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Abstract: In recent years, an increase of interest has arisen in oats due to their unique health-related 

properties. Fusarium Head Blight (FHB) is recognized as a major threat to oat production and safety. 

The Joint FAO/WHO Expert Committee on Food Additives (JECFA) assesses the risks of the pres-

ence of Fusarium-produced mycotoxins in foods and the tolerable intake level. This paper summa-

rizes updates on Fusarium resistance in oats, describing the advances in phenotyping strategies and 

diagnostics methods and discussing the role of the infection process of the microbiome and bioactive 

compounds peculiar to oats. A special emphasis has been placed on the presentation of new genetic, 

genomic, and biotechnological knowledge and tools available today and their perspectives on 

breeding programs aiming to develop FHB-resistant genotypes. 
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1. Introduction 

Oats rank fifth in the world’s cereal production, with more than 23 million tons. About 

60% of such production is concentrated in European continents, but other continents are 

heavily involved, such as America and Australia [1]. This crop is used chiefly as livestock 

feed: oats are appreciated for the good hay, the excellent grazing, the good silage, and the 

grains that, rich in fats and proteins, are a valuable, energy-rich source for all kinds of ani-

mals [2]. Oats have even a long history of use as human food, recently rediscovered and 

strengthened [3]. The high value of oat grains in human nutrition, which is unique among 

cereals, is widely recognized, as reviewed by Morcia et al. [4]. It is based on the high contents 

of lysine-rich proteins, polyunsaturated fatty acids, dietary fiber, and anti-inflammatory 

phenolic compounds, such as avenanthramides, peculiar to oats [5]. 

Some fungal species can grow and produce mycotoxins in oats, which constitutes a 

major hazard to cereal quality for animal and human consumption, apart from being of 

great economic concern to cereal producers and the grain processing industry [6]. In par-

ticular, Fusarium Head Blight (FHB) is recognized as a major threat to oat production and 

safety. The disease is caused by different species belonging to the genus Fusarium. These 

fungal plant pathogens are producers of mycotoxins, secondary metabolites that are 

chemically stable and survive food and feed processing, posing a potential risk to human 

and animal health [7–9]. In contrast to the situation in wheat and barley, Tekauz et al. [10] 

stated that FHB is typically not visible in an oat field and that visual in-crop severity is 

not a reliable indicator of the damage to mature seed. Despite panicle symptoms not being 

obvious and seed and test weights of the harvested grain being satisfactory, high levels of 

mycotoxins can be detected. 

The infection of agricultural products for human nutrition with Fusarium spp. and 

the resulting mycotoxin contamination is of high concern for international (FAO/WHO 
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2001) and European authorities [6]. Deoxynivalenol (DON), zearalenone (ZEN), and 

fumonisin B1 are three of the five most important mycotoxins on a European and world 

scale. The European Scientific Committee on Food has set tolerable daily intake (TDI) val-

ues for DON to 1 μg·kg−1 bodyweight per day and for the sum of T-2 and HT-2 toxin to 

0.06 μg·kg−1 bodyweight per day. 

The infection of agricultural products for human consumption with Fusarium spp. and 

the consequent mycotoxin contamination is of high concern for international authorities. 

The Joint FAO/WHO Expert Committee on Food Additives (JECFA) assesses the risks 

for the presence of mycotoxins in foods and the tolerable intake level (of body weight per 

day) Health-Based Guidance Values (DON 1.0 μg·kg−1, ZEN 0.5 μg·kg−1, T-2 and HT-2 0.06 

μg·kg−1, Fumonisins 2.0 μg·kg−1) [11] and provides advice on risk management and rec-

ommendations that are used by governments and by the Codex Alimentarius Commis-

sion to establish international maximum levels of contamination in food [12]. 

European Food Safety Authority (EFSA) Panel on Contaminants in the Food Chain 

(CONTAM) established a TDI for DON, ZEN, T-2 and HT-2, Fumonisins, and Nivalenol 

(NIV) (Table 1). 

Many countries through their competent institutes (European Commission (EC), 

Food and Drug Administration of United States (U.S. FDA), Public Health Agency of Canada 

(PHAC), Russian Federal Service for Surveillance on Consumer Rights Protection and Human 

Wellbeing (Rospotrebnadzor), etc.) have set maximum levels of mycotoxins for some cereals 

and their derivatives to protect consumers from the harmful effects of mycotoxins. 

In particular, the EC has issued the most complete and detailed regulations to set the 

maximum level or indicative level of mycotoxins in food, also for oats and their derived 

products at a rigorous level that is reasonably achievable through good agricultural, pro-

cessing, and storage practices, taking into account the risk related to the consumption of 

the food (Table 1). 

Table 1. Maximum level for DON and ZEN in cereals and cereals products with particular attention 

to oats (Commission Regulation (EU) 2023/915 of 25 April 2023) [13], indicative levels for the sum 

of T-2 and HT-2 (Commission Recommendation 2013/165/EU) [14] and TDI (EFSA CONTAM—

Panel EFSA Panel on Contaminants in the Food Chain). * ND = Non-determined. 

Mycotoxin 
TDI μg·kg−1 

Bodyweight Per Day 
Food 

Maximum 

Level 

(μg·kg−1) 

Indicative 

Level 

(μg·kg−1) 

DON 

1.0 

(EFSA Journal 

2017;15(9):4718) [15] 

Unprocessed durum wheat grains oat grains 1750  

Cereals placed on the market for the final consumer, ce-

real flour, semolina, bran and germ as final product 

placed on the market for the final consumer except mill-

ing products of maize 

750  

Bread, pastries, biscuits, cereal snacks and breakfast cere-

als 
500  

Baby food and processed cereal-based food for infants 

and young children 
200  

ZEN 

0.25 

(EFSA Journal 

2011;9(6):2197 

2016;14(4):4425) [16,17] 

Unprocessed cereal grains except maize grains 100  

Cereals placed on the market for the final consumer, ce-

real flour, bran and germ as final product placed on the 

market for the final consumer except maize 

75  

Bread, pastries, biscuits, cereal snacks and breakfast cere-

als except maize 
50  

Baby food and processed cereal-based food for infants 

and young children 
20  

T-2, HT-2 0.02 Unprocessed cereals: oats (with husk)  1000 
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(EFSA Journal 

2017;15(1):4655 

2017;15(8):4972) [18,19] 

Cereal grains for direct human consumption: oats  200 

Oat bran and flaked oats  200 

Oat milling products other than oat bran and flaked oats  100 

Breakfast cereals including formed cereal flakes  75 

Bread (including small bakery wares), pastries, biscuits, 

cereal snacks, pasta 
 25 

Cereal-based foods for infants and young children  15 

Fumonisin 

B1 

1.0 

(EFSA Journal 

2018;16(2):5172) [20] 

Oat grains and oat products ND * ND * 

NIV 

1.2 

(EFSA Journal 

2017;15(4):4751) [21] 

Oat grains and oat products ND * ND * 

Because of the relevance of mycotoxins for the quality of oat and oat products, several 

strategies have been proposed to counteract the problem. Mielniczuk et al. [22] recently 

reviewed the methods proposed to control Fusarium cereal head diseases and grain con-

tamination with mycotoxins before and after harvest. Good Agricultural Practices are the 

pillar for controlling Fusarium in the field: agronomic practices, together with chemical, 

physical, and biological treatments, can be of great help in inhibiting Fusarium develop-

ment and reducing mycotoxins in grain. An ecologically friendly strategy is the develop-

ment of varieties genetically resistant to Fusarium ssp. and toxin accumulation. 

Hautsalo et al. [23] reviewed the resistance to FHB in oats, focusing on the techniques 

used in phenotyping and on the resistance source found. This review is an important ref-

erence for the knowledge collected up to 2017/2018 on the topic. Schematically, these are 

the points reported by the authors about resistance to Fusarium graminearum in oats: 

I. Fusarium resistance in oats is a complex, quantitative trait. Five types of resistance 

mechanisms are known: 

- resistance to the initial infection (type I): is due to earliness that ensures the 

avoidance or to plant morphologies and chemical compounds that act as barriers 

against the fungus; 

- resistance to the spread of the infection (type II): plant morphologies, chemical 

compounds, and detoxification mechanisms that limit the spread of the fungus; 

- resistance to kernel infection (type III): kernel morphologies, chemical barriers, 

defense proteins, induced resistance mechanisms to limit kernel infection and 

late blight; 

- tolerance (type IV): antioxidant and detoxification strategies to compensate for 

infection; 

- toxin accumulation (type V): toxin modification and transportation to reduce the 

toxin content 

II. Inoculation methods for screening Fusarium-resistant plants. 

Spawn and spray inoculation protocols have been developed and applied to oats ac-

cessions grown in nurseries, greenhouses, or growth chambers. 

III. Phenotyping the FHB resistance. 

Visible symptoms are not reliable for phenotyping. Field resistance can be due to avoid-

ance; therefore, plant height and earliness are used as covariates in data analysis. PCR 

and real-time PCR assays are available to identify and quantify F. graminearum. Freezing 

blotter test and germination capacity can measure the kernel infection. DON quantifica-

tion can be conducted with a panel of different analytical strategies. 

The authors concluded that finding a resistance source for breeding is challenging in 

oats. Several sources of partial resistance have been identified, but to speed up resistance 
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breeding, smart methods to quantify resistance are needed, together with high-through-

put phenotyping and genomic selection. 

Starting from this pillar review, an update of the subsequent literature on Fusarium 

resistance in oats, along with an overview of the Fusarium species found to be of greatest 

relevance to this crop, will be presented. 

In order to address these topics, the following actions were conducted: 

• The available literature of the last 10 years was screened based on the keywords 

“Oats”, “Fusarium”, “FHB”, “mycotoxins”, “Fusarium resistance”, “Oats genomics”; 

• The articles resulted from the search were examined carefully for their content and 

for their novelty in comparison with the already published reviews on the topic; 

• In total, more than 100 articles were finally selected for this update. 

2. Epidemiology of Fusarium in Oats 

In oats, FHB, the most important cereal disease worldwide, is caused by a set of several 

Fusarium species with different lifestyles and different types of mycotoxins produced. The 

most important Fusarium species in oats include F. graminearum, F. poae, F. langsethiae, F. 

avenaceum, and F. culmorum [24]. Fusarium species can survive the winter as saprotrophs in 

crop residues, and in the spring and summer, their spores can spread to nearby plants by 

splashing or wind. When the spores land and germinate on the host plant tissues, the fungal 

infection begins. The germ tubes develop into hyphae, can directly infiltrate plant tissue, or 

enter through wounds and natural openings. In oats, anthers seem to be important during 

the early phases of infection. As a result, it seems that oats genotypes that extrude their an-

thers have a decreased risk of FHB compared to genotypes that retain them. The fungus 

invades the surfaces of the palea, lemma, and caryopses. At every stage of plant growth, 

Fusarium can cause a broad range of illnesses, such as foot and root rot and the generation 

of chalky, shriveled kernels with a low germination rate [25]. Figure 1 shows the schematic 

disease cycle of FHB in oats. 

 

Figure 1. Disease cycle of FHB in oats. 

Straw and other contaminated crop residues are natural sources of Fusarium inoculum. 

Plowing is one of the agronomic and cultural activities that reduces the accumulation of 

crop residues while also significantly lowering the inoculum level. Several investigations 

revealed that oats harvested from harrowed fields had a higher concentration of Fusarium 
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infections and mycotoxins than oats collected from plowed fields and that the risk of F. 

langsethiae and HT-2 + T-2 toxin contamination in oats decreased with increasing tillage in-

tensity [26]. In addition to tillage, other agronomic practices such as crop rotation, increasing 

soil organic matter, and microbial/biological activity levels are linked to the lower presence 

of Fusarium and its mycotoxins in cereals. On the other hand, high inputs of mineral nitrogen 

fertilizer and the use of specific fungicides and herbicides may raise infection risks, increas-

ing the susceptibility of cereal plants to Fusarium diseases [27,28]. Overuse of nitrogen ex-

tends the plant’s vegetative period, resulting in an extended period of plant exposure to 

pathogens; the cellular wall becomes thinner and more susceptible to fungal invasion [29]. 

The Fusarium genus contains fungi that are particularly adept at colonizing a variety 

of environments with varying temperatures, humidity levels, and soil composition. De-

fining the temperature requirements of the different species involved in the FHB complex 

is necessary for understanding the variability of the fungal communities causing the dis-

ease in different areas and years, for developing weather-driven disease prediction mod-

els for FHB, and for predicting the types and amounts of toxic compounds in kernels [30]. 

Furthermore, the epidemiology of Fusarium, which is constantly evolving due to climate 

change, could lead to a dramatic increase in Fusarium infection phenomena worldwide 

[31]. As reviewed by Kos et al. [32], scientists have been warning about global warming 

more frequently over the past ten years, tying it to the growth of mycotoxin-producing 

molds in various parts of the world. The development of toxicogenic molds and the gen-

eration of their secondary metabolites may be significantly impacted in the future by more 

pronounced climate change, which may also affect host-pathogen interactions. For exam-

ple, the frequent increase of contamination by F. graminearum, a species capable of pro-

ducing various toxic mycotoxins observed in Northern and Central Europe, is becoming 

a major concern. F. culmorum was once thought to be the primary DON producer in North-

ern Europe, but F. graminearum has since supplanted it as the most significant species. The 

findings of different investigations support the discovery of a shift from F. culmorum to F. 

graminearum in FHB-infected oats in Europe [33]. To better understand the epidemiology 

of fusariosis, several investigations have been conducted on oats, particularly in Europe 

and North America (Table 2). 

As proof of this, Karlsson et al. [34] analyzed the dynamics of Fusarium spp. and their 

mycotoxins production in Swedish cereals for 16 years (from 2004 to 2018). During this 

analyzed 16-year period, the level of NIV and HT-2/T-2 toxins in spring oats were higher 

than in the other cereals. NIV presence was associated with F. poae and the HT-2/T-2 toxins 

with F. langsethiae. F. graminearum dominated F. culmorum for fourteen out of 16 years and 

was identified as the principal DON and ZEN producer. 

In southeast Norway, a high quantity of Fusarium mycotoxins has been recorded in 

oat grain. F. langsethiae and F. graminearum are identified as the major HT-2/T-2 and DON 

toxins producers, respectively, while F. avenaceum was the principal producer of enniatins 

(ENNs) and beauvericin (BEA) in Norwegian oats [26]. 

Recently, Gil-Serna et al. [35] found HT-2/T-2 toxins accumulation in oat grains in 

Spanish oats. They discovered F. langsethiae, one of the major T-2/HT-2 trichothecenes pro-

ducers in northern latitudes, for the first time in Southern European oats. Similar results 

are obtained by Morcia et al. [36]; F. lagsethiae was identified as the principal producer of 

HT-2/T-2 toxins in Italian barley. The presence of this fungus can be strongly influenced 

by agronomic practices (organic or conventional), preceding crops, tillage, oat variety, and 

meteorological conditions, but above all, climate change plays an important role in the 

shift range of F. langsethiae growth. In addition, F. poae, F. tricinctum, and F. cerealis were 

the most often discovered Fusarium species in Spanish oats as B trichothecene producers. 

De Colli et al. [37] revealed for the first time the co-occurrence of numerous myco-

toxins, including the emerging and masked mycotoxins, in Irish unprocessed oats sam-

pling during 2015–2016, and they discovered that T-2/HT-2 were the most often detected 

mycotoxins. 
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Canada ranks among the top producers and exporters of high-quality oats, contrib-

uting 15% to total global output and over 60% to exports [38]. Also, in Canada, FHB is the 

principal fungal disease that causes important economic losses for oats and other cereals 

production. In Ontario, from 2001 to 2017, the predominant Fusarium species identified in 

oat kernels was F. poae, which represented 68% of the pathogen population [39]. Similar 

results were obtained in the province of Manitoba from 2016 to 2018; F. poae was the main 

Fusarium species affecting oats, followed by F. graminearum, F. sporotrichioides, F. aven-

aceum, and F. culmorum [40]. 

A mycological investigation conducted in 2018–2019 on wheat, barley, and oat grains 

grown in the Urals and West Siberia found the presence of 16 species of Fusarium fungi. 

The most common species were F. sporotrichioides, F. avenaceum, F. poae, and F. anguioides. 

In the grain mycobiota of cereal crops, F. graminearum and its mycotoxin DON are fre-

quently found in both the West Siberian and Ural regions. There have been new discover-

ies of rare fungal species in Russia’s Asian territory: F. langsethiae and F. sibiricum, which 

are mostly known for their type A trichothecene mycotoxins, were discovered in the Kur-

gan and Kemerovo regions, respectively. Furthermore, fumonisin-producing F. globosum 

was found in the Omsk and Altai Krai regions. However, compared to oat grain samples, 

wheat and barley grain samples had a greater diversity of Fusarium species [41]. 

Table 2. Principal Mycotoxins and Fusarium species isolated from oats grains in the last years. 

Region Fungus Mycotoxins References 

Northern and Central Europe F. graminearum, F. culmorum DON [33] 

Swedish F. poae, F. langsethiae, F. graminearum NIV, HT-2/T2, DON, ZEN [34] 

southeast Norway F. langsethiae, F. graminearum, F. avenaceum HT-2/T2, DON, ENNs, BEA [26] 

Spain F. langsethiae, F. poae, F. tricinctum, F. cerealis HT-2/T-2, B trichothecenes [35] 

Ireland Fusarium spp. T-2/HT-2 [37] 

Canada 
F. poae, F.graminearum, F.sporotrichioides, F. av-

enaceum, F, culmorum 
- [39,40] 

Urals and West Siberia 

F. graminearum, F. langsethiae, F. sibiricum, 

F.sporotrichioides, F. avenaceum, F. poae, F. an-

guioides 

DON, A-trichothecene [41] 

South-Western Siberian F. sibiricum, F. globosum fumonisin [41] 

3. Genetic Resources as Valuable Sources of FHB Resistance 

Due to decades of work by botanists and geneticists, extensive collections of oat ge-

netic resources are now accessible globally in a number of private and public collections 

and Gene Banks. As a result, with more than 130,000 accessions available, oat germplasm 

is among the top 10 genetic resource collections held by GeneBanks [42]. De Carvalho et 

al. [43] report that 116 significant GeneBanks presently preserve the genetic resources for 

oats. The largest collections of oat landraces are found in Germany (Leibniz Institute of 

Plant Genetics and Crop Plant Resources), the Russian Federation (Federal Research Cen-

ter N. I. Vavilov All-Russian Institute of Plant Genetic Resources, VIR), the United States 

(NSGC), and Canada (Plant Gene Resources of Canada, PGRC, at the Saskatoon Research 

and Development Centre, Saskatoon, Saskatchewan). Avena strigosa, A. abyssinica, A. brevis, 

and A. nuda are examples of marginally cultivated oats that are included in the collections, 

along with their wild relatives and genetic stocks with specific features. Several core col-

lections, which involve cutting the number of accessions to around 10% of the total geno-

types in a larger collection, have been established with the aim of collecting the higher 

diversity in a limited pool of genotypes. GeneBank information systems have been estab-

lished, enabling researchers and stakeholders to view and access the GeneBank assets 

(e.g., GRIN-CA/GRIN-Global-CA, GRIN-USA, and EURISCO). 
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Oat genetic resources collections can be screened to identify potential sources of dis-

ease resistance as a key strategy for the development of new oat cultivars. 

4. Phenotyping for Fusarium Resistance Using Artificial Infection and Field Trials 

Screening for FHB resistance can be a complex procedure itself, as reviewed by 

Hautsalo et al. [23]. In the last five years, some studies have focused on the optimization 

of such phenotyping activity as a starting point for an effective selection of resistance. A 

key point has been underlined by Hautsalo et al. [44]: “Considering that the resistance 

response of an oat genotype is a sum of several mechanisms acting simultaneously, meth-

ods for studying each of the contributing mechanisms separately are needed”. Moreover, 

accurate identification of FHB symptoms is essential for phenotyping, but the symptoms 

of FHB are cryptic, causing errors in scoring the disease during trials. 

Essential for the purposes of phenotyping for resistance is the artificial infection, 

widely used in place of natural infection, linked to countless environmental variations. 

However, the inoculation methods have different effectiveness depending on the species 

of Fusarium considered and on the environmental humidity. 

Slikova et al. [45] evaluated the impact of three different methods of spraying F. cul-

morum and F. graminearum spores on mycotoxin accumulation in grains of different Avena 

species. The mycotoxin accumulations gradually increased from the spray inoculation 

(0.68 mg·kg−1), spray + polyethylene (PE) bag cover 24 h (2.75 mg·kg−1), and spray + PE 

bag/48 h (9.46 mg·kg−1) methods. 

Tekle et al. [46] reported that the artificial infection after spawn inoculation is more 

efficient than the spray procedure because it mimics the natural infection process and ac-

counts for both passive and active resistance. The perithecia present in the inoculum at dif-

ferent developmental stages release ascospores over several days, and this ensures that they 

cover the long flowering period of oats. Even after successful infection, the visual scoring 

for resistance is not feasible for oats. The authors measured DON accumulations together 

with germination capacities in pluriannual nursery experiments to identify resistant geno-

types. 

After spray and spawn, even the point inoculation method has been developed in 

small-grain cereals. The role of this method has been evaluated by Hautsalo et al. [44]. 

Two genotypes with different traits that could reflect resistance to FHB in a greenhouse 

environment were tested. Both spray and point inoculations were used in the experiments. 

In the case of point inoculation, a droplet of F. graminearum inoculum was inserted be-

tween the palea and lemma of the primary oat floret. When spray-inoculated, the two 

varieties show different resistance levels against the initial infection. On the contrary, after 

point-inoculation, both varieties cannot resist the fungus growth and spread within spike-

lets. The point inoculations can, therefore, be useful to evaluate the aggressiveness of dif-

ferent Fusarium isolates and comparisons of oat responses to these. 

Hautsalo et al. [24], after a complex trial carried out on eight greenhouse and 13 field 

experiments in 406 oat accessions inoculated with DON-producing Fusarium, concluded 

that the ranking for susceptibility, based on DON quantification, obtained in the green-

house was significantly different from that obtained in the field. They concluded that the 

data obtained after field experiments are more informative for farmers and breeders. The 

days to maturity and the plant height, characteristics that are fully expressed on the field 

and involved in the escape, can, in fact, impact the Fusarium infections and DON in the 

field, as observed for other cereals [47]. 

Of particular concern in oats is the asymptomatic infection caused by F. langsethiae, a 

pathogen capable of producing the highly toxic T-2 and HT-2 mycotoxins. Such T-2 and 

HT-2 producers require different inoculation strategies than DON producers. 

The success of inoculation of F. langsethiae in oats is strictly linked to a specific sus-

ceptibility window: oats were more susceptible to F. langsethiae at mid-flowering than at 

heading or beginning of flowering [48], as demonstrated by spray fungal inoculations at 

different growth stages. 
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Aamot et al. [49] added new evidence on the plant developmental stage critical for F. 

langsethiae infection. From heading forward, they demonstrated that oats were susceptible 

to F. langsethiae/HT-2 + T-2 and that inoculating oats during grain filling and ripening led 

to high levels of HT-2 + T-2 in the harvested grain. This suggests that it may be difficult to 

consistently manage F. langsethiae/HT-2 + T-2 in oats since late infections might easily off-

set the benefits of agricultural control techniques used earlier in the season (such as fun-

gicide sprays during blooming). A number of additional trichothecene A metabolites were 

also produced in reasonably large amounts as a result of late infections. However, they 

are not currently covered by the proposed EU legislation despite presumably contributing 

to the total toxicity and posing a risk to the safety of food and feed. 

A substantial impact of the humidity duration on the success of NIV, T-2, and HT-2 

producers was not seen in the majority of the experiments: F. poae and F. langsethiae are 

associated with drier conditions as opposed to wet situations [50–52]. However, Medina 

and Magan [53] found that the optimum water activity was >0.98 and that no growth oc-

curred at a water activity of 0.9 or below when investigating the effect of water activity on 

FL growth in vitro. Additionally, Xu et al. [54] found a positive association between T-2 

and HT-2 accumulation on oat grain samples collected in the UK and warm, rainy weather 

during May and dry conditions afterward. In a glasshouse experiment, bagging oat shoots 

for six days following spray inoculation led to a successful F. langsethiae infection, accord-

ing to Divon et al. [55]. The study conducted by Schöneberg et al. [49], however, suggests 

that a period of 4 h with 99% RH is sufficient for F. poae or F. langsethiae infection and 

subsequent toxin generation. As a result, during anthesis, high humidity combined with 

relatively low temperatures could raise the danger of NIV or T-2/and HT-2 contamination 

in oats. This is consistent with the result that the F. graminearum ascospores germinated 

more readily in humid, lower (15 °C) temperatures than in hotter, less humid settings [56]. 

Focusing on field-based phenotyping, an extensive study on the impact of climate, 

weather, tillage, and cereal intensity has been conducted by Kaukoranta et al. [57]. After 

analyzing data collected from 804 field trials in the temporal window from 2003 to 2014, 

infections by F. langsethiae led to the buildup of T-2 and HT-2, which occurred sooner and 

over a considerably shorter length of time than the infections by F. graminearum that re-

sulted in the accumulation of DON, according to the reactions to high humidity and tem-

perature. Seasons with humid and cool weather one to two weeks prior to anthesis and 

warm weather during other stages were favorable for T-2 and HT-2 contamination. 

5. Phenotyping Strategies and Diagnostics Methods 

The presence of mycotoxigenic Fusarium in oats, in particular F. langsethiae and F. 

poae, represents a food safety problem. The early detection of Fusarium fungi can be crucial 

to prevent more extensive field damage and mycotoxin contamination, preventing risks 

to human and animal health. Trichothecenes are the major cause of contamination in Eu-

ropean oats [35]. F. langsethiae and other Fusarium T-2 and HT-2 producers have been iso-

lated from oats without visible symptoms. Therefore, innovative and rapid technologies 

are needed to intervene effectively to reduce mycotoxins [58]. 

Fungi detection can be carried out using various techniques that are quicker than 

traditional ones, which involve the isolation of specific cultures [59]. 

Molecular techniques based on Polymerase Chain Reaction (PCR) allow the specific 

identification of fungal DNA, evolving over the years towards increasingly sensitive and 

rapid quantitative techniques [33,49]. 

Real-time quantitative PCR (qPCR), single and multiplex, is a DNA-based technique 

currently most applied to detect fungal species in infected plants and derived products. 

A TaqMan-based qPCR method targeting the Fusarium-specific elongation region 

was developed to quantify in oat all Fusarium species simultaneously and then character-

ize them with a new metabarcoding method [33]. DNA sequencing can be used to identify 

Fusarium species responsible for contamination, and a metagenomic approach in oats pro-

vides a detailed view of the microbial community present [35]. Metabarcoding and 
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metagenomic are two approaches used to analyze microbial DNA to describe the diversity 

and composition of fungal communities without the need to cultivate individual species. 

Metagenomics aids in the comparison of fungal compositions and allows for the analysis 

and comparison of the community’s collective genomes, while metabarcoding is used to 

determine the composition of the microbial community by amplifying particular fungal 

DNA regions (barcodes) and then sequencing them using high-throughput sequencing 

techniques. These techniques facilitate the rapid and thorough analysis of intricate fungal 

communities, offering insights into ecological dynamics and environmental health. 

An innovative and sensitive chip digital PCR, a third-generation PCR technology 

[60], was applied by Morcia et al. [61] to detect F. graminearum, F. culmorum, F. sporotrichi-

oides, F. poae, and F. avenaceum in wheat and oat grains and compared to a qPCR approach. 

Optical methods applied to oat samples have also been found to be effective for the 

detection and monitoring of Fusarium contamination and are able to provide rapid and 

objective information, such as photoluminescent optical diagnostics [62,63]. 

Spectroscopic approaches, such as FTIR in the mid-IR region, Raman, and lumines-

cence methods, have been used by some authors to distinguish infected grains of oats. By 

chemometric analysis, it is possible to identify spectral characteristics used as infection 

markers. Luminescence studies revealed the presence of chlorophyll characteristic peaks 

absent in healthy oat grains [64]. 

Different analytical techniques are used to detect mycotoxins, dangerous secondary 

metabolites in cereals: thin layer chromatography (TLC) and high-pressure liquid chro-

matography (HPLC) techniques with different detectors, liquid chromatography-tandem 

mass spectrometry (LC-MS/MS), liquid chromatography high-resolution mass spectrom-

etry (LC-HRMS), gas chromatography-tandem mass spectrometry (GC-MS/MS), immu-

nochemical methods lateral flow device (LFDs), enzyme-linked immunosorbent assay 

technology (ELISA), surface-enhanced Raman Spectroscopy (SERS), fluorescence polari-

zation immunoassay (FPIA), electronic nose [65–67]. Innovative approaches are used for 

multiple mycotoxins detection in cereal and products. A fast multi-toxin assay based on 

reflective phantom interface (RPI) technology was developed to identify and quantify 

DON, ZEN, T-2, and HT-2 toxins in wheat [68], while Lattanzio et al. [69] used LC-HRMS 

to detect the presence of T-2 and HT-2 toxins and their principal glucosyl derivatives in 

barley and malt. 

Gil–Serna et al. [35] analyzed oat seeds to study a new distribution of mycotoxins in 

southern Europe following climate change. They used Ultra-high-performance liquid 

chromatography–tandem mass spectrometry (UHPLC-MS/MS) to detect and quantify 

several toxins such as T-2 and HT-2, NIV, DON, ZEN, Fumonisins B1 and B2, etc. Tarazona 

et al. [70] investigated the natural occurrence of mycotoxins in Spanish oat grains samples 

using ultra-high performance liquid chromatography-electrospray ionization tandem 

mass spectrometry (UPLC–(ESI+)–MS/MS) multiple reactions monitoring chromatograms 

of mycotoxins. 

Enzyme-linked immunosorbent assay technology (ELISA) is often used for screening 

in cereals due to the rapidity, sensitivity, and specificity of detection [67,71]. 

Some authors have compared rapid diagnostic tests, an enzyme immunoassay for T-

2 and H-T2, and some immunochromatographic tests (lateral flow device—LFD) with LC-

MS/MS in oats samples. LFD tests are particularly suitable for on-site use. The results ob-

tained showed that they are reliable and accurate methods, and there is no significant 

difference between the methods evaluated [67]. 

ELISA method and ultra-performance liquid chromatography with fluorescence de-

tection (UPLC/FLD) method were compared to detect T-2 and HT-2 mycotoxins in cereals, 

including oats. The correlation between the two analytical approaches showed good re-

sults, confirming the possibility of complementary use in the official control [71]. 

Near-infrared hyperspectral imaging (NIR-HSI) has shown to be a promising tech-

nique for the quantification of mycotoxins in cereals as it is rapid and cheaper compared 

to conventional techniques (Figure 2). It was applied to oats naturally contaminated with 
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T-2 and HT-2. Hyperspectral images and the ELISA method, as a reference, with the use 

of multivariate tools, have allowed the development of a prediction model for these my-

cotoxins [72]. 

 

Figure 2. Main techniques used to detect Fusarium and mycotoxins in cereals. 

6. Involvement of Peculiar Oat Compounds in FHB 

Over time, various peculiar compounds produced by oats have been investigated for 

their possible contribution to oat protection against pathogens. 

In 2011, Doehlert et al. [73] hypothesized that a chemical component of oats might 

contribute to FHB resistance. In their results, a hexane-soluble chemical in oat flour ap-

pears to inhibit F. graminearum growth and might contribute to oats’ resistance to FHB. 

Oxygenated fatty acids, including hydroxy, dihydroxy, and epoxy fatty acids, were iden-

tified in the hexane extracts and were suggested as candidates for causing the inhibition. 

Cell walls are dynamic structures [74]. A broad range of hydrolytic enzymes pro-

duced by F. graminearum, acting as cell wall degrading enzymes (CWDEs), e.g., xylanases, 

have been investigated for their role in the FHB infection process [75] and described as 

effectors [76]. Plant inhibitor proteins directed toward fungal CWDEs are considered part 

of the defense mechanisms to counteract microbial pathogens [77]. Physical, chemical, or 

biological stress factors are detected by the plant that is able to react by cell surface hard-

ening and related tolerance or resistance [78]. Oat cell walls are rich in β-glucan, a water-

soluble dietary fiber present in the non-starchy fraction of polysaccharides [4]. 

In order to limit the penetration of the pathogen, the plant cell wall undergoes a rapid 

reinforcement in which the accumulation of β-(1-3)-glucan [79,80], β-D-glucans [81], and 

proteins is observed in the area between the cell wall and the cell membrane [82]. β-D-

glucans form a gel layer in the cell wall that may act as a defensive wall protecting the cell 

from invasion by fungi and, at the same time, also provide a pattern of signals to the im-

munity system [83]. The direct protective involvement of oat β-D-glucans during FHB in-

fection was investigated by Havrlentová et al. [84]. The content of β-D-glucans in oat 

grains is 2–7% and is influenced by genetic and/or environmental factors, and high levels 

of this cell walls polysaccharide are observed in naked grains of cultivated oat. This work 

studied the relationship between the content of β-D-glucans in oat grain and the infection 

with F. graminearum and F. culmorum obtained by artificial inoculation in samples belong-

ing to hulled or naked cultivated oats and wild oats. The authors concluded that according 

to the results and statistical evaluation, naked oats better reacted to the artificial inocula-

tion by accumulating lower levels of both DON and pathogen DNA, suggesting a direct 

protective role of β-D-glucans during FHB infection. 

Avenanthramides, which are unique to oats, are a group of phenolic alkaloids with 

antioxidant properties found in oat tissue, including grain [85]. 
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Oat produces avenanthramides phytoalexins, also in response to infection by patho-

gens or treatment with plant immunity elicitors, such as partially deacetylated chitin [86] 

and butylated hydroxytoluene [87,88]. Moreover, the co-treatment of germinating oats 

with methyl jasmonate (MeJA) and abscisic acid (ABA) demonstrated a strong correlation 

between enhancement of all three avenanthramides (Avn A, B, and C) production and the 

MeJA and ABA exposure. In the study conducted by Wise et al. [85], avenanthramide accu-

mulation in the oat grain was associated with crown rust fungal disease. They showed that 

in most of the cultivars evaluated, the extent of their accumulation also correlated with their 

genetic disease resistance; avenanthramide accumulation in the grain was, with noted ex-

ceptions, highest in those cultivars showing the greatest genetic resistance to crown rust. 

No studies correlating avenanthramides content in oats with genetic FHB resistance have 

been carried out to date, and this remains an interesting open field of investigation. 

Correlations between the content of certain bioactive compounds and the resistance 

to diseases suggest that breeding programs aimed at raising the levels of health-benefiting 

components in cereal grain might concurrently allow the development of cultivars 

adapted to unfavorable environmental conditions [89]. 

7. Genotyping Tools in Oats 

Compared to other cereals, oat has lagged behind in the genetic and genomic studies 

attributed to its large and complex genomes, estimated in the range of 4.12 Gb to 12.6 Gb. 

[90,91]. 

GrainGenes, the global centralized repository for curated, peer-reviewed datasets of 

small grain cereals, including oats, collects genomic data sets as well as genetic, germplasm, 

and phenotypic datasets for oats. For oat geneticists and breeders in the public and private 

sectors globally since 1992, GrainGenes has been a valuable source of data and knowledge 

[92]. Several genetic maps have been developed in oats, and a number of different marker 

sets have been proposed [93]. A 6K marker chip based on an Infinium design is commer-

cially available. 

As reviewed by Yao et al. [94], 117 new map sets containing 762 maps, 21 376 markers, 

and 785 new QTLs are now included in the GrainGenes database. The list of maps can be 

found via the ‘Search: Genetic Maps at GrainGenes’ link on the homepage or at 

https://wheat.pw.usda.gov/GG3/node/876#oats6x, accessed on 10 January 2024. Moreo-

ver, about 300 oat germplasm records that link to T3 (https://triticeaetoolbox.org) and 

GRIN (https://www.ars-grin.gov) records were added. 

Maughan et al. [95] produced 2019 the first reference-quality, whole-genome refer-

ence assemblies for As- and Cp-genomes, using A. atlantica and A. eriantha. Using the long-

read PacBio technology, PepsiCo announced in 2021 that it has finished assembling the 21 

chromosomes of the North American oat variety OT3098 as part of a public-private part-

nership project. The data are hosted on the USDA Agricultural Research Service’s Grain-

Genes website at https://wheat.pw.usda.gov/jb/?data=/ggds/oat-ot3098-pepsico, accessed 

on 1 January 2024, and the datasets can be downloaded at 

https://wheat.pw.usda.gov/GG3/graingenes_downloads/oat-ot3098-pepsico, accessed on 

1 January 2024. A high-quality reference genome of A. sativa and of its diploid progenitors 

A. longiglumis and A. insularis was completed in 2022 by Kamal et al. [96]. The international 

PanOat consortium is now working on a pan-genome deriving from the sequence assem-

blies of 30 different oat genotypes [97].  
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8. Mapping Fusarium Resistance 

In oats, genome-wide association studies (GWAS) have been reported previously for 

agronomic and quality-related traits [98,99], but the first study to identify genomic loci 

that contribute to variation in mycotoxin levels in F. langsethiae-inoculated oats was carried 

out in 2020 by Isidro-Sanchez et al. [91]. They carried out field tests over the course of two 

years, inoculating 190 spring oat cultivars with a combination of three isolates of the causal 

agent of disease. Mycotoxins were determined using liquid chromatography-tandem 

mass spectrometry. 16,863 genotyping by sequencing markers were used for genotyping 

the different varieties. T-2 + HT-2 mycotoxin accumulation was linked to 5 SNPs in the 

linkage group Mr06 by genome-wide association studies. The correlation between the 

markers was excellent, and just one QTL was found. The marker avgbs_6K_95238.1 was 

shown to be associated with genes whose zinc-finger proteins and lipase, lipase-like, or 

lipase precursor mRNA sequences are similar. It has been demonstrated in the past that 

these areas significantly boost resistance to Fusarium species. The authors concluded that 

the Mr06 Linkage group plays an important role in F. langsethiae resistance. 

Haikka et al. [100] evaluated North European germplasms and breeding lines for 

DON and agronomic traits and compared two strategies, GWAS and genomic prediction, 

for their potential application. DON content, F. graminearum DNA content (relative to oat 

DNA) evaluated using real-time quantitative polymerase chain reaction (qPCR), Fusarium-

infected kernels, and germination capacity were resistance-related parameters. The ma-

jority of the plant material included in the study are breeding lines, along with a few cul-

tivars and exotic accessions. On the resistance-related and gathered agronomic traits, 

GWAS and genomic prediction, enabling genomic selection, were carried out. There were 

significant genetic relationships between variables linked to resistance: DON concentra-

tion had a positive correlation with qFUSG (defined as the relative amount of F. gramine-

arum fungal DNA (pg) per oat DNA (100 ng) measured by qPCR) of 0.60 and a negative 

correlation with germination capacity of 0.63. With the data at hand, the authors were 

unable to discover any conclusive relationships between markers and characteristics as-

sociated with resistance. On the other hand, some resistance-related features in genomic 

prediction demonstrated good accuracy. 

Khairullina et al. [101], in order to better understand the molecular mechanisms be-

hind oat’s resistance to Fusarium, have characterized the first oat genes encoding UDP-

glucosyltransferases (UGT), enzymes capable of inactivating various trichothecenes. Further 

research should disclose their (redundant) significance in Fusarium infections and the buildup 

of mycotoxins and their masked forms, using both transgenic/edited plants and recombinant 

UGT proteins. The authors concluded that future research could employ the two identified 

UGT genes as markers for identifying and breeding FHB-resistant oat germplasm, which 

should eventually lead to a finished product with reduced mycotoxin levels. 

The Recombinant Inbred Lines (RIL) obtained from a “Buffalo” × “Tardis” cross, in 

which “Buffalo” is the susceptible variety, has been used by Stancic [102] to perform an 

association analysis on the relationship between the content of HT-2 + T-2 in the harvested 

oat grain and the DNA of F. langsethiae. Height and flowering time typically co-localized 

with QTL associated with F. langsethiae DNA and HT-2 + T-2. On chromosome 18D, the 

linkage group Mrg04 comprised markers linked to height, flowering period, F. langsethiae 

DNA and HT-2 + T-2. This linkage group has already been identified as the location of the 

Dw6 dwarfing gene [103]. Another linkage group was discovered that was connected to 

the HT-2 + T-2 and flowering time of F. langsethiae DNA but not to height (Mrg20). 

Stancic’s study [102] was followed by the in-depth analysis carried out by Blackshaw-

Crosby [104]. As “Tardis” Mrg04 and Mrg21 alleles were introgressed into the “Buffalo” 

background genome, decreases in HT2 + T2 concentrations were seen as compared to the 

Near Isogenic Lines (NIL) with the original parent lines. While Mrg21’s influence was de-

pendent on the planting season, Mrg04’s impact was constant across all experiments. Alt-

hough the Mrg21 QTL exhibited a less significant impact than the Mrg04 QTL, fall-seeded 

plots with “Buffalo” alleles introgressed into the “Tardis” background showed a decrease 
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in HT-2 + T-2. The HT-2 + T-2 concentration was not affected by the introduction of Mrg20 

from “Tardis” into “Buffalo”, and Mrg20 from “Buffalo” was introduced into “Tardis” 

with variable results between years. 

Willforss et al. [105] carried out the first proteogenomic study to understand the mo-

lecular response of oats when exposed to FHB. The proteomes of resistant and susceptible 

cultivars were compared, and candidate proteins of interest were identified and linked to 

protein sequence variants. The authors developed an R-Shiny-based interface for interac-

tive exploration of the dataset using univariate and multivariate statistics. Quantitative 

protein differences between Belinda and Argamak varieties were found. Argamak-re-

sistant variety synthesizes eighteen specific peptides during infection, among them sev-

eral lipoxygenases. 

9. Progress in Understanding Plant-Pathogen Interactions, Genetic Engineering of R 

Protein, and Their Importance in the Future Development of FHB-Resistant Oats 

Knowledge about the fascinating plant immunity system is constantly expanding. 

Plants possess a two-tiered innate immune system: the basal immunity (or Pattern-

Trigged Immunity, PTI) and the highly specific immunity (also called R-genes-based re-

sistance or Effector-Trigged Immunity, ETI). Recently, a study performed by Yuan et al. 

showed similarities in downstream defense outputs between PTI and ETI [106]. In the 

same year, Ngou et al. [107] stated immune pathways activated by cell-surface and intra-

cellular receptors in plants mutually potentiate to activate strong defenses against patho-

gens. A work by Pruitt et al. [108] explained that the effective defense against host-adapted 

microbial pathogens relies on mutual potentiation of immunity by both PTI and ETI com-

ponents. Reshaping our understanding of plant immunity has broad implications for crop 

improvement [108]. 

Plant disease resistance genes (R genes) encode proteins that detect pathogens. R 

genes have been widely investigated, although the modus operandi of most cloned R genes 

is still unknown [109]. R protein can induce immune responses via nine mechanisms [110], 

and several resistomes have been characterized. The study carried out in 2022 by Förderer 

et al. [111] on Sr35 wheat resistosome structure defined common principles of immune re-

ceptor channels and demonstrated proof of principle for structure-based engineering of Nu-

cleotide binding and Leucine Rich-repeat receptors (NLRs) for crop improvement. Indeed, 

the knowledge of R protein structure and function is now applicable to R gene engineering 

in order to expand their recognition abilities. An example of this is the work published by 

Maidment et al. in 2023 [112], exposing how the effector target-guided modification of an 

integrated domain expands the disease resistance profile of a rice NLR immune receptor. 

Moreover, Kourelis et al. [113] published in 2023 a study showing nanobodies raised 

against defined pathogen moieties and fused to an NLR scaffold derived from a rice-de-

rived receptor, used to create synthetic R proteins holding great promise. Nevertheless, 

the deployment of new-to-nature genes may be delayed by regulatory concerns [109]. 

On the other hand, few plant susceptibility genes required for pathogen growth have 

been identified, although their knockout seams provide strong resistance [94]. In cereals, 

CRISPR/Cas9-mediated mutations of MLO wheat susceptibility gene mutations led to 

powdery mildew resistance [114]. Chen et al. [109] summarized new methods emerging 

for discovering effectors; the consequent characterization of the effector targets can be 

used as an insight to enlarge the list of identified disease susceptibility genes in the host 

[115]. 

The Fusarium-oat pathosystem is poorly characterized at present. The knowledge of 

molecular pathways employed by Fusarium species in the early phase of host colonization 

is essential for the development of novel oat FHB control strategies, encompassing the 

development of resistance-empowered oat plants. The study of the oat immunity system 

and its interaction with the biotic and abiotic environment, and in particular, the identifi-

cation of oat resistance genes, is essential to breeding programs aimed to enhance host 

resistance against FHB. 
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10. Influence of Microbiological Environment on FHB Oat Resistance 

To optimize the use of microbial agents to control FHB, it is essential to understand 

how Fusarium employs effector proteins to modulate the microbiome composition and 

promote disease development in the host [116]. Specialized metabolites produced by the 

Fusarium spp., acting as effectors, can have antimicrobial effects [117,118] in order to com-

pete with other microbes colonizing the host [119]. DON is phytotoxic and considered a 

virulence factor of fungal pathogens, and DON resistance is a component of FHB re-

sistance [120]. This mycotoxin can act as a non-proteinaceous effector [121], and at the 

same time, it can influence the microenvironment by altering the pH, nutrient availability, 

or other factors, creating conditions conducive to microbial growth. Abid et al. [122] stud-

ied the fate of DON and its impact on the soil microflora and soil fauna. 

Numerous beneficial fungal and bacterial microorganisms possess the ability to de-

toxify mycotoxin. The toxin biodegradation mechanism is the process by which the sec-

ondary metabolites and enzymes produced by microorganisms break down and eliminate 

the hazardous group of mycotoxin compounds while generating less toxic or non-toxic 

breakdown products. For example, the bacterium Eggerthella sp. DII-9, arising from 

chicken intestines, is capable of promoting de-epoxidation of trichothecenes mycotoxins 

such as DON, T-2, and HT-2 [123]. Hassan and colleagues demonstrated that Bacillus mega-

terium has significant Fusarium mycotoxins biodegrading capacity and, for this reason, can 

be considered a decontaminating agent in the food industry [124]. 

The use of microorganisms as a detoxification method is regarded as a promising 

strategy and is considered specific, efficient, and environment-friendly. Microorganisms 

are able to biotransform or biodegrade mycotoxins, thus increasing yield [125]. Noel et al. 

[126] found that endophytic fungi Alternaria destruens, F. commune, and F. oxysporum in-

creased wheat seed weight and reduced F. graminearum DON accumulation in wheat. 

A microbiome perspective on FHB had been conducted by Karlsson et al. in 2021. 

The knowledge on the composition of the cereal microbiome under different environmen-

tal and agricultural conditions is growing, and studies are ongoing to plainly link micro-

biome structure to FHB suppression [127]. The importance of the host microbiome in hin-

dering FHB through direct and indirect effects was recently discussed in a review on the 

state of research to manage FHB by Moonjely et al. [116], including the interesting aspect 

of microbiome role in defense priming. 

The utilization of native and/or applied microorganisms is a promising means of con-

trolling FHB and mycotoxins in plants, and bacteria, fungi, and viruses can be potential 

biological control agents (BCAs) against F. graminearum [116], although the choice of ap-

plication method of BCAs depends on multiple factors such as the type of agent, formu-

lation, crop stage and weather conditions [128]. 

Endophytes can be defined as a mix of fungi, bacteria, and other microorganisms that 

reside within living plant tissues, often boosting plant growth, resistance to abiotic stress, 

and defense response to pathogen attacks, that recently have been gaining interest as po-

tential BCAs [129]. Studies have shown promising results in wheat [130,131]. Notably, re-

garding exploitation of endophytes for plant protection against FHB, the study conducted 

by Wang et al. [132] showed that their use could be extended to transformed single strains 

expressing plant resistance genes. 

The exploiting of BCAs for FHB control has been reviewed by Petrucci et al., includ-

ing their recent use in oat [133]. A study was carried out aimed at the isolation and iden-

tification of fungal strains associated with green oat spikelets and exhibiting biocontrol 

activity against F. graminearum infection. Among the tested isolates, Pseudozyma flocculosa 

was shown to be the most successful strain. P. flocculosa is a basidiomycetous yeast, not 

pathogenic to plants or animals. Treatment of oats with P. flocculosa significantly reduced 

FHB symptoms, F. graminearum biomass, and DON accumulation in oats and induced ex-

pression of genes encoding for PR proteins [134]. Also, the potential of fungal BCA 

Clonostachys rosea to reduce FHB and mycotoxin accumulation was examined [135]. The 

treatment of oat spikelets with C. rosea caused a reduction in Fusarium DNA and DON 
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content in mature kernels and enhanced both the rate of DON detoxification and expres-

sion of DON-detoxifying UGTs. Moreover, significant upregulation of markers of induced 

resistance was shown, including PR proteins and the WRKY23 transcription factor, indi-

cating that the biocontrol effect of C. rosea is attributed to the induction of plant defenses. 

Today, the off-target impacts of fungicides on native or applied microbial agents still 

need to be studied in-depth, also in the context of F. graminearum infection, with the aim 

of achieving the most effective use of fungicides while minimizing losses to ecosystem 

function [116]. 

11. Perspectives on Biotechnological Tools to Empower Oats against FBH 

Based on recent advances in oat genome data, genetic engineering can support both 

functional studies and provide the next-generation breeding tools for the genetic improve-

ment of oats. One of the main advantages of these techniques is their precision and speed 

in introducing specific traits into the plant genome. Oat biotechnology has advanced at a 

similar pace as the rest of cereals, although it lags still behind [91], and progress has been 

made in oat manipulation. 

Tissue culture is an essential tool in both classical breeding, where plant cell culture 

facilitates the rapid production of double haploid plants, which can be employed to accel-

erate the process, and in modern breeding techniques, because it enables genetic manip-

ulation and precise genome editing at the cellular level. An overview of oat tissue cultures 

was presented by Pathi and Sprink in 2023 [136]. This review encompasses their usage in 

genetic transformation, haploid technology, protoplast technology, and genome editing; 

also, the need to establish tissue culture and transformation genotype-independent pro-

tocols in oats and other important potential challenges are discussed. 

In 2022, Mahmoud et al. [90] published the development of an Ac/Ds transposon-

based gene tagging system that could facilitate and expedite functional genomic studies 

in oat, leading to the discovery of genes at Ds insertion sites that showed homology to 

gibberellin 20-oxidase 3, (1,3;1,4)-beta-D-glucan synthase, and aspartate kinase. 

CRISPR genome-editing technology paved a new way for the investigation of gene 

function, identifying candidate gene sequences for targeted breeding. Moreover, this tool 

offers precious opportunities for engineering desirable traits in plants with precise ge-

nome modification and without the need for transgene integration, leading to mutated 

germplasm that is easier to commercialize. The engineering of oats using site-specific nu-

cleases has not been extensively explored; also, because oats are hexaploidy, simultane-

ously mutating three alleles presents a significant challenge [136]. In 2021, Donoso [137] 

reported the first use of the CRISPR/Cas9 system to study the regulatory role of Thau-

matin-like protein 8 in beta-glucan synthesis in oats. To the best of our knowledge, no 

attempt to use this promising tool to investigate FHB resistance in oats has been published 

to date. The targeted insertion or exchange of genes using homology-directed repair has 

not been currently applied in oats. 

Successful reduction of FHB via overexpression of an antifungal gene has been ob-

served, such as the nepenthesin 1 overexpression in barley [138], indicating a further op-

portunity for disease resistance against FHB that can also be exploited in oats in the future. 

On the basis of the principle that multiple resistance genes can be used for stronger re-

sistance through gene pyramiding [139], the overexpression of multiple genes connected 

to FHB resistance may permit a broad-spectrum resistance in oats in the future. 

12. Conclusions 

At the conclusion of this update of scientific research regarding the coexistence be-

tween mycotoxigenic fungi of the genus Fusarium and a crop of growing nutritional inter-

est such as oats, some points can be highlighted: 

Epidemiological updates suggest that there is a clear evolution of Fusarium popula-

tions in oat cultivation, with the emergence of previously marginal species. One of the 

drivers of these changes is recognized to be climate change. 
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Beyond the undoubted value of agronomic practices for the containment of FHB 

caused by widespread or new Fusarium species, the availability of genetic resistance is 

undoubtedly an effective and environmentally sustainable tool. The source of FHB re-

sistance can be potentially found in the worldwide, significant oat genetic resources col-

lections available. However, screening for FHB resistance can be a complex procedure it-

self, and to overcome this point in the last years, several efforts have been focused on the 

optimization of phenotyping, including infection strategies and diagnostic methods. 

Interestingly, correlations between the content of certain bioactive compounds and 

the resistance to FHB have been found, suggesting that increasing the content of health-

benefiting components in oat grain might concurrently contribute to grain safety. 

Oat genomics is making great progress, making genomic sequences, mappings, and 

genetic materials available to the international oat researchers and breeders’ community. 

The immediate prospect is to give new strength to the breeding of oats for resistance 

to FHB, using the many physiological, genetic, genomic, and biotechnological tools devel-

oped in recent years. The final goal is to ensure, also through genetics, the safe production 

of a cereal with peculiar nutritional and health-promoting characteristics. 

Author Contributions: Conceptualization, V.T., K.G. and C.M.; writing—original draft preparation, 

V.T., K.G. and C.M.; writing—review and editing, V.T., K.G., I.C., R.G. and C.M.; funding acquisition, 

V.T. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by BIOPRIME, MiPAAF project (DIQPAI—N.0003400, 20 December 

2018). 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 

not applicable to this article. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 

design of the study, in the collection, analyses, or interpretation of data, in the writing of the manu-

script, or in the decision to publish the results. 

References 

1. Available online: https://www.fao.org/faostat/en/#data/QCL (accessed on 24 January 2024). 

2. Marshall, A.H.; Cowan, A.A.; Edwards, S.; Griffiths, I.M.; Howarth, C.; Langdon, T.; White, E. Crops that feed the world 9. Oats-

a cereal crop for human and livestock feed with industrial applications. Food Secur. 2013, 5, 13–33. https://doi.org/10.1007/s12571-

012-0232-x. 

3. Menon, R.; Gonzalez, T.; Ferruzzi, M.; Jackson, E.; Winderl, D.; Watson, J. Oats-from farm to fork. In Advances in Food and Nutrition 

Research; Elsevier: Amsterdam, The Netherlands, 2016; Volume 77, pp. 1–55, ISBN 978-0-12-804772-9. 

https://doi.org/10.1016/bs.afnr.2015.12.00. 

4. Morcia, C.; Finocchiaro, F.; Delbono, S.; Ghizzoni, R.; Reggiani, F.; Carnevali, P.; Tumino, G.; Carrara, I.; Terzi, V. Oats: 

Nutritional uniqueness and breeding of a healthy superfood. In Compendium of Crop Genome Designing for Nutraceuticals; Kole, 

C., Ed.; Springer Nature: Singapore, 2023; pp.153–192, ISBN 978-981-19-4169-6. 

5. Dimberg, L.H.; Theander, O.; Lingnert, H. Avenanthramides-a group of phenolic antioxidants in oats. Cereal Chem. 1993, 70, 

637–641. 

6. JECFA, Joint FAO/WHO Expert Committee on Food Additives. Safety Evaluation of Certain Mycotoxins in Food; Prepared by the 

Fifty-Sixth Meeting of the Joint FAO/WHO Expert Committee on Food Additives (JECFA); WHO: Geneva, Switzerland, 2001. 

7. Bottalico, A.; Perrone, G. Toxigenic Fusarium species and mycotoxins associated with head blight in small-grain cereals in Eu-

rope. Eur. J. Plant Pathol. 2002, 108, 611–624. https://doi.org/10.1007/978-94-010-0001-7_2. 

8. Henriksen, B.; Elen, O. Natural Fusarium grain infection level in wheat, barley and oat after early application of fungicides and 

herbicides. J. Phytopathol. 2005, 153, 214–220. https://doi.org/10.1111/j.1439-0434.2005.00955.x. 

9. Münzing, K.; Hampshire, J.; Bruer, A. Deoxinivalenol (DON). Kontamination und Dekontamination Bei Hafer-Deoxynivalenol 

(DON)—Contamination and Decontamination of Oats; Jahresbericht Forschung; Institut für Getreide-, Kartoffel- und 

Stärketechnologie: Detmold, Germany, 2002; pp. 32–35. https://www.deutsche-digitale-

bibliothek.de/item/ULYNDY33WWWOK3BHWRF3XN5XQ32S3AUU?lang=en (accessed on 10 January 2024) 

10. Tekauz, A.; McCallum, B.; Ames, N.; Mitchell Fetch, J. Fusarium Head Blight of oat—Current status in western Canada. Can. J. 

Plant. Pathol. 2004, 26, 473–479. https://doi.org/10.1080/07060660409507167. 

  



Agronomy 2024, 14, 505 17 of 22 
 

 

11. Joint FAO/WHO Food Standards Programme Codex Committee on Contaminant in Food. Draft guidelines for risk analysis of 

instances of contaminants in food where there is no regulatory level or risk management framework established. In Proceedings 

of the 13th Session of the Codex Committee on Contaminants in Foods, Yogyakarta, Indonesia, 29 April-3 May 2019; CX/CF 

19/13/8. 

12. Available online: https://www.who.int/news-room/fact-sheets/detail/mycotoxins (accessed on 24 January 2024). 

13. Commission Regulation (EU). Commission Regulation (EU) 2023/915 of 25 April 2023 on Maximum Levels for Certain Contam-

inants in Food and Repealing Regulation (EC) No 1881/2006 (Text with EEA Relevance). Off. J. Eur. Union 2023, L119, 103–157. 

14. EU Commission Recommendation of 27 March 2013 on the Presence of T-2 and HT-2 Toxin in Cereals and Cereal Products 

(2013/165/EU) GU L 91, 3.4.2013, pp. 12–15. Available online: https://eur-lex.europa.eu/legal-con-

tent/EN/TXT/PDF/?uri=CELEX:32013H0165 (accessed on 24 January 2024). 

15. Knutsen, H.K.; Alexander, J.; Barregård, L.; Bignami, M.; Brüschweiler, B.; Ceccatelli, S.; Cottrill, B.; Dinovi, M.; Grasl-Kraupp, 

B.; Hogstrand, C.; et al. Scientific opinion on the risks to human and animal health related to the presence of deoxynivalenol 

and its acetylated and modified forms in food and feed. EFSA J. 2017, 15, e04718. https://doi.org/10.2903/j.efsa.2017.4718. 

16. EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain). Scientific opinion on the risks for public health related 

to the presence of zearalenone in food. EFSA J. 2011, 9, 2197. https://doi.org/10.2903/j.efsa.2011.2197. 

17. EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain). Scientific opinion on the appropriateness to set a 

group health-based guidance value for zearalenone and its modified forms. EFSA J. 2016, 14, 4425. 

https://doi.org/10.2903/j.efsa.2016.4425. 

18. EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain); Knutsen, H.-K.; Barregård, L.; Bignami, M.; 

Brüschweiler, B.; Ceccatelli, S.; Cottrill, B.; Dinovi, M.; Edler, L.; Grasl-Kraupp, B.; et al. Scientific opinion on the appropriateness 

to set a group health based guidance value for T2 and HT2 toxin and its modified forms. EFSA J. 2017, 15, 4655. 

https://doi.org/10.2903/j.efsa.2017.4655. 

19. EFSA (European Food Safety Authority); Arcella, D.; Gergelova, P.; Innocenti, M.L.; Steinkellner, H. Scientific report on human 

and animal dietary exposure to T-2 and HT-2 toxin. EFSA J. 2017, 15, 4972. https://doi.org/10.2903/j.efsa.2017.4972. 

20. EFSA Panel on Contaminants in the Food Chain; Knutsen, H.K.; Barregård, L.; Bignami, M.; Brüschweiler, B.; Ceccatelli, S.; 

Cottrill, B.; Dinovi, M.; Edler, L.; Grasl-Kraupp, B.; et al. Scientific opinion on the appropriateness to set a group health-based 

guidance value for fumonisins and their modified forms. EFSA J. 2018, 16, 5172. https://doi.org/10.2903/j.efsa.2018.5172. 

21. EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain); Knutsen, H.-K.; Barregård, L.L.; Bignami, M.; 

Brüschweiler, B.; Ceccatelli, S.; Cottrill, B.; Dinovi, M.; Edler, L.; Grasl-Kraupp, B.; et al. Scientific opinion on the appropriateness 

to set a group health based guidance value for nivalenol and its modified forms. EFSA J. 2017, 15, 4751. https://doi.org/10.2903/j. 

efsa.2017.4751. 

22. Mielniczuk, E.; Skwaryło-Bednarz, B. Fusarium Head Blight, mycotoxins and strategies for their reduction. Agronomy 2020, 10, 

509. https://doi.org/10.3390/agronomy10040509. 

23. Hautsalo, J.; Jalli, M.; Manninen, O.; Veteläinen, M. Evaluation of resistance to Fusarium graminearum in oats. Euphytica 2018, 

214, 139. https://doi.org/10.1007/s10681-018-2222-3. 

24. Hautsalo, J.; Jauhiainen, L.; Hannukkala, A.; Manninen, O.; Vetelainen, M.; Pietila, L.; Peltoniemi, K.; Jalli, M. Resistance to 

Fusarium head blight in oats based on analyses of multiple field and greenhouse studies. Eur. J. Plant Pathol. 2020, 158, 15–33. 

https://doi.org/10.1007/s10658-020-02039-0. 

25. Tekle, S.; Dill-Macky, R.; Skinnes, H.; Tronsmo, A.M.; Bjørnstad, Å. Infection Process of Fusarium Graminearum in Oats (Avena 

Sativa L.). Eur. J. Plant Pathol. 2012, 132, 431–442. https://doi.org/10.1007/s10658-011-9888-x. 

26. Hofgaard, I.S.; Aamot, H.U.; Seehusen, T.; Holen, B.M.; Riley, H.; Dill-Macky, R.; Edwards, S.G.; Brodal, G. Reduced risk of oat 

grain contamination with Fusarium langsethiae and HT-2 and T-2 toxins with increasing tillage intensity. Pathogens 2022, 11, 

1288. https://doi.org/10.3390/pathogens11111288. 

27. Bernhoft, A.; Wang, J.; Leifert, C. Effect of organic and conventional cereal production methods on Fusarium Head Blight and 

mycotoxin contamination levels. Agronomy 2022, 12, 797. https://doi.org/10.3390/agronomy12040797. 

28. Julian Maywald, N.; Francioli, D.; Mang, M.; Ludewig, U. Role of mineral nitrogen nutrition in fungal plant diseases of cereal 

crops. Crit. Rev. Plant Sci. 2023, 42, 93–123. https://doi.org/10.1080/07352689.2023.2196100. 

29. Stępień, A.; Wojtkowiak, K.; Cwalina-Ambroziak, B.; Waśkiewicz, A. Mycotoxin level in winter wheat grain as impacted by 

nitrogen and manganese fertilisation. Appl. Sci. 2023, 13, 10086. https://doi.org/10.3390/app131810086. 

30. Nazari, L.; Pattori, E.; Terzi, V.; Morcia, C.; Rossi, V. Influence of temperature on infection, growth, and mycotoxin production by 

Fusarium langsethiae and F. sporotrichioides in durum wheat. Food Microbiol. 2014, 39, 19–26. https://doi.org/10.1016/j.fm.2013.10.009. 

31. Moretti, A.; Pascale, M.; Logrieco, A.F. Mycotoxin risks under a climate change scenario in Europe. Trends Food Sci. Technol. 

2019, 84, 38–40. https://doi.org/10.1016/j.tifs.2018.03.008. 

32. Kos, J.; Anić, M.; Radić, B.; Zadravec, M.; Hajnal, E.J.; Pleadin, J. Climate change—A global threat resulting in increasing myco-

toxin occurrence. Foods 2023, 12, 2704. https://doi.org/10.3390/foods12142704. 

33. Sohlberg, E.; Virkajärvi, V.; Parikka, P.; Rämö, S.; Laitila, A.; Sarlin, T. Taqman qPCR quantification and Fusarium community 

analysis to evaluate toxigenic fungi in cereals. Toxins 2022, 14, 45. https://doi.org/10.3390/toxins14010045. 

34. Karlsson, I.; Mellqvist, E.; Persson, P. Temporal and spatial dynamics of Fusarium spp. and mycotoxins in Swedish cereals during 

16 years. Mycotoxin Res. 2023, 39, 3–18. https://doi.org/10.1007/s12550-022-00469-9. 



Agronomy 2024, 14, 505 18 of 22 
 

 

35. Gil-Serna, J.; Patiño, B.; Verheecke-Vaessen, C.; Vázquez, C.; Medina, Á. Searching for the Fusarium spp. which are responsible 

for trichothecene contamination in oats. Using metataxonomy to compare the distribution of toxigenic species in fields from 

Spain and the UK. Toxins 2022, 14, 592. https://doi.org/10.3390/toxins14090592. 

36. Morcia, C.; Tumino, G.; Ghizzoni, R.; Badeck, F.; Lattanzio, V.; Pascale, M.; Terzi, V. Occurrence of Fusarium langsethiae and T-2 

and HT-2 toxins in italian malting barley. Toxins 2016, 8, 247. https://doi.org/10.3390/toxins8080247. 

37. De Colli, L.; De Ruyck, K.; Abdallah, M.F.; Finnan, J.; Mullins, E.; Kildea, S.; Spink, J.; Elliott, C.; Danaher, M. Natural co-occur-

rence of multiple mycotoxins in unprocessed oats grown in Ireland with various production systems. Toxins 2021, 13, 188. 

https://doi.org/10.3390/toxins13030188. 

38. Strychar, R. World oat production, trade, and usage. In Oats: Chemistry and Technology, 2nd ed.; Webster, F.H., Wood, P.J., Eds.; 

American Association of Cereal Chemists, Inc. (AACC): St. Paul, MN, USA, 2016; pp. 1–10, ISBN 978-1-891127-64-9 

https://doi.org/10.1094/9781891127649.fm. 

39. Xue, A.G.; Chen, Y.H.; Seifert, K.; Guo, W.; Blackwell, B.A.; Harris, L.J.; Overy, D.P. Prevalence of Fusarium species causing head 

blight of spring wheat, barley and oat in Ontario during 2001–2017. Can. J. Plant Pathol. 2019, 41, 392–402. 

https://doi.org/10.1080/07060661.2019.1582560. 

40. Islam, M.N.; Tabassum, M.; Banik, M.; Daayf, F.; Fernando, W.G.D.; Harris, L.J.; Sura, S.; Wang, X. Naturally occurring Fusarium 

species and mycotoxins in oat grains from Manitoba, Canada. Toxins 2021, 13, 670. https://doi.org/10.3390/toxins13090670. 

41. Gavrilova, O.P.; Gagkaeva, T.Y.; Orina, A.S.; Gogina, N.N. Diversity of Fusarium species and their mycotoxins in cereal crops 

from the Asian territory of Russia. Dokl. Biol. Sci. 2023, 508, 9–19. https://doi.org/10.1134/S0012496622700156. 

42. Wambugu, P.W.; Ndjiondjop, M.N.; Henry, R.J. Role of genomics in promoting the utilization of plant genetic resources in 

GeneBanks. Brief. Funct. Genom. 2018, 17, 198–206. https://doi.org/10.1093/bfgp/ely014. 

43. de Carvalho, M.A.A.P.; Bebeli, P.J.; Bettencourt, E.; Costa, G.; Dias, S.; Dos Santos, T.M.M.; Slaski, J.J. Cereal landraces genetic 

resources in worldwide GeneBanks. A review. Agron. Sustain. Dev. 2013, 33, 177–203. https://doi.org/10.1007/s13593-012-0090-0. 

44. Hautsalo, J.; Latvala, S.; Manninen, O.; Haapalainen, M.; Hannukkala, A.; Jalli, M. Two oat genotypes with different field re-

sistance to Fusarium head blight respond similarly to the infection at spikelet level. J. Plant Pathol. 2021, 103, 299–304. 

https://doi.org/10.1007/s42161-020-00670-8. 

45. Šliková, S.; Gregová, E.; Pastirčák, M. Toxin accumulation in avena species after different spray inoculation by Fusarium gra-

minearum and F. culmorum. Cereal Res. Commun. 2019, 47, 656–668. https://doi.org/10.1556/0806.47.2019.43. 

46. Tekle, S.; Lillemo, M.; Skinnes, H.; Reitan, L.; Buraas, T.; Bjørnstad, Å. Screening of oat accessions for Fusarium head blight 

resistance using spawn-inoculated field experiments. Crop Sci. 2018, 58, 143–151. https://doi.org/10.2135/cropsci2017.04.0264. 

47. Bentivenga, G.; Spina, A.; Ammar, K.; Allegra, M.; Cacciola, S.O. Screening of durum wheat (Triticum turgidum L. subsp. durum 

(Desf.) Husn.) Italian cultivars for susceptibility to Fusarium Head Blight incited by Fusarium graminearum. Plants 2021, 10, 68. 

https://doi.org/10.3390/plants10010068. 

48. Schöneberg, T.; Kibler, K.; Wettstein, F.E.; Bucheli, T.D.; Forrer, H.R.; Musa, T.; Mascher, F.; Bertossa, M.; Keller, B.; Vogelgsang, 

S. Influence of temperature, humidity duration and growth stage on the infection and mycotoxin production by Fusarium 

langsethiae and Fusarium poae in oats. Plant Pathol. 2019, 68, 173–184. https://doi.org/10.1111/ppa.12922. 

49. Aamot, H.U.; Mousavi, H.; Razzaghian, J.; Brodal, G.; Sulyok, M.; Krska, R.; Edwards, S.G.; Hofgaard, I.S. Fusarium langsethiae 

and mycotoxin contamination in oat grain differed with growth stage at inoculation. Eur. J. Plant Pathol. 2022, 164, 59–78. 

https://doi.org/10.1007/s10658-022-02539-1. 

50. Xu, X.-M.; Nicholson, P.; Thomsett, M.A.; Simpson, D.; Cooke, B.M.; Doohan, F.M.; Brennan, J.; Monaghan, S.; Moretti, A.; Mule, 

G.; et al. Relationship between the fungal complex causing Fusarium head blight of wheat and environmental conditions. Phy-

topathology 2008, 98, 69–78. https://doi.org/10.1094/PHYTO-98-1-0069. 

51. Parikka, P.; Hakala, K.; Tiilikkala, K. Expected shifts in Fusarium species’ composition on cereal grain in Northern Europe due 

to climatic change. Food Addit. Contam. Part A 2012, 29, 1543–1555. https://doi.org/10.1080/19440049.2012.680613. 

52. Czaban, J.; Wróblewska, B.; Sułek, A.; Mikos, M.; Boguszewska, E.; Podolska, G.; Nieróbca, A. Colonisation of winter wheat 

grain by Fusarium spp. and mycotoxin content as dependent on a wheat variety, crop rotation, a crop management system and 

weather conditions. Food Addit. Contam. Part A 2015, 32, 874–910. https://doi.org/10.1080/19440049.2015.1019939. 

53. Medina, A.; Magan, N. Comparisons of water activity and temperature impacts on growth of Fusarium langsethiae strains from 

northern Europe on oat-based media. Int. J. Food Microbiol. 2010, 142, 365–369. https://doi.org/10.1016/j.ijfoodmicro.2010.07.021. 

54. Xu, X.; Madden, L.V.; Edwards, S. Modelling the effects of environmental conditions on HT2 andT2 toxin accumulation in field 

oat grains. Phytopathology 2014, 104, 57–66. https://doi.org/10.1094/PHYTO-03-13-0070-R. 

55. Divon, H.H.; Razzaghian, J.; Aamot, H.U.; Klemsdal, S.S. Fusarium langsethiae (Torp and Nirenberg), investigation of alternative 

infection routes in oats. Eur. J. Plant Pathol. 2012, 132, 147–161. https://doi.org/10.1007/s10658-011-9858-3. 

56. Gilbert, J.; Woods, S.M.; Kromer, U. Germination of ascospores of Gibberella zeae after exposure to various levels of relative 

humidity and temperature. Phytopathology 2008, 98, 504–508. https://doi.org/10.1094/PHYTO-98-5-0504. 

57. Kaukoranta, T.; Hietaniemi, V.; Ramo, S.; Koivisto, T.; Parikka, P. Contrasting responses of T-2, HT-2 and DON mycotoxins and 

Fusarium species in oat to climate, weather, tillage and cereal intensity. Eur. J. Plant Pathol. 2019, 155, 93–110. 

https://doi.org/10.1007/s10658-019-01752-9. 

58. Kolawole, O.; De Ruyck, K.; Greer, B.; Meneely, J.; Doohan, F.; Danaher, M.; Elliott, C. Agronomic factors influencing the scale 

of Fusarium mycotoxin contamination of oats. J. Fungi 2021, 7, 965. https://doi.org/10.3390/jof7110965. 



Agronomy 2024, 14, 505 19 of 22 
 

 

59. Mielniczuk, E.; Wit, M.; Patkowska, E.; Cegiełko, M.; Wakuliński, W. Reaction of oat genotypes to Fusarium equiseti (Corda) Sacc. 

infection and mycotoxin concentrations in grain. Agronomy 2022, 12, 295.  https://doi.org/10.3390/agronomy12020295. 

60. Morcia, C.; Ghizzoni, R.; Delogu, C.; Andreani, L.; Carnevali, P.; Terzi, V.. Digital PCR: What relevance to plant studies? Biology 

2020, 9, 433. https://doi.org/10.3390/biology9120433. 

61. Morcia, C.; Tumino, G.; Gasparo, G.; Ceresoli, C.; Fattorini, C.; Ghizzoni, R.; Carnevali, P.; Terzi, V. Moving from qPCR to chip 

digital PCR assays for tracking of some Fusarium species causing Fusarium Head Blight in cereals. Microorganisms 2020, 8, 1307. 

https://doi.org/10.3390/microorganisms8091307. 

62. Belyakov, M.V.; Moskovskiy, M.N.; Litvinov, M.A.; Lavrov, A.V.; Khamuev, V.G.; Efremenkov, I.Y.; Gerasimenko, S.A. Method 

of optical diagnostics of grain seeds infected with Fusarium. Appl. Sci. 2022, 12, 4824. https://doi.org/10.3390/app12104824. 

63. Moskovskiy, M.N.; Belyakov, M.V.; Dorokhov, A.S.; Boyko, A.A.; Belousov, S.V.; Noy, O.V.; Gulyaev, A.A.; Akulov, S.I.; 

Povolotskaya, A.; Efremenkov, I.Y. design of device for optical luminescent diagnostic of the seeds infected by Fusarium. 

Agriculture 2023, 13, 619. https://doi.org/10.3390/agriculture13030619. 

64. Pankin, D.; Povolotckaia, A.; Kalinichev, A.; Povolotskiy, A.; Borisov, E.; Moskovskiy, M.; Gulyaev, A.; Lavrov, A.; Izmailov, A. 

Complex spectroscopic study for Fusarium genus fungi infection diagnostics of “Zalp” cultivar oat. Agronomy 2021, 11, 2402. 

https://doi.org/10.3390/agronomy11122402. 

65. Janik, E.; Niemcewicz, M.; Podogrocki, M.; Ceremuga, M.; Gorniak, L.; Stela, M.; Bijak, M. The existing methods and novel 

approaches in mycotoxins’ detection. Molecules 2021, 26, 3981. https://doi.org/10.3390/molecules26133981. 

66. Majer-Baranyi, K.; Adányi, N.; Székács, A. Current trends in mycotoxin detection with various types of biosensors. Toxins 2023, 

15, 645. https://doi.org/10.3390/toxins15110645. 

67. Meneely, J.; Greer, B.; Kolawole, O.; Elliott, C. T-2 and HT-2 toxins: Toxicity, occurrence and analysis: A review. Toxins 2023, 15, 

481. https://doi.org/10.3390/toxins15080481. 

68. Salina, M.; Tagliabue, G.; Ghizzoni, R.; Terzi, V.; Morcia, C. A Point-of-Care assay based on Reflective Phantom Interface (RPI) 

technology for fast, multi-toxin screening in wheat. Agronomy 2022, 12, 493. https://doi.org/10.3390/agronomy12020493. 

69. Lattanzio, V.M.; Ciasca, B.; Terzi, V.; Ghizzoni, R.; McCormick, S.P.; Pascale, M. Study of the natural occurrence of T-2 and HT-

2 toxins and their glucosyl derivatives from field barley to malt by high-resolution Orbitrap mass spectrometry. Food Addit. 

Contam. Part A 2015, 32, 1647–1655. https://doi.org/10.1080/19440049.2015.1048750. 

70. Tarazona, A.; Gómez, J.V.; Mateo, F.; Jiménez, M.; Mateo, E.M. Potential health risk associated with mycotoxins in oat grains 

consumed in Spain. Toxins 2021, 13, 421. https://doi.org/10.3390/toxins13060421. 

71. D’Agnello, P.; Vita, V.; Franchino, C.; Urbano, L.; Curiale, A.; Debegnach, F.; Iammarino, M.; Marchesani, G.; Chiaravalle, A.E.; 

De Pace, R. ELISA and UPLC/FLD as screening and confirmatory techniques for T-2/HT-2 mycotoxin determination in cereals. 

Appl. Sci. 2021, 11, 1688. https://doi.org/10.3390/app11041688. 

72. Teixido-Orries, I.; Molino, F.; Gatius, F.; Sanchis, V.; Marín, S. Near-infrared hyperspectral imaging as a novel approach for T-2 

and HT-2 toxins estimation in oat samples. Food Control 2023, 153, 109952. https://doi.org/10.1016/j.foodcont.2023.109952. 

73. Doehlert, D.C.; Rays-Duarte, P.; McMullen, M.S. Inhibition of Fusarium graminearum growth in flour gel cultures by hexane-soluble 

compounds from oat (Avena sativa L.) flour. J. Food Prot. 2011, 74, 2188–2191. https://doi.org/10.4315/0362-028X.JFP-11-036. 

74. Farrokhi, N.; Burton, R.A.; Brownfield, L.; Hrmova, M.; Wilson, S.M.; Bacic, A.; Fincher, G.B. Plant cell wall biosynthesis: Ge-

netic, biochemical and functional genomics approaches to the identification of key genes. Plant Biotechnol. J. 2006, 4, 145–167. 

https://doi.org/10.1111/j.1467-7652.2005.00169.x. 

75. Sella, L.; Gazzetti, K.; Castiglioni, C.; Schäfer, W.; Favaron, F. Fusarium graminearum possesses virulence factors common to 

Fusarium Head Blight of wheat and seedling rot of soybean but differing in their impact on disease severity. Phytopathology 

2014, 104, 1201–1207. https://doi.org/10.1094/PHYTO-12-13-0355-R. 

76. Tini, F.; Beccari, G.; Benfield, A.H.; Gardiner, D.M.; Covarelli, L. Role of the XylA gene, encoding a cell wall degrading en-zyme, 

during common wheat, durum wheat and barley colonization by Fusarium graminearum. Fungal Genet. Biol. 2020, 136, 103318 

https://doi.org/10.1016/J.FGB.2019.103318. 

77. Moscetti, I.; Tundo, S.; Janni, M.; Sella, L.; Gazzetti, K.; Tauzin, A.; Giardina, T.; Masci, S.; Favaron, F.; D’Ovidio, R. Constitutive 

expression of the xylanase inhibitor TAXI-III delays Fusarium head blight symptoms in durum wheat transgenic plants. Mol. 

Plant. Microbe Interact. 2013, 26, 1464–1472. https://doi.org/10.1094/MPMI-04-13-0121-R. 

78. Hoson, T. Physiological functions of plant cell coverings. J. Plant Res. 2002, 115, 277–282. https://doi.org/10.1007/s10265-002-

0035-9. 

79. Luna, E.; Pastor, V.; Robert, J.; Flors, V.; Mauch-Mani, B.; Ton, J. Callose deposition: A multifaceted plant defense response. Mol. 

Plant. Microbe Interact. J. 2011, 24, 183–193. https://doi.org/10.1094/MPMI-07-10-0149. 

80. Piršelová, B.; Matušíková, I. Callose: The plant cell wall polysaccharide with multiple biological functions. Acta Physiol. Plant. 

2013, 35, 635–644. https://doi.org/10.1007/s11738-012-1103-y. 

81. Buckeridge, M.S.; Rayon, C.; Urbanowicz, B.; Tine, M.A.S.; Carpita, N. Mixed linkage (1-3),(1-4)-β-D-glucans of Grasses. Cereal 

Chem. J. 2004, 81, 115–127. https://doi.org/10.1094/CCHEM.2004.81.1.115. 

82. Havrlentová, M.; Deáková, L.; Kraic, J.; Žofajová, A. Can β-D-glucan protect oat seeds against a heat stress? Nova Biotechnol. et 

Chim. 2016, 15, 107–113. https://doi.org/10.1515/nbec-2016-0011. 

83. Vega- Sanchez, M.E.; Verhertbruggen, Y.; Christensen, U.; Chen, X.; Sharma, V.; Varanasi, P.; Jobling, S.A.; Talbot, M.; White, R.G.; 

Joo, M.; et al. Loss of Cellulose synthase-like F6 function affects mixed-linkage glucan deposition, cell wall mechanical properties 

and defense responses in vegetative tissues of rice. Plant Physiol. 2012, 159, 56–69. https://doi.org/10.1104/pp.112.195495. 



Agronomy 2024, 14, 505 20 of 22 
 

 

84. Havrlentová, M.; Gregusová, V.; Šliková, S.; Nemĕcek, P.; Hudcovicová, M.; Kuzmová, D. Relationship between the content of-

D-Glucans and infection with Fusarium pathogens in oat (Avena sativa L.) plants. Plants 2020, 9, 1776. 

https://doi.org/10.3390/plants9121776. 

85. Wise, M.L.; Doehlert, D.C.; McMullen, M.S. Association of avenanthramide concentration in oat (Avena sativa L.) grain with 

crown rust incidence and genetic resistance. Cereal Chem. 2008, 85, 639–641. https://doi.org/10.1094/CCHEM-85-5-0639. 

86. Okazaki, Y.; Isobe, T.; Iwata, Y.; Matsukawa, T.; Matsuda, F.; Miyagawa, H.; Ishihara, A.; Nishioka, T.; Iwamura, H. Metabolism 

of avenanthramide phytoalexins in oats. Plant J. 2004, 39, 560–572. https://doi.org/10.1111/j.1365-313X.2004.02163.x. 

87. Wise, M.L. Effect of chemical systemic acquired resistance elicitors on avenanthramide biosynthesis in oat (Avena sativa). J. Agric. 

Food Chem. 2011, 59, 7028–7038. https://doi.org/10.1021/jf2008869. 

88. Wise, M.L.; Vinje, M.A.; Conley, S.P. Field application of benzothiadiazole (BTH) to oats (Avena sativa): Effects on crown rust 

resistance and avenanthramide production. Crop Sci. 2016, 56, 1904–1913. https://doi.org/10.2135/cropsci2015.11.0712. 

89. Loskutov, I.G.; Khlestkina, E.K. Wheat, barley, and oat breeding for health benefit components in grain. Plants 2021, 10, 86. 

https://doi.org/10.3390/plants10010086. 

90. Mahmoud, M.; Zhou, Z.; Kaur, R.; Bekele, W.; Tinker, N.A.; Singh, J. Toward the development of Ac/Ds transposon-mediated 

gene tagging system for functional genomics in oat (Avena sativa L.). Funct. Integr. Genom. 2022, 22, 669–681. 

https://doi.org/10.1007/s10142-022-00861-9. 

91. Isidro-Sánchez, J.; D’Arcy, K.; Verheecke-Vaessen, C.; Kahla, A.; Bekele, W.; Doohan, F.; Magan, N.; Medina, A. Genome-wide 

association mapping of Fusarium langsethiae infection and mycotoxin accumulation in oat (Avena sativa L.). Plant Genome 2020, 

13, e20023. https://doi.org/10.1002/tpg2.20023. 

92. Blake, V.C.; Woodhouse, M.R.; Lazo, G.R.; Odell, S.G.; Wight, C.P.; Tinker, N.A.; Wang, Y.; Gu, Y.Q.; Birkett, C.L.; Jannink, J.L.; 

et al. GrainGenes: Centralized small grain resources and digital platform for geneticists and breeders. Database 2019, 2019, 

baz065 https://doi.org/10.1093/database/baz065. 

93. Tinker, N.A.; Kilian, A.; Wight, C.P.; Heller-, K.; Wenzl, P.; Rines, H.W.; Bjørnstad, Å.; Howarth, C.J.; Jannink, J.; Anderson, J.M.; 

et al. New DArT markers for oat provide enhanced map coverage and global germplasm characterization. BMC Genomics 2009, 

22, 39. https://doi.org/10.1186/1471-2164-10-39. 

94. Yao, E.; Blake, V.C.; Cooper, L.; Wight, C.P.; Michel, S.; Cagirici, H.B.; Lazo, G.R.; Birkett, C.L.; Waring, D.J.; Jannink, J.-L.; et al. 

GrainGenes: A data-rich repository for small grains genetics and genomics. Database 2022, 2022, baac034. 

https://doi.org/10.1093/database/baac034. 

95. Maughan, P.J.; Lee, R.; Walstead, R.; Vickerstaff, R.J.; Fogarty, M.C.; Brouwer, C.R.; Reid, R.R.; Jay, J.J.; Bekele, W.A.; Jackson, 

E.W.; et al. Genomic insights from the first chromosome-scale assemblies of oat (Avena spp.) diploid species. BMC Biol. 2019, 17, 

92. https://doi.org/10.1186/s12915-019-0712-y. 

96. Kamal, N.; Tsardakas Renhuldt, N.; Bentzer, J.; Gundlach, H.; Haberer, G.; Juhász, A.; Lux, T.; Bose, U.; Tye-Din, J.A.; Lang, D.; 

et al. The mosaic oat genome gives insights into a uniquely healthy cereal crop. Nature 2022, 606, 113–119. 

https://doi.org/10.1038/s41586-022-04732-y. 

97. Mascher, M. Towards a pan-genome for hexaploidy OAT. OAT 2022. In Proceedings of the 11th International Oat Conference, 

Perth, Australia, 10–13 October 2022. 

98. Tumino, G.; Voorrips, R.E.; Rizza, F.; Badeck, F.W.; Morcia, C.; Ghizzoni, R.; Germeier, C.U.; Paulo, M.-J.; Terzi, V.; Smulders, 

M.J. Population structure and genome-wide association analysis for frost tolerance in oat using continuous SNP array signal 

intensity ratios. Theor. Appl. Genet. 2016, 129, 1711–1724. https://doi.org/10.1007/s00122-016-2734-y. 

99. Tumino, G.; Voorrips, R.E.; Morcia, C.; Ghizzoni, R.; Germeier, C.U.; Paulo, M.-J.; Terzi, V.; Smulders, M.J. Genome-wide asso-

ciation analysis for lodging tolerance and plant height in a diverse European hexaploid oat collection. Euphytica 2017, 213, 163. 

https://doi.org/10.1007/s10681-017-1939-8. 

100. Haikka, H.; Manninen, O.; Hautsalo, J.; Pietilä, L.; Jalli, M.; Veteläinen, M. Genome-wide association study and genomic predic-

tion for Fusarium graminearum resistance traits in nordic oat (Avena sativa L.). Agronomy 2020, 10, 174. 

https://doi.org/10.3390/agronomy10020174. 

101. Khairullina, A.; Tsardakas Renhuldt, N.; Wiesenberger, G.; Bentzer, J.; Collinge, D.B.; Adam, G.; Bülow, L. Identification and 

functional characterisation of two oat UDP-glucosyltransferases involved in deoxynivalenol detoxification. Toxins 2022, 14, 446. 

https://doi.org/10.3390/toxins14070446. 

102. Stancic, T. Identification of Fusarium Resistance Traits in UK Oat Varieties. Ph.D. Thesis, Harper Adams University, Newport, 

UK, 2016. Available online: https://hau.repository.guildhe.ac.uk/id/eprint/17313 (accessed on10 January 2024 ). 

103. Chaffin, A.S.; Huang, Y.-F.; Smith, S.; Bekele, W.A.; Babiker, E.; Gnanesh, B.N.; Foresman, B.J.; Blanchard, S.G.; Jay, J.J.; Reid, 

R.W.; et al. A consensus map in cultivated hexaploid oat reveals conserved grass synteny with substantial subgenome rear-

rangement. Plant Genome 2016, 9, plantgenome2015-10. https://doi.org/10.3835/plantgenome2015.10.0102. 

104. Blackshaw-Crosby, J. Investigating Fusarium resistance in UK winter oats. Ph.D. Thesis, Harper Adams University, Newport, 

UK, 2022. Available online: https://hau.repository.guildhe.ac.uk/id/eprint/17857 (accessed on10 January 2024). 

105. Willforss, J.; Leonova, S.; Tillander, J.; Andreasson, E.; Marttila, S.; Olsson, O.; Chawade, A.; Levander, F. Interactive proteoge-

nomic exploration of response to Fusarium head blight in oat varieties with different resistance. J. Proteomics 2020, 218, 103688. 

https://doi.org/10.1016/j.jprot.2020.103688. 

106. Yuan, M.; Jiang, Z.; Bi, G.; Nomura, K.; Liu, M.; Wang, Y.; Cai, B.; Zhou, J.-M.; He, S.Y.; Xin, X.-F. Pattern-recognition receptors 

are required for NLR-mediated plant immunity. Nature 2021, 592, 105–109. https://doi.org/10.1038/s41586-021-03316-6. 



Agronomy 2024, 14, 505 21 of 22 
 

 

107. Ngou, B.P.M.; Ahn, H.K.; Ding, P.; Jones, J.D.G. Mutual potentiation of plant immunity by cell-surface and intracellular recep-

tors. Nature 2021, 592, 110–115. https://doi.org/10.1038/s41586-021-03315-7. 

108. Pruitt, R.N.; Gust, A.A.; Nurnberger, T. Plant immunity unified. Nat. Plants 2021, 7, 382–383. https://doi.org/10.1038/s41477-021-

00903-3. 

109. Chen, R.; Gajendiran, K.; Wulff, B.B. R we there yet? Advances in cloning resistance genes for engineering immunity in crop 

plants. Cur. Opin. Plant Biol. 2024, 77, 102489. https://doi.org/10.1016/j.pbi.2023.102489. 

110. Kourelis, J.; van der Hoor, R.A.L. Defended to the nines: 25 years of resistance gene cloning identifies nine mechanisms for R 

protein function. Plant Cell. 2018, 30, 285–299. https://doi.org/10.1105/tpc.17.00579. 

111. Förderer, A.; Li, E.; Lawson, A.W.; Deng, Y.N.; Sun, Y.; Logemann, E.; Zhang, X.; Wen, J.; Han, Z.; Chang, J.; et al. A wheat 

resistosome defines common principles of immune receptor channels. Nature 2022, 610, 532–539. https://doi.org/10.1038/s41586-

022-05231-w. 

112. Maidment, J.H.R.; Shimizu, M.; Bentham, A.R.; Vera, S.; Franceschetti, M.; Longya, A.; Stevenson, C.E.M.; De la Concepcion, 

J.C.; Białas, A.; Kamoun, S.; et al. Effector target-guided engineering of an integrated domain expands the disease resistance 

profile of a rice NLR immune receptor. Elife 2023, 12, e81123. https://doi.org/10.7554/eLife.81123. 

113. Kourelis, J.; Marchal, C.; Posbeyikian, A.; Harant, A.; Kamoun, S. NLR immune receptor-nanobody fusions confer plant disease 

resistance. Science 2023, 379, 934–939. https://doi.org/10.1126/science.abn4116. 

114. Li, S.; Lin, D.; Zhang, Y.; Deng, M.; Chen, Y.; Lv, B.; Li, B.; Lei, Y.; Wang, Y.; Zhao, L.; et al. Genome-edited powdery mildew 

resistance in wheat without growth penalties. Nature 2022, 602, 455–460. https://doi.org/10.1038/s41586-022-04395-9. 

115. Gawehns, F.; Cornelissen, B.J.C.; Takken, F.L.W. The potential of effector-target genes in breeding for plant innate immunity. J. 

Microbial. Biotechnol. 2013, 6, 223–229. https://doi.org/10.1111/1751-7915.12023. 

116. Moonjely, S.; Ebert, M.; Paton-Glassbrook, D.; ANoel, Z.A.; Roze, L.; Shay, R.; Watkins, T.; Trail, F. Update on the state of research 

to manage Fusarium head blight. Fungal Gen. Biol. 2023, 169, 103829. https://doi.org/10.1016/j.fgb.2023.103829. 

117. Mentges, M.; Glasenapp, A.; Boenisch, M.; Malz, S.; Henrissat, B.; Frandsen, R.J.; Güldener, U.; Münsterkötter, M.; Bormann, J.; 

Lebrun, M.H.; et al. Infection cushions of Fusarium graminearum are fungal arsenals for wheat infection. Mol. Plant Pathol. 2020, 

21, 1070–1087. https://doi.org/10.1111/mpp.12960. 

118. Xu, M.; Huang, Z.; Zhu, W.; Liu, Y.; Bai, X.; Zhang, H. Fusarium-Derived secondary metabolites with antimicrobial effects. Mol-

ecules 2023, 28, 3424. https://doi.org/10.3390/molecules28083424. 

119. Snelders, N.C.; Rovenich, H.; Petti, G.C.; Rocafort, M.; van den Berg, G.C.M.; Vorholt, J.A.; Mesters, J.R.; Seidl, M.F.; Nijland, R.; 

Thomma, B.P.H.J. Microbiome manipulation by a soil-borne fungal plant pathogen using effector proteins. Nat. Plants 2020, 6, 

1365–1374. https://doi.org/10.1038/s41477-020-00799-5. 

120. Gunupuru, L.R.; Perochon, A.; Doohan, F.M. Deoxynivalenol resistance as a component of FHB resistance. Trop. Plant Pathol. 

2017, 42, 175–183. https://doi.org/10.1007/s40858-017-0147-3. 

121. Collemare, J.; O’Connell, R.; Lebrun, M. Nonproteinaceous effectors: The terra incognita of plant-fungal interactions. New Phy-

tol. 2019, 223, 590–596. https://doi.org/10.1111/nph.15785. 

122. Abid, M.; Fayolle, L.; Edel-Hermann, V.; Gautheron, N.; Héraud, C.; Leplat, J.; Stein-berg, C. Fate of deoxynivalenol (DON) and 

impact on the soil microflora and soil fauna. Appl. Soil Ecol. 2021, 162, 103898. https://doi.org/10.1016/j.apsoil.2021.103898. 

123. Gao, X.; Mu, P.; Wen, J.; Sun, Y.; Chen, Q.; Deng, Y. Detoxification of trichothecene mycotoxins by a novel bacterium, Eggerthella 

sp. DII-9. Food Chem. Toxicol. 2018, 112, 310–319. https://doi.org/10.1016/j.fct.2017.12.066. 

124. Hassan, Z.U.; Al Thani, R.; Alsafran, M.; Migheli, Q.; Jaoua, S. Selection of Bacillus spp. with decontamination potential on 

multiple Fusarium mycotoxins. Food Control 2021, 127, 108119. https://doi.org/10.1016/j.foodcont.2021.108119. 

125. Liu, M.; Zhao, L.; Gong, G.; Zhang, L.; Shi, L.; Dai, J.; Han, Y.; Wu, Y.; Khalil, M.M.; Sun, L. Invited review: Remediation strate-

gies for mycotoxin control in feed. J. Anim. Sci. Biotechnol. 2022, 13, 19. https://doi.org/10.1186/s40104-021-00661-4. 

126. Noel, Z.A.; Roze, L.V.; Breunig, M.; Trail, F. Endophytic fungi as a promising biocontrol agent to protect wheat from Fusarium 

graminearum Head Blight. Plant Dis. 2022, 106, 595–602. https://doi.org/10.1094/PDIS-06-21-1253-RE. 

127. Karlsson, I.; Persson, P.; Friberg, H. Fusarium Head Blight from a microbiome perspective. Front. Microbiol. 2021, 12, 371. 

https://doi.org/10.3389/fmicb.2021.628373. 

128. Elnahal, A.S.M.; El-Saadony, M.T.; Saad, A.M.; Desoky, E.S.M.; El-Tahan, A.M.; Rady, M.M.; AbuQamar, S.F.; El-Tarabily, K.A. 

The use of microbial inoculants for biological control, plant growth promotion, and sustainable agriculture: A review. Eur. J. 

Plant Pathol. 2022, 162, 759–792. https://doi.org/10.1007/S10658-021-02393-7. 

129. Available online: https://scanoats.se/controlling-fusarium-head-blight-in-oat/ (accessed on10 January 2024). 

130. Comby, M.; Gacoin, M.; Robineau, M.; Rabenoelina, F.; Ptas, S.; Dupont, J.; Profizi, C.; Baillieul, F. Screening of wheat endo-

phytes as biological control agents against Fusarium head blight using two different in vitro tests. Microbiol. Res. 2017, 202, 11–

20. https://doi.org/10.1016/j.micres.2017.04.014. 

131. Rojas, E.C.; Jensen, B.; Jørgensen, H.J.L.; Latz, M.A.C. ; Esteban, P.; Ding, Y.; Collinge, D.B. Selection of fungal endophytes with 

biocontrol potential against Fusarium head blight in wheat. Biol. Control 2020, 144, 104222. https://doi.org/10.1016/j.biocon-

trol.2020.104222. 

132. Wang, L.S.; Zhang, Y.; Zhang, M.Q.; Gong, D.C.; Mei, Y.Z.; Dai, C.C. Engineered Phomopsis liquidambaris with Fhb1 and Fhb7 

enhances resistance to Fusarium graminearum in wheat. J. Agric. Food Chem. 2023, 71, 1391–1404. 

https://doi.org/10.1021/ACS.JAFC.2C06742. 



Agronomy 2024, 14, 505 22 of 22 
 

 

133. Petrucci, A.; Khairullina, A.; Sarrocco, S.; Jensen, D.F.; Jensen, B.; Jørgensen, H.J.L.; Collinge, D.B. Understanding the mecha-

nisms underlying biological control of Fusarium diseases in cereals. Eur. J. Plant Pathol. 2023, 167, 453–476. 

https://doi.org/10.1007/s10658-023-02753-5. 

134. Khairullina, A. Controlling Fusarium Head Blight in Oat. Pure and Applied Biochemistry. Ph.D. Thesis, Lund University, Cen-

ter for Chemistry and Chemical Engineering, Department of Pure and Applied Biochemistry, Lund, Sweden, 2023. 

135. Khairullina, A.; Micic, N.; Jørgensen, H.J.L.; Bjarnholt, N.; Bülow, L.; Collinge, D.B.; Jensen, B. Biocontrol effect of Clonostachys 

rosea on Fusarium graminearum infection and mycotoxin detoxification in oat (Avena sativa). Plants 2023, 12, 500. 

136. Pathi, K.M.; Sprink, T. From petri dish to field: Plant tissue culture and genetic engineering of oats for improved agricultural 

outcomes. Plants 2023, 12, 3782. https://doi.org/10.3390/plants12213782. 

137. Donoso, T. Standardizing the CRISPR-Cas9 System in Oat to Understand Beta-Glucan Regulation. Master’s Thesis, McGill Uni-

versity, Montréal, QC, Canada, 2021. Available online: https://escholarship.mcgill.ca/concern/theses/7p88cn79j (accessed on10 

January 2024). 

138. Bekalu, Z.E.; Krogh Madsen, C.; Dionisio, G.; Bæksted Holme, I.; Jørgensen, L.N.; Fomsgaard, I.S.; Brinch-Pedersen, H. Overex-

pression of nepenthesin HvNEP-1 in barley endosperm reduces Fusarium Head Blight and mycotoxin accumulation. Agronomy 

2020, 10, 203. https://doi.org/10.3390/agronomy10020203. 

139. Joshi, R.K.; Nayak, S. Gene pyramiding-A broad spectrum technique for developing durable stress resistance in crops. Biotech-

nol. Mol. Biol. Rev. 2010, 5, 51–60. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


