experiment. For example, for the sowing date of 6 June                

1990, simulated yield and FHB severity were 3,645.38 kg ha​-1 and 19.5%, respectively. For              

this situation, using the ​Dc for high yield, FHB reduced yield by 20.5% or an absolute                

reduction of 747.17 kg ha​-1​.  
To test for significance of the trends in yield loss predictions in the time series, as well                 

as to test the effect of two sowing periods (sowing dates before or after June 15​th​), a                 

generalized additive model (GAM) (Wood 2017) was fitted to the data using the ​gam function               

of ​mgcv R package (Wood 2017). The smooth terms estimated for each sowing period were               

compared at 5% significance.  
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Risk analysis and fungicide profitability 

We were also interested in evaluating and comparing trends of fungicide profitability            

over the decades, especially before and after FHB resurgence. This analysis was conducted in              

several steps, with the values of the probability of not offsetting the costs of the fungicide                

sprays being obtained through a simulation. First, we used available meta-analytic estimates,            

both the mean and the uncertainty values, of control efficacy ( ) for one or two sprays          C       

tebuconazole fungicide used in FHB management in Brazil (Machado et al. 2017). We             

assumed that  follows a uniform distribution given by:C  

 C ij = Uniform (a, )b ij  (1) 

where the planting date and is the year, totaling 280 simulations of control efficacy (10 i      j            

planting dates in June) for one (1x) and two (2x) fungicide applications; and represent            a   b   

the lower ( ) and upper ( ) limits of the 95% confidence interval ( ) around .  CIL    CIU        CI    C  

The ranged from 46.9 to 67.5% for one (1x) fungicide application, and from 44.3 and IsC                

60.7% for two (2x) fungicide applications ​(Machado et al. 2017)​. 
A simulated ​value was then used to update both the FHB index and yield in the  C                

fungicide-protected ( ) plots. The mean yield difference ( ) for one spray was given Y ieldf       D       

by the difference in yield between fungicide-protected ( ) and no fungicide (       Y ieldf     )Y ieldnf  

plots ​(Machado et al. 2017, Madden et al. 2016)​. The from using two sprays was          D       

calculated by adding a simulated (normally distributed) mean yield gain from using a second              

spray of tebuconazole, as determined in the previous meta-analysis study ​(Machado et al.             

2017)​ (Equation 2). 

          D  N (μ, σ )    ij = Y ield( f  (ij) − Y ieldnf  (ij)) +   2
ij  (2) 

where the planting date and the year; is 101.6 kg ha​-1​, representing the mean yield i      j    μ          

difference between the 1x and 2x fungicide applications ​(Machado et al. 2017)​; and is 43.8,             σ    

which was calculated based on the mean of the lower ( ) and upper ( ) limits of the          CIL    CIU     

95% around for one spray. Finally, the between-year variance was estimated CI   D        σ2
year    

based on the 10 values of within each year, or across planting dates.D  

The estimates of and ​were used to calculate the risk (probability) of not   D   σ2
year           

offsetting fungicide application cost ( ), ​taking both fungicide application cost ( =    P loss       F c   

fungicide plus application costs) and the average wheat price ( ) by year. This probability         W p      

is the cumulative standard-normal function given by:  
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1  P loss =  − Φ(√σ2
year

D − F c
W p )   (3) 

where  is the cumulative standard-normal function ​(Machado et al. 2017, Paul et al. 2011)​.Φ  

Five values ($10 to $30 ha​-1​) and five values ($125 to $225 ha​-1​) were created F c         W p         

to simulate 25 benefit-cost scenarios. The minimum and maximum were defined based on         F c      

previous studies in the region ​(Machado et al. 2017, Panisson et al. 2003​, Reis et al. 1996).                 

Likewise, the range of prices for was defined based on published statistics for southern      W p          

Brazil (Brum et al. 2005, CEPEA 2018). A summary value of ​was calculated for each           P loss      

year by taking the mean (and respective 95% ) of all combinations of benefit-cost        CI        

scenarios and planting dates (​n​=250). Line and time series plots were created to visualize the               

magnitude of the probabilities for each benefit-cost scenario as well as probabilities over time              

considering one and two sprays. A simplified diagram depicting the steps of our modeling              

approach is presented in Figure 1. 

 

Data availability and reproducibility 

All data gathered for this study as well as the fully annotated computational codes,              

prepared in R Markdown, were organized as a research compendium publicly available at             

https://osf.io/3h9ye/​. A website was generated to facilitate visualization of the commented           

scripts (​https://emdelponte.github.io/paper-FHB-yield-loss/​). All analyses were conducted in       

R statistical software (R Core Team 2013). 

 

RESULTS 

Yield-severity relationship 

Simple linear regression model. ​Across all studies, ​FHB index in the nontreated plots             

ranged from 5 to 89.3% (mean = 23.6%). In 19 trials (51.3%), FHB index was >10%, which                 

is considered a threshold for epidemics of concern ​(Shah et al. 2013) ​. Maximum yield ranged               

from 1,460 to 5,692 kg ha​-1​ (mean = 3,676 kg ha​-1​).  
Intercepts and slopes varied considerably within each baseline yield category. For ,          lY  

intercepts ranged from 1,708 to 4,299 kg ha​-1​, with an overall mean of 2,977 kg ha​-1​, and                 

slopes ranged from 43.5 to –381.9 kg ha​-1​, with an overall mean of –71.8 kg ha​-1 (Fig. 2A).                  

For the crop situation, intercepts ranged from 3,000 to 6,097 kg ha​-1​, with an overall mean hY                

of 4,473 kg ha​-1 (Supplementary Table 2), and slopes ranged from 52.9 to –220.2 kg ha​-1​, with                 
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an overall mean of –60.9 kg ha​-1 (Fig. 2A). All but two slopes ( ) were negative, one in             β1      

each yield group, indicating that yield generally decreased as the FHB index increased. 

Random coefficients model. The multilevel model that considers the random effect of            

individual trials on both the intercept and slope provided a better fit to the data, compared                

with slope- or intercept-only models (data not shown), across the 37 trials. Mixed             

model-derived intercept and slope values varied among individual studies (Supplementary          

Table 2). The study-specific intercepts ( ) ranged from 1,620 to 5,786 kg ha​-1 (ID = 2,470.6     β
︿

0            

kg ha​-1​) and study-specific slope ( ) values ranged from 4.5 to 112.5 kg ha​-1 % ​-1 (ID = 76.8).     β
︿

1              

The estimates of population-average of the intercept and slope were = 3,645.3 kg ha​-1          β
︿

0      

(standard error [SE] = 164.6) and = 49.1 kg ha​-1 %​-1 (SE = 7.4), respectively. Both      β
︿

1           

parameters were statistically different from 0 (​P​ < 0.001). 

The best model, defined based on likelihood ratio test (​P < 0.001) and lowest Akaike               

information criterion (4,595), included baseline yield as a covariate. A Wald-type test showed             

that effect of baseline yield on the slope ( ) did not differ from 0 (​P > 0.80), suggesting that        ς            

the slope was not affected by baseline yield. However, as expected, effect of baseline yield on                

the intercept ( ) differed from zero (​P < 0.01). The study-specific parameters estimated were  ξ             

= 4,419.5 kg ha​-1 (SE = 148.3), = 46.3 kg ha​-1 %​-1 (SE = 9.6), and low​= –1,535.9 kgβ
︿

0        β
︿

1          ξ
︿

   

ha​-1 (SE = 209.4). Population-average predictions were then split into two regression            

equations to account for the effects of the covariate on the intercept. In addition, was a              ξ    

dummy variable of value of zero for high yield (i.e., high ​= 0). Because of the negative value          ξ
︿

        

for low​, wheat yield was, on average, 1,535.9 kg ha​-1 lower than in the high-yield trials. The ξ
︿

                

population-average predictions of yield are given by: 

ield β ξ – β   x  F HBY =  
︿

0 +  
︿ ︿

1 index  (4) 

which gives the following equations for high and low wheat yield: 

h 4, 19.5 0 – 46.3  x  F HBY =  4 +  index  (5) 

l  4, 19.5 (–1, 35.9) – 46.3  x  F HBY =  4 +  5 index  (6) 

The population-average (and respective 95% ) predictions for the inclusion of the     CIs        

covariate baseline yield in the model are shown in Figure 2B. Because the estimated slope did                

not differ between low- and high-yield class, a reduction of 1,000 kg ha​-1 would occur at an                 
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FHB index of 21.6% for both yield classes. The calculated ​Dc for high-yield and low-yield               

baselines were 1.05%​-1​ and 1.6%​-1​, respectively. 

 

 

Fig. 1. Simplified diagram depicting the steps to model yield losses caused by Fusarium head               
blight in spring wheat in Brazil and assess the economic impact of fungicide application for               
preventing the losses 
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Fig. 2. Results for the fit of a simple linear model to wheat yield (kilograms per hectare) and                  
FHB index (percent) for both crop situations of ​A ​, high yield or ​B​, low yield. Results for the                  
fit of a random-coefficient model to wheat yield (kilograms per hectare) and FHB index              
(percent) with the population-average predictions (thick solid black) of absolute (kilograms           
per hectare) and relative (percent) yield and respective 95% confidence interval (thick dashed             
black) for ​C ​ and ​E​, high yield or ​D ​ and ​F​, low yield. 



39 

 

 

Fig. 3. Relative yield loss estimated by a phenology-based model in a 28-year period (1980 to                
2007) for Passo Fundo, RS, Brazil. ​A ​, Box plots represent the variability of the relative losses                
within three time periods. ​B​, Relative yield loss represents the estimated values encompassing             
the sowing dates before and after 15 June, with the fitted smoothing lines of the generalized                
additive model for both sowing periods. 

 

Model-predicted yield losses 

All simulated values of attainable yields were greater than our threshold used to define              

the category of baseline yield (3,631 kg ha​-1​). Hence, ​Dc for high-yield conditions ( =             Dch   

1.05%​-1​) to obtain actual yields (FHB-induced loss). Yield losses varied both intra- and inter              

annually but especially when comparing the decadal periods. Prior to 1990, yield losses from              

1.0% to 12.6% (mean = 5.8%). For the two subsequent periods, 1990 to 1999 and 2000 to                 

2007, losses ranged from 3.1% to 22.6% (mean = 10.3%) and from 3.2% to 25.8% (mean =                 

10.2%), respectively (Fig. 3A). A significant upward trend in yield loss was detected in the               

time series (​P < 0.01). The differences between the smooth terms of the model fitted using                

two planting date periods as covariates, representing the first and second half of June, were               

not significant (​P > 0.05), although numerically, the reductions appeared higher for the first              

plantings of June (Fig. 3B).  
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Fig. 4. Probability categories of not offsetting on fungicide investment for different scenarios             
of wheat prices and fungicide costs (product price + operational costs) for ​A ​, one or ​B ​, two                 
sprays (first spray at early to mid flowering and a second 7 to 10 days later) for Fusarium                  
head blight (FHB) control. Probability for each time period, encompassing the periods prior to              
(1980 to 1989) and after (1990 to 1999 and 2000 to 2007) FHB resurgence, was calculated                
using the estimates of the mean difference (​D ​), and respective between-year standard            
deviation obtained from the yield estimates with and without fungicide application for 28             
growing seasons in Brazil. 
 

Fungicide profitability 

The probability of loss ( ) was generally greater prior to 1990 compared with the    P loss           

other years (Fig. 4A). For this period, > 75 and 50% were calculated for 8 and 14       P loss           

benefit-cost scenarios, respectively. After 1989, these same probabilities were reduced to only            

one and six scenarios (Fig. 4). The number of sprays appeared to have little effect on .                P loss  

For example, for an average benefit-cost scenario ( = U.S.$175/ton and = U.S.$20/ha),       W p    F c    

was 59, 26 and 35% for 1980 to 1989, 1990 to 1999, and 2000 to 2007, respectively.P loss                   

When using two sprays, the values for the same scenarios were 59, 33 and 34%. The     P loss            

lack of a clear benefit from two sprays compared with one spray is apparent in the series of                  

the yearly mean and uncertainty of (Fig. 5). Prior to 1990, the mean was > 50% in      P loss        P loss     

7 of 10 years, decreasing considerably afterward. After 1989, > 60% was estimated for         P loss       
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only 3 of 18 years. For this same period, was mostly higher for two sprays compared         P loss         

with one.  

 

 

Fig. 5. Temporal series of the mean probability, and respective 95% confidence interval, of              
not offsetting the costs (probability of loss) for benefit-cost ratios (wheat price/fungicide cost             
in U.S. dollars) ranging from 5 to 15. Probabilities were calculated for both one and two                
fungicide applications. 
 

DISCUSSION 

Our modeling of yield losses confirms that FHB is an important yield-limiting disease             

of spring wheat in the subtropics, especially after the 1990s, when damaging epidemics             

became more frequent (Casa et al. 2004, Panisson et al. 2003, Del Ponte et al. 2009, Spolti et                  

al. 2015). This study also provided numerical estimates of yield loss trends due to FHB in a                 

temporal series of 28 years by linking the meta-analytical estimate parameters to a crop and a                

disease model that estimate yield and disease, respectively.  

Our meta-analytic estimate of yield (population-average intercept) was similar to the           

estimates for the same wheat type (spring) in the United States using a similar statistical               

approach (Madden and Paul 2009). The variance in the parameter estimates of            

meta-regression models may be reduced by inclusion of additional covariates in the model             

(Madden and Paul 2009). Although baseline yield did not affect the population-average slope             

in our study, intercept values differed between trials representing a low or a high baseline               

yield, which was not an unexpected result. In fact, a similar pattern was found in the U.S.                 
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study (Madden and Paul 2009), where population-average slopes did not differ between            

spring and winter wheat, which typically represent low- and high-yielding wheat,           

respectively. Given that intercept values varied among the studies, the magnitude of the ​Dc​,              

which depends on both coefficients, differed between baseline yields but was rather similar             

between countries for an equivalent baseline yield. For example, for our high-yielding spring             

wheat, the ​Dc ​calculated in our study (1.05%​-1​) was very close to an overall (unconditioned)               

Dc calculated for spring wheat in the U.S. (0.99%​-1​) (Madden and Paul 2009). In a further                

U.S. study using data for soft red winter wheat, the ​Dc due to FHB was slightly greater                 

(1.17% ​-1​) and neither wheat cultivar nor the presence of foliar disease Stagonospora leaf             

blotch (SLB) significantly affected the slopes (Salgado et al. 2015). 

The increased ​Dc for subtropical spring wheat in the low-yielding situation (1.60%​-1​)            

may be due to the additional effect of unobserved biotic and abiotic stresses that weaken the                

plant and its defenses against FHB (Al-Khatib and Paulsen 1999, Asseng et al. 2015​, Buck et                

al. 2007, Sharma et al. 2007)​. In addition, given that we used data from fungicide trials, we                 

cannot rule out the potential effect of fungicides, especially demethylation inhibitor + quinone             

outside inhibitor mixtures applied during flowering, that control flag-leaf diseases such as tan             

spot in Brazil. This can affect the ​Dc due to reduction of the impact of foliar disease, thus                  

protecting yield​ (Blandino et al. 2006, 2011, Wegulo et al. 2011)​. 
Using a model-based approach that linked disease and attainable yield predictions with            

actual weather information as an input for each model and estimating disease-induced losses             

based on the ​Dc ​, yield loss trends were quantified at magnitudes that matched earlier literature               

reports. For example, a quantitative review of yield losses, measured using a destructive             

sampling approach in fungicide trials spanning 21 years (1984 to 2010) in southern Brazil,              

reported that average losses due to FHB shifted from 5.4% during the period 1984 to 1994 to                 

21.6% for the period 2000 to 2010 (Reis et al. 1996, Reis and Carmona 2013). Our                

simulations confirmed this shift by showing that FHB changed from a secondary disease to an               

economically damaging disease of wheat after the 1990s. Several reasons explain the            

reemergence of FHB worldwide, including the wider adoption of conservation tillage           

practices and increase of wheat-corn rotations, which have been proposed as important risk             

factors (Dill-Macky and Jones 2000, Schaafsma et al. 2001, McMullen et al. 1997)​. Although              

cultural practices aimed at reducing local inoculum are recommended in those studies, current             

evidence supports the claim that potential effects of local residue management may be             

overshadowed by other risk factors in Brazil that include (i) overwintering of several grasses              

that harbor the pathogen (Reis 1990); (ii) the presence of airborne inoculum throughout the              
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year (Reis 1988, Fernandes 1997); and (iii) non-influence of the presence of within-field             

maize residues on FHB risk (Spolti et al. 2015)​. Collectively, results from our simulations,              

which are based only on seasonal weather and not taking into account changes in agronomic               

practices (that promote inoculum build-up), confirm that the re-emergence of FHB in Brazil             

has been more likely due to variation in seasonal weather patterns (Del Ponte et al. 2009)                

rather than cultural practices (Fernandes 1997). The information is critical for breeders, who             

should intensify efforts to incorporate genetic resistance, which has proven more effective to             

control the disease when combined with fungicides, a practice that has been widely adopted              

not only to protect yield but mainly to reduce mycotoxin contamination (McMullen et al.              

2012, Wegulo et al. 2015)​. 
Prior to the early 1990s, the profitability of a single fungicide spray during flowering              

for FHB control was questioned due the sporadic nature and mostly mild FHB epidemics in               

the preceding decades (Picinini and Fernandes 1998, Reis et al. 1996). However, accurate             

yield loss estimates, using a destructive sampling approach during the early 2000s,            

contradicted the previous recommendation and showed economic benefits from using one           

fungicide spray at full flowering (Panisson et al. 2003)​. Our model-based estimates of yield              

losses and fungicide profitability showed that the risk of not offsetting a single fungicide              

spray was predominantly high prior to the resurgence (pre-1990s), as shown by the low              

frequency of more profitable conditions, which is agreement with current recommendation for            

the period (Reis et al. 1996). The profitability tended to increase in general after the 1990s,                

when a single fungicide spray (but not often two sprays) was more likely to pay off. Caution                 

is needed in interpretation because, due to current lack of knowledge, we are not taking into                

account the effect of fungicide sprays on other traits affected by FHB such as test weight and                 

mycotoxin content, which downgrade grain value​ (Salgado et al. 2014, 2015)​. 
We found that trends in yield loss were not affected by planting period, although it is                

expected that there may be annual variation and reports of increasing risk of FHB for later                

planting dates (after June 15​th​) compared to prior dates (Lima et al. 2005, 2006). Therefore, it                

is difficult to ascertain any general recommendation on planting dates for managing FHB,             

though it is important to mention that our disease model does not take into account an                

increase in airborne inoculum levels, which tend to peak later in the season (Del Ponte et al.                 

2009)​. Given the dependence of FHB epidemics on weather conditions during a relatively             

short period (flowering) (Del Ponte et al. 2005)​, diversification of planting dates has been              

proposed as a way to minimize risk through an escape mechanism (Reis and Carmona 2013).               
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Indeed, our simulations showed significant within-year variations in yield losses, varying in            

magnitude across the years. 

The framework developed in this study proved useful to quantify the impact and             

highlight the importance of FHB as a yield-limiting disease. The model parameters and             

predicted responses matched quite well results from other countries with regards the impact of              

the disease on yield as well as historical information on the impact of FHB in Brazil. As long                  

as information on the impact of FHB on quality parameters that downgrade wheat and the               

effectiveness of control methods targeting them are available for the region, further economic             

analysis may provide even more useful estimates. However, considering only losses in the             

yield, our simulations confirm that one spray of tebuconazole is generally profitable in the              

current scenario, except during years that are not conducive for FHB, which are less likely in                

the case of Brazil, as shown by our FHB predictions. Although it may be argued that the use                  

of chemicals that are more effective than tebuconazole may provide better response in yield,              

they are generally more expensive, and thus, not dramatically affect profitability. Under the             

simulated scenarios that used the available meta-analytic estimate for the mean increment in             

yield from using a second spray of tebuconazole, we found that the profitability was not               

affected. Situations at which a second fungicide spray is worth the cost should be better               

explored by considering different chemicals and cultivar resistance and their effect on quality             

parameters that downgrade grain quality such as test weight and mycotoxin contamination. 
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SUPPLEMENTARY MATERIAL 
 

Table S1. ​Summary information for 37 fungicide trials conducted in Brazil for evaluating the              
effect of fungicides on Fusarium head blight index and wheat yield. 

S ​a T​b Location-State​c Year
d 

Cultivar​e Range​f 

          FHB (%) Wheat yield 

1 01 Passo Fundo, RS 2000 BRS 23 3.5 – 38.8 2838.0 – 4312.0 

1 02 Passo Fundo, RS 2000 BRS 23 3.1 – 34.9 3085.0 – 5055.0 

2 03 Passo Fundo, RS 2000 BRS 23 3.5 – 38.8 2838.0 – 4312.0 

2 04 Passo Fundo, RS 2000 BRS 23 3.1 – 34.9 3085.0 – 5055.0 

3 05 Muitos Capões, RS 2004 BRS Louro 0.7 – 5.9 4984.0 – 5666.0 

3 06 Lages, SC 2005 BRS Louro 3.4 – 12.7 1835.0 – 2379.0 

4 07 Cruz Alta, RS 2009 Campo Real 2.1 – 7.3 2567.0 – 3631.0 

4 08 Passo Fundo, RS 2009 BRS Guamirim 0.9 – 5.0 1283.0 – 2935.0 

4 09 Lagoa Vermelha, 
RS 

2009 Raízes 0.4 – 10.1 1253.0 – 2379.0 

4 10 Muitos Capões, RS 2009 Supera 2.4 – 31.3 2573.0 – 2919.0 

5 11 Itaara, RS 2011 Fundacep 52 1.0 – 39.0 1191.6 – 3779.3 

6 12 Cruz Alta, RS 2011 BRS 208 0.4 – 7.7 2718.0 – 3208.0 

6 13 Guarapuava, PR 2011 BRS 208 2.8 – 10.0 4198.0 – 5692.0 

7 14 Passo Fundo, RS 2012 Mirante 3.8 – 8.9 878.0 – 1460.3 

8 15 Cruz Alta, RS 2012 BRS 208 4.2 – 8.7 3015 – 3681.0 

8 16 Guarapuava, PR 2012 BRS 208 2.8 – 16.5 3331.0 – 3575.0 

9 17 Passo Fundo, RS 2013 BRS 208 1.9 – 6.3 3591.0 – 4240.0 

9 18 Passo Fundo, RS 2013 BRS 208 0.8 – 7.2 3478.0 – 3927.0 
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9 19 Guarapuava, PR 2013 CD 105 2.0 – 54.7 3755.8 – 4773.5 

10 20 Guarapuava, PR 2013 BRS Guamirim 3.5 – 50.0 4392.5 – 5210.0 

11 21 Guarapuava, PR 2013 CD 105 7.0 – 62.0 3755.7 – 4773.5 

12 22 Cruz Alta, RS 2015 Marfim 5.0 – 9.0 3002.0 – 4035.0 

12 23 Guarapuava, PR 2015 ORS 25 5.0 – 57.0 2269.0 – 3256.0 

12 24 Passo Fundo, RS 2015 BRS 208 27.0 – 
46.0 

1368.0 – 2141.0 

13 25 Água Santa, RS 2014 Sinuelo 2.1 – 6.6 3159.4 – 4667.3 

13 26 Cruz Alta, RS 2014 TEC 10 2.7 – 8.8 2077.0 – 2575.0 

13 27 Guarapuava, PR 2014 Campeiro 1.8 – 30.4 4101.0 – 4586.0 

13 28 Palmeira, PR 2014 Marfim 2.6 – 8.4 2972.0 – 3546.0 

13 29 Passo Fundo, RS 2014 BRS 208 2.7– 9.3 2983.0 – 3480.0 

13 30 Passo Fundo, RS 2014 BRS 208 6.8 – 21.8 1925.0 – 2794.0 

14 31 Cruz Alta, RS 2007 Fundacep 52 2.3 – 7.7 1165.0 – 3576.0 

15 32 Cruz Alta , RS 2014 TEC 10 1.1 – 6.6 1626.5 – 2104 

15 33 Cruz Alta, RS 2014 Linhagem 01/14 0.9 – 6.2 2148.9 – 2526.3 

15 34 Santo Augusto, RS 2014 TBIO Iguaçú 1.1 – 7.6 1499.9 – 2392.0 

16 35 Passo Fundo, RS 2014 TBIO Pioneiro 36.2 – 
89.4 

2579.0 – 3608.0 

17 36 Itapiranga, SC 2013 BRS 208 3.9 – 9.5 3028.7 – 3649.0 

18 37 Palmeira, PR 2013 Quartzo 4.7 – 61.0 972.6 – 4122.4 
a Study number (S): 1 = Panisson et al. (2002)​, 2 = Panisson et al. (2003) ​, 3 = Casa et al.                     
(2007) ​, 4 = Spolti et al. 2013​, 5 = Maffini et al. (2012), 6 = Santana et al. (2012), 7 = Viana                      
(2013), 8 = Santana et al. (2014), 9 = Santana et al. (2016a), 10 = Feksa et al. (2014a), 11 =                     
Feksa et al. (2014b), 12 = Santana et al. (2016b), 13 = Santana et al. (2016c), 14 = Deuner                   
(2009), 15 = Guterres et al. (2015), 16 = Pizolotto and Boller (2015), 17 = Feldmann et al.                  
(2014), 18 = Venancio et al. (2014). 
b​ Trial number (T). 

https://www.zotero.org/google-docs/?broken=fvTAJH
https://www.zotero.org/google-docs/?broken=K5QLsG
https://www.zotero.org/google-docs/?broken=attbC4
https://www.zotero.org/google-docs/?broken=attbC4
https://www.zotero.org/google-docs/?broken=74wsAQ
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c​ States: RS = Rio Grande do Sul, SC = Santa Catarina, and PR = Paraná. 
d​ Harvest year (HY). 
e​ Wheat cultivar (CV). 
f​ Mean percentage of disease spikelets per spike (IND) and minimum and maximum (YLD). 
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Table S2. ​Coefficients estimated by a simple linear regression model fitted to data at the               
study level; and estimated coefficients (best linear unbiased prediction (EBLUP) by a            
random-coefficients model fitted to data on the relationship between wheat yield (kg ha​-1​) and              
Fusarium head blight index (%) in 37 field trials conducted in Brazil with variable number of                
observations (​N​). Summary information for 37 fungicide trials conducted in Brazil for            
evaluating the effect of fungicides on Fusarium head blight index and wheat yield. 

Study code N 
Linear regression model 
coefficients (estimates) 

Random coefficient model 
predictions (EBLUPs) 

    β0  β1  β0
︿

 β1
︿

 

1 9 4209.05 -36.29 4204.29 -36.23 

2 9 5026.71 -59.56 4991.38 -57.79 

3 8 4250.78 -38.09 4242.51 -37.88 

4 8 4967.05 -55.66 4918.16 -53.32 

5 13 5339.96 -75.35 5292.09 -56.04 

6 6 2463.24 -49.64 2469.94 -49.33 

7 7 2752.43 43.47 2981.76 -13.90 

8 7 3317.41 -381.87 2689.21 -104.12 

9 7 1768.87 -13.85 1820.43 -27.46 

10 7 2777.91 -0.19 2816.52 -3.90 

11 13 3561.56 -56.12 3558.42 -55.74 

12 10 3157.51 -55.08 3149.81 -50.05 

13 10 6097.41 -144.79 5809.06 -92.30 

14 7 1707.88 -92.73 1557.25 -63.27 

15 9 4024.71 -121.88 3699.86 -63.17 

16 6 3545.49 -14.64 3596.23 -22.79 

17 10 4236.45 -75.42 4158.75 -53.18 

18 10 3842.97 -48.15 3838.89 -47.02 

19 11 4470.76 -12.55 4470.85 -13.08 

20 7 5063.22 -12.67 5058.38 -13.12 

21 11 4542.70 -11.88 4543.67 -12.26 

22 11 4480.69 -122.38 4160.09 -72.38 

23 8 3324.86 -18.37 3334.12 -18.98 

24 7 3384.62 -42.67 3418.01 -43.65 

25 8 4905.19 -220.18 4486.32 -90.82 
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26 8 2861.55 -86.39 2717.59 -61.46 

27 8 4395.90 -6.43 4407.43 -8.83 

28 8 3570.72 -77.83 3474.92 -56.20 

29 9 3398.29 -41.09 3411.46 -44.13 

30 9 3102.08 -54.02 3093.85 -53.14 

31 7 3962.25 -201.55 3432.06 -109.24 

32 7 2005.79 -56.52 1996.29 -50.31 

33 7 2576.25 -70.53 2540.84 -53.23 

34 8 2582.42 -134.08 2408.91 -85.99 

35 7 4298.95 -15.83 4271.66 -15.46 

36 12 3000.12 52.88 3403.71 -5.10 

37 8 4096.11 -51.03 4090.10 -50.83 
  
 
 
  

 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



56 

CHAPTER 3 

 

Fusarium head blight pathogens of small-grain cereals in Pennsylvania: species diversity 

and toxigenic, reproductive and triazole sensitivity profiles  

 

ABSTRACT 

Fusarium head blight (FHB) is caused mainly by members of the ​Fusarium graminearum             

species complex (FGSC). This disease may lead to significant yield reductions in small-grain             

cereals worldwide, with additional losses due to the contamination of grain with harmful             

mycotoxins. Recent changes in the North American FHB pathogen composition have shown            

the need for continued surveillance at a regional scale, especially in poorly sampled regions              

such as Pennsylvania (PA). In this study, 421 single-spore ​Fusarium isolates were collected             

from naturally FHB-infected spikes of different small grain hosts (wheat, spelt, barley, and             

rye) during the Summer 2018 and 2019 and identified using a FGSC-specific primer, while              

EF-1α sequences were obtained for the non-FGSC isolates. The t​richothecene (toxin) types            

for those isolates, as well as for an additional set of 77 ​F. graminearum isolates from                

overwintering crop residues during the Winter 2012​, were determined with a ​multiplex PCR             

assay that amplified portions of the trichothecene 15-​O ​-acetyltransferase (​TRI3 ​) and          

trichothecene efflux pump (​TRI12​) genes. A subsample of 31 ​F. graminearum isolates, 16 of              

the 3-acetyldeoxynivalenol (3ADON) and 15 of the 15-acetyldeoxynivalenol (15ADON)         

type, were assessed for their reproductive fitness and sensitivity to triazole-based fungicides.            

Results showed that ​F. graminearum accounted for 97% of the isolates. Three other             

non-FGSC species were found at very low frequency: ​F. avenaceum ( ​n = 6); ​F.              

sporotrichioides (​n = 5) and ​F. temperatum ( ​n = 1). The FGSC isolates were primarily               

represented by the 15ADON (95.7%), followed by 3ADON (3.7%) and NIV (0.6%) toxin             

types. The frequency of the toxin types did not differ among sampled hosts nor years.               

However, the similar frequency of 15ADON and 3ADON genotypes in Northern PA (Potter             

County) suggest that population dynamics in this part of the state are likely shaped by               

ecological and environmental factors not yet identified. The 3ADON or 15ADON types could             

not be differentiated for most of the saprophytic traits based on multivariate analysis. All              

isolates were sensitive to tebuconazole and metconazole fungicides ​in vitro​. Information from            

this study increases knowledge of the diversity of FHB pathogens and their trichothecene type              

in PA, which will be useful to assess the sustainability of disease management practices and               

provide a baseline for future FHB surveys.  
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Keywords: ​Fusarium graminearum ​, scab, deoxynivalenol, small grains, saprophytic traits,         

fungicide sensitivity. 

 

INTRODUCTION 

 

Fusarium head blight (FHB) is one of the most destructive and widespread diseases of              

wheat, barley, and other small grain cereals worldwide, causing significant losses in both the              

yield and grain quality (McMullen et al. 2012). During the 1990s, the disease caused a               

tremendous impact on North American agriculture with economic losses due to FHB            

estimated at approximately $3 billion in the U.S. ​(Windels 2000​). Recently, FHB was             

considered as the second most important pest and pathogen in wheat globally (Savary et al.               

2019). Direct losses due to FHB occur from failed kernel development, or grains that become               

shriveled and discolored and with low test weights ​(​Osborne and Stein 2007). In addition,              

infected grains are usually contaminated mainly with type-B trichothecenes mycotoxins,          

particularly, deoxynivalenol (DON), and its acetylated forms 3-acetyl-deoxynivalenol        

(3ADON) and 15-acetyl-deoxynivalenol (15ADON), as well as nivalenol (NIV) and its           

acetylated derivative 4-acetyl nivalenol (4ANIV) ​(Miller et al. 1991​). While in North America             

DON is the predominant mycotoxin contaminating small grains (​McMullen et al. 1997)​, both             

DON and NIV are common in some parts of Asia, Europe and South America, likely due to                 

the presence of other toxigenic species ​(Ichinoe et al. 1983; Del Ponte et al. 2015)​. These                

mycotoxins may accumulate in the grains at levels considered unsafe for both human and              

livestock consumption and pose a serious threat to food security and crop production ​(Pestka              

2010, Rocha et al. 2005)​. 
In North America, an endemic population of the ​F. graminearum sensu stricto            

(hereafter ​F. graminearum ​) of the 15ADON toxin type has been historically responsible for             

FHB ​(Zeller et al. 2003, 2004​). However, a displacement of this dominant population by a               

newly introduced and highly virulent ​3ADON population has been documented in the Upper             

Midwest of the U.S. and Western Canada ​(Gale et al. 2007, Puri and Zhong 2010, Ward et al.                  

2008​). Similarly, 3ADON genotypes have been reported in surveys conducted from           

southeastern (North Carolina) to the northeastern (New York) areas of the U.S. ​(Schmale et              

al. 2011)​. The NIV toxin type of the FGSC is absent or found at very low frequencies in                  

North America ​(Campbell et al. 2002, Starkey et al. 2007)​, especially occuring in small wheat               

growing areas of typical rice-growing areas such as those in Louisiana (​Gale et al. 2011)​.  

https://www.zotero.org/google-docs/?my4JqF
https://www.zotero.org/google-docs/?fqswwY
https://www.zotero.org/google-docs/?IYN9zL
https://www.zotero.org/google-docs/?NAr9oE
https://www.zotero.org/google-docs/?LdjZtQ
https://www.zotero.org/google-docs/?47VZv7
https://www.zotero.org/google-docs/?ftz43M
https://www.zotero.org/google-docs/?ftz43M
https://www.zotero.org/google-docs/?LSY228
https://www.zotero.org/google-docs/?zKth2F
https://www.zotero.org/google-docs/?zKth2F
https://www.zotero.org/google-docs/?fAtj0u
https://www.zotero.org/google-docs/?fAtj0u
https://www.zotero.org/google-docs/?fdQIT7
https://www.zotero.org/google-docs/?FgAIlQ
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Reports of shifts in toxin profile of FHB populations in the U.S. raise concerns about               

the current distribution of these populations, especially in poorly sampled regions such as             

many areas of Pennsylvania (PA). Previously, Schmale et al. (2011) reported 15ADON as the              

predominant type (92%) in almost a thousand ​F. graminearum isolates obtained from six             

eastern U.S. states. In that study, 62 isolates were obtained from four commercial winter              

wheat fields during 2006 in Pennsylvania (PA), of which five were of the 3ADON genotype.               

Comparisons among the trichothecene genotypes of ​F. graminearum isolates obtained from           

differents fungal habitats in NY, including wheat, corn, aerial populations, and wild spikes             

and stems, have shown an increased frequency of the 3ADON genotype, with a general              

frequency of 15%, 18% and 22% observed by Schmale et al. (2011), Kuhnem et al. (2015)                

and Fulcher et al. (2019), respectively. In some of those studies, the 3ADON genotype              

comprised more than 40% of isolates in some individual fields. 

While the reasons associated with significant changes in FHB populations and           

trichothecene genotype frequency are not entirely clear, several factors have been suggested            

including migration, host preference, and ecological and environmental conditions         

(Backhouse 2014, Boutigny et al. 2011, Lee et al. 2009). Ward et al. (2002) data previously                

suggested that trichothecene genotype diversity has been maintained in FHB pathogen           

populations by balancing selection, indicating that chemotype differences among ​F.          

graminearum populations may have fitness consequences. Indeed, some studies showed that           

3ADON isolates were more fertile (sexual and asexual) (Ward et al. 2008), more aggressive,              

and produced more toxin than 15ADON isolates (Foroud et al. 2012, Puri and Zhong 2010,               

Ward et al. 2008). Conversely, Spolti et al. (2014a) compared 14 different attributes of              

saprophytic and pathogenic fitness and could not find differences in the 15ADON and             

3ADON populations from NY. The reasons for those inconsistencies are not entirely clear but              

may be likely due to population or isolate-specific profiles that are encountered in some              

regions. 

Continuous surveillance of plant pathogens is critical for assessing the risk and            

defining management strategies, especially in PA. The state currently ranks first in the U.S.              

for craft beer production, which coincides with an increased demand for locally sourced             

barley and wheat, further raising concerns about the risk and impact of FHB epidemics and               

mycotoxin contamination (Schwartz and Horsley 2019). Using a relatively large regional           

collection of several hundreds of ​F. graminearum isolates, the main objectives of this study              

were 1) to determine the composition and frequency of FHB-causing species and their             

mycotoxin profile isolated from spikes of wheat and other small-grain cereals as well as              
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overwintering crop residues, and 2) to compare the trichothecene types of FGSC with regards              

to reproductive (sexual and asexual) traits and triazole sensitivity. 

 

MATERIALS AND METHODS 

Study area and sampling 

During Summer 2018 and 2019, naturally FHB-infected spikes of different small grain            

hosts (wheat, barley, spelt, rye) were collected from the major cereal-producing regions of PA              

(herewith defined as South, Central, and North). Samples were collected along ten arbitrary             

transects through each field where ten spikes were collected, totaling 100 spikes per field.              

Twelve fields (10 wheat and 2 spelt) located in seven counties were surveyed in 2018 and 11                 

fields (7 wheat, 2 barley, 1 spelt, and 1 rye) in six counties were surveyed in 2019 (Table 1).                   

FHB severity (%), defined as the mean percentage of diseased spikelets per spike, was              

recorded in 11 and 10 fields of 2018 and 2019 seasons, respectively. Previous crop              

information was also obtained from 11 and 7 fields each year (Table S1; S2).  

 

Fusarium ​ spp. isolate collections 

In the laboratory, FHB-symptomatic kernels were surface sterilized ​in 70% ethanol for            

1 min, immersed in 5% sodium hypochlorite for 2 min, and rinsed three times in sterile                

distilled ​(Qu et al. 2008)​. After ​samples dried​, kernels were transferred to potato dextrose agar               

(PDA) media supplemented with ​streptomycin at 10μg ml​-1​. Plates were ​incubated for four             

days at 25 ºC ± 2 ºC under continuous darkness. Fragments of mycelia from typical ​Fusarium                

spp. colonies were transferred to new PDA plates. Colonies identified both macro- and             

microscopically as ​Fusarium spp. ​(Leslie and Summerell 2006) ​were subcultured on ​specific            

nutrient-poor agar (SNA) to obtain pure, single spore isolates. ​Isolates were frozen at -80°C in               

15% glycerol for long-term storage. 

 

DNA extraction and PCR assays 

Before DNA extraction, isolates of ​Fusarium spp. were grown in potato dextrose broth             

(PDB) medium and incubated on an orbital shaker (150 rpm) for approximately 4 days at 25                

ºC ± 2 ºC. Mycelia were filtered through two layers of sterilized cheesecloth, dried on filter                

paper, and stored at -80 °C. DNA was extracted using MasterPure™ Yeast DNA Purification              

Kit (Lucigen® ) protocol. The DNA from all isolates was then amplified by PCR using the               

Fg16F/Fg16R ​primers, which produced polymorphic products (~450 bp) with DNA from           

members of the ​F. graminearum species complex (FGSC) ​(Nicholson et al. 1998​). Isolates             

https://www.zotero.org/google-docs/?gKaFYH
https://www.zotero.org/google-docs/?JHt4Kn
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that could not be identified by FGSC-specific primers were analyzed using partial sequences             

of the translation elongation factor 1α (​EF-1α​) gene as previously described           

(Cerón-Bustamante et al. 2018). ​Sequence similarity searches were performed with BLAST           

network service of the Fusarium ID database (http://isolate.fusariumdb.org/blast.php) ​(Geiser         

et al. 2004​). For isolates identified as FGSC members, the trichothecene genotype (3ADON,             

15ADON, or NIV) was determined through multiplex PCR assays targeting portions of the             

TRI3 and ​TRI12 genes ​(Starkey et al. 2007)​. Four separate primers were used to amplify each                

gene: 3CON, 3NA, 3D15A, 3D3A for ​Tri3 and 12CON, 12NF, 12-15F, 12-3F for ​Tri12              

(Ward et al. 2002)​. Both multiplex reactions were performed in 25 uL volumes containing 1x               

PCR buffer, 2mM MgCl​2​, 2U Taq DNA polymerase, 0.2mM of each deoxynucleoside            

triphosphate, 0.2 uM concentrations of each primer, and 25 ng of genomic DNA. Cycling              

conditions consisted of an initial denaturation step at 94 ºC for 2 min, followed by 25 cycles                 

of 30 s at 94 ºC, 30 s at 52 ºC, and 1 min at 72 ºC ​(Starkey et al. 2007)​. The resulting PCR                        

products were resolved on 2% (wt/vol) agarose gels ​and visualized under UV illumination.             

The ​TRI3 multiplex produced amplicons of approximately 840 bp, 610 bp, and 243 bp with               

isolates that had NIV, 15ADON, and 3ADON chemotypes, respectively. The ​TRI12 multiplex            

produced amplicons of approximately 840 bp, 670 bp, and 410 bp with isolates that had NIV,                

15ADON, and 3ADON chemotypes, respectively. The reference isolate PH-1 was used           

throughout all the PCR assays as a positive control for ​F. graminearum species possessing              

15ADON genotype ​(Cuomo et al. 2007)​. 
 

Trichothecene genotypes from overwintering residues 

The trichothecene genotype ​(3ADON, 15ADON, or NIV) ​of a collection of 77 ​F.             

graminearum ​isolates obtained from overwintering residues was also determined. Samples          

were obtained during Winter 2012 from the primary corn-producing regions of PA, with a              

total of 40 fields sampled across 16 locations (Table S3). Isolates were identified based on               

partial DNA sequencing of the translation elongation factor-1α (EF-1α) gene ​(O’Donnell et al.             

1998)​. Sequence similarity searches were performed with BLAST network service of the            

Fusarium ID database (http://isolate.fusariumdb.org/blast.php) ​(Geiser et al. 2004​). ​Multiplex         

PCR assays targeting portions of the ​Tri3 and ​Tri12 genes were conducted as previously              

described. 

 

https://www.zotero.org/google-docs/?2sD7P7
https://www.zotero.org/google-docs/?2sD7P7
https://www.zotero.org/google-docs/?DE508J
https://www.zotero.org/google-docs/?U4fgf5
https://www.zotero.org/google-docs/?3c84hp
https://www.zotero.org/google-docs/?Hu6RN3
https://www.zotero.org/google-docs/?H8YrzU
https://www.zotero.org/google-docs/?H8YrzU
https://www.zotero.org/google-docs/?iscKJO
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Saprophytic and fitness traits 

Thirty-one ​F. graminearum isolates were selected from the isolate collection obtained           

d ​uring Summer 2018. Fifteen ​isolates of ​F. graminearum possessing the 15ADON genotype            

and 16 possessing the 3ADON genotype were selected to represent the geographic            

distribution of these two populations across PA. The isolates were assigned to species and              

trichothecene genotypes according to molecular identification described previously. Detailed         

information for these isolates is shown in ​Supplementary Table 04. 

 

Mycelial growth 

Isolates were grown on potato dextrose agar (PDA) media for 7 days at 25°C under               

continuous darkness. Mycelium plugs (6 mm in diameter) of each isolate were then excised              

from the margins of the colonies and individually placed upside down in the center of PDA                

plates (90 mm in diameter). Cultures were incubated in growth chambers at 23°C under              

continuous darkness. To estimate the average mycelial growth rate (cm​2​), plates were            

photographed on days three and four by opening plates and taking a photo in a laminar flow                 

cabinet using an iPhone XR camera (​12MP ​) at a standard distance between the mobile device               

and the colonies. Photographs were analyzed in ImageJ (imagej.nih.gov/ij/) where the           

perimeter of the colony was drawn “by hand” on photographs within the ImageJ software and               

the enclosed area was recorded in cm​2 (Newbery et al. 2020). The mycelial growth rate of                

each isolate was calculated as the difference in the mycelium growth on the fourth and third                

day, and the area of the agar plug (0.283 cm​2​) w ​as subtracted from this value. Two replicates                 

(plates) were used per treatment. The experiment was performed twice. 

 

Macroconidia production 

The asexual reproduction capacity of FHB isolates was determined based on           

macroconidia production culture medium. Isolates were grown on synthetic nutrient agar           

media (SNA) for 7 days under a cycle of 12 h of light and 12 h of darkness at 25°C (Leslie                     

and Summerell 2006). After this period, three discs (6 mm in diameter) were removed from               

the edges of the developing colonies and immersed in 5 ml of sterile water containing 0.1 ml                 

of Tween 0.001% in a test tube and shaken for 20 s (Nicolli et al. 2018). The spore                  

concentration was quantified by using a hemocytometer and expressed as the number of             

macroconidia per ml (spore/ml). Two replicates (plates) were used per treatment. The            

experiment was performed twice. 
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Perithecia production on carrot agar 

This experiment was conducted following a standard protocol (Cavinder et al. 2012)            

with some adaptations. Briefly, FHB isolates were grown on PDA media for 7 days under               

continuous darkness at 25°C. Mycelium plugs (6 mm in diameter) of each isolate were then               

excised from the margins of the colonies and individually placed upside down in the center of                

carrot agar plates (60 mm in diameter). The inoculated plates were incubated in growth              

chambers under bright fluorescent lights for 7 days at 25°C. After this period, the aerial               

mycelia was gently removed with a sterile toothpick and an aliquot of 1 ml of 2.5% Tween 20                  

solution was added to the surface. The plates were then returned to the growth chamber. The                

formation of perithecia was checked at three and six days after removal of the aerial               

mycelium when photographs of the plates were taken. For photography, the plates were             

opened and photographed in a laminar flow cabinet using an iPhone XR camera (12MP) at a                

standard distance between the mobile device and the plates. Photographs were analyzed in             

ImageJ (imagej.nih.gov/ij/) where the area occupied by perithecia in one square centimeter            

(cm​2​) of the culture medium was quantified and expressed as the percentage of perithecia (%)               

(Steward et al. 2016). Two replicates (plates) were used per treatment. The experiment was              

performed once.  

 

Ascospore production on carrot agar 

This experiment was conducted as previously described for perithecia production. The           

production of ascospores was evaluated from the sixth day of removal of the aerial mycelia.               

Three plugs (1 cm diameter) from each plate were cut out of the medium with a cork borer.                  

Each plug was sliced in half and the half-plugs were placed on a glass microscope slide with 3                  

plugs per slide (Cavinder et al. 2012). Slides were placed in a humidity chamber overnight               

under lights and the accumulated spores washed off from the slide with water and quantified               

using a Neubauer chamber. There were two replicated humid chambers with 31 slides each              

(one slide per isolate). Two replicates (plates) were used per treatment. The experiment was              

performed twice. 

 

Fungicide sensitivity assay 

The sensitivity of selected FHB isolates to tebuconazole and metconazole was           

assessed by measuring mycelial growth on PDA media amended with increasing           

concentrations of both fungicides (Becher et al. 2010, Spolti et al. 2014b). A stock solution               

(100 μg of active ingredient [a.i]/ml) was adjusted by dilution of the commercially formulated              
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Folicur 3.6F (38.7% a.i, Bayer CropScience) and Caramba® 90 (90% a.i., Basf Corporation).             

Concentrations tested for both fungicides were 0 (non-amended agar - PDA), 0.01, 0.1, 0.5, 1,               

10 μg/ml. Mycelial agar plug (6 mm of diameter) from the edge of a culture of each isolate                  

was placed in the center of a petri dish (90 mm diameter). The plates were incubated under                 

continuous darkness at 25°C. The colony diameter was measured on the fourth and fifth day               

from two perpendicular directions using a digital caliper, and the agar plug diameter (6 mm)               

w ​as subtracted. The mycelium growth of each isolate was calculated by the difference in the               

diameter colonies on the fourth and third day. For each combination of isolate-dose-fungicide,             

two replicates (plates) were used. The experiment was performed twice.  

 

Data analysis 

All data processing and analyses, as well as graphical work, were performed running             

R version 3.6.0 (2019-04-26) (R Core Team, 2019). Descriptive statistics summarized the            

frequency of trichothecene genotypes among hosts, years, and locations. Fisher’s exact test            

(for small sample size) was used to evaluate whether there was a significant association              

between the trichothecene genotype composition (3ADON, 15ADON, NIV) of the isolates           

obtained from naturally FHB-infect spikes among years, locations, and host of origin. The             

same test was also used to compare the frequency of the trichothecene genotypes from the               

saprophytic and pathogenic phase of the fungus life cycle. All the fitness trait experiments              

were conducted as a completely randomized design with two replicates, and data from assays              

conducted two times were combined for analysis. The Student’s t-test was used to compare              

means of the 15ADON and 3ADON populations regarding their fitness traits. Statistical            

significance was considered at the ​P ​< 0.05 level. The ‘drm​’ function of the ‘dcr​’ package of                  

R (Ritz et al. 2015) was used to estimate the effective concentration leading to a 50%                

reduction of mycelial growth (EC​50​). To compare the distribution of the ​EC​50 values for              

tebuconazole and metconazole fungicides among 15ADON and 3ADON genotypes, a          

nonparametric Kolmogorov-Smirnov test (​P = 0.05) was used. A multivariate analysis of            

variance (MANOVA) was performed in order to compare the overall saprophytic fitness of             

the two trichothecene genotypes groups. In addition, a principal component analysis (PCA)            

was performed using the mean values of the variables for each isolate, averaged over              

replicates and experiments. The contribution of each fitness trait to each principal component             

was also estimated. A correlogram was made using the overall means for each pair of               

variables using the package ‘corrplot’ (Wei and Simko 2017). The packages ‘FactoMineR’            

(Lê et al. 2008) and ‘factoextra’ (Kassambara and Mundt 2017) were used for the PCA. 



64 

 

RESULTS 

Species and trichothecene genotypes 

Of the 421 total isolates, 317 and 104 were obtained from 2018 and 2019,              

respectively. The number of isolates per field ranged from 1 to 139 (mean = 18 and median =                  

8). Most of the isolates (78%) were obtained from wheat, followed by spelt (10.5%), barley               

(9.5%) and rye (1.4%). 

The large majority of the isolates (97%) were molecularly identified as ​F.            

graminearum sensu lato; all amplified a ~450 bp fragment with the Fg16 primer. Twelve              

isolates (3%) that failed in PCR were identified as ​F. avenaceum ( ​n = 6 isolates), ​F.                

sporotrichioides ( ​n = 5 isolates) and ​F. temperatum (​n = 1 isolate) based on based on ​EF-1α                 

gene. 

The ​F. graminearum isolates were mainly of 15ADON type (94.9%; 388/409),           

followed by the 3ADON (4.4%; 18/409) and NIV (0.7%; 3/409) type, respectively (Table 1).              

Fisher’s exact test showed that the frequency of toxin types did not depend on the year (2018                 

and 2019) ( ​P = 0.337). In 2018, the overall frequency was 93.8% (288/307) for the 15ADON                

genotype, 5.2% (16/307) for the 3ADON genotype, and 1.0% (3/307) for the NIV genotype.              

In 2019, 98.0% (100/102) of the isolates were characterized as the 15ADON genotype and              

2.0% (2/102) as the 3ADON genotype. When genotype frequencies were compared across            

locations within each year, differences were only observed in 2018 (Fisher’s exact test, ​P =               

0.000). With the exception of samples obtained from Potter County in 2018, where the              

proportion of 15ADON and 3ADON genotypes were similar (46.7% and 40.0%,           

respectively), 15ADON was the predominant genotype in all other locations in 2018 (96.2%;             

381/292) (Fig. 2, Table 1). In 2019, there were no differences in the frequency of the                

genotypes across locations (​P = 0.616). The NIV genotype was detected only in 2018 (0.7%;               

3/409). No difference in the trichothecene genotype frequency was found among sampled            

hosts (​P = 0.480), where the 15ADON represented the majority of the isolates collected from               

wheat (94.7%; 304/321), followed by 3ADON (4.4%; 14/321), and NIV (0.9%; 3/321). Only             

the 15ADON genotype was recovered from spelt, barley, and rye hosts. 

Among the 77 isolates obtained from overwintering residues, 72 were collected from            

maize stubble, two from wheat residue, and three from Johnsongrass (​Sorghum halepense​).            

All 77 ​F. graminearum isolates possessed the 15ADON type (Table S3). The frequency of the               

toxin types did not depend on the source (spikes or residues) (​P​ = 0.152).  
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Asexual and sexual fertility 

The 3ADON isolates grew significantly faster ​in vitro and produced more           

macroconidia than 15ADON isolates (Table 2, Fig. 2A,B). Mean perithecia production did            

not differ between the two genotypes when compared at 3 (​P = 0.378) and 6 days ( ​P = 0.598),                   

but there was a difference between the two evaluation days (​P = 0.000) (Fig 2D). Similarly,                

no statistical difference was found for mean ascospore production between the two            

trichothecene genotypes (Table 2, Fig 2C). 

 

Table 1. Trichothecene genotype frequency of ​Fusarium graminearum isolates collected          

from naturally FHB-infected spikes of different small grain hosts (wheat, barley, spelt, rye)             

across Pennsylvania in 2018 and 2019 years 

F ​a Year Location Region Host Number of isolates (%)​b  

     15ADON 3ADON NIV N​c 
1 2018 Lancaster South Wheat 34 (100.0) 0 (0.0) 0 (0.0) 34 

2 2018 York South Spelt 34 (100.0) 0 (0.0) 0 (0.0) 34 

3 2018 Armstrong Central Wheat 24 (88.9) 2 (7.4)  1 (3.7) 27 

4 2018 Centre Central Wheat 136 (97.8) 3 (2.2) 0 (0.0) 139 

5 2018 Centre Central Wheat 19 (90.5) 2 (9.5) 0 (0.0) 21 

6 2018 Lebanon South Wheat 2 (100.0) 0 (0.0) 0 (0.0) 2 

7 2018 Potter North Wheat 3 (100.0) 0 (0.0) 0 (0.0) 3 

8 2018 Potter North Spelt 0 (0.0) 4 (100.0) 0 (0.0) 4 

9 2018 Potter North Wheat 4 (50.0) 2 (25.0) 2 (25.0) 8 

10 2018 Tioga North Wheat 26 (92.9) 2 (7.1) 0 (0.0) 28 

11 2018 Tioga North Wheat 2 (66.7) 1 (33.3) 0 (0.0) 3 

12 2018 Tioga North Wheat 4 (100.0) 0 (0.0) 0 (0.0) 4 

13 2019 Lancaster South Barley 25 (100.0) 0 (0.0) 0 (0.0) 25 

14 2019 Lancaster South Rye 6 (100.0) 0 (0.0) 0 (0.0) 6 

15 2019 Lancaster South Spelt 6 (100.0) 0 (0.0) 0 (0.0) 6 

16 2019 Lancaster South Wheat 1 (100.0) 0 (0.0) 0 (0.0) 1 
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17 2019 Centre Central Barley 13 (100.0) 0 (0.0) 0 (0.0) 13 

18 2019 Potter North Wheat 5 (100.0) 0 (0.0) 0 (0.0) 5 

19 2019 Erie North Wheat 11 (100.0) 0 (0.0) 0 (0.0) 11 

20 2019 Crawford North Wheat 3 (100.0) 0 (0.0) 0 (0.0) 3 

21 2019 Lebanon South Wheat 12 (100.0) 0 (0.0) 0 (0.0) 12 

22 2019 Lebanon South Wheat 3 (100.0) 0 (0.0) 0 (0.0) 3 

23 2019 Lebanon South Wheat 15 (88.2) 2 (11.8)  0 (0.0) 17 
a​ Individual fields sampled in each location (F); 

b ​Genotypes 3-acetyldeoxynivalenol (3-ADON), 15-acetyldeoxynivalenol (15-ADON) and       

nivalenol (NIV). 
c​  N​ = total number of isolates.  

 

Fungicide sensitivity 

EC​50 ​values ranged from 0.01 to 0.41 μg/ml (0.13 ± 0.12) for tebuconazole and from               

0.00 to 0.13 μg/ml (0.02 ± 0.03) for metconazole. ​EC​50 ​estimates for tebuconazole were              

greater (​P = 0.000) than metconazole (Fig. 3A). However, no statistical differences were             

observed between the two trichothecene genotypes for the ​EC​50 ​estimates for tebuconazole (​P             

= 0.847) and metconazole (​P​ = 0.498) (Table 2). 

 

Multivariate analysis 

Based on MANOVA, there was no difference between the 3ADON and 15ADON            

trichothecene genotypes based on examining the combined dependent variables (​P = 0.239).            

The correlation analysis for each pairwise comparison (​n = 21) for all 7 variables used to                

characterize fitness of the two trichothecene groups (Table 2) indicated that there were 7              

significant (​P < 0.05) correlations (Fig. S1). Overall, ​mycelial growth rate was positively             

correlated with macroconidia production (​P = 0.01). However, the ​mycelial growth rate and             

macroconidia production were negatively associated with the ​EC​50 ​estimates for tebuconazole           

and metconazole. As expected, perithecia production on day 3 was highly correlated with             

perithecia production on day 6, as well as the ​EC​50 ​estimates for tebuconazole and              

metconazole. 

The PCA suggested that ​EC​50 ​estimates for tebuconazole, ​mycelial growth rate, and            

EC​50 ​estimates for metconazole contributed the most for the PC1: 22.7%, 21.4%, and 18.5%              
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respectively of the total, with 34.4% of all variation explained by this first PC (Fig. 3B). The                 

second PC explained 26.9% of the variation, with perithecia production on days 3 and 6               

contributing to 33.0% and 31.9%, respectively. Thus, the first two PCs explained 61.3% of              

the variation among the isolates. The third PC explained 15.1% of the variation among              

isolates, with a contribution of 58.0% from the variable ascospore production. 

Table 2. Summary information of saprophytic traits of 31 ​Fusarium graminearum isolates            

obtained from naturally FHB-infected spikes of small-grain cereals from 2018 possessing           

either a 3-acetyl-deoxynivalenol (3-ADON) or a 15-ADON trichothecene genotype. 

 Trichothecene genotype​a  

Variable n 15ADON n 3ADON P​-value​b 
Mycelial growth​c 60 6.87 ± 4.23 64 9.00 ± 4.61 0.008 

Spore production​d 60 26.58 ± 16.53 64 41.07 ± 18.89 0.000 

Ascospore production​e 60 38.42 ± 31.77 64 42.89 ± 33.76 0.449 

Perithecia production​f      

3 days 30 5.11 ± 6.79 32 6.95 ± 9.40 0.378 

6 days 30 11.49 ± 10.04 32 12.98 ± 12.00 0.598 

EC​50 ​tebuconazole​g 15 0.14 ± 0.14 16 0.11 ± 0.11 0.847 

EC​50 ​metconazole​h 15 0.02 ± 0.03 16 0.02 ± 0.02 0.498 
a Isolates were identified to trichothecene genotype using polymerase chain reaction assays            

targeting ​Tri3 and ​Tri12 genes ( ​Starkey et al. 2007​). In total 31 ​Fusarium graminearum              

isolates (​n ​15ADON = 15; ​n ​3ADON = 16) were used in this study. Data shown are means ± standard                  

deviation. 
b ​P​-value for comparisons of trichothecene genotypes based on ​Student​’s t-test (mycelial            

growth, spore production, ascospore production, perithecia production) and Kruskal-Wallis         

test (​EC​50 ​tebuconazole, ​EC​50 ​metconazole).  
c Mycelial growth (​cm​2​) were determined on potato dextrose agar (PDA) at ​25 ºC incubated               

for four days under continuous darkness. 
d Macroconidia production (× 10​4 ​macroconidia/ml) ​on synthetic nutrient agar media (SNA)            

for 7 days under a cycle of 12 h of light and 12 h of darkness at 25°C. 
e Ascospores (× 10​4 ​ascospore/ml) produced from carrot agar (CA) and discharged and             

harvested from ​a glass microscope slide. 

https://www.zotero.org/google-docs/?19A3bm
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f Perithecia production (​%​) in one ​cm​2 of carrot agar (CA) after 3 and 6 days of incubation at                   

25°C under constant lights. 
g,h Effective concentration of tebuconazole and metconazole fungicides (μg/ml) that reduces           

50% of the mycelial growth of each of the isolates. 

 
 

 
Fig. 1. ​Number of ​Fusarium graminearum isolates collected from naturally FHB-infected           
spikes of small-grain cereals during ​(A) 2018 and ​(B) 2019 growing season by county in               
Pennsylvania, possessing 3-acetyldeoxynivalenol (3ADON), 15-acetyldeoxynivalenol     
(15ADON), and nivalenol (NIV) genotypes.  
 
 

 

Fig. 2. (A) Average mycelial growth per day on PDA medium, ​(B) macroconidia production              
on SNA medium, ​(C) ascospore production on carrot agar medium, and ​(D) ​percentage of              
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perithecia in 1 ​cm​2 of carrot agar medium on 3 and 6 days for a sample of 31 ​Fusarium                   
graminearum isolates (​n ​15ADON = 15; ​n​3ADON = 16) obtained from naturally FHB-infected            
spikes of small-grain cereals from 2018 across Pennsylvania. Data points for each isolate             
averaged over replicates and experiments. 
 

 

 

Fig. 3. (A) ​Density plots of the effective concentration of tebuconazole and metconazole that              
reduces 50% of the mycelial growth (​EC​50​), and ​(B) ​Scatterplot from the Principal             
Components Analysis (PCA) of a sample of 31 ​F. graminearum isolates (​n​15ADON = 15; ​n​3ADON               
= 16) obtained from naturally FHB-infected spikes of small-grain cereals from the 2018             
season across Pennsylvania. PCA was performed using data from a correlation matrix, and the              
estimated eigenvectors and eigenvalues were obtained for each principal component (PC).           
The first and second PC explained 34.4% and 26.9% of all the variation among the isolates.                
Contrib. = contribution (%) of each individual isolate in explaining all variation among them. 
 

DISCUSSION 

This is the first comprehensive study conducted in Pennsylvania on the composition            

and spatial distribution for a collection of FHB pathogens obtained from small grain (wheat,              

barley, rye, and spelt) and overwintering residues. Our results corroborate previous findings            

of the large dominance of the ​F. graminearum of the 15ADON genotype in the Eastern US,                

which was consistent in samples from both symptomatic spikes and overwintering residues            

(​Cowger et al. 2020​, ​Kuhnem et al. 2015​, ​Schmale et al. 2011​). These isolates may be part of                  

a genetically divergent North American population of ​F. graminearum that cause FHB and             

typically produces the 15ADON mycotoxin ​(Gale et al. 2007, Kelly and Ward 2018​). 
The non-FGSC isolates were in very low frequency (3%), but they are known to              

produce different types of mycotoxins, which could be a concern should they frequency             

increase in the future. For example, ​F. avenaceum is the most important FHB-causing species              

within the ​F. tricinctum species complex (FTSC), and has the ability to produce moniliformin,              

enniatins analogues, and beauvericin (Beccari et al. 2018). Previous studies also demonstrated            

https://www.zotero.org/google-docs/?LZLkxK
https://www.zotero.org/google-docs/?B0gbv0
https://www.zotero.org/google-docs/?LZLkxK
https://www.zotero.org/google-docs/?WFze3y
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that ​F. temperatum​, which is typically a maize pathogen and a member of the ​F. fujikuroi                

species complex (FFSC), was able to accumulate the same mycotoxin types as ​F. avenaceum              

in infected maize kernels. However, ​F. sporotrichioides​, which is classified in the broader ​F.              

sambucinum species complex (FSAMSC) (O'Donnell et al., 2013), is able to produce type-A             

trichothecenes mycotoxins, including T-2 and HT-2, and these are considered to be more             

toxic to humans and animals than type-B trichothecenes (Logrieco et al. 1990, Krska et al.               

2001). Recently, Cowger et al. (2020) showed that FTSC species account for 11.3% of the               

Fusarium ​isolates obtained from symptomatic wheat spikes in the 2013-14 growing seasons            

in North Carolina. In that case, members of the FTSC, specially ​F. avenaceum​, were frequent               

or even dominant in some fields. Clearly, data on non-FGSC pathogens causing FHB in wheat               

in the US is lacking. The recent reports reinforces the need for continued monitoring of               

regional FHB pathogen populations in PA, especially to characterize possible trends in            

pathogen diversity that may result from changes in cropping systems and agricultural            

practices across the state. 

The frequency of the trichothecene genotypes reported in our study is in agreement             

with previous reports in the Northeastern U.S. where 15ADON was the predominant            

genotype, followed by 3ADON and NIV ​(Cowger et al. 2020, Kuhnem et al. 2015, Fulcher et                

al. 2019, Schmale et al. 2011)​. Schmale et al. (2011) reported 15ADON as the dominant               

genotype across the Eastern U.S. states (92%). Interestingly, the frequency of the 15ADON             

(91.9%) and 3ADON (8.1%) types of 62 isolates collected from four commercial winter             

wheat fields at four regions in PA, more than a decade ago in the Schmale et al. (2011) study,                   

was similar to that in our study. Moreover, we also did not find the 3ADON type found in the                   

Southern fields. These consistencies in the results may be an indication that FHB pathogen              

populations in PA are following a unique evolutionary trajectory. Nonetheless, both reports            

from PA contrast with Western Canada and the Upper Midwest of the U.S., where an ​F.                

graminearum population with a 15ADON genotype has been replaced by an introduced            

3ADON population ​(Ward et al. 2008, Gale et al. 2007, Liang et al. 2014, Puri and Zhong                 

2010)​. The low recovery of NIV genotype isolates in our study is in agreement with previous                

findings for the Northeastern U.S., where a north-south cline of increasing frequency of NIV              

genotype was observed, with a large population of NIV producers observed in Louisiana             

(Fulcher et al. 2019, Gale et al. 2011, Schmale et al. 2011​). Recent data from North Carolina                 

for a collection of 2197 isolates also showed the low frequency of the NIV producing isolates                

(2.2%), with no more than >12% observed in a single field (Cowger et al. 2020). 

https://www.zotero.org/google-docs/?EnDZOZ
https://www.zotero.org/google-docs/?EnDZOZ
https://www.zotero.org/google-docs/?7iSpFk
https://www.zotero.org/google-docs/?7iSpFk
https://www.zotero.org/google-docs/?ZpICUC
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It has been suggested that the distribution of trichothecene genotypes and FGSC            

species in certain geographic regions may be shaped by differences in host and/or ecological              

preferences and cropping system (Lee et al. 2009, Yang et al. 2018, Dill-Macky and Jones               

2000). In South America, ​F. meridionale and ​F. cortaderiae species, both possessing the NIV              

genotype, were more frequently obtained from maize, and ​F. graminearum with the 15ADON             

or 3ADON genotypes from wheat ​(Del Ponte et al. 2015, Sampietro et al. 2011, Kuhnem et                

al. 2016)​. The indication of host preference was also reported by Boutigny et al. (2011) in                

South Africa, where ​F. boothii was the exclusive species associated with maize, and ​F.              

graminearum accounted for more than 85% of the FGSC isolates obtained from wheat and              

barley. Conversely, our results showed similar frequencies of the 15ADON genotype obtained            

from maize stubble and symptomatic spikes. While in the NY study (Kuhnem et al. 2015), the                

3ADON genotype was also recovered from maize stubble, only the 15ADON genotype was             

found in the stubble-borne isolates from PA. 

In this study the isolates were collected from locations with unique climate conditions             

and cultural practices. For example, Lancaster, Lebanon, and York counties are in a warmer              

region of southern PA, where traditional corn-wheat-soybean rotations are very common. In            

this area, only two ​F. graminearum with the 3ADON genotype were recovered. In contrast,              

Potter County is located in a colder region and at higher altitudes in Northern PA where                

different crop species are grown in the rotations compared with the other regions. We found               

the greatest frequency of the 3ADON genotype in Potter county. The ecological factors             

driving dynamics of FHB populations in PA are still not clear. However, it has been               

suggested that the geographic distribution and population dynamics among North American           

F. graminearum ​populations are influenced by a complex ecological and adaptive landscape            

(Kelly et al. 2015). In addition, inherent regional differences in the landscape also seem to               

have influenced the composition of the trichothecene genotypes in NY (Kuhnem et al. 2015). 

In general, the ​F. graminearum isolates of the two toxin types could not be              

differentiated for the majority of measures of saprophytic fitness in this study. However,             

mycelial growth rate was faster for 3ADON which also produced more macroconidia ​in vitro              

than 15ADON isolates. Ward et al. (2008) suggested that the greater fecundity and growth              

rate of the 3ADON population that supposedly displaced the 15ADON population in Western             

Canada, were indicative of an adaptive fitness advantage if the same aggressiveness pattern             

were displayed ​in vivo​. However, Milgroom (2015) argues that ​in vitro assays estimates are              

often poor predictors of fitness in natural field environments. Contradictory results were            

reported by Spolti et al. (2014a) who found that the mycelial growth rate did not differ at any                  

https://www.zotero.org/google-docs/?3lAIry
https://www.zotero.org/google-docs/?3lAIry
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tested temperature ranging from 1​5 to 30°C ​between the 3ADON and 15ADON populations             

from NY. In our study, the two toxin types were similar with regards to sexual fertility, as                 

suggested by measures of perithecia formation and ascospore production on carrot agar. Spolti             

et al. (2014a) also observed similar ascospore production on corn stalk among both             

genotypes, but this was not true for ascospore production on carrot agar, where 3ADON              

isolates were more fertile. 

Although the differential sensitivity to fungicides could be one of the factors related to              

possible adaptive fitness advantages of 3ADON isolates compared with 15ADON isolates           

(Spolti et al. 2014a), we found no statistical differences in ​EC​50 ​estimates for tebuconazole              

and metconazole between the two toxy types, although a greater variability in the ​EC​50 was               

found for the sensitivity levels to tebuconazole. It is not clear whether the extended use of                

tebuconazole against ​F. graminearum is a factor leading to lower sensitivity or the             

populations are naturally variable (Spolti et al. 2012b; Spolti et al. 2014b; Becher et al.,               

2010). Regardless of the individual effect of each saprophytic trait and sensitivity of             

triazole-based fungicides to the 3ADON and 15ADON genotypes, results from the           

multivariate analysis showed that there was no clear distinction in fitness attributes between             

isolates of the 3ADON and 15ADON genotypes. These results agree with those by Spolti et               

al. (2014a) who compared 14 different attributes of saprophytic and pathogenic fitness and             

reported no differences between populations of ​F. graminearum with 15ADON and 3ADON            

genotypes​ ​from New York. 

We provide the first full report on the distribution and composition of the             

trichothecene genotypes of ​F. graminearum isolates obtained from two fungal habitats in            

Pennsylvania, including naturally FHB-infected spikes of different small grain hosts (wheat,           

barley, spelt, rye), and overwintering residues, especially maize stubble. Results indicated that            

the regional population of ​F. graminearum is composed mainly of the 15ADON genotype in              

frequency that agrees with reports from more than a decade ago, suggesting no shift in the                

population causing FHB in PA. Whether the north-south cline of increasing frequency of             

3ADON genotype in PA depends on cropping system and/or environmental factors merits            

further investigation. It would be instructive to further investigate the presence of the recently              

described NX2 chemotype among North American ​F. graminearum populations (Liang et al.            

2014, Varga et al. 2015). Our findings expand knowledge of the trichothecene diversity in              

Pennsylvania, highlight the need to further explore the genetic diversity and population            

structure analysis in future studies in order to assist in answering questions about the              

sustainability of resistant cultivars and fungicides used to manage FHB in Pennsylvania.  
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SUPPLEMENTARY MATERIAL 
 
Table S1. Summary information of sampled small-grain cereals fields in 2018 growing            
season in Pennsylvania. 

F ​a County Host FHB (%) ​b Previous crop 

    2015 2016 2017 

1 Lancaster Wheat 68.6 Corn Barley Corn 

2 York Spelt 49.1 Corn Wheat Corn 

3 Armstrong Wheat 16.6 Wheat Corn Soybean 

4 Centre Wheat 28.6 Soybean Corn Oats 

5 Centre Wheat 48.6 Corn Soybean Cucumber 

6 Potter Wheat 20.0 Corn Corn Green beans 

7 Potter Spelt 10.0 Wheat Hay Green beans 

8 Potter Wheat 7.8 Corn Corn Barley 

9 Tioga Wheat 11.0 Soybean Soybean Soybean 

10 Tioga Wheat 18.9 Hay Corn Corn 

11 Tioga Wheat 10.0 Soybean Corn Green beans 
a​Field number (F). 
b​Mean of Fusarium head blight severity (FHB, %) per field. 
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Table S2. Summary information of sampled small-grain cereals fields in 2019 growing            
season in Pennsylvania. 

F ​a Location Host FHB (%) ​b Previous crop 

    2016 2017 2018 

1 Lancaster Barley 25.9 Soybean Wheat Corn 

2 Lancaster Rye 43.3 -- -- -- 

3 Lancaster Spelt 35.9 -- -- -- 

4 Lancaster Wheat 76.5 -- -- -- 

5 Centre Barley 34.5 Soybean Corn Oats 

6 Potter Barley 22.8 Corn Corn Corn 

7 Potter Wheat 38.3 -- Green beans Soybean 

8 Erie Wheat 22.0 Wheat Soybean Soybean 

9 Erie Wheat 14.4 Soybean Soybean Oats 

10 Crawford Wheat 14.1 Wheat Soybean Corn 
a​Field number (F). 
b​Mean of Fusarium head blight severity (FHB, %) per field. 
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Table S3. Summary information of sampled overwintering residues fields during the Winter            
2012 in Pennsylvania. 

Code County Host Species Genotype 

AD-DS-W-2 Adams Wheat residue F. graminearum 15ADON 

AD-DS-W-3 Adams Wheat residue F. graminearum 15ADON 

AD-BC2 Adams Corn stubble F. graminearum 15ADON 

AD-KH5 Adams Corn stubble F. graminearum 15ADON 

AR-TG5 Armstrong Corn stubble F. graminearum 15ADON 

BK-WW5 Berks Corn stubble F. graminearum 15ADON 

BK-DZ1 Berks Corn stubble F. graminearum 15ADON 

BK-EM-1 Berks Corn stubble F. graminearum 15ADON 

BK-EM-2 Berks Corn stubble F. graminearum 15ADON 

BK-EM-4 Berks Corn stubble F. graminearum 15ADON 

BK-MB-2 Berks Corn stubble F. graminearum 15ADON 

BK-MB-4 Berks Corn stubble F. graminearum 15ADON 

BT-RW4 Butler Corn stubble F. graminearum 15ADON 

CB-MR2 Columbia Corn stubble F. graminearum 15ADON 

CB-DA1 Columbia Corn stubble F. graminearum 15ADON 

CB-DA2 Columbia Corn stubble F. graminearum 15ADON 

CB-DA3 Columbia Corn stubble F. graminearum 15ADON 

CB-DA4 Columbia Corn stubble F. graminearum 15ADON 

CB-DA-5 Columbia Corn stubble F. graminearum 15ADON 

CB-DA-JG-2 Columbia Johnson grass F. graminearum 15ADON 

CB-DA-JG-3 Columbia Johnson grass F. graminearum 15ADON 

CB-CS3 Columbia Corn stubble F. graminearum 15ADON 

CB-CS5 Columbia Corn stubble F. graminearum 15ADON 

DN-KB-1 Dauphin Corn stubble F. graminearum 15ADON 

FN-SM-B2 Franklin Corn stubble F. graminearum 15ADON 
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FN-SM-B3 Franklin Corn stubble F. graminearum 15ADON 

FN-SM-B4 Franklin Corn stubble F. graminearum 15ADON 

FN-RS1 Franklin Corn stubble F. graminearum 15ADON 

FN-RS2 Franklin Corn stubble F. graminearum 15ADON 

FN-RS3 Franklin Corn stubble F. graminearum 15ADON 

FN-SB1 Franklin Corn stubble F. graminearum 15ADON 

FN-SB2 Franklin Corn stubble F. graminearum 15ADON 

FN-SB3 Franklin Corn stubble F. graminearum 15ADON 

FN-F1 Franklin Corn stubble F. graminearum 15ADON 

FN-F2 Franklin Corn stubble F. graminearum 15ADON 

FN-F4 Franklin Corn stubble F. graminearum 15ADON 

FN F JG 1 Franklin Johnson grass F. graminearum 15ADON 

FN-WB3 Franklin Corn stubble F. graminearum 15ADON 

FN-WB4 Franklin Corn stubble F. graminearum 15ADON 

LN-JF-3 Lancaster Corn stubble F. graminearum 15ADON 

LN-BS4 Lancaster Corn stubble F. graminearum 15ADON 

LN-EM-1 Lancaster Corn stubble F. graminearum 15ADON 

LN-EM-2 Lancaster Corn stubble F. graminearum 15ADON 

LN-EM-4 Lancaster Corn stubble F. graminearum 15ADON 

LN-DH-1 Lancaster Corn stubble F. graminearum 15ADON 

LN-DH-3 Lancaster Corn stubble F. graminearum 15ADON 

LN-DH-4 Lancaster Corn stubble F. graminearum 15ADON 

LN-MG-3 Lancaster Corn stubble F. graminearum 15ADON 

LN-MG5 Lancaster Corn stubble F. graminearum 15ADON 

LW-BW-2 Lawrence Corn stubble F. graminearum 15ADON 

LB-GK-1 Lebanon Corn stubble F. graminearum 15ADON 

LB-GK-5 Lebanon Corn stubble F. graminearum 15ADON 
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LH-TB-3 Lehigh Corn stubble F. graminearum 15ADON 

LH-TB-4 Lehigh Corn stubble F. graminearum 15ADON 

NU-DJ-10YR-2 Northumberland Corn stubble F. graminearum 15ADON 

NU-DJ-10YR-4 Northumberland Corn stubble F. graminearum 15ADON 

NU-DM3 Northumberland Corn stubble F. graminearum 15ADON 

PT1-2 Potter Corn stubble F. graminearum 15ADON 

PT3-2 Potter Corn stubble F. graminearum 15ADON 

SKRK2 Schuylkill Corn stubble F. graminearum 15ADON 

SK-RK5 Schuylkill Corn stubble F. graminearum 15ADON 

SK-RSII-2 Schuylkill Corn stubble F. graminearum 15ADON 

SK-RSII-4 Schuylkill Corn stubble F. graminearum 15ADON 

SK-JH-2B Schuylkill Corn stubble F. graminearum 15ADON 

SK-JHII-5 Schuylkill Corn stubble F. graminearum 15ADON 

TG-DC-3 Tioga Corn stubble F. graminearum 15ADON 

TG-CW-1 Tioga Corn stubble F. graminearum 15ADON 

TG-CW-2 Tioga Corn stubble F. graminearum 15ADON 

TG-CW-4 Tioga Corn stubble F. graminearum 15ADON 

TG-MF-2 Tioga Corn stubble F. graminearum 15ADON 

TG-MF-3 Tioga Corn stubble F. graminearum 15ADON 

TG-TW-1 Tioga Corn stubble F. graminearum 15ADON 

YK-AFI-4 York Corn stubble F. graminearum 15ADON 

YK-AFII-2 York Corn stubble F. graminearum 15ADON 

YK-JR-1 York Corn stubble F. graminearum 15ADON 

YK-JR-3 York Corn stubble F. graminearum 15ADON 

YK-JR-4 York Corn stubble F. graminearum 15ADON 
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Table S4. Summary information for a collection of 31 ​Fusarium graminearum ( ​n​15ADON = 15;              
n ​3ADON = 16) isolates obtained from naturally FHB-infected spikes of small-grain cereals from             
2018 across Pennsylvania, which were used in five different experiments in this study.  

Number Code Location Region Host Genotype 

01 18SG20iii Armstrong Central Wheat 3ADON 

02 18SG20iv Armstrong Central Wheat 3ADON 

03 18SG74i Centre Central Wheat 3ADON 

04 18SG74iii Centre Central Wheat 3ADON 

05 18SG84i Centre Central Wheat 3ADON 

06 18SG94i Centre Central Wheat 3ADON 

07 18SG94iii Centre Central Wheat 3ADON 

08 18SG140i Tioga North Wheat 3ADON 

09 18SG140ii Tioga North Wheat 3ADON 

10 18SG145i Tioga North Wheat 3ADON 

11 18SG168i Potter North Spelt 3ADON 

12 18SG168iii Potter North Spelt 3ADON 

13 18SG168iv Potter North Spelt 3ADON 

14 18SG168v Potter North Spelt 3ADON 

15 18SG178ii Potter North Wheat 3ADON 

16 18SG178iii Potter North Wheat 3ADON 

17 18SG01ii Lancaster South Wheat 15ADON 

18 18SG09i Lancaster South Wheat 15ADON 

19 18SG11iv York South Spelt 15ADON 

20 18SG12i York South Spelt 15ADON 

21 18SG25iii Armstrong Central Wheat 15ADON 

22 18SG29i Armstrong Central Wheat 15ADON 

23 18SG34i Centre Central Wheat 15ADON 

24 18SG67i Centre Central Wheat 15ADON 

25 18SG76iii Centre Central Wheat 15ADON 
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26 18SG119i Potter North Wheat 15ADON 

27 18SG120i Potter North Wheat 15ADON 

28 18SG135ii Tioga North Wheat 15ADON 

29 18SG161i Tioga North Wheat 15ADON 

30 18SG180ii Potter North Wheat 15ADON 

31 18SG182i Centre Central Wheat 15ADON 
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Figure S1. Pearson’s correlation coefficients for all pairwise comparisons among fitness           
traits. Correlation coefficient was calculated using the average each trait per isolate. Negative             
correlation values are shown in red and positive values in blue. Lighter the color closer the                
correlation values to zero. Blanks values are not significant at 95% of confidence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



87 

GENERAL CONCLUSIONS 

 

Chapter 1: 

 

DON was detected in 55% and 39% of the samples by the reference method. 

The OTA mycotoxin was not found in the samples by both methods. 

ZEA was only detected in the samples where DON was also present, indicating the              

co-occurrence of both toxins in wheat grain samples in Brazil. 

The DON levels estimated by immunoassay were generally higher than those           

estimated by chromatography.  

The levels estimated by the two methods for ZEA were in better agreement than for               

DON.  

 

Chapter 2: 

 

FHB is an important yield-limiting disease of spring wheat in the subtropics. 

Our simulations results confirm the trend of increase in yield loss verified in Brazil              

after FHB resurgence, with no major changes afterward. 

One fungicide application proved to be a more profitable production practice for the             

period after FHB resurgence than for the before period. 

 

Chapter 3: 

 

F. graminearum of the 15ADON genotype is the dominant species associated with            

FHB in the Eastern U.S., regardless of fungal habitat. 

The 3ADON and NIV toxin types were found in lower frequencies than DON. 

F. graminearum isolates possessing 3ADON or 15ADON types could not be           

differentiated for most of the saprophytic traits based on multivariate analysis.  

All isolates were sensitive to tebuconazole and metconazole fungicides ​in vitro​. 
 


