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Abstract: Over the past century, the economically devastating Fusarium Head Blight (FHB) disease
has persistently ravished small grain cereal crops worldwide. Annually, losses globally are in the
billions of United States dollars (USD), with common bread wheat and durum wheat accounting
for a major portion of these losses. Since the unforgettable FHB epidemics of the 1990s and early
2000s in North America, different management strategies have been employed to treat this disease.
However, even with some of the best practices including chemical fungicides and innovative breeding
technological advances that have given rise to a spectrum of moderately resistant cultivars, FHB
still remains an obstinate problem in cereal farms globally. This is in part due to several constraints
such as the Fusarium complex of species and the struggle to develop and employ methods that can
effectively combat more than one pathogenic line or species simultaneously. This review highlights
the last 100 years of major FHB epidemics in the US and Canada, as well as the evolution of different
management strategies, and recent progress in resistance and cultivar development. It also takes a
look at protocooperation between specific biocontrol agents and cereal genotypes as a promising tool
for combatting FHB.
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1. Introduction

The ongoing global intensification of wheat production will likely be accompanied by
rising pressure of Fusarium disease [1]. The fungal genus Fusarium that was introduced
by German mycologist Link in 1809 is the single major cause of several plant diseases,
including Fusarium Head Blight (FHB). This plague has become one of the most important
cereal diseases worldwide and evidence suggests that the likelihood of FHB epidemics
has increased over the past century. Pandemic lines of Fusarium graminearum have aug-
mented disease development at an accelerated rate, thus inducing large-scale outbreaks
and widespread mycotoxin contamination [2-6]. Although significant effort has been made
to control FHB and its persistent mycotoxins (e.g., deoxynivalenol- DON, zearalenone-
ZEN) in staple cereal crops, food and feed, a holistic effective management of FHB remains
a challenging task for numerous innovative investigations [7]. Nowadays, assembling FHB
damage data, using algorithms, and correlating predictive computational models are being
explored to achieve a predictive accuracy of FHB epidemics [8] and to develop strategies
for reducing risk of mycotoxins in wheat and other small grain cereals [9]. The ultimate
goal is to achieve genetic gains in agronomic and selected end-use quality traits in wheat
worldwide [10] to feed the growing human population.

Since Fusarium Head Blight, commonly called scab, is a major pest to wheat crops,
breeders strive to find achievable solutions by producing wheat varieties with resistance
genes. Indeed, the plant defense responses to Fusarium have been thoroughly explored,
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thus genomic selection in cereals has resulted in improved crop resistance which has now
surpassed the efficiency of the traditional phenotypic selection in controlling FHB [1,11].
However, breeding against FHB seems to be hampered by the limited variation in the elite
gene pool and difficulties in efficiently combining the numerous small-effect resistance
quantitative trait loci (QTL) in the same crop line [11]. In addition to this, while historic
breeding panel enables high-resolution mapping of FHB resistance QTLs [12], the Fusarium
infection-induced metabolic changes in different cereal varieties associate with different
physiological, metabolic and phytohormonal network-related resistance [13-15]. Even with
all this information, the shifts in crop defense responses have not yet been exploited for an
integrated scientific strategy or management approach in controlling FHB. Furthermore,
despite multiple genomics and functional traits [16,17] and their relation to the evolution
of disease resistance in cereals [18], it is still unclear how resistance works.

Even though it is not clearly known if other plant associated traits such as microbiome-
based wheat characteristics are connected to host resistance, it is believed that the micro-
biome as the plant’s second genome can reduce Fusarium virulence [19]. Studies have
found that the microbiome of wheat can disable Fusarium pathogen infection [20] or can
confer resistance [21] and so without genetic modifications. In addition, Fusarium whole
genome and specifically its pathogenome features have been targeted to reveal gene se-
quences, gene order, gene clusters, regulatory sequences, and other genomic organisational
landmarks. It is possible that these revelations can provide a better understanding of
the complex dynamics of host-microbe interactions that lead to diseased versus healthy
plants [22]. From the pathogen perspective, virulence mechanisms, such as the production
of toxins and virulence proteins, as well as pathogen reproduction and survival, have also
been studied in connection to climate change [23]. On the other hand, microbiologists
and plant pathologists argue that a better understanding of cereal host genetics-Fusarium
genetics-beneficial microbes interactions is possible by looking more closely at FHB from a
microbiome perspective [24]. They propose that findings from the latter perspective can
eventually lead to the development of new control options for this global disease. So far,
contemporary science has observed the differences in resistance between wheat genotypes
with different Fusarium pandemic lines and associated protocooperative microbial popu-
lations, such as Fusarium-specific biocontrol agents (BCAs) for developing more resistant
crop varieties. Can we take advantage of the BCA-based resistance in elite wheat genotypes
without gene modification or plant gene editing in combatting FHB?

2. Fusarium Head Blight (FHB)
2.1. FHB and Crops

FHB was first described by Worthington G. Smith of England in his 1884 book, Diseases
of Field and Garden Crops [25]. Since then, this disease that mainly affects small cereal
grain crops has been better characterized from a brief but detailed description of the
symptomology in W.G. Smith’s book to a complex disease that has had a devastating
effect on the cereal crop industry worldwide over the last century. With increased human
migration around the globe, crops such as wheat grew in prominence and so did FHB
colonisation of wheat and other crops. This disease is now endemic to certain parts of
Africa, Asia mainly China, Europe, South and North America leading to major outbreaks
in North America in the early 20th and 21st centuries [26-33]. The first Canadian case of an
FHB outbreak was reported in 1919 [34]. Losses in eastern Canada date back to at least the
early 1940s. Western Canadian fields across Manitoba were first affected in 1923, although
no serious outbreaks were reported until 1984 [35]. After these events, the contemporary
survey data of FHB prevalence and severity in wheat crop started in 1987 throughout
Canada [34], a few years after reports of serious outbreaks were made. Since then, survey
data has been continuously updated to reflect all FHB outbreaks and epidemics in Canada.

However, data collection and breeding for resistance remain complicated because
the FHB disease in cereals is caused by several Fusarium species. Some of the more com-
monly known species include, F. chlamydosporum, F. boothii, F. scirpi, F. arthrosporioides, F.
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poae, F. avenaceum, F. culmorum, F. graminearum, F. verticillioides, F. asiaticum, and F. cortade-
rige [36]. Over the years, the complex has been regularly updated with the use of current
technological advances such as multilocus genotyping (MLGT), polymerase chain reac-
tion (PCR) and next-generation DNA sequencing platforms [3,37-40]. Recent molecular
advancements revealed the existence of Fusarium graminearum species complex (FGSC),
also known as F. graminearum sensu lato with 16 formally described phylogenetically dis-
tinct species [3,4,39,40]. These are among the most important FHB causative species on
a global scale. North and South America (Argentina, Brazil and Uruguay) registered F.
graminearum sensu stricto as the primary aetiological agent of FHB outbreaks over the
last decades [26-33,41]. Other important Fusarium species in North America includes F.
culmorum and F. poae [37,42]. In other world agroecological zones, the most abundant
species strongly correlate to geographical location. In Eastern Asia, in the cooler regions
of North Japan, F. graminearum is the predominant species in diseased crops, while in the
more arid southern region F. asiatium dominates [43]. A similar trend is also seen in China,
in which F. graminearum is the most abundant pathogen in diseased cereal crops in the
North and F. asciatium dominates the South of China [44]. In Europe, a complex of species,
F. graminearum, F. avenaceum, F. culmorum, and F. poae, are mainly associated with FHB;
however, in most cases, it was reported that F. graminearum was the primary cause of FHB
in many European countries [45]. On the African continent, in countries such as Kenya, F.
graminearum, F. poae, and F. chlamydosporum [46] are the prevalent species, while a novel
species F. aethiopium that is frequently the cause of FHB, is registered in Ethiopia [3].

2.2. FHB in the US

Fusarium graminearum literally ‘fusarium of the grasses’ [26] has been named among
the most threatening plant pathogenic fungus in the world because of its aggressiveness
and its economic importance [47,48]. It threatens some of the major global producers of
wheat that are coincidentally in some of the most FHB prone areas. In these regions severe
FHB epidemics occur at a minimum of every fourth or fifth year [49] resulting in great
losses. A concise history of major epidemics in North America is shown in (Figure 1).
Dating back to the early 20th century, the US saw a steady increase in FHB epidemics that
was mostly concentrated in the Eastern, Northern, and Central Midwest states of Iowa,
Ohio, Indiana, and Illinois [28,29,33]; however, the swift spread of FHB epidemics of 1917
and 1919 did not serve to many as a harbinger of the indomitable and imperceptible nature
of this disease. At the turn of the new decade, in the 1920s, the disease then quickly raced
its way into many wheat fields of the Upper Midwest states of Minnesota, North and
South Dakota, and the East South-Central state of Kentucky before resting comfortably
but disastrously in the Midwest [33]. The mid of the 20th century saw a well needed
reprieve from the devastating epidemics of the last decades; however, this reprieve was
short lived and frequent FHB epidemics returned in the 1970s and extended its grip into the
Northeastern and South Atlantic provinces of Pennsylvania, Maryland, and Virginia [33].
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+ FHB epidemic in wheat in Midwest and
Southern States.
+Maryland, North Carolina and Virginia
¢ 1st major FHB epidemic recorded in e m_llllon 1L m‘losses
+ No formal estimates were given for the
the USA.
other states.

+ 31 states were affected
+ USDA estimated that 272 kT of wheat
was lost across affected region.

e + Wheat crops in Midwestern and Southern

+ mainly affected Midwest States States as far as Georgia were affected by this
¢ 2177 KT of wheat lost through out the US widespread FHB epidemic.

+34% and 69% of wheat crops in Illinois and Towa, +No formal estimates were made
respectively were infected

+ Throughout this 3 year period there were sporadic outburst of FHB across
numerous states in America, FHB was widespread in most states, however
severity and incidence was not as great as in previous vears

+2013- State of Michigan reported widespread lossed in wheat

+2015- Louisana reported an estimated 25% loss in wheat. States in the
Great Plains and the Northern Great Plains reported high FHB severity
and DON levels in wheat crops.

Figure 1. A timeline of the major Fusarium Head Blight (FHB) epidemics in the USA over the last 100 years. A brief description of the major FHB epidemics in the USA covering a period
of 107 years. The diagram above is a condensed version showing FHB epidemics from 1917 to 2007.
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By the 1980s FHB epidemics were reported in as far as New York. The epidemic of
1982 resulted in a 4% reduction in the total US wheat production equivalent to 2.72 million
metric tonnes or 100 million bushels [28]. This was by far the worst epidemic the US had
experienced since the epidemics of 1919 and 1928, the latter of which mostly affected barley
crop resulting in significant international trade disturbances [28,33]. As the curtains closed
on the 20th century the frequent outbreaks and epidemics had scarcely left any wheat-
producing states unscathed. FHB in the 1990s would go on record to be some of the worst
epidemic years both in terms of crop damage and economic losses in North America and
the global wheat industry [26,28,29,32]. By this time FHB outbreaks had touched most if not
all the cereal crop producing states in the US. The unparalleled and social impacts caused by
the 1993 epidemic has been described and documented in numerous articles [26,28,33,50] to
mention a few. The 1993 epidemic resulted in an estimated $1 billion USD loss to producers
in the tri-state areas of Minnesota, North and South Dakota, making it the greatest loss
compared to any other plant disease in North America in a single year [28]. From then
on at the close of the 20th century, FHB wreaked havoc on wheat, durum wheat and
barley in the US which also extended to the Canadian prairie province of Manitoba. At the
end of this prolonged epidemic period, it was estimated that over 500 million bushels or
13.6 million metric tonnes of wheat valued at $2.5 billion was lost [28], which at present is
approximately equivalent to 4 years supply for food and industrial use, based on the 2015-
2019 consumption data from Statistics Canada and Agriculture and Agri-Food Canada [51].

The economic significance and cataclysmic loss caused by this disease overshadowed
the disastrous epidemics just a decade earlier in 1982, in which it was estimated that
100 million bushels or 2.72 million metric tonnes of wheat was lost due to FHB [50,52].
Losses resulting from the 1991-1996 FHB epidemics were estimated to be around 7.67 billion
USD, the most expensive loss to date [9,29]. At the dawn of the 21st century the science of
plant pathology was better prepared to deal with FHB. Different management strategies
were implemented to treat this complex disease and even though the outbreaks and
epidemics did not stop and by this time had extended south to Georgia and North Carolina,
farmers were not fighting FHB empty handed as they had been in previous years. Armed
with new fungicides, new cultural practices, improved and more resistant cultivars as well
as the promise of natural enemies of these FHB pathogens, it seemed producers would
be able to put up a worthwhile effort against this highly intricate disease. In the words of
Robert W. Stack “There is every reason to expect that the history of Fusarium Head Blight
of the first decades of the 21st century will be quite different from its history in the 20th
century”. This was a fair assessment, and this was the case for the first two decades of
the 21st century. FHB history and particularly its control was different due to new and
improved integrated management strategies. The current era of advanced technology has
allowed for the discovery and greater understanding of many new FHB pathogenic species.
The predominant FHB agent in North America F. graminearum Schwabe genome has been
mapped [53], resistant cultivars have been developed [47,54], cultural practices have been
changed and possibly improved, and new fungicides both chemical and more recently
biological are all a part of the integrated management strategy [55]. However, irrespective
of all these methods FHB and its causative agents remain a dominant threat to the world’s
number three food crop. In fact, every year infection of wheat by the Fusarium graminearum
results in losses of ~28 million metric tons of wheat grain [56], valued at $5.6 billion [57].

2.3. FHB in Canada

The history of wheat cultivation and FHB in Canada is not as extensive as that of
its neighbour America. The first grain of wheat was sown in Canada in the year 1541
and it would take a little over 200 years before wheat cultivation became an established
crop in Canada [58]. Nevertheless, Canada has seen and experienced devastating losses
and a steady increase in FHB incidence and outbreaks over the last decades. Fortunately,
knowledge and records of the USA’s history of FHB and the relatively short cultivation
history of wheat in Canada has allowed for up-to-date documentation of FHB incidence and
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outbreak in wheat, durum and other cereal crops. In a 2003 article “History of Fusarium
Head Blight with an emphasis in North America”, R.W. Stack mentions that the FHB
epidemic of 1919 in America extended to the Canadian prairie provinces of Manitoba
and Saskatchewan as reported in the Cereal Crop Disease Report by W.P. Fraiser from
University of Saskatchewan [33]. However, numerous articles including the Canadian
Grain Commission (CGC) and the Canadian Phytopathological Society (1923), recorded
that F. graminearium, the main aetiological agent in most FHB cases, was first registered on
corn stubble in Manitoba [58]. Since then, F. graminearum and other pathogenic Fusarium
species have been isolated from diseased cereal crops, including wheat and barley. While
the disease in Canadian grains has not been as devastating as it has been in America,
moderate widespread FHB epidemics were reported once every 9 years in Southwestern
Ontario from 1927 to 1980 [26,42]. Losses to the Canadian grain industry during the 1990s
totaled US $200 million for Ontario and Quebec and US $300 million for Manitoba [50]. In
addition to the huge economic cost, the wheat industry over the last decades has witnessed
a shift and spread of FHB from East Canada to the Canadian prairie provinces, the main
producers of common wheat and durum wheat in Canada.

Accompanying this shift and spread of FHB is a steady increase in mycotoxigenic Fusar-
ium pathogens that have spread from the Southeastern Manitoba across to Saskatchewan,
Alberta and British Columbia over the last few decades [59-61]. Figure 2 gives a brief
outline of the major FHB epidemic years in Canada and the numbers of scientific papers
that referenced FHB epidemics over a 35-year period from 1985 to 2020 as shown in data
retrieved from the Web of Science Database (WSD, 2021). The increase or decrease in the
production of scientific papers on FHB epidemics in Canada can be divided into three
phases, (i) 1985-1997, the slow growth phase, (ii) 1997-2007, the exponential growth phase,
and (iii) 2008-2016, the extensive growth phase, (Figure 2).

Fusarium head blight/FHB outbreaks
Web of Science (1985-2020)

AB ssvere symptoms

2019
o
£
5
a
€ Epidemic in AB and BC
L
% Extensive growth 2016
N (~4 yr) interval
v
2008 2012

Epidemic in MB and SK

Exponential growth
(~10 yr) interval

MB severe symptoms

In 1990, the most notorious FHB epidemic extension
across North America with an etimated economic losses
which approached 3 billion USD [McMullen et al. 1997]

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Years

Figure 2. FHB progression and history in Canada as reflected in scientific papers from the year 1985-2020 found on the
Web of Science database-WSD, (i) phase 1—slow growth years 1985-1996, (ii)—exponential growth years 1991-2007, and
(iii)—extensive growth years 2008-2016.
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Phase 1, from 1985-1997, corresponds to the slow growth of the output of information
on FHB disease in crops in Canada. During this time FHB woes were mostly seen and
experienced in Ontario and in Manitoba, with a stand-out epidemic of the 1990s that would
for the first time in a decade remind cereal farmers of the dreadful nature of this disease.
Over 20 million bushels of wheat was lost in Manitoba in the year 1993 [28]. Compounding
this great loss was the unfortunate reality that FHB was now slowly but strongly moving
from the East to the West across Canada, first to the neighbouring province of Saskatchewan.
Even though this was the early stages of FHB in Canada, all this would quickly change
as FHB moved into the exponential growth phase over the next decade from 1997-2007.
The exponential growth, identified as phase 2, of FHB across the prairies was mostly seen
in the provinces of Saskatchewan and Alberta. During the same period there was also an
increase in the number of scientific articles that were being produced based on data from
the Web of Science database (2021) [62] (Figure 2). A decade earlier, just over 1% of the total
scientific papers available on FHB were produced in the slow growth phase compared to
27% of the current total that reported on FHB in the exponential phase. Numerous agencies
including universities, private and governmental agricultural firms busied themselves
finding different and effective controls for FHB. During this time FHB management in
cereal crops became one of the priority research areas in plant diseases. However, while
progress was being made FHB’s spread and evolution was a few steps ahead and had
already made its way to Alberta, thus completing its sweep across the prairie provinces
and reaching British Columbia. The third phase, the extensive phase, lasted approximately
8 years from 2008-2016 A total of 70% of all scientific papers on FHB as shown by Web of
Science database (Figure 2) was produced in this period. The papers covered the increasing
epidemics across Canada. It could be argued that there was a better understanding of the
disease and different management strategies were being investigated and deployed, which
was also reflected in the massive output of scientific articles. However, there was still a
great hurdle to controlling Fusarium spp. mycotoxins, that are hallmarks of FHB disease.
As a result of this, nationwide research was aimed at understanding how to control these
mycotoxins which also generated a large volume of scientific articles during this period.
Since 2016 FHB has remained an important threat to common wheat, durum wheat and
other cereal crops not only in Canada but globally and the search continues with the hopes
of finding methods to effectively control this disease and associated mycotoxins.

3. Mycotoxigenic Fusarium Pathogens

In Canada and North America as well as many other regions in the world, F. gramin-
earum is the predominant pathogenic species that causes FHB in wheat and barley [33,47,55].
F. graminearum is a highly virulent hemibiotrophic pathogen that produces type B tri-
chothecenes, deoxynivalenol (DON) and its acetylated derivatives 3 ADON and 15 ADON,
nivalenol (NIV), and zearalenone (ZEN) [56,63—66]. These are some of the most important
fungal toxins that have been known to contaminate cereal grains and other crops that
are prepared for human and animal consumption. DON also known as vomitoxin, is
the most observed toxin in Canadian grain [60,67]. Several studies have described the
adverse health effects experienced by humans and animals upon exposure to varying levels
of DON [33,48,55]. DON has been linked to feed refusal and weight loss in pigs [33,67].
In humans, DON has been identified as the causal agent in vomiting, diarrhea, neural
disturbances [27], liver and kidney damage, immune and nervous system impairment [27]
after the consumption of contaminated food.

In addition to its adverse effects on mammals, DON has been reported to increase the
virulence of F. graminearum on wheat and durum [67-69]. Canadian prairies, studies on
wheat and durum showed that there was a significant relationship between DON levels
and visible Fusarium Damage (FUS DMG) in Canadian Western Amber durum (CWAD) and
most Canadian Western Red Spring (CWRS) [61]. The FUS DMG and DON relationship
is currently used as grading factor for grains produced in Canada as implemented by
the Canadian Grain Commission (CGC) [61,70]. However, conclusions on the FUS DMG



Appl. Sci. 2021, 11, 8960

8 0f 23

and DON relationship as a gold standard grading factor for harvested grains remain
equivocal, since different studies have shown that the relationship is not always linear [71].
In the same study carried out in the Canadian prairies, Tittlemier et al. (2019) reported
that the relationship between FUS DMG and DON was at times variable [60]. In one
of the wheat districts, the low concentration of DON measured did not correspond to
the high level of FUS DMG seen in CWRS of that district. Additional data showed that
a variation in Fusarium species resulted in a variation of mycotoxins detected at any
given time. This variation was attributed to prevailing environmental conditions such as
precipitation and high temperature in the growing year which was ideal for the growth
of some Fusarium species over others. Indeed, visible FUS DMG is not always correlated
to DON concentration, signifying that species other than F. graminearum and F. culmorum
can produce visible FUS DMG [61]. These findings suggest that to effectively combat
or implement integrated strategies to manage FHB and Fusarium mycotoxins, there is
a necessity for a more centralised reporting on mycotoxin surveillance in Canada [72].
Numerous reports will be able to give a clearer picture of the correlation, if any, between
the diversity and abundance of Fusarium species across the prairies and the mycotoxins
produced and their concentration in wheat and durum. This information can then be used
to establish a range for the concentration of Fusarium toxins that can be tolerated or can be
detrimental to animal and human health.

In addition to type B trichothecenes such as DON, a plethora of other mycotoxins
including Type A trichothecenes and Fumonisins are prevalent Fusarium species mycotoxins
that are observed in infected cereal grains. Deoxynivalenol- DON is mostly commonly
produced secondary metabolite of (F. graminearum and F. culmorum), Fumonisins—FUM
of (Fwerticillioides and F. proliferatum), aurofusarin -AUS (F. graminearum, F. poae and F.
sporotrichoides), type A- trichothecenes, T-2 and HT-2 are commonly produced by (F. poae),
beauvericin and enniatins (F. avenaceum, F. poae and F. sporotrichoides), and moniliformin (F.
proliferatum and F. subglutinans) [2,9,27,73]. However, the type B trichothecenes, DON and
its acetylated derivatives 3 and 15 ADON produced by F. graminearum and F. culmorum are
the predominant mycotoxins found in cereal grains and, hence, a better understanding of
these toxins and how to reduce them in grains is of vital importance to the stability of the
cereal crop production sector and agri-food industry.

In the last two decades, the highly aggressive 3 ADON chemotype has gained
more prominence and has rapidly replaced the native 15 ADON chemotype in North
America [6,74]. The more virulent 3 ADON chemotype showed higher levels of DON
biosynthesis upon Fusarium infection [6,75]. Its emergence on the Canadian wheat scene co-
incides with reported >50% kernel infection rates for some Saskatchewan farms in 2012 [75].
The Canadian Grain Commission (CGC) in 2017, also reported that in the year 2016, several
Saskatchewan districts accounted for >90% infected spring wheat samples, which is about
70% increase compared to 2010 (CGC, 2017). In addition to this, Fusarium is predicted to
cause the downgrade of about 40% of Saskatchewan’s durum, with about 25% likely to be
downgraded to below food grade [76]. These factors have highlighted the severity of this
disease in Canada. Therefore, understanding how and what affects the shift in type and
concentration of mycotoxins produced by different fusaria can be very useful in mounting
a sustainable management strategy in controlling toxigenic Fusarium species complex and
related FHB damage.

4. FHB Management

In Canada, US, China, Europe, and other leading wheat-producing countries world-
wide, the preventative measurements of FHB and Fusarium mycotoxins are usually cate-
gorised as pre- and post-harvest treatments. Some of the most common methods include
agronomic approaches, such as crop rotation and no-till, breeding and host optimisation
by means of genetic modification, chemical and biological treatments, and FHB forecast-
ing. Additionally, in the last two decades, a handful of natural parasites of the Fusarium
fungi have also been explored [9,19,29,47-49,54,65,76,77]. Presently, there are countless
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articles, reviews, and commentaries that collectively provide an exhaustive coverage of the
different FHB management strategies that have been used over the past five decades. A
quick and comprehensive guide to some of the most popular and effective methods can
be found in the following articles by Gilbert and Tekauz in 2011 [50], McMullen 2012 [29],
Wegulo 2015 [55], Legrand 2017 [48], and Mielniczuk 2020 [9]. In these articles, most of the
traditional management strategies mentioned have yielded positive results, however, none
of them so far has been considered as a sustainable treatment for FHB [78-80].

4.1. Chemical and Physical Control

Chemical treatment including the widely used demethylation inhibitor (DMI) class
fungicides including tebuconazole (Folicur), prothioconazole plus tebuconazole (Prosaro),
and metconazole (Caramba) results in no greater than 60% control of FHB and 30% to
50% of DON in wheat, although the actual reductions are highly variable [29,81]. In ad-
dition, multiple pesticide constraints have been reported including inadequate coverage
and timely application, creating significant challenges for farmers [29]. Newer fungicides
such as phenamacril, a cyanoacrylate compound that asserts its antifungal effect on sus-
ceptible Fusarium by disrupting the activity of essential actin-motor protein have been
shown to be more effective against Fusarium spp. than DMI class fungicides [82]. However,
field-resistant Fusarium strains to phenamcril have been characterised [83]. There is also
a newer fungicide pydiflumetofen, a novel succinate dehydrogenase fungicide that was
released in 2018 [83]. It appears effective against Fusarium and has been used on crops
in America, Canada and China [84]. As a novel fungicide, its efficacy is still being tested.
However, as history has shown, overuse of these chemicals eventually results in fungicide
resistance [76,85-88]. There are also concerns about toxicity and related health and envi-
ronmental issues [65,78,89].

Over the years, alternatives to reduce the dependence on toxic synthetic chemicals
have been explored. In terms of Fusarium toxins, mycotoxin adsorption agents are promis-
ing; they bind to mycotoxins in the gastrointestinal tracts of animals thereby decreasing
their bioavailability and reducing any potential harm [90]. However, while this seems to be
a promising alternative, a study by Zain et al. [91] reported on various types of adsorption
agents with varied efficacy. Furthermore, according to Stoev et al. [92] adsorption agents
are effective in preventing aflatoxicosis, but they are not very effective for other mycotoxins.
Other alternatives include optimising host resistance which is favored by many scientists
including Figueroa et al. [49], who states that host genetics would be the most desirable
approach to controlling FHB and preventing toxins accumulation and associated health
risks.

4.2. Host Resistance

Host resistance has been touted by many scientists throughout the years as the most
desirable approach in controlling FHB in cereals and other crops [33,49,93-97]. However,
despite screening thousands of wheat lines, little resistance to Fusarium has been found [98].
In addition, optimising host resistance in wheat and durum has not been an easy feat as
resistance to FHB is a complex and quantitatively inherited trait that is controlled by multi-
ple genes and affected by environmental factors [47] leading to relatively slow genetic gain
per unit time [65]. Nevertheless, despite all these impediments, host or genetic resistance is
considered the safest and most cost-effective tool for providing sustainable control against
FHB. Following Astanoff’s observation on the differences in resistance among different
wheat varieties, and the conclusion that durum wheat was more susceptible than bread
wheat to FHB [99], a genuine interest in FHB resistance grew worldwide. This ushered
in a new era of host resistance research and cultivar improvement studies. Since then,
the insights into host resistance have been forthcoming and thousands of scientific results
have been published [2,7,31,93,94,97-99]. Globally, numerous governmental and private
breeding, screening, and genotyping labs and organisations have also joined the fight
against FHB. These efforts over the last decades utilizing different strategies have led to the
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development of numerous wheat (Triticum aestivum) and a few durum (Triticum turgidum
subsp durum) cultivars with varying levels of resistance [100].

At the start of this era in harnessing host plant, resistance mainly came through
conventional breeding programs in which germplasm of allohexaploid common bread
wheat and to a lesser extent tetraploid durum wheat were screened for desirable FHB
resistant traits. The US is said to have been one of the earliest countries to screen for
FHB resistant germplasm dating back to the 1920s with experiments of FHB severity in
different wheat varieties carried out at the University of Wisconsin by Dimitr Astanoff, [99].
Other countries like China, prompted in part by FHB epidemics in the 1930s in different
regions of country, conducted one of the largest nationwide screenings backed by the
governmental organisation, All Corporation of Research on Wheat Scab (CCRWS) in
1974 [101]. According to Ma et al. [101] the CCRWS surveyed a total of 34,571 accessions
including 23,434 domestic and introduced accessions of common wheat and 1935 accessions
of wheat relatives. Among the common wheat, 1796 or 5.2% accessions were identified as
resistant or moderately resistant [101]. However, there was no specific mention of durum
wheat, even though it is possible that tetraploid wheat could be among the group labelled
relatives of wheat. The same source also reported that 70,000 accessions of hexaploid wheat
and its relatives collected worldwide have been screened, leading to the identification
of about 7000 accessions with different levels of FHB resistance. In durum and wheat
subspecies and its close relatives including Emmer, Oats, and Einkorn, approximately
10,500 accessions have been screened for their resistance to FHB. However, there are not
many accessions identified as having or showing varying levels of FHB resistance [101].

4.3. Conventional Breeding

Conventional breeding based on phenotypic selection was one of the main tools of
improving resistance for most of the 20th century. It has led to the development of some
very important FHB resistant wheat cultivars such as Sumai-3. Sumai-3 is a Chinese
spring wheat cultivar that has been and is still extensively used in breeding programs
worldwide [29,54,89,90,101-103]. It was the first FHB resistant cultivar to be developed in
China in 1947 from a cross of a moderately susceptible, Italian wheat variety, Funo and
a resistant landrace (Taiwanxiomai) from Taiwan [26,54,104]. Since then, Sumai3 cultivar
(cv). has been instrumental in the development of other resistant cultivars such as Ning
7840 [104]. Sumai3 is also a major source of resistance in wheat and durum breeding
programs in the USA and Canada, contributing to the development and release of more
than 20 modern cultivars. These include commercially available moderately resistant (MR)
hard spring wheat cultivars Alsen, Glenn, Barlow, and SY Ingmar from North Dakota,
Faller and Prosper from Minnesota, [54] and AAC Brandon a spring wheat cv. from
Canada [54]. Another Italian cultivar Montana and Brasilian cultivar Frontana have also
contributed to the improvement of FHB resistance in North America [101,103].

Conventional breeding has also played a part in the identification of one of the
first major FHB resistance quantitative trait loci Fhb1, which was first mapped in Sumai
3 by DJ Somer’s laboratory [101,105]. The Fhbl gene has been validated in different
studies [54,81,103-105] and is located on the long arm of Chromosome 3B and has been
shown to confer Type Il resistance—resistance to fungal spread according to the mecha-
nisms of resistance first described by Christensen and Schroeder, 1929 [106]. Fhb1 resistance
is widely used in spring wheat (hexaploid) cultivars and has been shown to contribute
(20-50%) resistance to FHB in bread wheat compared with their parents [93,99].

At the end of the 20th century conventional breeding had established a solid founda-
tion in the area of FHB resistance in wheat and other crops. Undoubtedly, this era in host
resistance has led to a better understanding of the genetic control of FHB. It has also led
to the development and release of not only, the well-known spring wheat cultivars (cvs).
such as Sumai-3 and its derivatives from China, but others such as Nobeoka Bozu from
Japan, and Brazilian cultivar Frontana. that was mainly used in winter wheat breeding
programs in Canada in the late 20th century. Research in host optimisation has resulted in
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creation of winter wheat cvs. such as Praag 8 and Novokrumka from Europe [31] as pioneer
resistant cultivars in the fight against FHB aggressiveness. However, these advances have
encountered limitations due to the lack of good germplasms and major resistance genes,
polygene nature of FHB resistance, and the difficulty in disease resistance evaluation [101].
In addition, it takes up to 10 years to develop a new resistant cultivar [107]. At this stage
of the research, breeders are just not able to afford the costly consequences of delays in
getting more resistant cultivars on the global market [107]. The disastrous FHB epidemics
of the 1990s and early 2000s decimated wheat and durum crops in the US and Canada.
Indeed, the seemingly effortless way in which Fusarium pathogens were able to circumvent
and render ineffective the most up to date control measurements of the time underscores
the urgency to have improved cultivars on the market and in time to prevent the next
FHB attack. As a result of this, conventional breeding alone has not and will not be able
to mitigate this disease. Therefore, the race to produce more resistant cultivars has to be
continuously supported with newer technological tools such as GS (genomic selection),
MAS (marker assisted selection), and MARS (marker-assisted recurrent selection [108-111].
With these innovative tools and interactome research [20] that are currently being explored
there is a high possibility that more resistant cvs. will be commercially available for both
common wheat and durum wheat in the near future.

4.4. Resistance in Common Wheat

Marker-assisted selection (MAS), which is based upon the establishment of a tight
linkage between a molecular marker and the chromosomal location of the gene(s) governing
the trait to be selected in a particular environment, uses modern genetics to speed up
the traditional process of conventional breeding. Unlike conventional breeding where
the progeny must be grown and observed for the desired trait before a selection can be
made, MAS can be done at any stage in the breeding programme and allows selection
for and pyramiding of resistance genes at the absence of the pathogen [79]. As a result
of this, the time to develop improved cultivars can be halved. Several studies have
reported [111,112] the success of the genetic tools in improving FHB resistance. The first
FHB resistant cultivar Sabin a hard red spring wheat developed by MAS at the University
of Minnesota Experiment Station was registered in 2009 [113]. The efficacy of MAS relies
on QTLs that produce large and stable effects and the availability of makers to validate
these QTLs. So far studies have reported many Fhb resistance QTLs in wheat and durum
wheat [94,105,113-116]. Of these, seven (7) with varying levels of resistance have been
formally assigned with a gene name. These are Fhb1 [105], Fhb2 [117] Fhb4 [118,119],
Fhb5 [120,121] all from common wheat cultivars and Fhb3, Fhb6, and Fhb7 all from wild
relatives of common wheat. Fhb1 is the most studied QTL and confers the greatest FHB
resistance as confirmed by many studies [74,94,105,116]. However, there is no single QTL
that confers complete FHB resistance further underscoring that FHB resistance is a complex
trait that is controlled by multiple genes. Even though breeders have had success in
selecting for FHB resistance with MAS, the complex genetic architecture of FHB resistance,
difficulties in precision phenotyping, and delayed availability of high-density genome-
wide molecular markers in wheat have hindered progress in breeding for FHB resistance.
Therefore, newer methods such as genomic selection (GS) that estimates the value of all
markers or QTLs in the entire genome, has been shown to be a more effective marker-based
strategy when breeding for complex quantitative traits such as FHB resistance [121-123].
Moreover, GS can be combined with MAS and MARS, and for large effect QTLs.

4.5. Resistance in Durum Wheat

It has been long established that durum wheat (T. turgidum) is more susceptible to
FHB than the common bread (T. aestivum) wheat. Even though the reason(s) for this is
not clearly known and is yet to be elucidated, several plausible explanations have been
put forth. Firstly, durum production for a long time was limited to the fertile crescent
and semi-arid environments where FHB was not a problem. Secondly, in comparison to
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bread wheat, durum wheat is cultivated on a smaller scale. Gill et al. [124] reported that
durum wheat accounts for about 4% of the total wheat production worldwide. Another
possible explanation hints as the narrow genetic variation for FHB resistance in durum
wheat elite germplasm as an important challenge [125]. It has been hypothesised that the
D genome of hexaploid wheat plays a possible role in reducing FHB severity in wheat.
Szabo-Hever et al. [126] reported that synthetic hexaploid wheat lines (SHW), generated
by crossing tetraploid wheat (T. turgidum) with Aegilops tauschii, were more resistance than
the T. turgidum parents.

Even though tetraploid wheat such as durum lacks a set of D chromosomes [121],
researchers and breeding centers worldwide have been looking into exotic and native
sources to find ways to improve FHB resistance. Thus far numerous studies have shown
promising results for FHB resistance in durum [127,128], however, these studies have also
confirmed that it is more challenging to improve resistance in elite durum wheat than
it is to improve resistance in elite bread wheat cultivars. One of the major tools used to
enhance FHB resistance in wheat and durum over the last decades, QTL mapping, has
resulted in the detection of numerous QTLs for FHB resistance. However, in durum and
other tetraploid wheat only a few small effects QTLs have been identified [93,125,129].
For instance, the Fhbl gene has been transferred to different bread wheat lines but for
years introgression into elite durum lines has not been an easy feat [129]. Nevertheless,
recent reports [126,129,130] have confirmed the successful introgression of Fib1 gene from
bread wheat to durum wheat. This result is promising for the future of FHB resistance in
durum, and as new sources of resistance are being discovered it is conceivable that with
the advance technology such as genomic selection, genome editing, transgenics and others,
improved durum cultivars is within reach. It can also be expected that commercial wheat
and durum cultivars, with substantially higher defence against FHB, will be released in the
near future.

In the last three decades the area of host resistance exploration has led to some
great achievements especially in the development of highly resistant cultivars such as
the previously mentioned Sumai-3 and Ning 4870 [131-133], predecessors to Canada’s
AAC Brandon. AAC Brandon is one of the most resistant spring wheat cultivars currently
used in Canada and widely grown across Canadian Prairies [54]. However, Wegulo
et al. [55] have shown that even these current resistant varieties are still not immune to the
catastrophic effect of FHB. Furthermore, ideal resistance in elite commercial wheat has not
been achieved yet [7], due to the extremely complex nature of FHB resistance traits. As a
result of all these constraints with these current management strategies, FHB and Fusarium
mycotoxins remains a recalcitrant problem worldwide. Hence, there is an ever pressing
need to combine all possible strategies old, novel, or improved that can stand alone or
be integrated with other current management strategies to effectively stand a chance of
minimising the effects of this disastrous disease.

4.6. Biocontrol

Another appealing strategy is to incorporate the microbiome approaches in contem-
porary global breeding programs [134]. Currently, the importance plant pathogens and
the plant microbiome interactions have been increasingly recognised with an emphasis on
pathogenic and mycotoxigenic Fusarium species [24]. From a microbiome perspective, there
is an increasing interest in using biological control against plant pathogens. Biocontrol
broadly refers to the use of living organisms to curtail the growth and proliferation of
other undesirable ones [66,135]. These organisms, particularly microorganisms, reduce the
survival or activity of a pathogen through suppression, inhibition, control or reduction of
the pathogen and its metabolites and are aptly called biocontrol agents (BCA) [48,66,136].
Pal and Gardener [137] reported that the mechanism of biological control includes different
types of interaction between fungal BCAs and their fungal hosts. According to Vujanovic,
these interactions include direct interaction which can be either mycoparasitism or hyper-
parasitism; mixed path interaction, which includes antibiotic secretion, lytic enzymes, and
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indirect interaction, which includes competition for nutrient or space and induction of host
resistance [66,138]. These different interactions offer varying levels of protection, and it has
been surmised that the most efficient BCA will employ a combination of these different
interactions for pathogen control at any given time [66]. In addition to their protective
effective against plant pathogens, BCAs are considered a more natural and environmentally
acceptable alternative to current chemical fungicides.

Numerous studies have shown that BCAs control FHB development and mycotoxins,
in both preharvest and postharvest agriculture systems, and sometimes with plant growth
promoting (PGP) abilities to wheat crops [48,139-141]. BCAs have also been able to protect
seeds from pathogens by forming a coat around the seed [142,143]. Overall, BCAs are
able to offer a holistic and semi-flexible treatment approach that provides greater coverage
against FHB and Fusarium mycotoxins throughout the life cycle of a plant, from the seed
stage to end use products. This broad protective coverage cannot be achieved with the most
effective fungicide due to legal limitation concerning application times and samples [144].
Over the years different BCAs including bacterial BCAs such as Bacillus sp. Pseudomonas
sp., Actinobacter sp. as well as fungal BCAs such as Trichoderma spp., Clonostachys rosea
and Sphaerodes mycoparasitica have been studied [145-151]. These studies have revealed
tremendous potential of BCAs in reducing the effects of FHB. However, there is a shortage
of commercial BCA products that can be used along with current FHB management
strategies. Among BCAs explored in the last two decades, Trichoderma spp. and Gliocadium
roseum have been the most extensively studied for application in FHB treatment worldwide.

Trichoderma spp. (telomorph Hypocrea) are rapidly growing saprophytes isolated
for the first time in 1794 from soil. According to Sood et al. (2020), >60% broadspec-
trum biofungicides are obtained mainly based on T. harzianum and T. viride isolated from
pathogen-contaminated soils [152-158]. These species have been shown to promote plant
growth and induce systemic and local resistance in plants as well as to reduce DON pro-
duction in different Fusarium species [159]. However, it is worth mentioning that numerous
studies and field applications have also shown various Trichoderma spp. as producers of
mycotoxins having undesirable effects to plants, animals, and humans [138,160,161].

Gliocladium, teleomorph Clonostachys, is another common soil-born saprophytic my-
coparasite isolated and described in the years 1840-1939. In last decades, C. rosea has
been reported as broadspectrum BCA with application against numerous plant pathogens,
including Fusarium pathogens and the mycotoxin ZEN [162-164]. It has shown ability to
degrade DON, as well as minimise the effect of FHB in wheat [164-166]. Recently, the C.
rosea ACM941 strain was isolated from peas in Manitoba and its formulation ‘CLO-1’ tested
against FHB in field trials. The studies confirmed that CLO-1 reduces FHB severity in
wheat, is most effective on moderately resistant cultivars, and to a large extent is effective
as a conventional fungicide. Hence, it is evident that biological control is a promising
option that can be a part of an integrated management system for the treatment of FHB and
Fusarium mycotoxins. However, there is a need to continue to investigate newly discovered
BCAs that are Fusarium-host specific with potential to degrade different mycotoxins in the
cereal crops.

Sphaerodes mycoparasitica has been described in 2009 as specific mycoparasite to phy-
topathogenic and mycotoxigenic Fusarium hosts [150]. It represents a next-generation BCA-
effective in controlling FHB [167-169]. According to Naranjo-Ortiz and Gabaldén [170]
it is among the best-studied mycoparasites within the Sordariomycetes [168,171]. It is
an exemplary model system to study biotrophic mycoparasitism [172] and polyphagous
lifestyle against multiple Fusarium species [66] and associated mycotoxins involved in
FHB [66]. This BCA is particularly suitable for prenatal plant care as protecting flow-
ers and germinating seeds from Fusarium infection and thus providing an early control
of FHB [20]. It has been shown in numerous studies to downregulate expression of Tri
(trichothecene) and AUS (aurofusarin) genes in fusaria and degrade mycotoxins such as
DON, 3ADON, 15ADON and ZEN [167-171,173]. Evidence from ongoing studies has
also shown that S. mycoparasitica alone bolsters defense in wheat and barley against FHB
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and mycotoxins as well as in combination with low dose of synthetic chemical (Folicur®)
pesticide in both greenhouse and field experiments [138]. These findings have received
farmers’ attention [174,175] particularly when S. mycoparasitica benefits resistant cereal

varieties [173-177].

4.7. Potential of Biocontrol Agent (BCA)-Resistant Crop Genotype (RCG) Protocooperation

Several studies have already demonstrated cereal hosts resistance factors as well the
BCA eco-friendly control effectiveness in reducing FHB. Undoubtedly, great strides have
been made using Next Generation Sequencing (NGS) technology in deciphering the whole
genome of wheat, durum, and Fusarium graminearum. The transcriptome of F. graminearum
during the infection of wheat [178] further revealed the fungal genes coding for metabolites
and multiple virulence factors assisting the spread and progression of the FHB epidemics.
However, these insights also highlighted the complexity of pathogenic Fusarium, suggesting
that a more rigorous management system is needed to control FHB and its mycotoxins.
Further underscoring the need for a more improved management strategy, is the emergence
of new Fusarium pathogenic lines and a shift to aggressive mycotoxins chemotypes such
as the acetylated DON derivatives 3 ADON over 15 ADON, and the challenge of global
warming which makes FHB a greater threat to even the most resistant wheat and durum
(cvs) presently on the market.

While the most promising cultivars provide a certain level of type I and type II resis-
tance, there is no cultivar that is primed to effectively reduce or minimise the effects of
harmful mycotoxins such as DON, NIV, FUM, AUS. It is at this juncture that protocoopera-
tion between wheat and durum hosts and BCAs can possibly be a promising sustainable
strategy in the management of FHB in cereal crops.

Numerous studies are available on Fusarium-host interaction, host improvement
though cultivar optimisation, breeding for FHB resistance, fungicide effectiveness and
other management strategies as uncovered by data from the Web of Science Database
(Figure 3). However, at the bottom of this FHB management list sits the least explored
management area BCA-Fusarium-crop host interaction. A quick advance search in the Web
of Science Database [62] attests that a great chasm exists between studies that investigate
other FHB management strategies and the tripartite interaction between BCA as crop
host supporters or enhancers of resistance against FHB. Indeed, the tripartite Sphaerodes
(BCA)-Fusarium graminearum (pathogenic fungal host)-wheat (plant host) experiments
using Synchrotron-based Fourier-transform infrared spectroscopy (FTIR) showed that
protocooperative strategy is possible; it can be applied in agriculture fields as an early
disease prevention and without genetic modifications in cereal crops [174]. Nonetheless,
there is a huge gap of knowledge pertinent to the domain of protocooperation such as
(i) BCAs and breeding, (ii) BCAs and cultivars, (iii) BCAs and fungicides and (iv) BCAs and
other management strategies as shown in (Figure 4). A search in the Web of Science database
also revealed that there are 7% scientific papers on BCA + breeding and 22% on BCA +
cultivars compared to 71% papers reported on BCA with fungicides and management
over the 70-year period (1951-2021). Hence, there is a great potential in exploring the
interaction of BCA and cultivars throughout breeding programs in small cereals towards
more sustainable protocooperative control method to reduce FHB in crops (Figure 4). This
area of protocooperation between BCAs and crop genotypes under current management
strategies is vast and the potential for discovering new protective mechanisms using
OMICS (genomics-transcriptomics-proteomics) strategies is promising. As the history of
controlling FHB in wheat, durum and other crops have shown, a more effective resistance
against FHB is mounted when management strategies are combined.
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Figure 3. Scientific papers on different resistance methods (cultivars, breeding, fungicides, management and biocontrol)
against FHB over the last 50 years as shown by data from Web of Science Database.
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Figure 4. The diagram represents the data from the Web of Science for the years 1951-2021 that showed the proportion
of scientific articles on protocooperation between BCAs and other resistance methods including traditional management
strategies, fungicides, cultivars, and breeding.

5. Conclusions and Future Work

In the last century, a plethora of information on Fusarium Head Blight (FHB) epidemics
and wheat genetic determinants of the disease’s progress have focused on crop resistance
mechanisms. Although biocontrol studies lag behind genetics and FHB research in wheat,
recent advances have invigorated the importance of beneficial biocontrol agents (BCAs)
critical to determining the fate of disease. Therefore, it seems worthwhile making a more
concerted and deliberate effort to explore the field of protocooperation between BCAs and
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resistant wheat genotypes under current management strategies and changing climate
conditions. The joint breeding and biocontrol effort could produce and add another
weapon to the resistance arsenal in the fight against FHB within a well-defined integrated
management strategy. It can also help smart farming [179] to improve the accuracy in the
prediction of FHB disease epidemics and associated mycotoxins. In particular, positive
outcomes might be expected when applying BCA control measures with highly correlated
resistant wheat, also, to other staple cereal crops. Special attention should be given to
assembling a protective-protocooperative model system, computational analyses, imaging,
phenotyping, mapping, as well as deep learning [180] in precision agriculture to protect
farms globally.
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