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Abstract Many Fusarium species cause serious 
diseases for cereal cultivation. These include Fusar-
ium head blight and crown rot on wheat and baka-
nae disease on rice. These represent a major concern 
both in terms of food security and food safety. The 
latter is connected with the risk of mycotoxin con-
tamination of grains. Biological control has proven 
its potential for controlling head blight and crown 
rot diseases of cereals caused by Fusarium species in 
a number of studies, and indeed several commercial 
products are under development. We review current 
knowledge of the mechanisms underlying biologi-
cal control with a focus on fungal biocontrol agents, 
and also include challenges related to co-occurrence 
of Fusarium species. Several of the established 

biological control mechanisms (antibiosis, compe-
tition, hyperparasitism and induced resistance) can 
act simultaneously, thus resulting in disease control 
and, consequently, reduction of mycotoxin contami-
nation. We also review the biological roles of some 
of the many mycotoxins produced by Fusarium spe-
cies, and the mechanisms by which they are detoxi-
fied by cereal enzymes or by other fungi and how 
biological control agents (BCAs) can stimulate their 
degradation. Finally, the effect of biocontrol agents 
on the resident microbiota, as well as the effect of 
the resident microbiota on the performances of 
BCAs, are discussed. New perspectives on the use 
of biocontrol agents for the management of Fusar-
ium diseases on cereals.
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Introduction

The fungal genus Fusarium includes organisms able 
to cause disease or otherwise affect a wide range of 
hosts from mammals to plants. Among plants, cereals 
are important hosts for especially pathogenic Fusar-
ium species worldwide. These pathogens cause two 
diseases in cereals: crown (foot) rot causing losses in 
seedlings and more importantly head blight causing 
contamination of grain with mycotoxins. Biologi-
cal control, using both beneficial bacteria and fungi, 

has been developed and even commercialised espe-
cially for head blight (Collinge et  al., 2022). This 
review focusses on our understanding of the primary 
roles of mycotoxins and an evaluation of the mecha-
nisms employed by different biological control agents 
(BCAs).

The diseases

A range of Fusarium species (roughly 30, see table 1) 
can cause both head blight disease (FHB) and root 
and crown rots of cereals (Rojas et al., 2019, Nielsen 
et al., 2011, Tan et al., 2020, Munkvold et al., 2021) 
as well as kernel rot of maize (Gong et  al., 2015b) 
and rice (Matic et al., 2017). Fusarium diseases affect 

Table 1  Fusarium species affecting cereals

FHB Fusarium head blight, FCR Fusarium crown (foot) rot, FER Fusarium ear rot, GER Gibberella ear rot

Species Disease Reference

F. graminearum FHB, FCR, GER Bowden & Leslie, 1999; Yerkovich et al., 2020; Dinolfo et al., 2022
F. culmorum FHB, FCR, GER Rojas et al., 2019; Dinolfo et al., 2022
F. poae FHB, FCR Rojas et al., 2019
F. pseudograminearum FHB, FCR Rojas et al., 2019
F. avenaceum FHB, FCR, GER Rojas et al., 2019; Dinolfo et al., 2022
F. sporotrichioides FHB Rojas et al., 2019
F. langsethiae FHB Rojas et al., 2019
F. asiaticum FHB Aoki et al., 2012; Chen et al., 2022
F. meridionale FHB Aoki et al., 2012; Chen et al., 2022
F. ussurianum FHB Aoki et al., 2012; Chen et al., 2022
F. boothii FHB Aoki et al., 2012; Chen et al., 2022
F. nepalense FHB Aoki et al., 2012; Chen et al., 2022
F. mesoamericanum FHB Aoki et al., 2012; Chen et al., 2022
F. vorosii FHB Aoki et al., 2012; Chen et al., 2022
F. louisianense FHB Aoki et al., 2012; Chen et al., 2022
F. aethiopicum FHB Aoki et al., 2012; Chen et al., 2022
F. brasilicum FHB Aoki et al., 2012; Chen et al., 2022
F. gerlachii FHB Aoki et al., 2012; Chen et al., 2022
F. acaciae-mearnsii, FHB Aoki et al., 2012; Chen et al., 2022
F. cortaderiae FHB Aoki et al., 2012; Chen et al., 2022
F. austroamericanum FHB Aoki et al., 2012; Chen et al., 2022
F. fujikuroi Bakanae disease Ou, 1985; Matic et al., 2017; Matic et al., 2017
F. verticillioides Bakanae disease; FER Ou, 1985; Matic et al., 2017; Logrieco et al., 2002; Matic et al., 

2017; Logrieco et al., 2002
F. proliferatum Bakanae disease; FER Ou, 1985; Matic et al., 2017; Logrieco et al., 2002; Matic et al., 

2017; Logrieco et al., 2002
F. subgutinans Fusarium ear rot Logrieco et al., 2002
F. crockwellense GER Dinolfo et al., 2022
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small grain cereals such as wheat, both durum (Triti-
cum turgidum subsp. durum) and bread wheat (T. 
aestivum), as well as oat, barley and triticale (Avena 
sativa, Hordeum vulgare, x Triticosecale) and maize 
(Zea mays).

Fusarium graminearum is considered as one of 
the most virulent casual agents of Fusarium head 
blight (FHB), also known as Fusarium scab (Fig. 1). 
In addition to F. graminearum (Bowden & Leslie, 
1999, Yerkovich et al., 2020), other species included 
within the Fusarium graminearum species complex 
(Chen et al., 2022) have been shown to concur to FHB 
mostly in cool regions. In addition, some of these 
species are also associated with Fusarium crown rot 
(see Table 1). FHB and Fusarium crown rot are cos-
mopolitan diseases and have been reported in almost 
all areas where wheat and other cereals are cultivated. 
The predominance of one pathogenic species over 
the others is connected to the geographic localisa-
tion and environmental conditions. For example, F. 
graminearum is predominant in humid and cooler 
regions while F. pseudograminearum is found to be 
the main causal agent in arid and semi-arid regions 
(Akinsanmi et al., 2004, Xu & Nicholson, 2009). With 
respect to geographical distribution, a predominance 
of F. graminearum in Central and South East Europe 

has been described, followed by F. culmorum, F. ave-
nacenum and F. poae (Bottalico & Perrone, 2002). 
The latter is considered a less pathogenic species (Xu 
et al., 2007b, Xu et al., 2007a). In Europe, a shift was 
shown in the predominance of these pathogens from 
F. culmorum to F. graminearum (Valverde-Bogantes 
et  al., 2020), whereas the opposite has occurred in 
Canada since 2002, where F. culmorum increased 
compared to F. graminearum (Miller, 2002, Scherm 
et  al., 2013). In China, there are three main causal 
agents of FHB; the presence of specific species may 
depend on climate conditions, with F. asiaticum pre-
dominant in the southern regions where average tem-
peratures are above 15°C, whereas F. graminearum is 
more frequently reported in northern cooler regions 
(O’Donnell et  al., 2004, Qu et  al., 2008, Hao et  al., 
2017) and F. culmorum is often indicated as the domi-
nant species in Western China. In Australia, FHB 
is regionally limited, where it is associated with F. 
graminearum, while F. pseudograminearum is consid-
ered an important threat as the main causal agent of 
Fusarium crown rot (Akinsanmi et al., 2004).

However, the scenario is actually much more 
complex, as detailed in a Danish study where wheat, 
barley, oat, triticale and rye seeds sampled from 
2003 to 2007 and wheat and barley seeds sampled 

Fig. 1  Symptoms of Fusarium head blight (FHB) on spikes © David B. Collinge, Sabrina Sarrocco and Giovanni Vannacci
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from 1957 to 2000. These samples were analysed to 
determine the abundance of Fusarium spp. and the 
relative amount of mycotoxins. Among the interest-
ing insights reported was that Fusarium spp. var-
ies according to host, which is in line with the FHB 
ecology and distribution, while, on the other hand, 
very low or no F. graminearum was detected in older 
samples from 1957 to 2000 but was dominant in the 
wheat samples from 2003 to 2007 (Nielsen et  al., 
2011).

From an ecological point of view, due to the high 
variability of Fusarium species that can cause FHB 
or crown (foot) rot, it is generally accepted that com-
petitive rather than synergistic interactions occur 
during the infection process of the host. In addition 
to environmental conditions, Fusarium species are 
specialised in their ability to produce specific special-
ised metabolites (also called secondary metabolites), 
namely mycotoxins that can play important roles, 
not only during the infection process, but, mainly in 
the inter-specific competition for host infection (Xu 
and Nicholson, 2009). The release of mycotoxins is 
a well-known phenomenon described for Fusarium 
species infecting cereals, where competition between 
species depends basically on temperature and host 
type (Simpson et al., 2000).

Among the Fusarium diseases occurring on cere-
als, recent studies on rice show that the Fusarium 
fujikuroi species complex, mainly represented by 
three species (Table 1), i.e., F. fujikuroi (syn. F. verti-
cillioides) and F. proliferatum, is recognised as being 
responsible for bakanae disease (Ou, 1985; Matic 
et  al., 2017). Bakanae disease can cause crop losses 
reaching up to 70% in rice-producing states of India 
(Bashyal et  al., 2022), thereby emerging as a major 
risk to food security in those regions (Bashyal, 2018). 
The typical symptoms of this disease are slender, 
chlorotic and elongated primary leaves as a conse-
quence of the production of the phytohormone gib-
berellin by the pathogen. These symptoms led to the 
Japanese name bakanae, meaning ‘foolish seedling’ 
(Amatulli et al., 2010). In addition, infected seedlings 
can show different symptoms, such as crown rot, thus 
resulting in stunted plants (Wulff et al., 2010).

In maize, the Fusarium fujikuroi species complex 
is also recognised as the main causal agent of Fusar-
ium ear rot (or pink ear rot or pink fusariosis) and red 
ear rot (syn. of Gibberella ear rot) (Table  1). With 
respect to pink ear rot, the occurrence of Fusarium 

species depends primarily on environmental condi-
tions; in Europe, F. verticillioides and F. prolifera-
tum predominate in drier and warmer regions like 
Italy and Spain, while, under colder and more humid 
conditions, F. subglutinans is usually isolated more 
frequently than F. proliferatum and F. verticillioides 
(Logrieco et  al., 2002; Goertz et  al., 2010). Species 
such as F. graminearum (predominate in years and 
regions with frequent rainfall and moderate temper-
atures) and F. culmorum, F. croockwellense and F. 
avenaceum (more common in central and northern 
Europe) are indicated as causal agents of red ear rot 
(Reid et al., 1999, Dinolfo et al., 2022).

Fusarium mycotoxins

The majority of Fusarium species that attack cere-
als are feared as much as a source of mycotoxins that 
contaminate the grain before harvest (Bryła et  al., 
2018, Antonissen et al., 2014) as for direct yield loss 
(Savary et  al., 2019). Neither disease resistance nor 
chemical control are effective measures for efficient 
disease control in wheat (Rojas et  al., 2019), barley 
(Janssen et  al., 2018) or oats (Gorash et  al., 2017), 
and thereby eliminate the risk of mycotoxin contami-
nation of grains. Biological control and transgenic 
disease resistance each offer some promise as alter-
native and sustainable strategies for control of these 
diseases. We will look into the biology of the interac-
tions of these fungi with their hosts and the mecha-
nisms underlying these technologies to discuss their 
potential. Mycotoxins are defined as specialised (sec-
ondary) metabolites produced by fungi infesting our 
food that are toxic to vertebrate animals, in practise 
humans or our livestock (Agriopoulou et  al., 2020). 
The physiological effect on mammals differ and 
encompasses induced organ necroses, carcinogenic-
ity, immunosuppressive effects and mode of action 
include oxidative stress, inhibition of protein biosyn-
thesis and emulating hormones (Pierzgalski et  al., 
2021). Several chemically distinct classes of myco-
toxin have been described from Fusarium species 
(exemplified in Fig.  1), and there are many variants 
of some of these (Bottalico & Perrone, 2002, Desjar-
dins, 2006, Nielsen et  al., 2011), e.g. dozens of tri-
chothecenes have been described from Fusarium spe-
cies and some other genera in the order Hypocreales 
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(McCormick et  al., 2011, Ji et  al., 2019, Khodaei 
et al., 2021).

Biological roles of mycotoxins

We focus on mycotoxins for the anthropomorphic 
reason that they are toxic to us and our livestock. 
However, the fungi produce them for other reasons, 
not all clear, but the essence is that they give the pro-
ducer a competitive advantage in their natural habitat. 
In this review we focus on Fusarium spp. In relation 
to their functions as plant pathogens, they can also 
compete as saprophytes in the absence of a living 
host, for example on crop debris (Rojas et al., 2019, 
Adam et  al., 2015, Venkatesh & Keller, 2019, Sar-
rocco et al., 2021).

Soil is the main habitat of most of the cereal Fusar-
ium species. Here these fungi can engage intimate 
interactions with other organisms, where mycotoxins 
offer protection from competing microbes (Venkatesh 
& Keller, 2019). For example, F. fujikuroi, one of the 
causal agent of foolish seedling disease, can respond 
to the presence of Ralstonia solacearum (wilt-causing 
phytobacterium) by producing bikaverin and beau-
vericin, two mycotoxins with antibacterial activ-
ity (Spraker et  al., 2018). Fusaric acid, produced by 
several Fusarium species, has been reported to be 
produced by F. fujikuroi as a mechanism of defence 
against Pseudomonas protegens with the aim to 
reduce its antibiotic activity (Quecine et al., 2016).

Some trichothecenes, e.g., deoxynivalenol (DON) 
are demonstrated to be an important pathogenicity 
factor both in head blight and root rot infection pro-
cesses. Thus, mutants in the Tri5 gene in Fusarium 
graminearum, which encodes a key enzyme of myco-
toxin biosynthesis, trichodiene synthase, are impaired 
in their ability to cause FHB disease in wheat (Bai 
et  al., 2002, Cuzick et  al., 2008), but not on maize 
(Proctor et  al., 1995). The same mutation affects 
infection of wheat roots by F. graminearum and F. 
culmorum (Winter et  al., 2019), but interestingly 
not in Brachypodium distachyon roots (Ding et  al., 
2022). Gene silencing and over-expression of the 
trichothecene regulatory gene Tri6 in F. culmorum 
resulted in strains exhibiting reduced or enhanced 
crown rot disease in wheat, respectively.

Strains belonging to the F. fujikuroi species com-
plex are able to produce several mycotoxins and 
other bioactive specialised metabolites harmful for 
human and animal health (Desjardins et al., 2000). F. 
fujikuroi and F. proliferatum among others produce 
fumonisins. Deletion of FUM1, FUM6, FUM8 or 
FUM21 genes greatly reduced fumonisin production 
in F. proliferatum (Sun et al., 2019) and infection of 
rice spikes. Strains of F. fujikuroi adapted to banana 
lack the fumonisin gene cluster and cannot infect 
maize (Glenn et al., 2008). The expression of the Fum 
genes conferring fumonisin biosynthesis to this strain 
resulted in the ability to infect maize. It can therefore 
be inferred that fumonisins are a pathogenicity fac-
tor necessary for the infection of maize. Fumonisin 
B1 is an inducer of programmed cell death (PCD) in 
e.g., maize and Arabidopsis, and the judicious use of 
mutations affecting the signalling pathway in Arabi-
dopsis suggests that fumonisin B1 helps the fungus 
hijack to the jasmonate pathway to cause PCD in its 
host (Zhang et al., 2015).

Zearalenone (ZEA) is produced by several Fusar-
ium species including F. graminearum (Desjardins, 
2006, Nahle et  al., 2021). Their mode of action 
includes emulating the mammalian hormone oestro-
gen (Kuiper-Goodman et  al., 1987) and the inhibi-
tion of the chaperone heat shock protein 90 (Torres 
Acosta et  al., 2019). Fusarium graminearum strains 
mutated in the zearalenone biosynthetic gene PKS4 
(polyketide synthesis) were unaffected in their ability 
to infect barley roots (Lysøe et al., 2006). Both plants 
and BCAs can readily detoxify ZEA, e.g., by glyco-
sylation, and this may explain why it has not been 
demonstrated to have a direct role in pathogenicity in 
plant infection. We elaborate on this below.

Detoxification of mycotoxins

Plants have numerous glycosyltransferases 
(Bowles et  al., 2005). UDP-glucuronosyl-trans-
ferases (UGTs) that conjugate DON or NIV with 
glucose to produce DON-3-Glc or NIV-3-Glc, 
makes plants more resistant to FHB and also 
crown rot. This has been demonstrated in several 
grasses, including cereals (Brachypodium (Gatti 
et  al., 2018, Michlmayr et  al., 2018, Michlmayr 
et  al., 2015, Pasquet et  al., 2016), wheat, bar-
ley (Michlmayr et  al., 2018, Li et  al., 2017), rice 
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(Michlmayr et  al., 2018), oat (Khairullina et  al., 
2022)), The glycosylated forms are known as 
"masked mycotoxins" for two reasons. They are 
not routinely detected in monitoring since they 
have different chemical properties and secondly 
because it is likely that at least a proportion of the 
glycosylated toxins will be deglycosylated follow-
ing consumption by animals. Indeed, the Euro-
pean Food safety agency, EFSA, has addressed 
these concerns. This "masking” thus differs from 
other types of detoxification where the mycotoxin 
is chemically degraded. The biocontrol agent 
Clonostachys rosea was shown to enhance con-
version of DON into DON-3-Glc. Also the two 
DON-detoxifying UGTs were induced to much 
higher level in the presence of C. rosea (Khairul-
lina et  al., 2023). The type A T2-HT2 glucoside 
has been found as a detoxification product in bar-
ley (Meng-Reiterer et  al., 2015) and oats (Meng-
Reiterer et  al., 2016). A second form of inactiva-
tion of trichothecenes by conjugation has been 
described in cereals, and the products are thought 
to be more stable. Thus S-glutathione conjugates 
of DON have been found in naturally infected 
wheat (Uhlig et  al., 2016). Similarly, lager yeast 
Saccharomyces pastorianus both glycosylates and 
sulphonates the Fusarium trichothecene mycotox-
ins DON, T2, HT-2 (Nathanail et al., 2015).

Glucosylation is also described as a plant 
response to ZEA treatment (Michlmayr et  al., 
2017). The glucosylated form no longer inhibits the 
ATPase activity of HSP90 from wheat and Arabi-
dopsis (Walther-Larsen et  al., 1993;  Torres Acosta 
et  al., 2019). HSP90 is a common target for effec-
tor proteins produced by pathogens and is important 
in (effector-triggered immunity) ETI (Mukhi et al., 
2020, Pennington et al., 2016). Clonostachys rosea 
can also detoxify ZEA by a different mechanism, 
namely by using the ZHD101 lactone hydrolase 
that breaks down ZEA (Kosawang et  al., 2014b). 
Disruption of the C. rosea zdh101 gene reduced 
the ability of C. rosea to control F. graminearum. 
(Kosawang et al., 2014a).

Transcriptomic studies in C. rosea demonstrated 
that ZEA and DON induce both direct and indirect 
detoxifying efflux functions, e.g., ABC-transport-
ers (Kosawang et  al., 2014a, Dubey et  al., 2014). 
Transcriptomic studies also showed up-regulation 
of MFS transporters in C. rosea in presence of F. 

graminearum and may contribute to detoxification 
through efflux functions (Dubey et al., 2014).

A brief introduction to biological control solutions

A major challenge for agriculture world-wide is to 
provide sufficient safe food for the global popula-
tion, whilst considering the challenge of preserving 
biodiversity as well as to exploit disease management 
strategies respectful for the environment. The man-
agement of plant diseases using commercial (BCAs) 
appears to be very promising (Collinge et al., 2022). 
However, biological control in the field has been 
plagued by the issues of unreliability in field environ-
ments and lower efficacy compared to disease resist-
ance and chemical control using fungicides. Innova-
tive research efforts have intensified since the 1970s, 
so biological contro has improved in efficiency and 
made the leap in quality to the point to be considered, 
currently, one of the driving forces for academic and 
industrial activities focused on sustainable agriculture 
and crop production.

Starting from 1974, (Baker and Cook, 1974), 
work on biological control has dichotomised, with 
one direction towards the transfer from the lab to the 
market of the research efforts dedicated to Tricho-
derma spp., and others paving the way to the study 
of the biological, genetically and evolutionary fea-
tures underpinning the beneficial effects that one of 
the best-known BCAs Trichoderma spp. can exert in 
terms of disease control (Sarrocco, 2023).

BCAs can be defined as organisms such as bac-
teria, filamentous fungi and yeasts, as well as myco-
viruses, which can be exploited for their ability to 
control plant pathogens, to reduce their aggressive-
ness and/or to protect plants against their infection 
(Collinge et al., 2022; Sarrocco, 2023). In this wide 
research topic, several examples of beneficial organ-
isms and information about their mechanisms of 
actions (details are described in the following sec-
tions) as well as of their efficacy in several patho-
systems are available for the scientific community. 
Microbial biocontrol, including PGPR (plant growth 
promoting rhizobacteria), embraces several bacterial 
isolates, mainly collected from the rhizosphere, capa-
ble of repressing plant pathogens. Isolates belonging 
to the genera Pseudomonas, Bacillus and Bulkholde-
ria are the most frequently studied bacteria developed 
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as commercial BCAs thanks to their ability to exploit 
their antibiotic, competitive or inducing plant defence 
response abilities against several plant pathogens on 
different host plants (Pandit et al., 2022). Filamentous 
fungi including endophytes have received substan-
tial attention as potential BCAs, and their abilities 
as outstanding competitors, producers of specialised 
(secondary) metabolites and inducers of plant defence 
responses against biotic and abiotic stresses point to 
their potential (Keller, 2019, Collinge et  al., 2019, 
Latz et  al., 2018). Indeed several, especially Tricho-
derma species, have been developed into commercial 
products (Collinge et al., 2022). Yeasts also represent 
fungal groups receiving increasing attention also for 
their environmental adaptability that, coupled with 
several beneficial mechanisms of action they can 
exploit against plant pathogens, place them in a rele-
vant position as active ingredients of biocontrol solu-
tions to be used post-harvest (Sarrocco and Vannacci, 
2018).

BCA solutions to control fusarium diseases 
on cereals

Many potential BCAs have been identified in labora-
tory studies and are under investigation with the aim 
to understand how they can prevent and/or counter-
act the negative effects of plant diseases. However, 
the process to develop a single beneficial strain in an 
effective formulation and introduce this to the mar-
ket as a commercial BCA product is a time consum-
ing and expensive process (Collinge et al., 2022). Of 
course, the process of product development varies 
from one country to another mainly due to differ-
ent legislation. According to Collinge et  al. (2022), 
readers are kindly invited to read the review by Sten-
berg et al. (2021) for a clear definition of biological 
control versus extracts and the umbrella concept of 
"bioprotectants".

Many BCAs are already on the market, espe-
cially in regions where there is a low legislative 
burden regulating their introduction, and it can be 
expected that this trend will continue. According 
to the “Global Biocontrol Agents Market Growth, 
Share, Size, Trends and Forecast (2023 – 2029)”, 
in the year 2022 the global biocontrol agent market 
– including not only (micro)organisms to be used 
against plant pathogens, but also products designed 

for pest management – was valued at USD 4.5 mil-
lion (M€ 4), and this is predicted to increase to 
USD billion 11 (B€ 10) by the year 2029, thus cor-
responding to a compounded annual growth rate of 
14.3%. This trend is justified, at least at a European 
level, by the need to reply to the “Farm to Fork” 
strategies that targeted to reduce, by 2030, the 
overall use and risk of chemical pesticides by 50% 
and the use of more hazardous pesticides by 50% 
(https:// ec. europa. eu/ food/ sites/ food/ files/ safety/ 
docs/ f2f_ action- plan_ 2020_ strat egy- info_ en. pdf).

The recent increasing trend of commercial biocon-
trol agents is exemplified by Trichoderma isolates. 
This genus includes the highest number of BCAs 
among all the other fungal genera and, according to 
Woo et  al. (2023), commercial Trichoderma-based 
products in 2022 resulted in around 150 registrations, 
compared to around 20 reported in 2014 at a global 
level.

Despite this constant increase of registered prod-
ucts, the number of commercial biocontrol isolates 
developed for cereal cultivation is not very high. 
According to Collinge et al. (2022), who reported a 
list of commercial biocontrol products, only Pseu-
domonas chlororaphis MA342 (active ingredient of 
Cedomon® and Cerall®) has been registered as seed 
dressing BCA to control seed-borne fungal diseases 
on cereals, included those caused by Fusarium spp. 
This is perhaps surprising since, at the research level, 
several fungi and bacteria are under investigation, 
as single inoculants or in combination, to control 
Fusarium diseases in cereals. Fungal isolates belong-
ing to the genus Trichoderma, as well as those of the 
species Clonostachys rosea are among the most stud-
ied and effective in controlling Fusarium diseases in 
wheat and other cereals. For example, Trichoderma 
gamsii T6085 has been studied for the last twelve 
years as a biocontrol agent against FHB in wheat 
(Matarese et al., 2012). This isolate exploits several 
modes of action to control F. graminearum, i.e. it 
acts as a direct competitor (Sarrocco et  al., 2019a, 
Sarrocco et al., 2021a, Lasinio et al., 2021) as well as 
an inducer of host defence responses, being an endo-
phyte of both wheat roots and spikes (Vicente et al., 
2020, Sarrocco et  al., 2021a, Risoli et  al., 2023). 
Genome sequencing of T6085 has allowed the study 
of the molecular crosstalk occurring between the 
beneficial isolate and the pathogen (Baroncelli et al., 
2016), thus paving the way to deep investigations of 

https://ec.europa.eu/food/sites/food/files/safety/docs/f2f_action-plan_2020_strategy-info_en.pdf
https://ec.europa.eu/food/sites/food/files/safety/docs/f2f_action-plan_2020_strategy-info_en.pdf
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the molecular mechanisms regulating the beneficial 
effect of this isolate (Zapparata et al., 2021). In addi-
tion, the success of T6085 is also due to the huge 
amount of specialised metabolites it can produce 
(Vicente et al., 2022).

With respect to C. rosea, studies with the strain 
IK726 are undoubtedly the most fruitful in terms of 
results. After several investigations aimed to demon-
strate its ability as BCA against several plant patho-
gens (Jensen et al., 2017, Jensen et al., 2022), IK726 
has been shown to be an effective candidate for the 
control of FHB and promising for reducing mycotox-
ins in wheat and other cereals in the field. This has 
been evaluated in several GEP field experiments since 
2012 (Jensen, DF, unpublished data). Studies have 
also shown that IK726 exploits several mechanisms 
of action, including the ability to detoxify the impor-
tant Fusarium mycotoxin zearalenone (Kosawang 
et al., 2014a, Kosawang et al., 2014b). The genome of 
IK726 has been sequenced and compared with those 
of other C. rosea isolates (Karlsson et  al., 2015). In 
addition, this strain can control FHB pathogens and 
the associated mycotoxin content both in wheat and 
other cereals (Jensen et  al., 2022, Khairullina et  al., 
2022, Khairullina et  al., 2023) and to tolerate the 
presence of phenazine and fungicides (Kamou et al., 
2016, Karlsson et  al., 2015) as the result of an effi-
cient ABC-transporter system (Dubey et  al., 2014). 
All these features characterising both IK726 and 
T6085 are not only very promising, but also suggests 
the option of combining the use of the two strains 
(Collinge and Sarrocco, unpublished results).

T. gamsii isolates have been demonstrated to con-
trol also crown rot and symptoms both alone (Stummer 
et al., 2020), both in combination with a T. harzianum 
isolate (Stummer et al., 2022) and with the bacterium 
Pseudomonas azotoformans (Makhlouf et  al., 2023). 
The combination of Trichoderma and a bacterial strain 
appears to be a winning strategy and several authors 
investigated the possible combined treatment to control 
Fusarium spp. in wheat, as in the case of T. asperellum 
(Karuppiah et  al., 2019), T. atroviride co-cultivated 
with Bacillus amyloliquefaciens (Karuppiah et  al., 
2020) and T. atroviride co-inoculated with Bacillus 
subtilis (Liu et al., 2022).

With respect to other Fusarium-cereal pathosys-
tems, Galletti et  al. (2020) described two T. gam-
sii isolates as being able to modulate plant defence 
responses against F. fujikuroi in maize. T. asperellum 

strains have also been described as potential biologi-
cal control agents against the same pathogen (Cuervo-
Parra et al., 2022).

Even though isolates of Trichoderma spp. and Clo-
nostachys rosea appear to be the most used BCAs 
of Fusarium spp. affecting cereal production, other 
fungal species – such as Penicillium and Saroclad-
ium have also been investigated recently as potential 
BCAs. P. olsonii ML37, an endophytic strain isolated 
from wheat (Latz et  al., 2020), can colonize wheat 
spikes and transiently activate plant defence mecha-
nisms associated with a reduction in FHB symptoms 
and significantly lower levels of the F. graminearum 
metabolites 15-acetyl-DON and culmorin (Rojas 
et  al., 2022, Rojas et  al., 2020). Among endophytic 
fungi, isolates belonging to the genus Sarocladium 
appear to be very promising as BCAs against FHB in 
wheat, as demonstrated previously (Rojas et al., 2020, 
Comby et al., 2017, Kemp et al., 2020).

Several examples of beneficial bacterial isolates 
have been reported over time as potential BCAs to be 
exploited in the management of Fusarium diseases 
on cereals, in addition to the already commercialised 
Pseudomonas chlororaphis MA342. Lactobacillus 
plantarum SLG17 and Bacillus amyloliquefaciens 
FLN13, applied as BCAs starting from the head-
ing period until anthesis of wheat plants, have been 
described as promising agents for the reduction of 
FHB severity (Baffoni et  al., 2015). The ability of 
Bacillus subtilis RC 218 and Brevibacillus sp. RC 263 
to reduce DON accumulation in wheat and of Bacillus 
amyloliquefaciens and Microbacterium oleovorans to 
control F. fujikuroi growth and fumonisin accumula-
tion at pre-harvest stage in maize have been reported 
(Chulze et al., 2015). B. velezensis RC 218 and Strep-
tomyces albidoflavus RC 87B are able to reduce FHB 
symptoms and DON accumulation on Triticum tur-
gidum var. durum under field conditions (Palazzini 
et al., 2018a). The same isolates also showed tolerance 
to triazole-based fungicides, thus giving an added 
value to their future development as BCAs (Palazzini 
et al., 2018b). Spray inoculation of lactic acid bacte-
ria – such as L. amylovorus DSM20552 – to spike-
lets significantly reduced disease DON content in 
barley (Byrne et  al., 2022). An interesting approach 
was described by Deroo et al., (2022) who introduced 
an alternative workflow for the discovery of novel 
bacterial BCAs in wheat against FHB based on the 
enrichment of wheat spikes by four distinct microbial 
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communities in the presence of F. graminearum that 
reduced the infection pressure in the spike phyllo-
sphere. Also in maize, the bacterial Bacillus gibsonii 
and Brevibacterium frigoritolerans were investigated 
as growth promoters and to ameliorate the negative 
effects of F. moniliforme (Batool et  al., 2019), while 
the consortium of Bacillus sp. KFP7 and KFP17 
reduced rice bakanae disease, caused by Fusarium 
fujikoroi (Nawaz et al., 2022).

Reduction of disease incidence and disease 
severity

Several modes of action have been described for 
beneficial isolates harnessing pathogenic features of 
Fusarium affecting cereals. However, from a practi-
cal point of view, the real success of their application 
should be a significant reduction of disease symptoms 
and, consequently, of mycotoxin contamination in 
order to assure optimal crop yields and food security. 
As far as we know, a considerable body of literature 
is available concerning greenhouse and field trials 
aiming on the reduction of disease index (DI) and 
disease severity (DS), the effect of the inoculation of 
bacterial and fungal isolates, in some cases with valu-
able results. T. gamsii T6085 inoculation onto wheat 
spikes at anthesis in the field resulted in 40-50% 
reduction of DI and 15% reduction of disease sever-
ity (DS) of FHB during the cropping season 2010-
2011 (Sarrocco et al., 2013). The same isolate, when 
inoculated both on spikes and on soil (to favour crop 
residues colonization), caused a significant reduction 

of FHB (DI) and DS at 28 days post inoculation of 
T6085 in 2018-2019 trials (Alukumbura et al., 2022). 
Other Trichoderma isolates gave interesting results in 
terms of management of Fusarium diseases on cereals 
(Modrzewska et al., 2022). Hence, T. harzianum T22 
was used to control F. graminearum resulting in a sig-
nificant reduction of both DI and DS of around 60% 
and 30% in greenhouse (Foroutan, 2013), whereas T. 
afroharzianum used to inoculate wheat flowers, gave 
up to 70% reduction of area under the disease pro-
gress curve of FHB, caused by F. culmorum (Boua-
naka et  al., 2021). An average reduction by 36% of 
Fusarium ear rot caused by F. fujikuroi in maize was 
demonstrated when T. harzianum was used for seed 
priming (Ferrigo et al., 2020). Potential native Tricho-
derma strains have been tested against F. fujikuroi 
causing post flowering stalk rot in winter maize and 
T. harzianum BThr29, T. asperellum BTas25, and T. 
erinaceum BTer43 reduced DS from 18 to 62% in the 
field (Jambhulkar et al., 2022).

Equally interesting and promising results have 
been obtained in terms of disease control when C. 
rosea was used (Jensen et al., 2022), where a 70 % F. 
graminearum biomass reduction was reported using 
isolate IK726, coupled with DON level reduced in 
wheat under greenhouse conditions. When the same 
strain was inoculated at different concentrations on 
barley and wheat seeds in the field to control Fusar-
ium crown rot (Fig. 2), the disease levels (DS) caused 
by F. culmorum were significantly reduced by 35-54% 
and by 37-68%, respectively, compared to infected 
controls (Jensen et al., 2000). A significant reduction 
of FHB index (around 50%) was obtained by using 

Fig. 2  Application of 
Clonostachys rosea IK726 
on wheat under field condi-
tions. Mid front plot shows 
treatment with Fusarium 
culmorum alone, mid-centre 
is treated with IK726 + 
F. culmorum © Inge MB 
Knudsen reproduced from 
Jensen et al. (2007)
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C. rosea strain ACM941 as a BCA both under green-
house and field conditions (Hue et al., 2009) while a 
reduction of Fusarium damaged kernels by 31–39% 
was observed in grains (Xue et al., 2014). The effects 
were numerically lower, but not significantly different 
from those of the fungicide tebuconazole used in the 
same trials.

Regarding other fungal isolates, the endo-
phytes  Anthracocystis flocculosa (syn Pseudozyma 
flocculosa) P1P1 and F63P, Sarocladium strictum 
C113L and Penicillium olsonii ML37 were inocu-
lated onto wheat spikes in greenhouse trials, and FHB 
severity caused by F. graminearum reduction ranged 
between 70% and 80% (Rojas et al., 2020). The bio-
control yeast Aureobasidium pullulans significantly 
contained the development of FHB (DS reduced 
by 20%) in winter wheat also in greenhouse trials 
(Wachowska & Głowacka, 2014). A mix of Papili-
otrema flavescens (syn. Cryptococcus flavescens) and 
Cryptococcus aureus resulted in a significant reduc-
tion (32.0%) of DS under greenhouse conditions 
(Schisler et al., 2011).

Regarding other fungal isolates, the endophytes 
Anthracocystis floculossa (syn Pseudozyma floccu-
losa) P1P1 and F63P), Sarocladium strictum C113L 
and Penicillium olsonii ML37 were inoculated onto 
wheat spikes in greenhouse trials, and FHB severity 
caused by F. graminearum reduction ranged between 
70% and 80% (Rojas et  al., 2020). The biocontrol 
yeast Aureobasidium pullulans significantly con-
tained the development of FHB (DS reduced by 20%) 
in winter wheat also in greenhouse trials (Wachowska 
& Głowacka, 2014). A mix of Cryptococcus flaves-
cens and Cryptococcus aureus resulted in a signifi-
cant reduction (32.0%) of DS under greenhouse con-
ditions (Schisler et al., 2011).

With respect to bacterial inoculation, Bacillus 
gibsonii and Brevibacterium frigoritolerans were 
investigated for their potential to enhance growth 
and ameliorate the negative effects of F. moniliforme 
in maize, resulting in 67% disease reduction (Batool 
et  al., 2019), while Burkholderia cenocepacia was 
able to significantly suppress maize root rot caused 
by F. temperatum on four cultivars during a green-
house study (Tagele et  al., 2019). Bacillus megate-
rium reduced FHB incidence and severity by 93% 
and 54%, respectively and DON contamination by 
89.3% under field conditions (Pan et al., 2015), while 
B. velezensis RC 218 and Streptomyces albidoflavus 

RC 87B effectively reduced DI up to 30% and DON 
accumulation up to 51%) in durum wheat under field 
conditions (Palazzini et al., 2018a).

Interesting results have been obtained field con-
ditions also by using beneficial organisms for the 
control of bakanae disease on rice. The antagonistic 
Bacillus sp. KFP7 and KFP17 significantly reduced 
disease incidence (≤ 25%) compared to plants 
infected with the pathogen F. fujikuroi (≥ 75%) in two 
rice cultivars, with an efficacy comparable to that of 
fungicide (Nawaz et al., 2022).

Modes of action of BCAs and their role 
in the control of fusarium diseases in cereals

The success of the use of BCAs in the management 
of plant diseases is mainly due to the combination 
of a range of modes of action they can count on in 
order to reduce the growth of plant pathogens as well 
as to prevent/counteract plant infection (Jensen et al., 
2016, Jensen et  al., 2017). From a general point of 
view, these modes of action can be grouped into two 
main categories, i.e., direct and indirect, based on 
the fact that they can be effective directly against the 
pathogen or occur without physical contact between 
the BCA and the pathogen. The latter also includes 
resistance mediated by the plant (Köhl et  al., 2019, 
Latz et  al., 2018). Direct effects were close contact 
is required include hyperparasitism, where the BCA 
behaves as predator that can gain nutrients from its 
prey (the pathogen); antibiosis, where specialised 
(secondary) metabolites produced by the BCA nega-
tively affect the growth, the development and/or the 
metabolic activity of the pathogen (Köhl et al., 2019; 
Collinge et  al., 2022); and interference competition 
based on an antagonistic combat via direct contact 
or via antibiosis, to allow the BCA to control the 
access to food and monopolize the habitats (Sarrocco 
et  al., 2019a). The indirect modes of action include 
exploitation competition, where the biocontrol agent 
reduces resource availability to the pathogen with-
out the need of a contact between the two organisms 
(Sarrocco et  al., 2019a). The modulation of plant 
defence responses – also defined as induced resist-
ance (Sarrocco, 2023) – comprises the induction of 
plant defence mechanisms against invading patho-
gens (Conrath et al., 2015, Köhl et al., 2019, Collinge 
et al., 2022).
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Within the context of biocontrol of Fusarium 
diseases in cereals, practically all the previously 
described modes of action can be successfully used 
by the BCAs in order to inhibit pathogen growth, to 
reduce host infection and to prevent disease develop-
ment and, consequently, mycotoxin contamination. 
With respect to hyperparasitism, T. gamsii T6085 
has been demonstrated to be able to coil F. gramine-
arum mycelium, resulting in the death of the patho-
gen (Matarese et  al., 2012). C. rosea IK726 has 
been investigated as a mycoparasitic isolate capable 
of inhibiting the growth of several plant pathogenic 
fungi, including the causal agents of FHB F. gramine-
arum and F. culmorum (Karlsson et al., 2015, Jensen 
et  al., 2022), while some Pythium spp. strains, iso-
lated from straw pieces previously treated with the 
mycotoxin DON, were able to coil F. graminearum 
macroconidia and to affect their ability to germinate 
(Sarrocco et al., 2012).

The antibiotic activity of several BCAs involved 
in the control of Fusarium spp. affecting cereals has 
also been demonstrated. The production of the anti-
fungal polyketide clonorosein A-D plays a role in 
the antagonistic activity of C. rosea IK726 against F. 
graminearum (Fatema et al., 2018),while a T. asperel-
lum isolate showed antifungal activity against four 
species of phytopathogenic fungi including F. fujik-
uroi and F. tricinctum (Win et al., 2021). Among ben-
eficial bacteria, B. amyloliquefaciens S76-3 isolated 
from diseased wheat spikes exerted a strong antago-
nistic activity against F. graminearum by producing 
the cyclic lipopeptides iturin and plipastatin (Gong 
et  al., 2015a), while fengycin and surfactin lipopep-
tides produced by B. mojavensis RRC101 inhibited 
the growth of F. fujikuroi whose hyphae showed dis-
tortions, vacuolization and lysis (Blacutt et al., 2016).

Competition for nutrients and space has been 
reported in several papers focussing on the charac-
terization of potential BCAs to be used for the control 
of fusariosis on cereals (Sarrocco et al., 2019a). The 
Biolog phenotype microarrays system has been used 
to analyse nutrient fungal utilization in a model sys-
tem including the beneficial isolate T. gamsii T6085 
and four causal agents of FHB (F. graminearum, F. 
culmorum, F. langsethiae and F. sporotrichioides), 
thus providing ecological information about which 
substrate one isolate prefers compared to the others, 
which is useful information to be exploited in biocon-
trol strategies (Lasinio et al., 2021). T. gamsii T6085 

also showed exploitation competitive ability to colo-
nize natural substrates, such as wheat and rice ker-
nels, against F. graminearum (Sarrocco et al., 2019b).

The ability of C. rosea, T. gamsii T6085 and 
Microsphaeropsis spp. to compete with F. gramine-
arum for wheat straw possession was observed, 
resulting in significantly reduced perithecial devel-
opment (Bujold et al., 2001; Schöneberg et al., 2015; 
Sarrocco et al., 2021).

Transcriptomic approaches have been fruitful in 
elucidating aspects of crosstalk between a BCA and 
pathogenic Fusarium isolates. Thus, according to 
Zapparata et  al., (2021) the a modulation of genes 
involved in iron uptake occurred during the sensing 
phase (at distance) between T. gamsii T6085 and F. 
graminearum, with an up-regulation of the expression 
of a ferric reductase involved in iron acquisition in 
the beneficial isolate and a down-regulation of gene 
encoding for proteins where iron plays a role. After 
hyphal contact between C. rosea ACM941 and F. 
graminearum, the beneficial isolate predominantly 
transcribed genes encoding cell wall-degradation 
enzymes as well as carbon source utilization path-
ways while the pathogen activated the transcrip-
tion of phosphate starvation pathway signature 
genes (Demissie et  al., 2020). When the biotrophic 
mycoparasite Melanospora mycoparasitica (syn. 
Sphaerodes mycoparasitica) was used in a transcrip-
tomic and proteomic study in presence of F. gramine-
arum, cell wall-degrading glucanases and chitinases 
were upregulated (Kim and Vujanovic, 2021).

It is well established that pathogens induce host 
defences, i.e., PTI – pattern-triggered immunity. 
Fusarium spp. are no exception, and defences are 
induced both during the initial, biotrophic, stages 
of infection and the later necrotrophic stage (Brown 
et  al., 2017, Yang et  al., 2010). Although beneficial 
microorganisms have been well known for their abil-
ity to trigger systemic induced resistance against 
pathogens, the function and mechanisms underlying 
the induced responses in controlling Fusarium dis-
eases remain to be understood (Nguvo & Gao, 2019). 
Colonization of maize with T. harzianum increased 
resistance to F. graminearum through activating the 
ethylene pathway (Molinari et al., 2014, Saravanaku-
mar et al., 2018). In addition, the activation of the JA/
ET signalling pathway after fungal infection of maize 
roots enhanced phytoalexin accumulation in leaves, 
thereby inducing the resistance to a broad spectrum 
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of leaf pathogens (Saravanakumar et al., 2016). Two 
T. gamsii isolates inoculated on maize seeds modu-
lated the expression of defence-related genes against 
F. fujikuroi (Galletti et al., 2020). Similarly, inocula-
tion of T. gamsii T6085 on wheat roots and spikes sig-
nificantly enhanced the expression of defence-related 
genes, such as Lox1, Pal1, Pgip2 and Pr1, in roots, 
leaves and spikes (Risoli et al., 2023).

Endophytic root colonization is generally consid-
ered as a prerequisite to establishing cross-talk that 
can result in a positive response, in terms of growth 
stimulation and modulation of resistance in the hosts 
(Macías-Rodríguez et  al., 2020). It is becoming 
increasingly clear that endophytic fungal biological 
control agents can also induce defences (Latz et  al., 
2018), and these include fungal BCAs isolated from 
rhizosphere and endopshere, including the phyllop-
shere. For example, the study of transcriptomes of 
BCA-treated systems provides evidence of induced 
resistance as mechanisms of FBH control by Clonos-
tachys rosea in oat (Avena sativa) (Khairullina et al., 
2023) and by Penicillium olsonii in wheat (Rojas 
et al., 2022). Induction of pal1 expression in response 
to Trichoderma root colonization has already been 
reported in maize plants treated with T. virens 
(Djonovic et al., 2007), as well as with T. harzianum 
in response to Fusarium ear rot disease (Ferrigo et al., 
2020). Inoculation and colonization of oat spikelets at 
anthesis with C. rosea IK726 activated expression of 
genes encoding four PR-proteins and a WRKY23-like 
transcription factor, suggesting that this beneficial 
isolate may also induce resistance in oat (Khairullina 
et  al., 2023). A newly explored biocontrol mecha-
nism in C. rosea is its possible ability, through RNA 
interference, to hijack regulatory mechanisms of the 
Fusarium prey and thereby obtaining a competitive 
advantage over this pathogen in hyperparasitic inter-
actions – i.e. in biocontrol interactions (Piombo et al., 
2021, Piombo et al., 2022).

Interactions among fusarium species 
and the reflection on BCAs activity

Many studies have demonstrated the presence of sev-
eral Fusarium species and the related Microdochium 
nivale and M. majus -as commonly included in the 
fungal complex causing FHB (Oerke et  al., 2010, 
Nielsen et al., 2011, Karlsson et al., 2017). Some of 

these are responsible for both severe disease symp-
toms and mycotoxin contamination of grains, as in 
the case of F. graminearum and F. culmorum. Con-
versely, infection by Microdochium spp., whilst dam-
aging in terms of yield loss, does not result in myco-
toxin contamination (Gavrilova et  al., 2020). On the 
other hand, for example infection with F. langsethiae 
results in huge contamination with T-2 and HT-2 
mycotoxins even if disease symptoms are limited 
(Imathiu et al., 2013).

Due to the wide number of species co-occurring 
on wheat, FHB represents a fascinating ecological 
example of fungal interactions where individuals 
can be involved in synergic or competitive relation-
ships with a direct reflection on their ability to col-
onize the host, driving which species predominate 
and which are secondary, to develop disease symp-
toms and to produce mycotoxins (Xu & Nichol-
son, 2009, Karlsson et  al., 2015). For example, F. 
graminearum was demonstrated to be the most 
competitive species in wheat and, consequently, 
mostly responsible for trichothecene accumulation, 
whereas F. poae was less competitive (Xu et  al., 
2007a). However, to confirm the complexity of the 
ecological features of these species, sometimes the 
weakly pathogenic F. poae thrives on the infection 
sites of the virulent F. graminearum. According to 
Tan et al. (2020), FHB symptoms disappeared, and 
mycotoxin levels were reduced, when F. poae was 
inoculated on wheat ears before F. graminearum, 
thus hypothesising that timing of infection can drive 
symptom development in the presence of these two 
species. When co-inoculating with F. graminearum, 
F. poae increases its growth as if taking advantage 
from the presence of F. graminearum and, even in 
the absence of symptoms related to its infection, 
plants inoculated with the weak pathogen F. poae 
show a modulation of their defence response, par-
ticularly that involving salicylic and jasmonic acid 
signalling, thus resulting in a delay in F. gramine-
arum infection.

This multi-species nature of the Fusarium head 
blight and the complexity of the relationships, as well 
as the succession of its causal agents, has a prominent 
influence on its management, thus implying that dif-
ferent species could manipulate the effectiveness of 
the applied BCAs (Tan et al., 2021). This is particu-
larly evident with actinobacteria, that, thanks to their 
versatility in using several beneficial mechanisms of 
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action, such as hyperparasitism, production of anti-
biotics and lytic enzymes and their reservoir of spe-
cialised metabolites, are considered promising and 
efficient BCAs also against FHB (Palaniyandi et  al., 
2013, Newitt et al., 2019). In addition, they can also 
exert an indirect positive effect on the plant by acti-
vating defence pathways (Vergnes et al., 2020). How-
ever, despite the intriguing features of these microor-
ganisms as BCAs, the effectiveness of Streptomyces 
rimosus strain LMG 19352 and of Rhodococcus sp. 
strain R-43120 to reduce FHB and concomitant myco-
toxin levels in wheat due to F. graminearum infection 
depends on the presence or absence of F. poae in the 
ear. Even if able to significantly contain F. gramine-
arum infection, when co-inoculated with the weaker 
pathogen (F. poae) and the more aggressive patho-
gen (F. graminearum), both BCAs showed signifi-
cantly reduced biocontrol capacity, which shows that 
the presence of F. poae hampers the biocontrol of F. 
graminearum (Tan et  al., 2021). The message from 
this study is that biological strategies aimed to con-
trol diseases caused by multiple fungi, such as FHB, 
might be more complex and difficult than expected. 
In the context of tri-partite interaction (pathogens/
host/BCAs), an intricate network forms weave syner-
gistic as well as competitive interactions, thus adding 
another level of complexity on the efficacy of BCAs 
in the management of Fusarium diseases.

Interactions between BCAs and the plant 
microbiome

Within the FHB complex on wheat, interactions 
with the plant microbiome play an important role 
in terms of general plant response as well as on the 
effect Fusarium community can exert on its host. It 
is well known that the plant can harbour bacterial 
and fungal populations, not only in the rhizosphere, 
but also in all aerial plant parts (i.e the phyllosphere), 
a complex microbial community is often defined as 
the phytobiome (Leach et  al., 2017, Karlsson et  al., 
2021). This sophisticated ecosystem is regulated and 
driven by highly specific interactions including com-
petition, predation, mutualism and symbiosis and 
directly affected by environmental conditions such 
as soil composition, temperature, humidity and water 
availability. This networking communication is also 

regulated by chemical and physical exchanges that 
allow us to talk about a real “make-up” of the phy-
tobiome itself, mainly controlled by the plant (Leach 
et al., 2017, Sarrocco, 2023). Theoretically, it should 
be possible to manage the microbial community in 
order to improve the control of Fusarium diseases in 
cereals by manipulating or by applying the microbi-
ome naturally associated with a healthy host plant.

Historically, the biocontrol of plant pathogens has 
been managed following the “silver bullet” concept, 
where a strategic management of the disease was 
explained as the result of the mechanisms of action of 
a single BCA (Sarrocco, 2023). However, consider-
ing that the success of BCAs is also achieved through 
indirect mechanisms, i.e., by the response of the plant 
where a modulation of its defence response occurs 
(Pieterse et al., 2014), the role of the microbiome in 
this relationship appears to be of great importance 
in terms of disease control. Even if not fully applied 
within the context of FHB (Karlsson et  al., 2021), 
starting from the demonstration a microbiome is able 
to transfer resistance to a pathogen from one host to 
another (Zahn & Amend, 2017), microbiome manipu-
lation represents a valid approach to promote disease 
suppression by natural occurring communities. In 
the case of FHB, in view of the disease cycle where 
cultural debris and spikes at anthesis play a crucial 
role in the survival of the pathogens and for the infec-
tion of the host, respectively (Parry et al., 1995), the 
indigenous communities inhabiting soil and spikes, as 
well as the endophytic community (Latz et al., 2021, 
Rojas et al., 2020) represent a precious source of ben-
eficial isolates to be used as BCAs. Seeds, leaves and 
roots are a reservoir of fungal communities, since 
they can harbour several populations that can be dif-
ferently affected by the environment, as demonstrated 
by a wide metabarcoding analysis performed on 
wheat (Latz et al., 2021). Knowledge of factors natu-
rally shaping the microbiome is required to evaluate 
better the efficacy of microbial BCAs. These kinds 
of observations can have practical implications in an 
agricultural context, particularly in the aerial part of 
the plant host, since the phyllosphere microbiome is 
shaped by the air microbiome to a large extent (Latz 
et  al., 2021). It has been demonstrated that the lack 
of success of the efficacy of a BCA could be related 
to the composition of microbial community naturally 
associated with the host plant, since a BCA can per-
form better in the presence of the native microbial 
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communities (Massart et  al., 2015, Jensen et  al., 
2017).

Recently, the application of the beneficial isolate 
T. gamsii T6085 to spikes under field conditions was 
followed by a time-course sampling of the heads in 
order to analyse, by a metagenomic approach, the 
effect of the T6085 on the naturally occurring bacte-
rial and fungal community (Alukumbura et al., 2022). 
This work, in addition to demonstrating that the BCA 
did not change the microbiome already present on the 
plant significantly – important information in view 
of the preservation of the biodiversity in response to 
the use of BCAs – suggested that several other taxa 
could be explored as potential biocontrol agents to 
integrate with T6085 treatment. However, the Fusar-
ium spp. causing FHB appear to have learned the les-
son that they should attack with perfect timing when 
the wheat is flowering. This provides the advantage 
of priority colonization (response trait) leading to 
infection and disease (effect traits) of being first. This 
fact is crucial for a biocontrol strategy where a sin-
gle BCA introduction at flowering with a high dos-
age of the BCA can result in biocontrol as the priority 
effect (Jensen et al., 2017). Based on that, it appears 
relevant to focus on BCAs that already have shown 
effects in biocontrol of FHB instead of having the 
main effort on looking for new strains with unknown 
biology.

Challenges ahead for exploitation of microbiomes 
and understanding biological control

Because the plant microbiome is important for plant 
health, productivity and environmental adaptation 
(Fitzpatrick et  al., 2018), microbiome manipulation 
is in focus as a viable route for sustainable agricul-
ture (Afridi et  al., 2022). This can be via synComs 
(synthetic communities), combinations of two BCAs, 
or epigenic regulation. Plants have co-evolved with 
microorganisms, resulting in an evolutionary selec-
tion of plant adaptability to their environment and its 
dynamic course. In terms of soil microbiota, rhizobia, 
AMFs and PGPR are examples of successful interac-
tions that are primarily controlled by specific recep-
tors. In barley, RLK4-RLK10, belonging to NFR1 
and NFR5 families, a complex of receptors activating 
root nodule organogenesis has been described (Rüb-
sam et  al., 2023). When it is applied in Medicago 

truncatula complexed with nanoparticles, it can 
induce nodulation even if no infection appeared after 
inoculation with the rhizobium Medicago loti. Nitro-
gen fixation activity in rice has also been studied in 
paddy field conditions, where cyanobacteria and het-
erotrophic bacterial diazotrophs showed a positive 
balance (Ladha et al., 2016). Despite this, the compo-
sition and role of the microbiome is extremely plastic 
particularly in cereals. Its dynamics varies depending 
on the plant (organs, tissues, age), as well as the envi-
ronment (Gdanetz and Trail, 2017, Latz et al., 2018). 
As a result, microbiome manipulation is as intrigu-
ing as challenging as a new frontier in plant disease 
management. Plant microbiome studies also have the 
side advantage of directly screening for antagonists in 
healthy plant growing where the disease is an issue 
(Collinge et al., 2019). Pseudomonas piscium ZJU60, 
isolated from wheat field samples, is one of the most 
recent examples. Its activity induces suppression 
of pathogens growth, virulence and mycotoxin bio-
synthesis in F. graminearum through fungal histone 
manipulation (Chen et  al., 2018). Similarly with 
endophytic fungi isolated from healthy wheat under 
Fusarium pressure (Rojas et  al., 2022, Rojas et  al., 
2020). While microorganism engineering is not cur-
rently a realistic strategy in many, especially Euro-
pean countries, plant breeding to produce plants that 
are more susceptible to microbiome interaction and 
selection appears to be a viable approach for investi-
gation, although perhaps not easy, considering where 
the microbiome is recruited from (Latz et al. 2021).

Moreover, the “cry for help” hypothesis has shown 
that plants are able to select their own soil microbi-
ome spatially and temporally (Haas & Défago, 2005, 
Sarrocco, 2023). This evidence has been thoroughly 
investigated over the last few decades in order to find 
suitable translation in applicable tools. Synthetic 
microbial communities (SynComs) are an intrigu-
ing opportunity as they can exert protecting activity 
involving host mediation against biotic stress (Van-
nier et  al., 2019). SynComs are designed to most 
closely resemble the natural microbiome in com-
position and in function and it has been possible to 
assemble a SynCom comprising up to 200 microbial 
isolates (Li et al., 2019, Wang & Song, 2022). How-
ever, many challenges lie ahead, not least determining 
how to ensure synthetic consortia are able to perform 
without deleterious effects on natural microbiomes to 
be included into the fragile rhizosphere equilibrium, 
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and that it also has to be studied whether individual 
members of consortia inhibit each other.

BCAs can also be improved in performance by 
combining a few or by combining them with other 
types of bioprotectants or even with synthetic fun-
gicides (Ons et  al., 2020). In the future, the com-
bined use BCAs could consider the different modes 
of action against the pathogen as well as at quality 
of interaction occurring between the selected BCAs. 
Thus, the quality of their interaction - synergic or 
antagonistic - has a different effect on the disease 
control, emphasizing the importance of preliminary 
deep investigation (Xu & Jeger, 2013). Trichoderma 
spp. has been shown to perform very well when co-
inoculated with bacterial BCAs such as Pseudomonas 
spp. and Bacillus spp, showing a synergic interac-
tion based on several mechanisms of action (Poveda 
and Eugui, 2022). Antagonistic interactions are more 
likely to occur than synergistic ones (Xu and Nichol-
son, 2009). In any case, a deeply structured com-
bined use of BCAs may provide a way to customised 
commercial BCAs based on geographical and envi-
ronmental conditions. However, companies may be 
hesitant to produce combinations since (depending 
on region) each component may have to be approved 
separately as well as all the possible combinations of 
the individual partners.

Epigenetic regulation of gene expression is an 
essential tool, developed by plants to resist under abi-
otic and biotic stress. In rice, epigenetic regulation of 
two NRL receptors PigmR and PigmS can balance 
high disease resistance to Pyricularia oryzae and 
yield crop (Deng et al., 2017). Plants can also mediate 
RNAi silencing through post-transcriptional silenc-
ing. Virus induced gene silencing has been used in 
wheat (T. aestivum cv. Apogee) to silence four F. cul-
morum genes putatively involved in the virulence pro-
cess (FcFgl1 secreted lipase; FcFmk1 Mitogen-acti-
vated protein (MAP) kinase). FHB symptoms were 
significantly reduced and FHB resistance was even 
enhanced in leaf and spike under greenhouse condi-
tions (Chen et al., 2016).

Concluding remarks

This paper reviews the considerable progress made 
in recent years in understanding the nature of the 
interactions between pathogenic Fusarium spp and 

fungal BCAs, in particular species of the genera 
Trichoderma and Clonostachys. Promising results 
using BCAs from these genera to control head blight 
and crown rot diseases on cereals caused by myco-
toxigenic Fusarium species has been presented, and 
have also showed that, in some cases, they are able to 
reduce accumulation of mycotoxins in grains too. We 
have learnt much about how these fungi operate and 
how we can exploit them in practical crop produc-
tion. We are not yet there but we are getting closer to 
the magic bullet: a BCA that controls Fusarium dis-
eases efficiently and at the same time reduce myco-
toxin contamination of harvested grain. Most prob-
ably, successful biological control of the Fusarium 
diseases will rely on the integration of BCAs in IPM 
strategies.

Funding Open access funding provided by Università di Pisa 
within the CRUI-CARE Agreement.

Declarations 

Competing interests None of the authors have present or 
potential conflicts of interest, nor financial, personal or other 
relationships with other persons or organizations that might 
inappropriately influence or be perceived to influence their 
work.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

 References

Adam, G., Wiesenberger, G., & Güldener, U. (2015). Fusarium 
mycotoxins and their role in plant–pathogen interactions. 
In S. Zeilinger, J.-F. Martín, & C. García-Estrada (Eds.), 
Biosynthesis and molecular genetics of fungal secondary 
metabolites, volume 2. New York, NY. https:// doi. org/ 10. 
1007/ 978-1- 4939- 2531-5_ 10

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-1-4939-2531-5_10
https://doi.org/10.1007/978-1-4939-2531-5_10


468 Eur J Plant Pathol (2023) 167:453–476

1 3
Vol:. (1234567890)

Afridi, M. S., Ali, S., Salam, A., César Terra, W., Hafeez, 
A., Sumaira, A., Ali, B., Ameen, F., Ercisli, S., Marc, 
R. A., Medeiros, F. H. V., & Karunakaran, R. (2022). 
Plant microbiome engineering: Hopes or hypes. Biology 
(Basel), 11. https:// doi. org/ 10. 3390/ biolo gy111 21782

Agriopoulou, S., Stamatelopoulou, E., & Varzakas, T. (2020). 
Advances in occurrence, importance, and mycotoxin 
control strategies: Prevention and detoxification in foods. 
Foods, 9, 137. https:// doi. org/ 10. 3390/ foods 90201 37

Akinsanmi, O. A., Mitter, V., Simpfendorfer, S., Backhouse, 
D., & Chakraborty, S. (2004). Identity and pathogenicity 
of fusarium spp. isolated from wheat fields in Queens-
land and northern new south wales. Australian Journal 
of Agricultural Research, 55, 97–107. https:// doi. org/ 10. 
1071/ AR030 90

Alukumbura, A. S., Bigi, A., Sarrocco, S., Fernando, W. G. D., 
Vannacci, G., Mazzoncini, M., & Bakker, M. G. (2022). 
Minimal impacts on the wheat microbiome when tricho-
derma gamsii t6085 is applied as a biocontrol agent to 
manage fusarium head blight disease. Frontiers in Micro-
biology, 13, 972016. https:// doi. org/ 10. 3389/ fmicb. 2022. 
972016

Amatulli, M. T., Spadaro, D., Gullino, M. L., & Garibaldi, A. 
(2010). Molecular identification of fusarium spp. associ-
ated with bakanae disease of rice in Italy and assessment 
of their pathogenicity. Plant Pathology, 59, 839–844. 
https:// doi. org/ 10. 1111/j. 1365- 3059. 2010. 02319.x

Antonissen, G., Martel, A., Pasmans, F., Ducatelle, R., Ver-
brugghe, E., Vandenbroucke, V., Li, S., Haesebrouck, 
F., Van Immerseel, F., & Croubels, S. (2014). The 
impact of fusarium mycotoxins on human and animal 
host susceptibility to infectious diseases. Toxins, 6, 
430–452. https:// doi. org/ 10. 3390/ toxin s6020 430

Aoki, T., Ward, T. J., Kistler, H. C. & O’Donnell, K. (2012). 
Systematics, phylogeny and trichothecene mycotoxin 
potential of Fusarium head blight cereal pathogens. 
JSM Mycotoxins, 62, 91–102.

Baffoni, L., Gaggia, F., Dalanaj, N., Prodi, A., Nipoti, P., 
Pisi, A., Biavati, B., & Di Gioia, D. (2015). Microbial 
inoculants for the biocontrol of fusarium spp. In durum 
wheat. BMC Microbiol, 15, 242. https:// doi. org/ 10. 
1186/ s12866- 015- 0573-7

Bai, G. H., Desjardins, A. E., & Plattner, R. D. (2002). 
Deoxynivalenol-nonproducing fusarium graminearum 
causes initial infection, but does not cause disease 
spread in wheat spikes. Mycopathologia, 153, 91–98. 
https:// doi. org/ 10. 1023/a: 10144 19323 550

Baker, K., & Cook, R. J. (1974). Biological control of plant 
pathogens, San Francisco (p. 0716705893). Freeman 
and Company: W.H.

Baroncelli, R., Zapparata, A., Piaggeschi, G., Sarrocco, S., 
& Vannacci, G. (2016). Draft whole-genome sequence 
of trichoderma gamsii t6085, a promising biocon-
trol agent of fusarium head blight on wheat. Genome 
Announcements, 4, e01747–e01715. https:// doi. org/ 10. 
1128/ genom eA. 01747- 15

Bashyal, B. M. (2018). Etiology of an emerging disease: 
Bakanae of rice. Indian Phytopathology, 71, 485–494. 
https:// doi. org/ 10. 1007/ s42360- 018- 0091-2

Bashyal, B. M., Rawat, K., Parmar, P., Gupta, A. K., 
Gupta, S., Krishnan, S. G., Choudhary, R., Ercisli, S., 

Kovacevic, A., & Aggarwal, R. (2022). Transcriptomic 
analysis of bakanae disease resistant and susceptible 
rice genotypes in response to infection by fusarium 
fujikuroi. Molecular Biology Reports, 49, 11959–
11972. https:// doi. org/ 10. 1007/ s11033- 022- 07877-1

Batool, R., Rehman, S., Rafique, M., Amna, A. J., Mukhtar, 
T., Mahmood, S., Sultan, T., Munis, F., & Chaudhary, 
H. (2019). Biocontrol potential of bacillus gibsonii and 
brevibacterium frigoritolerans in suppression of fusar-
ium stalk rot of maize: A sustainable approach. Asian 
J. Agric. Biol., 7, 320–333.

Blacutt, A. A., Mitchell, T. R., Bacon, C. W., & Gold, S. 
E. (2016). Bacillus mojavensis rrc101 lipopeptides 
provoke physiological and metabolic changes during 
antagonism against fusarium verticilliodes. Molecular 
Plant-Microbe Interactions, 29, 713–723. https:// doi. 
org/ 10. 1094/ MPMI- 05- 16- 0093-R

Bottalico, A., & Perrone, G. (2002). Toxigenic fusarium 
species and mycotoxins associated with head blight 
in small-grain cereals in europe. European Journal 
of Plant Pathology, 108, 611–624. https:// doi. org/ 10. 
1023/A: 10206 35214 971

Bouanaka, H., Bellil, I., Harrat, W., Boussaha, S., Ben-
belkacem, A., & Khelifi, D. (2021). On the biocontrol 
by trichoderma afroharzianum against fusarium cul-
morum responsible of fusarium head blight and crown 
rot of wheat in Algeria. Egyptian Journal of Bio-
logical Pest Control, 31, 68. https:// doi. org/ 10. 1186/ 
s41938- 021- 00416-3

Bowden, R. L., & Leslie, J. F. (1999). Sexual recombina-
tion in gibberella zeae. Phytopathology, 89, 182–188. 
https:// doi. org/ 10. 1094/ phyto. 1999. 89.2. 182

Bowles, D., Isayenkova, J., Lim, E.-K., & Poppenberger, B. 
(2005). Glycosyltransferases: Managers of small mol-
ecules. Current Opinion in Plant Biology, 8, 254–263. 
https:// doi. org/ 10. 1016/j. pbi. 2005. 03. 007

Brown, N. A., Evans, J., Mead, A., & Hammond-Kosack, K. 
E. (2017). A spatial temporal analysis of the fusarium 
graminearum transcriptome during symptomless and 
symptomatic wheat infection. Molecular Plant Pathol-
ogy, 18, 1295–1312. https:// doi. org/ 10. 1111/ mpp. 12564

Bryła, M., Waśkiewicz, A., Ksieniewicz-Woźniak, E., Szym-
czyk, K., & Jędrzejczak, R. (2018). Modified fusarium 
mycotoxins in cereals and their products - metabolism, 
occurrence, and toxicity: An updated review. Molecules, 
23, 963. https:// doi. org/ 10. 3390/ molec ules2 30409 63

Bujold, I., Paulitz, T.C., & Carisse, O. (2001). Effect of 
Microsphaeropsis sp. on the production of perithecia 
and ascospores of Gibberella zeae. Plant Disease, 85, 
977–984.

Byrne, M. B., Thapa, G., Doohan, F. M., & Burke, J. I. (2022). 
Lactic acid bacteria as potential biocontrol agents for 
fusarium head blight disease of spring barley. Frontiers 
in Microbiology, 13, 912632. https:// doi. org/ 10. 3389/ 
fmicb. 2022. 912632

Chen, W., Kastner, C., Nowara, D., Oliveira-Garcia, E., Rutten, 
T., Zhao, Y., Deising, H. B., Kumlehn, J., & Schweizer, 
P. (2016). Host-induced silencing of fusarium culmorum 
genes protects wheat from infection. Journal of Experi-
mental Botany, 67, 4979–4991. https:// doi. org/ 10. 1093/ 
jxb/ erw263

https://doi.org/10.3390/biology11121782
https://doi.org/10.3390/foods9020137
https://doi.org/10.1071/AR03090
https://doi.org/10.1071/AR03090
https://doi.org/10.3389/fmicb.2022.972016
https://doi.org/10.3389/fmicb.2022.972016
https://doi.org/10.1111/j.1365-3059.2010.02319.x
https://doi.org/10.3390/toxins6020430
https://doi.org/10.1186/s12866-015-0573-7
https://doi.org/10.1186/s12866-015-0573-7
https://doi.org/10.1023/a:1014419323550
https://doi.org/10.1128/genomeA.01747-15
https://doi.org/10.1128/genomeA.01747-15
https://doi.org/10.1007/s42360-018-0091-2
https://doi.org/10.1007/s11033-022-07877-1
https://doi.org/10.1094/MPMI-05-16-0093-R
https://doi.org/10.1094/MPMI-05-16-0093-R
https://doi.org/10.1023/A:1020635214971
https://doi.org/10.1023/A:1020635214971
https://doi.org/10.1186/s41938-021-00416-3
https://doi.org/10.1186/s41938-021-00416-3
https://doi.org/10.1094/phyto.1999.89.2.182
https://doi.org/10.1016/j.pbi.2005.03.007
https://doi.org/10.1111/mpp.12564
https://doi.org/10.3390/molecules23040963
https://doi.org/10.3389/fmicb.2022.912632
https://doi.org/10.3389/fmicb.2022.912632
https://doi.org/10.1093/jxb/erw263
https://doi.org/10.1093/jxb/erw263


469Eur J Plant Pathol (2023) 167:453–476 

1 3
Vol.: (0123456789)

Chen, A., Islam, M., & Zhong-hua, M. A. (2022). An inte-
grated pest management program for managing fusarium 
head blight disease in cereals.  Journal of Integrative 
Agriculture, 2095–3119. https:// doi. org/ 10. 1016/j. jia. 
2022. 08. 053

Chen, Y., Wang, J., Yang, N., Wen, Z., Sun, X., Chai, Y., & 
Ma, Z. (2018). Wheat microbiome bacteria can reduce 
virulence of a plant pathogenic fungus by altering histone 
acetylation. Nature Communications, 9, 3429. https:// doi. 
org/ 10. 1038/ s41467- 018- 05683-7

Chulze, S. N., Palazzini, J. M., Torres, A. M., Barros, G., Pon-
sone, M. L., Geisen, R., Schmidt-Heydt, M., & Köhl, 
J. (2015). Biological control as a strategy to reduce the 
impact of mycotoxins in peanuts, grapes and cereals in 
Argentina. Food Additives & Contaminants: Part A, 32, 
471–479. https:// doi. org/ 10. 1080/ 19440 049. 2014. 984245

Collinge, D. B., Jørgensen, H. J. L., Latz, M., Manzotti, A., 
Ntana, F., Rojas, E. C. & Jensen, B. (2019). Searching 
for novel fungal biological control agents for plant dis-
ease control among endophytes. In: Hodkinson, T. R., 
Doohan, F. M., Saunders, M. & Murphy, B. R. (eds.) 
Endophytes: For a growing world Cambridge Cambridge 
University Press. https:// doi. org/ 10. 1017/ 97811 08607 
667. 003

Collinge, D. B., Jensen, D. F., Rabiey, M., Sarrocco, S., Shaw, 
M. W., & Shaw, R. (2022). Biological control of plant 
diseases – What has been achieved and what is the direc-
tion? Plant Pathology, 71, 1021–1228. https:// doi. org/ 10. 
1111/ PPA. 13555

Comby, M., Gacoin, M., Robineau, M., Rabenoelina, F., Ptas, 
S., Dupont, J., Profizi, C., & Baillieul, F. (2017). Screen-
ing of wheat endophytes as biological control agents 
against fusarium head blight using two different in vitro 
tests. Microbiological Research, 202, 11–20. https:// doi. 
org/ 10. 1016/j. micres. 2017. 04. 014

Conrath, U., Beckers, G. J., Langenbach, C. J., & Jaskiewicz, 
M. R. (2015). Priming for enhanced defense. Annual 
Review of Phytopathology, 53, 97–119. https:// doi. org/ 
10. 1146/ annur ev- phyto- 080614- 120132

Cuervo-Parra, J., Pérez España, V., Zavala-González, E., Per-
alta-Gil, M., Aparicio Burgos, J., & Romero-Cortes, T. 
(2022). Trichoderma asperellum strains as potential bio-
logical control agents against fusarium verticillioides and 
ustilago maydis in maize. Biocontrol Science and Tech-
nology, 32, 624–647. https:// doi. org/ 10. 1080/ 09583 157. 
2022. 20421 96

Cuzick, A., Urban, M., & Hammond-Kosack, K. (2008). 
Fusarium graminearum gene deletion mutants map1 and 
tri5 reveal similarities and differences in the pathogenic-
ity requirements to cause disease on arabidopsis and 
wheat floral tissue. The New Phytologist, 177, 990–1000. 
https:// doi. org/ 10. 1111/j. 1469- 8137. 2007. 02333.x

Demissie, Z. A., Witte, T., Robinson, K. A., Sproule, A., Foote, 
S. J., Johnston, A., Harris, L. J., Overy, D. P., & Loewen, 
M. C. (2020). Transcriptomic and exometabolomic pro-
filing reveals antagonistic and defensive modes of clo-
nostachys rosea action against fusarium graminearum. 
Molecular Plant-Microbe Interactions®, 33, 842–858. 
https:// doi. org/ 10. 1094/ mpmi- 11- 19- 0310-r

Deng, Y., Zhai, K., Xie, Z., Yang, D., Zhu, X., Liu, J., Wang, 
X., Qin, P., Yang, Y., Zhang, G., Li, Q., Zhang, J., Wu, 

S., Milazzo, J., Mao, B., Wang, E., Xie, H., Tharreau, D., 
& He, Z. (2017). Epigenetic regulation of antagonistic 
receptors confers rice blast resistance with yield balance. 
Science, 355, 962–965. https:// doi. org/ 10. 1126/ scien ce. 
aai88 98

Deroo, W., De Troyer, L., Dumoulin, F., De Saeger, S., De 
Boevre, M., Vandenabeele, S., De Gelder, L., & Aude-
naert, K. (2022). A novel in planta enrichment method 
employing fusarium graminearum-infected wheat spikes 
to select for competitive biocontrol bacteria. Toxins 
(Basel), 14. https:// doi. org/ 10. 3390/ toxin s1403 0222

Desjardins, A. E. (2006). Fusarium mycotoxins: Chemistry, 
genetics, and biology. St Paul: Minnesota, APS Press.

Desjardins, A. E., Bai, G. H., Plattner, R. D., & Proctor, R. 
H. (2000). Analysis of aberrant virulence of gibberella 
zeae following transformation-mediated complementa-
tion of a trichothecene-deficient (tri5) mutant. Microbiol-
ogy (Reading), 146(Pt 8), 2059–2068. https:// doi. org/ 10. 
1099/ 00221 287- 146-8- 2059

Ding, Y., Gardiner, D. M., & Kazan, K. (2022). Transcriptome 
analysis reveals infection strategies employed by fusar-
ium graminearum as a root pathogen. Microbiological 
Research, 256, 126951. https:// doi. org/ 10. 1016/j. micres. 
2021. 126951

Dinolfo, M. I., Martínez, M., Castañares, E., Vanzetti, L. S., 
Rossi, F., Stenglein, S. A., & Arata, A. F. (2022). Inter-
action of methyl-jasmonate and fusarium poae in bread 
wheat. Fungal Biology, 126, 786–792. https:// doi. org/ 10. 
1016/j. funbio. 2022. 10. 002

Djonovic, S., Vargas, W. A., Kolomiets, M. V., Horndeski, M., 
Wiest, A., & Kenerley, C. M. (2007). A proteinaceous 
elicitor sm1 from the beneficial fungus trichoderma 
virens is required for induced systemic resistance in 
maize. Plant Physiology, 145, 875–889. https:// doi. org/ 
10. 1104/ pp. 107. 103689

Dubey, M. K., Jensen, D. F., & Karlsson, M. (2014). An atp-
binding cassette pleiotropic drug transporter protein is 
required for xenobiotic tolerance and antagonism in the 
fungal biocontrol agent clonostachys rosea. Molecular 
Plant-Microbe Interactions®, 27, 725–732. https:// doi. 
org/ 10. 1094/ mpmi- 12- 13- 0365-r

Fatema, U., Broberg, A., Jensen, D. F., Karlsson, M., & Dubey, 
M. (2018). Functional analysis of polyketide synthase 
genes in the biocontrol fungus clonostachys rosea. 
Scientific Reports, 8, 15009. https:// doi. org/ 10. 1038/ 
s41598- 018- 33391-1

Ferrigo, D., Mondin, M., Ladurner, E., Fiorentini, F., Causin, 
R., & Raiola, A. (2020). Effect of seed biopriming with 
trichoderma harzianum strain inat11 on fusarium ear 
rot and gibberella ear rot diseases. Biological Control, 
147, 104286. https:// doi. org/ 10. 1016/j. bioco ntrol. 2020. 
104286

Fitzpatrick, C. R., Copeland, J., Wang, P. W., Guttman, D. S., 
Kotanen, P. M., & Johnson, M. T. J. (2018). Assembly 
and ecological function of the root microbiome across 
angiosperm plant species. Proceedings of the National 
Academy of Sciences of the United States of America, 
115, E1157–e1165. https:// doi. org/ 10. 1073/ pnas. 17176 
17115

https://doi.org/10.1016/j.jia.2022.08.053
https://doi.org/10.1016/j.jia.2022.08.053
https://doi.org/10.1038/s41467-018-05683-7
https://doi.org/10.1038/s41467-018-05683-7
https://doi.org/10.1080/19440049.2014.984245
https://doi.org/10.1017/9781108607667.003
https://doi.org/10.1017/9781108607667.003
https://doi.org/10.1111/PPA.13555
https://doi.org/10.1111/PPA.13555
https://doi.org/10.1016/j.micres.2017.04.014
https://doi.org/10.1016/j.micres.2017.04.014
https://doi.org/10.1146/annurev-phyto-080614-120132
https://doi.org/10.1146/annurev-phyto-080614-120132
https://doi.org/10.1080/09583157.2022.2042196
https://doi.org/10.1080/09583157.2022.2042196
https://doi.org/10.1111/j.1469-8137.2007.02333.x
https://doi.org/10.1094/mpmi-11-19-0310-r
https://doi.org/10.1126/science.aai8898
https://doi.org/10.1126/science.aai8898
https://doi.org/10.3390/toxins14030222
https://doi.org/10.1099/00221287-146-8-2059
https://doi.org/10.1099/00221287-146-8-2059
https://doi.org/10.1016/j.micres.2021.126951
https://doi.org/10.1016/j.micres.2021.126951
https://doi.org/10.1016/j.funbio.2022.10.002
https://doi.org/10.1016/j.funbio.2022.10.002
https://doi.org/10.1104/pp.107.103689
https://doi.org/10.1104/pp.107.103689
https://doi.org/10.1094/mpmi-12-13-0365-r
https://doi.org/10.1094/mpmi-12-13-0365-r
https://doi.org/10.1038/s41598-018-33391-1
https://doi.org/10.1038/s41598-018-33391-1
https://doi.org/10.1016/j.biocontrol.2020.104286
https://doi.org/10.1016/j.biocontrol.2020.104286
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1073/pnas.1717617115


470 Eur J Plant Pathol (2023) 167:453–476

1 3
Vol:. (1234567890)

Foroutan, A. (2013). Evaluation of trichoderma isolates for 
biological control of wheat fusarium foot and root rot. 
Romanian Agricultural Research, 30, 335–342.

Galletti, S., Paris, R., & Cianchetta, S. (2020). Selected isolates 
of trichoderma gamsii induce different pathways of sys-
temic resistance in maize upon fusarium verticillioides 
challenge. Microbiological Research, 233, 126406. 
https:// doi. org/ 10. 1016/j. micres. 2019. 126406

Gatti, M., Choulet, F., Macadré, C., Guérard, F., Seng, J.-M., 
Langin, T., & Dufresne, M. (2018). Identification, molec-
ular cloning, and functional characterization of a wheat 
udp-glucosyltransferase involved in resistance to fusar-
ium head blight and to mycotoxin accumulation. Fron-
tiers in Plant Science, 9. https:// doi. org/ 10. 3389/ fpls. 
2018. 01853

Gavrilova, O. P., Orina, A. S., Kessenikh, E. D., Gustyleva, L. 
K., Savelieva, E. I., Gogina, N. N., & Gagkaeva, T. Y. 
(2020). Diversity of physiological and biochemical char-
acters of microdochium fungi. Chemistry & Biodiversity, 
17, e2000294. https:// doi. org/ 10. 1002/ cbdv. 20200 0294

Gdanetz, K., & Trail, F. (2017). The wheat microbiome under 
four management strategies, and potential for endophytes 
in disease protection. Phytobiomes Journal, 1, 158–168. 
https:// doi. org/ 10. 1094/ pbiom es- 05- 17- 0023-r

Glenn, A. E., Zitomer, N. C., Zimeri, A. M., Williams, L. D., 
Riley, R. T., & Proctor, R. H. (2008). Transformation-
mediated complementation of a fum gene cluster deletion 
in fusarium verticillioides restores both fumonisin pro-
duction and pathogenicity on maize seedlings. Molecular 
Plant-Microbe Interactions, 21, 87–97. https:// doi. org/ 
10. 1094/ mpmi- 21-1- 0087

Goertz, A., Zuehlke, S., Spiteller, M., Steiner, U., Dehne, H. 
W., Waalwijk, C., De Vries, I., & Oerke, E. C. (2010). 
Fusarium species and mycotoxin profiles on commer-
cial maize hybrids in Germany. European Journal of 
Plant Pathology, 128, 101–111. https:// doi. org/ 10. 1007/ 
s10658- 010- 9634-9

Gong, A.-D., Li, H.-P., Yuan, Q.-S., Song, X.-S., Yao, W., He, 
W.-J., Zhang, J.-B., & Liao, Y.-C. (2015a). Antagonis-
tic mechanism of iturin a and plipastatin a from bacillus 
amyloliquefaciens s76-3 from wheat spikes against fusar-
ium graminearum. PLoS One, 10, e0116871. https:// doi. 
org/ 10. 1371/ journ al. pone. 01168 71

Gong, L., Jiang, Y., & Chen, F. (2015b). Molecular strate-
gies for detection and quantification of mycotoxin-
producing fusarium species: A review. Journal of 
the Science of Food and Agriculture, 95, 1767–1776. 
https:// doi. org/ 10. 1002/ jsfa. 6935

Gorash, A., Armonienė, R., Mitchell Fetch, J., Liatukas, Ž., 
& Danytė, V. (2017). Aspects in oat breeding: Nutrition 
quality, nakedness and disease resistance, challenges and 
perspectives. Annals of Applied Biology, 171, 281–302. 
https:// doi. org/ 10. 1111/ aab. 12375

Haas, D., & Défago, G. (2005). Biological control of soil-
borne pathogens by fluorescent pseudomonads. Nature 
Reviews. Microbiology, 3, 307–319. https:// doi. org/ 10. 
1038/ nrmic ro1129

Hao, J. J., Xie, S. N., Sun, J., Yang, G. Q., Liu, J. Z., Xu, F., 
Ru, Y. Y., & Song, Y. L. (2017). Analysis of fusarium 
graminearum species complex from wheat–maize 

rotation regions in Henan (China). Plant Disease, 101, 
720–725. https:// doi. org/ 10. 1094/ pdis- 06- 16- 0912- re

Hue, A. G., Voldeng, H. D., Savard, M. E., Fedak, G., Tian, X., 
& Hsiang, T. (2009). Biological control of fusarium head 
blight of wheat with clonostachys rosea strain acm941. 
Canadian Journal of Plant Pathology, 31, 169–179. 
https:// doi. org/ 10. 1080/ 07060 66090 95075 90

Imathiu, S. M., Edwards, S. G., Ray, R. V., & Back, M. A. 
(2013). Fusarium langsethiae – A ht-2 and t-2 toxins 
producer that needs more attention. Journal of Phytopa-
thology, 161, 1–10. https:// doi. org/ 10. 1111/ jph. 12036

Jambhulkar, P. P., Raja, M., Singh, B., Katoch, S., Kumar, S., 
& Sharma, P. (2022). Potential native trichoderma strains 
against fusarium verticillioides causing post flowering 
stalk rot in winter maize. Crop Protection, 152, 105838. 
https:// doi. org/ 10. 1016/j. cropro. 2021. 105838

Janssen, E. M., Liu, C., & Fels-Klerx, H. J. V. D. (2018). 
Fusarium infection and trichothecenes in barley and its 
comparison with wheat. World Mycotoxin Journal, 11, 
33–46. https:// doi. org/ 10. 3920/ wmj20 17. 2255

Jensen, D. F., Dubey, M., Jensen, B. & Karlsson, M. 2022. 
Clonostachys rosea to control plant diseases. In: Köhl, 
J. & Ravensberg, W. J. (eds.) Microbial bioprotect-
ants for plant disease management. Cambridge , UK: 
Burleigh Dodds Science Publishing.

Jensen, B., Knudsen, I. M. B., & Jensen, D. F. (2000). Bio-
logical seed treatment of cereals with fresh and long-
term stored formulations of clonostachys rosea: Bio-
control efficacy against fusarium culmorum. European 
Journal of Plant Pathology, 106, 233–242. https:// doi. 
org/ 10. 1023/a: 10087 94626 600

Jensen, D. F., Karlsson, M., & Lindahl, B. D. (2017). Fungal–
fungal interactions: From natural ecosystems to managed 
plant production, with emphasis on biological control of 
plant diseases. In J. Dighton & J. F. White (Eds.), The 
fungal community – Its organization and role in the eco-
system (4th ed.). CRC Press.

Jensen, D. F., Karlsson, M., Sarrocco, S., & Vannacci, G. 
(2016). Biological control using microorganisms as an 
alternative to disease resistance. In D. B. Collinge (Ed.), 
Plant pathogen resistance biotechnology. New York and 
London.

Jensen, D. F., Knudsen, I. M. B., Lübeck, M., Mamarabadi, M., 
Hockenhull, J., & Jensen, B. (2007). Development of a 
biocontrol agent for plant disease control with special 
emphasis on the near commercial fungal antagonist Clon 
ostachys rosea strain ‘ik726’. Australasian Plant Pathol-
ogy, 36, 95–101. https:// doi. org/ 10. 1071/ ap070 09

Ji, F., He, D., Olaniran, A. O., Mokoena, M. P., Xu, J., & Shi, 
J. (2019). Occurrence, toxicity, production and detec-
tion of fusarium mycotoxin: A review. Food Production, 
Processing and Nutrition, 1, 6. https:// doi. org/ 10. 1186/ 
s43014- 019- 0007-2

Kamou, N. N., Dubey, M., Tzelepis, G., Menexes, G., Papada-
kis, E. N., Karlsson, M., Lagopodi, A. L., & Jensen, D. 
F. (2016). Investigating the compatibility of the biocon-
trol agent clonostachys rosea ik726 with prodigiosin-
producing serratia rubidaea s55 and phenazine-pro-
ducing pseudomonas chlororaphis toza7. Archives of 
Microbiology, 198, 369–377. https:// doi. org/ 10. 1007/ 
s00203- 016- 1198-4

https://doi.org/10.1016/j.micres.2019.126406
https://doi.org/10.3389/fpls.2018.01853
https://doi.org/10.3389/fpls.2018.01853
https://doi.org/10.1002/cbdv.202000294
https://doi.org/10.1094/pbiomes-05-17-0023-r
https://doi.org/10.1094/mpmi-21-1-0087
https://doi.org/10.1094/mpmi-21-1-0087
https://doi.org/10.1007/s10658-010-9634-9
https://doi.org/10.1007/s10658-010-9634-9
https://doi.org/10.1371/journal.pone.0116871
https://doi.org/10.1371/journal.pone.0116871
https://doi.org/10.1002/jsfa.6935
https://doi.org/10.1111/aab.12375
https://doi.org/10.1038/nrmicro1129
https://doi.org/10.1038/nrmicro1129
https://doi.org/10.1094/pdis-06-16-0912-re
https://doi.org/10.1080/07060660909507590
https://doi.org/10.1111/jph.12036
https://doi.org/10.1016/j.cropro.2021.105838
https://doi.org/10.3920/wmj2017.2255
https://doi.org/10.1023/a:1008794626600
https://doi.org/10.1023/a:1008794626600
https://doi.org/10.1071/ap07009
https://doi.org/10.1186/s43014-019-0007-2
https://doi.org/10.1186/s43014-019-0007-2
https://doi.org/10.1007/s00203-016-1198-4
https://doi.org/10.1007/s00203-016-1198-4


471Eur J Plant Pathol (2023) 167:453–476 

1 3
Vol.: (0123456789)

Karlsson, I., Friberg, H., Kolseth, A.-K., Steinberg, C., & Pers-
son, P. (2017). Agricultural factors affecting fusarium 
communities in wheat kernels. International Journal 
of Food Microbiology, 252, 53–60. https:// doi. org/ 10. 
1016/j. ijfoo dmicro. 2017. 04. 011

Karlsson, I., Persson, P., & Friberg, H. (2021). Fusarium head 
blight from a microbiome perspective. Frontiers in 
Microbiology, 12, 628373. https:// doi. org/ 10. 3389/ fmicb. 
2021. 628373

Karlsson, M., Durling, M. B., Choi, J., Kosawang, C., Lackner, 
G., Tzelepis, G. D., Nygren, K., Dubey, M. K., Kamou, 
N., Levasseur, A., Zapparata, A., Wang, J., Amby, D. 
B., Jensen, B., Sarrocco, S., Panteris, E., Lagopodi, A. 
L., Poggeler, S., Vannacci, G., et al. (2015). Insights on 
the evolution of mycoparasitism from the genome of 
clonostachys rosea. Genome Biology and Evolution, 7, 
465–480. https:// doi. org/ 10. 1093/ gbe/ evu292

Karuppiah, V., Li, Y., Sun, J., Vallikkannu, M., & Chen, J. 
(2020). Vel1 regulates the growth of trichoderma atro-
viride during co-cultivation with bacillus amyloliquefa-
ciens and is essential for wheat root rot control. Biologi-
cal Control, 151, 104374. https:// doi. org/ 10. 1016/j. bioco 
ntrol. 2020. 104374

Karuppiah, V., Sun, J., Li, T., Vallikkannu, M., & Chen, 
J. (2019). Co-cultivation of trichoderma asperellum 
gdfs1009 and bacillus amyloliquefaciens 1841 causes 
differential gene expression and improvement in the 
wheat growth and biocontrol activity. Frontiers in Micro-
biology, 10. https:// doi. org/ 10. 3389/ fmicb. 2019. 01068

Keller, N. P. (2019). Fungal secondary metabolism: Regu-
lation, function and drug discovery. Nature Reviews 
Microbiology, 17, 167–180. https:// doi. org/ 10. 1038/ 
s41579- 018- 0121-1

Kemp, N. D., Vaughan, M. M., Mccormick, S. P., Brown, J. 
A., & Bakker, M. G. (2020). Sarocladium zeae is a sys-
temic endophyte of wheat and an effective biocontrol 
agent against fusarium head blight. Biological Control, 
149, 104329. https:// doi. org/ 10. 1016/j. bioco ntrol. 2020. 
104329

Khairullina, A., Micic, N., Jørgensen, H. J. L., Bjarnholt, N., 
Bülow, L., Collinge, D. B., & Jensen, B. (2023). Biocon-
trol effect of clonostachys rosea on fusarium gramine-
arum infection and mycotoxin detoxification in oat 
(avena sativa). Plants, 12, 500. https:// doi. org/ 10. 3390/ 
plant s1203 0500

Khairullina, A., Tsardakas Renhuldt, N., Wiesenberger, G., 
Bentzer, J., Collinge, D. B., Adam, G., & Bülow, L. 
(2022). Identification and functional characterisation of 
two oat udp-glucosyltransferases involved in deoxyni-
valenol detoxification. Toxins, 14, 446. https:// doi. org/ 
10. 3390/ toxin s1407 0446

Khodaei, D., Javanmardi, F., & Khaneghah, A. M. (2021). The 
global overview of the occurrence of mycotoxins in cere-
als: A three-year survey. Current Opinion in Food Sci-
ence, 39, 36–42. https:// doi. org/ 10. 1016/j. cofs. 2020. 12. 
012

Kim, S. H., & Vujanovic, V. (2021). Early transcriptomic 
response of the mycoparasite sphaerodes mycoparasitica 
to the mycotoxigenic fusarium graminearum 3-adon, the 
cause of fusarium head blight. Bioresour Bioprocess, 8, 
127. https:// doi. org/ 10. 1186/ s40643- 021- 00479-y

Köhl, J., Kolnaar, R., & Ravensberg, W. J. (2019). Mode of 
action of microbial biological control agents against plant 
diseases: Relevance beyond efficacy. Frontiers in Plant 
Science, 10. https:// doi. org/ 10. 3389/ fpls. 2019. 00845

Kosawang, C., Karlsson, M., Jensen, D. F., Dilokpimo, A., 
& Collinge, D. B. (2014a). Transcriptomic profiling to 
identify genes involved in fusarium mycotoxin deoxyni-
valenol and zearalenone tolerance in the mycoparasitic 
fungus clonostachys rosea. BMC Genomics, 15. https:// 
doi. org/ 10. 1186/ 1471- 2164- 15- 55

Kosawang, C., Karlsson, M., Vélëz, H., Rasmussen, P. H., 
Collinge, D. B., Jensen, B., & Jensen, D. F. (2014b). 
Zearalenone detoxification by zearalenone hydrolase 
is important for the antagonistic ability of clonostachys 
rosea against mycotoxigenic fusarium graminearum. 
Fungal Biology, 118, 364–373. https:// doi. org/ 10. 1016/j. 
funbio. 2014. 01. 005

Kuiper-Goodman, T., Scott, P. M., & Watanabe, H. (1987). 
Risk assessment of the mycotoxin zearalenone. Regula-
tory Toxicology and Pharmacology, 7, 253–306. https:// 
doi. org/ 10. 1016/ 0273- 2300(87) 90037-7

Ladha, J. K., Tirol-Padre, A., Reddy, C. K., Cassman, K. G., 
Verma, S., Powlson, D. S., Van Kessel, C., De, B. R. 
D., Chakraborty, D., & Pathak, H. (2016). Global nitro-
gen budgets in cereals: A 50-year assessment for maize, 
rice, and wheat production systems. Scientific Reports, 6, 
19355. https:// doi. org/ 10. 1038/ srep1 9355

Lasinio, G. J., Pollice, A., Pappalettere, L., Vannacci, G., & 
Sarrocco, S. (2021). A statistical protocol to describe 
differences among nutrient utilization patterns of fusar-
ium spp. And trichoderma gamsii. Plant Pathology, 70, 
1146–1157. https:// doi. org/ 10. 1111/ ppa. 13362

Latz, M. A. C., Jensen, B., Collinge, D. B., & Jørgensen, H. 
J. L. (2018, 555). Endophytic fungi as biocontrol agents: 
Elucidating mechanisms in disease suppression. Plant 
Ecology and Diversity, 11. https:// doi. org/ 10. 1080/ 17550 
874. 2018. 15341 46

Latz, M., Jensen, B., Collinge, D. B., & Jørgensen, H. J. L. 
(2020). Identification of two endophytic fungi that con-
trol septoria tritici blotch in the field, using a structured 
screening approach. Biological Control, 141, 104128. 
https:// doi. org/ 10. 1016/j. bioco ntrol. 2019. 104128

Latz, M., Kerrn, M. H., Sørensen, H., Collinge, D. B., Jensen, 
B., Brown, J. K. M., Madsen, A. M., & Jørgensen, H. J. 
L. (2021). Succession of the fungal endophytic micro-
biome of wheat is dependent on tissue-specific interac-
tions between host genotype and environment. Science of 
the Total Environment, 759, 143804. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 143804

Leach, J. E., Triplett, L. R., Argueso, C. T., & Trivedi, P. 
(2017). Communication in the phytobiome. Cell, 169, 
587–596. https:// doi. org/ 10. 1016/j. cell. 2017. 04. 025

Li, H., Bian, R., Liu, Q., Yang, L., Pang, T., Salaipeth, L., 
Andika, I. B., Kondo, H., & Sun, L. (2019). Identifica-
tion of a novel hypovirulence-inducing hypovirus from 
alternaria alternata. Frontiers in Microbiology, 10. 
https:// doi. org/ 10. 3389/ fmicb. 2019. 01076

Li, X., Michlmayr, H., Schweiger, W., Malachova, A., Shin, 
S., Huang, Y., Dong, Y., Wiesenberger, G., Mccor-
mick, S., Lemmens, M., Fruhmann, P., Hametner, C., 
Berthiller, F., Adam, G., & Muehlbauer, G. J. (2017). A 

https://doi.org/10.1016/j.ijfoodmicro.2017.04.011
https://doi.org/10.1016/j.ijfoodmicro.2017.04.011
https://doi.org/10.3389/fmicb.2021.628373
https://doi.org/10.3389/fmicb.2021.628373
https://doi.org/10.1093/gbe/evu292
https://doi.org/10.1016/j.biocontrol.2020.104374
https://doi.org/10.1016/j.biocontrol.2020.104374
https://doi.org/10.3389/fmicb.2019.01068
https://doi.org/10.1038/s41579-018-0121-1
https://doi.org/10.1038/s41579-018-0121-1
https://doi.org/10.1016/j.biocontrol.2020.104329
https://doi.org/10.1016/j.biocontrol.2020.104329
https://doi.org/10.3390/plants12030500
https://doi.org/10.3390/plants12030500
https://doi.org/10.3390/toxins14070446
https://doi.org/10.3390/toxins14070446
https://doi.org/10.1016/j.cofs.2020.12.012
https://doi.org/10.1016/j.cofs.2020.12.012
https://doi.org/10.1186/s40643-021-00479-y
https://doi.org/10.3389/fpls.2019.00845
https://doi.org/10.1186/1471-2164-15-55
https://doi.org/10.1186/1471-2164-15-55
https://doi.org/10.1016/j.funbio.2014.01.005
https://doi.org/10.1016/j.funbio.2014.01.005
https://doi.org/10.1016/0273-2300(87)90037-7
https://doi.org/10.1016/0273-2300(87)90037-7
https://doi.org/10.1038/srep19355
https://doi.org/10.1111/ppa.13362
https://doi.org/10.1080/17550874.2018.1534146
https://doi.org/10.1080/17550874.2018.1534146
https://doi.org/10.1016/j.biocontrol.2019.104128
https://doi.org/10.1016/j.scitotenv.2020.143804
https://doi.org/10.1016/j.scitotenv.2020.143804
https://doi.org/10.1016/j.cell.2017.04.025
https://doi.org/10.3389/fmicb.2019.01076


472 Eur J Plant Pathol (2023) 167:453–476

1 3
Vol:. (1234567890)

barley udp-glucosyltransferase inactivates nivalenol and 
provides fusarium head blight resistance in transgenic 
wheat. Journal of Experimental Botany, 68, 2187–2197. 
https:// doi. org/ 10. 1093/ jxb/ erx109

Liu, H., Li, T., Li, Y., Wang, X., & Chen, J. (2022). Effects 
of trichoderma atroviride sg3403 and bacillus subtilis 22 
on the biocontrol of wheat head blight. Journal of Fungi, 
8, 1250. https:// doi. org/ 10. 3390/ jof81 21250

Logrieco, A., Mulè, G., Moretti, A., & Bottalico, A. (2002). 
Toxigenic fusarium species and mycotoxins associated 
with maize ear rot in europe. European Journal of Plant 
Pathology, 108, 597–609.

Lysøe, E., Klemsdal, S. S., Bone, K. R., Frandsen, R. J. N., 
Johansen, T., Thrane, U., & Giese, H. (2006). The pks4 
gene of fusarium graminearum is essential for zearale-
none production. Applied and Environmental Microbi-
ology, 72, 3924–3932. https:// doi. org/ 10. 1128/ AEM. 
00963- 05

Macías-Rodríguez, L., Contreras-Cornejo, H. A., Adame-Gar-
nica, S. G., Del-Val, E., & Larsen, J. (2020). The inter-
actions of trichoderma at multiple trophic levels: Inter-
kingdom communication. Microbiological Research, 
240, 126552. https:// doi. org/ 10. 1016/j. micres. 2020. 
126552

Makhlouf, K. E., Boungab, K., & Mokrani, S. (2023). Syner-
gistic effect of pseudomonas azotoformans and tricho-
derma gamsii in management of fusarium crown rot of 
wheat. Archives of Phytopathology and Plant Protec-
tion, 56, 108–126. https:// doi. org/ 10. 1080/ 03235 408. 
2023. 21780 56

Massart, S., Martinez-Medina, M., & Haissam, J. M. (2015). 
Biological control in the microbiome era: Challenges 
and opportunities. Biological Control, 89, 98–108. 
https:// doi. org/ 10. 1016/j. bioco ntrol. 2015. 06. 003

Matarese, F., Sarrocco, S., Gruber, S., Seidl-Seiboth, V., 
& Vannacci, G. (2012). Biocontrol of fusarium head 
blight: Interactions between trichoderma and myco-
toxigenic fusarium. Microbiology-Sgm, 158, 98–106. 
https:// doi. org/ 10. 1099/ mic.0. 052639-0

Matic, S., Gullino, M. L., & Spadaro, D. (2017). The puzzle 
of bakanae disease through interactions between fusar-
ium fujikuroi and rice. Frontiers in Bioscience (Elite 
Edition), 9, 333–344. https:// doi. org/ 10. 2741/ e806

Mccormick, S. P., Stanley, A. M., Stover, N. A., & Alex-
ander, N. J. (2011). Trichothecenes: From simple to 
complex mycotoxins. Toxins, 3, 802–814 https:// www. 
mdpi. com/ 2072- 6651/3/ 7/ 802

Meng-Reiterer, J., Bueschl, C., Rechthaler, J., Berthiller, F., 
Lemmens, M., & Schuhmacher, R. (2016). Metabo-
lism of ht-2 toxin and t-2 toxin in oats. Toxins, 8, 364. 
https:// doi. org/ 10. 3390/ toxin s8120 364

Meng-Reiterer, J., Varga, E., Nathanail, A. V., Bueschl, 
C., Rechthaler, J., Mccormick, S. P., Michlmayr, H., 
Malachová, A., Fruhmann, P., Adam, G., Berthiller, 
F., Lemmens, M., & Schuhmacher, R. (2015). Trac-
ing the metabolism of ht-2 toxin and t-2 toxin in bar-
ley by isotope-assisted untargeted screening and quan-
titative lc-hrms analysis. Analytical and Bioanalytical 
Chemistry, 407, 8019–8033. https:// doi. org/ 10. 1007/ 
s00216- 015- 8975-9

Michlmayr, H., Malachová, A., Varga, E., Kleinová, J., Lem-
mens, M., Newmister, S., Rayment, I., Berthiller, F., 
& Adam, G. (2015). Biochemical characterization of 
a recombinant udp-glucosyltransferase from rice and 
enzymatic production of deoxynivalenol-3-o-β-d-
glucoside. Toxins (Basel), 7, 2685–2700. https:// doi. 
org/ 10. 3390/ toxin s7072 685

Michlmayr, H., Varga, E., Lupi, F., Malachová, A., Hamet-
ner, C., Berthiller, F., & Adam, G. (2017). Synthesis 
of mono- and di-glucosides of zearalenone and α-/β-
zearalenol by recombinant barley glucosyltransferase 
hvugt14077. Toxins, 9, 58 https:// www. mdpi. com/ 2072- 
6651/9/ 2/ 58

Michlmayr, H., Varga, E., Malachová, A., Fruhmann, P., 
Piątkowska, M., Hametner, C., Šofrová, J., Jaunecker, 
G., Häubl, G., Lemmens, M., Berthiller, F., & Adam, G. 
(2018). Udp-glucosyltransferases from rice, brachypo-
dium, and barley: Substrate specificities and synthesis of 
type a and b trichothecene-3-o-β-d-glucosides. Toxins, 
10, 111. https:// doi. org/ 10. 3390/ toxin s1003 0111

Miller, J. D. (2002). Aspects of the ecology of fusarium toxins 
in cereals. In J. W. Devries, M. W. Trucksess, & L. S. 
Jackson (Eds.), Mycotoxins and food safety. Boston, MA. 
https:// doi. org/ 10. 1007/ 978-1- 4615- 0629-4_3

Modrzewska, M., Bryła, M., Kanabus, J., & Pierzgalski, A. 
(2022). Trichoderma as a biostimulator and biocontrol 
agent against fusarium in the production of cereal crops: 
Opportunities and possibilities. Plant Pathology, 71, 
1471–1485. https:// doi. org/ 10. 1111/ ppa. 13578

Molinari, S., Fanelli, E., & Leonetti, P. (2014). Expression 
of tomato salicylic acid (sa)-responsive pathogenesis-
related genes in mi-1-mediated and sa-induced resistance 
to root-knot nematodes. Molecular Plant Pathology, 15, 
255–264. https:// doi. org/ 10. 1111/ mpp. 12085

Mukhi, N., Gorenkin, D., & Banfield, M. J. (2020). Explor-
ing folds, evolution and host interactions: Understanding 
effector structure/function in disease and immunity. New 
Phytologist, 227, 326–333. https:// doi. org/ 10. 1111/ nph. 
16563

Munkvold, G. P., Proctor, R. H., & Moretti, A. (2021). Myco-
toxin production in fusarium according to contem-
porary species concepts. Annual Review of Phytopa-
thology, 59, 373–402. https:// doi. org/ 10. 1146/ annur 
ev- phyto- 020620- 102825

Nahle, S., El Khoury, A., & Atoui, A. (2021). Current status 
on the molecular biology of zearalenone: Its biosynthesis 
and molecular detection of zearalenone producing fusar-
ium species. European Journal of Plant Pathology, 159, 
247–258. https:// doi. org/ 10. 1007/ s10658- 020- 02173-9

Nathanail, A. V., Varga, E., Meng-Reiterer, J., Bueschl, C., 
Michlmayr, H., Malachova, A., Fruhmann, P., Jestoi, M., 
Peltonen, K., Adam, G., Lemmens, M., Schuhmacher, 
R., & Berthiller, F. (2015). Metabolism of the fusarium 
mycotoxins t-2 toxin and ht-2 toxin in wheat. Journal 
of Agricultural and Food Chemistry, 63, 7862–7872. 
https:// doi. org/ 10. 1021/ acs. jafc. 5b026 97

Nawaz, M.-E. N., Malik, K., & Hassan, M. N. (2022). Rice-
associated antagonistic bacteria suppress the fusarium 
fujikoroi causing rice bakanae disease. BioControl, 67, 
101–109. https:// doi. org/ 10. 1007/ s10526- 021- 10122-6

https://doi.org/10.1093/jxb/erx109
https://doi.org/10.3390/jof8121250
https://doi.org/10.1128/AEM.00963-05
https://doi.org/10.1128/AEM.00963-05
https://doi.org/10.1016/j.micres.2020.126552
https://doi.org/10.1016/j.micres.2020.126552
https://doi.org/10.1080/03235408.2023.2178056
https://doi.org/10.1080/03235408.2023.2178056
https://doi.org/10.1016/j.biocontrol.2015.06.003
https://doi.org/10.1099/mic.0.052639-0
https://doi.org/10.2741/e806
https://www.mdpi.com/2072-6651/3/7/802
https://www.mdpi.com/2072-6651/3/7/802
https://doi.org/10.3390/toxins8120364
https://doi.org/10.1007/s00216-015-8975-9
https://doi.org/10.1007/s00216-015-8975-9
https://doi.org/10.3390/toxins7072685
https://doi.org/10.3390/toxins7072685
https://www.mdpi.com/2072-6651/9/2/58
https://www.mdpi.com/2072-6651/9/2/58
https://doi.org/10.3390/toxins10030111
https://doi.org/10.1007/978-1-4615-0629-4_3
https://doi.org/10.1111/ppa.13578
https://doi.org/10.1111/mpp.12085
https://doi.org/10.1111/nph.16563
https://doi.org/10.1111/nph.16563
https://doi.org/10.1146/annurev-phyto-020620-102825
https://doi.org/10.1146/annurev-phyto-020620-102825
https://doi.org/10.1007/s10658-020-02173-9
https://doi.org/10.1021/acs.jafc.5b02697
https://doi.org/10.1007/s10526-021-10122-6


473Eur J Plant Pathol (2023) 167:453–476 

1 3
Vol.: (0123456789)

Newitt, J. T., Prudence, S. M. M., Hutchings, M. I., & Wors-
ley, S. F. (2019). Biocontrol of cereal crop diseases using 
streptomycetes. Pathogens, 8. https:// doi. org/ 10. 3390/ 
patho gens8 020078

Nguvo, K. J., & Gao, X. (2019). Weapons hidden underneath: 
Bio-control agents and their potentials to activate plant 
induced systemic resistance in controlling crop fusarium 
diseases. Journal of Plant Diseases and Protection, 126, 
177–190. https:// doi. org/ 10. 1007/ s41348- 019- 00222-y

Nielsen, L. K., Jensen, J. D., Nielsen, G. C., Jensen, J. E., 
Spliid, N. H., Thomsen, I. K., Justesen, A. F., Collinge, 
D. B., & Jørgensen, L. N. (2011). Fusarium head blight 
of cereals in Denmark: Species complex and related 
mycotoxins. Phytopathology, 101, 960–969. https:// doi. 
org/ 10. 1094/ PHYTO- 07- 10- 0188

O’donnell, K., Ward, T. J., Geiser, D. M., Corby Kistler, H., 
& Aoki, T. (2004). Genealogical concordance between 
the mating type locus and seven other nuclear genes sup-
ports formal recognition of nine phylogenetically distinct 
species within the fusarium graminearum clade. Fungal 
Genetics and Biology, 41, 600–623. https:// doi. org/ 10. 
1016/j. fgb. 2004. 03. 003

Oerke, E.-C., Meier, A., Dehne, H.-W., Sulyok, M., Krska, R., 
& Steiner, U. (2010). Spatial variability of fusarium head 
blight pathogens and associated mycotoxins in wheat 
crops. Plant Pathology, 59, 671–682. https:// doi. org/ 10. 
1111/j. 1365- 3059. 2010. 02286.x

Ons, L., Bylemans, D., Thevissen, K., & Cammue, B. P. A. 
(2020). Combining biocontrol agents with chemical fun-
gicides for integrated plant fungal disease control. Micro-
organisms, 8. https:// doi. org/ 10. 3390/ micro organ isms8 
121930

Ou, S. H. (1985). Rice diseases (p. 0851985459). Slough.
Palaniyandi, S. A., Yang, S. H., Zhang, L., & Suh, J. W. (2013). 

Effects of actinobacteria on plant disease suppression 
and growth promotion. Applied Microbiology and Bio-
technology, 97, 9621–9636. https:// doi. org/ 10. 1007/ 
s00253- 013- 5206-1

Palazzini, J., Roncallo, P., Cantoro, R., Chiotta, M., Yerkovich, 
N., Palacios, S., Echenique, V., Torres, A., Ramírez, M., 
Karlovsky, P., & Chulze, S. (2018a). Biocontrol of fusar-
ium graminearum sensu stricto, reduction of deoxyniva-
lenol accumulation and phytohormone induction by two 
selected antagonists. Toxins (Basel), 10. https:// doi. org/ 
10. 3390/ toxin s1002 0088

Palazzini, J. M., Torres, A. M., & Chulze, S. N. (2018b). Tol-
erance of triazole-based fungicides by biocontrol agents 
used to control fusarium head blight in wheat in Argen-
tina. Letters in Applied Microbiology, 66, 434–438. 
https:// doi. org/ 10. 1111/ lam. 12869

Pan, D., Mionetto, A., Tiscornia, S., & Bettucci, L. (2015). 
Endophytic bacteria from wheat grain as biocontrol 
agents of fusarium graminearum and deoxynivalenol 
production in wheat. Mycotoxin Research, 31, 137–143. 
https:// doi. org/ 10. 1007/ s12550- 015- 0224-8

Pandit, M. A., Kumar, J., Gulati, S., Bhandari, N., Mehta, P., 
Katyal, R., Rawat, C. D., Mishra, V., & Kaur, J. (2022). 
Major biological control strategies for plant pathogens. 
Pathogens, 11. https:// doi. org/ 10. 3390/ patho gens1 10202 
73

Parry, D. W., Jenkinson, P., & Mcleod, L. (1995). Fusarium 
ear blight (scab) in small grain cereals—A review. Plant 
Pathology, 44, 207–238. https:// doi. org/ 10. 1111/j. 1365- 
3059. 1995. tb027 73.x

Pasquet, J.-C., Changenet, V., Macadré, C., Boex-Fontvieille, 
E., Soulhat, C., Bouchabké-Coussa, O., Dalmais, M., 
Atanasova-Pénichon, V., Bendahmane, A., Saindrenan, 
P., & Dufresne, M. (2016). A brachypodium udp-glyco-
syltransferase confers root tolerance to deoxynivalenol 
and resistance to fusarium infection. Plant Physiology, 
172, 559–574. https:// doi. org/ 10. 1104/ pp. 16. 00371

Pennington, H. G., Gheorghe, D. M., Damerum, A., Pliego, 
C., Spanu, P. D., Cramer, R., & Bindschedler, L. V. 
(2016). Interactions between the powdery mildew effec-
tor bec1054 and barley proteins identify candidate host 
targets. Journal of Proteome Research, 15, 826–839. 
https:// doi. org/ 10. 1021/ acs. jprot eome. 5b007 32

Pierzgalski, A., Bryła, M., Kanabus, J., Modrzewska, M., & 
Podolska, G. (2021). Updated review of the toxicity of 
selected fusarium toxins and their modified forms. Tox-
ins, 13, 768 https:// www. mdpi. com/ 2072- 6651/ 13/ 11/ 
768

Pieterse, C. M. J., Zamioudis, C., Berendsen, R. L., Weller, D. 
M., Van Wees, S. C. M., & Bakker, P. (2014). Induced 
systemic resistance by beneficial microbes. Annual 
Review of Phytopathology, 52, 347–375. https:// doi. org/ 
10. 1146/ annur ev- phyto- 082712- 102340

Piombo, E., Vetukuri, R. R., Broberg, A., Kalyandurg, P. B., 
Kushwaha, S., Jensen, D. F., Karlsson, M., & Dubey, M. 
(2021). Role of dicer-dependent rna interference in regu-
lating mycoparasitic interactions. Microbiology Spec-
trum, 9, e01099–e01021. https:// doi. org/ 10. 1128/ Spect 
rum. 01099- 21

Piombo, E., Vetukuri, R. R., Sundararajan, P., Kushwaha, S., 
Jensen, D. F., Karlsson, M., & Dubey, M. (2022). Com-
parative small rna and degradome sequencing provides 
insights into antagonistic interactions in the biocontrol 
fungus clonostachys rosea. Applied and Environmental 
Microbiology, 88, e00643–e00622. https:// doi. org/ 10. 
1128/ aem. 00643- 22

Poveda, J., & Eugui, D. (2022). Combined use of trichoderma 
and beneficial bacteria (mainly bacillus and pseu-
domonas): Development of microbial synergistic bio-
inoculants in sustainable agriculture. Biological Control, 
176, 105100. https:// doi. org/ 10. 1016/j. bioco ntrol. 2022. 
105100

Proctor, R. H., Hohn, T. M., & Mccormick, S. P. (1995). 
Reduced virulence of gibberella zeae caused by disrup-
tion of a trichothecene toxin biosynthetic gene. Molecu-
lar Plant-Microbe Interactions, 8, 593–601. https:// doi. 
org/ 10. 1094/ mpmi-8- 0593

Qu, B., Li, H. P., Zhang, J. B., Huang, T., Carter, J., Liao, Y. C., 
& Nicholson, P. (2008). Comparison of genetic diversity 
and pathogenicity of fusarium head blight pathogens from 
China and europe by sscp and seedling assays on wheat. 
Plant Pathology, 57, 642–651. https:// doi. org/ 10. 1111/j. 
1365- 3059. 2008. 01824.x

Quecine, M. C., Kidarsa, T. A., Goebel, N. C., Shaffer, B. 
T., Henkels, M. D., Zabriskie, T. M., & Loper, J. E. 
(2016). An interspecies signaling system mediated by 
fusaric acid has parallel effects on antifungal metabolite 

https://doi.org/10.3390/pathogens8020078
https://doi.org/10.3390/pathogens8020078
https://doi.org/10.1007/s41348-019-00222-y
https://doi.org/10.1094/PHYTO-07-10-0188
https://doi.org/10.1094/PHYTO-07-10-0188
https://doi.org/10.1016/j.fgb.2004.03.003
https://doi.org/10.1016/j.fgb.2004.03.003
https://doi.org/10.1111/j.1365-3059.2010.02286.x
https://doi.org/10.1111/j.1365-3059.2010.02286.x
https://doi.org/10.3390/microorganisms8121930
https://doi.org/10.3390/microorganisms8121930
https://doi.org/10.1007/s00253-013-5206-1
https://doi.org/10.1007/s00253-013-5206-1
https://doi.org/10.3390/toxins10020088
https://doi.org/10.3390/toxins10020088
https://doi.org/10.1111/lam.12869
https://doi.org/10.1007/s12550-015-0224-8
https://doi.org/10.3390/pathogens11020273
https://doi.org/10.3390/pathogens11020273
https://doi.org/10.1111/j.1365-3059.1995.tb02773.x
https://doi.org/10.1111/j.1365-3059.1995.tb02773.x
https://doi.org/10.1104/pp.16.00371
https://doi.org/10.1021/acs.jproteome.5b00732
https://www.mdpi.com/2072-6651/13/11/768
https://www.mdpi.com/2072-6651/13/11/768
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1128/Spectrum.01099-21
https://doi.org/10.1128/Spectrum.01099-21
https://doi.org/10.1128/aem.00643-22
https://doi.org/10.1128/aem.00643-22
https://doi.org/10.1016/j.biocontrol.2022.105100
https://doi.org/10.1016/j.biocontrol.2022.105100
https://doi.org/10.1094/mpmi-8-0593
https://doi.org/10.1094/mpmi-8-0593
https://doi.org/10.1111/j.1365-3059.2008.01824.x
https://doi.org/10.1111/j.1365-3059.2008.01824.x


474 Eur J Plant Pathol (2023) 167:453–476

1 3
Vol:. (1234567890)

production by pseudomonas protegens strain pf-5 and 
antibiosis of fusarium spp. Applied and Environmental 
Microbiology, 82, 1372–1382. https:// doi. org/ 10. 1128/ 
aem. 02574- 15

Reid, L. M., Nicol, R. W., Ouellet, T., Savard, M., Miller, J. 
D., Young, J. C., Stewart, D. W., & Schaafsma, A. W. 
(1999). Interaction of fusarium graminearum and f. Mon-
iliforme in maize ears: Disease progress, fungal biomass, 
and mycotoxin accumulation. Phytopathology®, 89, 
1028–1037. https:// doi. org/ 10. 1094/ phyto. 1999. 89. 11. 
1028

Risoli, S., Petrucci, A., Vicente, I., & Sarrocco, S. (2023). 
Trichoderma gamsii t6085, a biocontrol agent of fusar-
ium head blight, modulates biocontrol-relevant defence 
genes expression in wheat. Plant Pathology, n/a. https:// 
doi. org/ 10. 1111/ ppa. 13773

Rojas, E. C., Jensen, B., Jørgensen, H. J. L., Latz, M., Este-
ban, P., & Collinge, D. B. (2022). The fungal endophyte 
penicillium olsonii ml37 reduces fusarium head blight 
by local induced resistance in wheat spikes. Journal of 
Fungi, 8, 345. https:// doi. org/ 10. 3390/ jof80 40345

Rojas, E. C., Jensen, B., Jørgensen, H. J. L., Latz, M. A. C., 
Esteban, P., Ding, Y., & Collinge, D. B. (2020). Selection 
of fungal endophytes with biocontrol potential against 
fusarium head blight in wheat. Biological Control, 
144, 104222. https:// doi. org/ 10. 1016/j. bioco ntrol. 2020. 
104222

Rojas, E. C., Jørgensen, H. J. L., Jensen, B. & Collinge, D. 
B. 2019. Fusarium diseases: Biology and management 
perspectives. In: Oliver, R. P. (ed.) integrated disease 
management of wheat and barley Cambridge: Burleigh 
Dodds science publishing. https:// doi. org/ 10. 19103/ AS. 
2018. 0039. 02

Rübsam, H., Krönauer, C., Abel, N. B., Ji, H., Lironi, D., 
Hansen, S. B., Nadzieja, M., Kolte, M. V., Abel, D., De 
Jong, N., Madsen, L. H., Liu, H., Stougaard, J., Radu-
toiu, S., & Andersen, K. R. (2023). Nanobody-driven 
signaling reveals the core receptor complex in root nod-
ule symbiosis. Science, 379, 272–277. https:// doi. org/ 10. 
1126/ scien ce. ade92 04

Saravanakumar, K., Dou, K., Lu, Z., Wang, X., Li, Y., & Chen, 
J. (2018). Enhanced biocontrol activity of cellulase from 
trichoderma harzianum against fusarium graminearum 
through activation of defense-related genes in maize. 
Physiological and Molecular Plant Pathology, 103, 130–
136. https:// doi. org/ 10. 1016/j. pmpp. 2018. 05. 004

Saravanakumar, K., Fan, L., Fu, K., Yu, C., Wang, M., Xia, 
H., Sun, J., Li, Y., & Chen, J. (2016). Cellulase from 
trichoderma harzianum interacts with roots and triggers 
induced systemic resistance to foliar disease in maize. 
Scientific Reports, 6, 35543. https:// doi. org/ 10. 1038/ 
srep3 5543

Sarrocco, S. (2023). Biological disease control by beneficial 
(micro)organisms: Selected breakthroughs in the past 50 
years. Phytopathology®, 113, 732–740. https:// doi. org/ 
10. 1094/ phyto- 11- 22- 0405- kd

Sarrocco, S., Esteban, P., Vicente, I., Bernardi, R., Plainchamp, 
T., Domenichini, S., Puntoni, G., Baroncelli, R., Van-
nacci, G., & Dufresne, M. (2021). Straw competition and 
wheat root endophytism of Trichoderma gamsii T6085 
as useful traits in the biocontrol of fusarium head blight. 

Phytopathology, 111, 1129–1136. https:// doi. org/ 10. 
1094/ phyto- 09- 20- 0441-r

Sarrocco, S., Matarese, F., Moncini, L., Pachetti, G., Ritieni, 
A., Moretti, A., & Vannacci, G. (2013). Biocontrol of 
fusarium head blight by spike application of trichoderma 
gamsii. Journal of Plant Pathology, S1, 19–27.

Sarrocco, S., Matarese, F., Moretti, A., Haidukowski, M., 
& Vannacci, G. (2012). Don on wheat crop residues: 
Effects on mycobiota as a source of potential antagonists 
of fusarium culmorum. Phytopathologia Mediterranea, 
51, 225–235.

Sarrocco, S., Mauro, A., & Battilani, P. (2019a). Use of com-
petitive filamentous fungi as an alternative approach for 
mycotoxin risk reduction in staple cereals: State of art 
and future perspectives. Toxins, 11, 701. https:// doi. org/ 
10. 3390/ toxin s1112 0701

Sarrocco, S., Valenti, F., Manfredini, S., Esteban, P., Ber-
nardi, R., Puntoni, G., Baroncelli, R., Haidukowski, M., 
Moretti, A., & Vannacci, G. (2019b). Is exploitation 
competition involved in a multitrophic strategy for the 
biocontrol of fusarium head blight? Phytopathology, 109, 
560–570. https:// doi. org/ 10. 1094/ phyto- 04- 18- 0123-r

Sarrocco, S., & Vannacci, G. (2018). Preharvest application 
of beneficial fungi as a strategy to prevent postharvest 
mycotoxin contamination: A review. Crop Protection, 
110, 160–170. https:// doi. org/ 10. 1016/j. cropro. 2017. 11. 
013

Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., Mcrob-
erts, N., & Nelson, A. (2019). The global burden of 
pathogens and pests on major food crops. Nature Ecol-
ogy & Evolution, 3, 430–439. https:// doi. org/ 10. 1038/ 
s41559- 018- 0793-y

Scherm, B., Balmas, V., Spanu, F., Pani, G., Delogu, G., Pas-
quali, M., & Migheli, Q. (2013). Fusarium culmorum: 
Causal agent of foot and root rot and head blight on 
wheat. Molecular Plant Pathology, 14, 323–341. https:// 
doi. org/ 10. 1111/ mpp. 12011

Schisler, D. A., Slininger, P. J., Boehm, M. J., & Paul, P. A. 
(2011). Co-culture of yeast antagonists of fusarium head 
blight and their effect on disease development in wheat. 
Plant Pathology Journal, 10, 128–137. https:// doi. org/ 
10. 3923/ ppj. 2011. 128. 137

Schöneberg, A., Musa, T., Voegele, R. T., & Vogelgsang, S. 
(2015). The potential of antagonistic fungi for control 
of Fusarium graminearum and Fusarium crookwellense 
varies depending on the experimental approach. Journal 
of Applied Microbiology, 118, 1165–1179.

Simpson, D. R., Rezanoor, H. N., Parry, D. W., & Nichol-
son, P. (2000). Evidence for differential host preference 
in microdochium nivale var. Majus and microdochium 
nivale var. Nivale. Plant Pathology, 49, 261–268. https:// 
doi. org/ 10. 1046/j. 1365- 3059. 2000. 00453.x

Spraker, J. E., Wiemann, P., Baccile, J. A., Venkatesh, N., 
Schumacher, J., Schroeder, F. C., Sanchez, L. M., & Kel-
ler, N. P. (2018). Conserved responses in a war of small 
molecules between a plant-pathogenic bacterium and 
fungi. mBio, 9. https:// doi. org/ 10. 1128/ mBio. 00820- 18

Stenberg, J. A., Sundh, I., Becher, P.  G. et al. (2021). When is 
it biological control? A framework of definitions, mecha-
nisms, and classifications.  Journal of Pest Science, 94, 
665–676. https:// doi. org/ 10. 1007/ s10340- 021- 01354-7

https://doi.org/10.1128/aem.02574-15
https://doi.org/10.1128/aem.02574-15
https://doi.org/10.1094/phyto.1999.89.11.1028
https://doi.org/10.1094/phyto.1999.89.11.1028
https://doi.org/10.1111/ppa.13773
https://doi.org/10.1111/ppa.13773
https://doi.org/10.3390/jof8040345
https://doi.org/10.1016/j.biocontrol.2020.104222
https://doi.org/10.1016/j.biocontrol.2020.104222
https://doi.org/10.19103/AS.2018.0039.02
https://doi.org/10.19103/AS.2018.0039.02
https://doi.org/10.1126/science.ade9204
https://doi.org/10.1126/science.ade9204
https://doi.org/10.1016/j.pmpp.2018.05.004
https://doi.org/10.1038/srep35543
https://doi.org/10.1038/srep35543
https://doi.org/10.1094/phyto-11-22-0405-kd
https://doi.org/10.1094/phyto-11-22-0405-kd
https://doi.org/10.1094/phyto-09-20-0441-r
https://doi.org/10.1094/phyto-09-20-0441-r
https://doi.org/10.3390/toxins11120701
https://doi.org/10.3390/toxins11120701
https://doi.org/10.1094/phyto-04-18-0123-r
https://doi.org/10.1016/j.cropro.2017.11.013
https://doi.org/10.1016/j.cropro.2017.11.013
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.1111/mpp.12011
https://doi.org/10.1111/mpp.12011
https://doi.org/10.3923/ppj.2011.128.137
https://doi.org/10.3923/ppj.2011.128.137
https://doi.org/10.1046/j.1365-3059.2000.00453.x
https://doi.org/10.1046/j.1365-3059.2000.00453.x
https://doi.org/10.1128/mBio.00820-18
https://doi.org/10.1007/s10340-021-01354-7


475Eur J Plant Pathol (2023) 167:453–476 

1 3
Vol.: (0123456789)

Stummer, B. E., Zhang, Q., Zhang, X., Warren, R. A., & Har-
vey, P. R. (2020). Quantification of trichoderma afrohar-
zianum, trichoderma harzianum and trichoderma gamsii 
inoculants in soil, the wheat rhizosphere and in planta 
suppression of the crown rot pathogen fusarium pseu-
dograminearum. Journal of Applied Microbiology, 129, 
971–990. https:// doi. org/ 10. 1111/ jam. 14670

Stummer, B. E., Zhang, X., Yang, H., & Harvey, P. R. (2022). 
Co-inoculation of trichoderma gamsii a5mh and tricho-
derma harzianum tr906 in wheat suppresses in planta 
abundance of the crown rot pathogen fusarium pseu-
dograminearum and impacts the rhizosphere soil fungal 
microbiome. Biological Control, 165, 104809. https:// 
doi. org/ 10. 1016/j. bioco ntrol. 2021. 104809

Sun, L., Chen, X., Gao, J., Zhao, Y., Liu, L., Hou, Y., Wang, 
L., & Huang, S. (2019). Effects of disruption of five fum 
genes on fumonisin biosynthesis and pathogenicity in 
fusarium proliferatum. Toxins (Basel), 11. https:// doi. org/ 
10. 3390/ toxin s1106 0327

Tagele, S. B., Kim, S. W., Lee, H. G., & Lee, Y. S. (2019). 
Potential of novel sequence type of burkholderia ceno-
cepacia for biological control of root rot of maize (zea 
mays l.) caused by fusarium temperatum. International 
Journal of Molecular Sciences, 20, 1005. https:// doi. org/ 
10. 3390/ ijms2 00510 05

Tan, J., Ameye, M., Landschoot, S., De Zutter, N., De Saeger, 
S., De Boevre, M., Abdallah, M. F., Van Der Lee, T., 
Waalwijk, C., & Audenaert, K. (2020). At the scene of 
the crime: New insights into the role of weakly patho-
genic members of the fusarium head blight disease com-
plex. Molecular Plant Pathology, 21, 1559–1572. https:// 
doi. org/ 10. 1111/ mpp. 12996

Tan, J., De Zutter, N., De Saeger, S., De Boevre, M., Tran, T. 
M., Van Der Lee, T., Waalwijk, C., Willems, A., Van-
damme, P., Ameye, M., & Audenaert, K. (2021). Pres-
ence of the weakly pathogenic fusarium poae in the 
fusarium head blight disease complex hampers bio-
control and chemical control of the virulent fusarium 
graminearum pathogen. Frontiers in Plant Science, 12. 
https:// doi. org/ 10. 3389/ fpls. 2021. 641890

Torres Acosta, J. A., Michlmayr, H., Shams, M., Schweiger, 
W., Wiesenberger, G., Mitterbauer, R., Werner, U., 
Merz, D., Hauser, M.-T., Hametner, C., Varga, E., Krska, 
R., Berthiller, F., & Adam, G. (2019). Zearalenone and 
ß-zearalenol but not their glucosides inhibit heat shock 
protein 90 atpase activity. Frontiers in Pharmacology, 
10. https:// doi. org/ 10. 3389/ fphar. 2019. 01160

Uhlig, S., Stanic, A., Hofgaard, I. S., Kluger, B., Schuhmacher, 
R., & Miles, C. O. (2016). Glutathione-conjugates of 
deoxynivalenol in naturally contaminated grain are pri-
marily linked via the epoxide group. Toxins, 8, 329. 
https:// doi. org/ 10. 3390/ toxin s8110 329

Valverde-Bogantes, E., Bianchini, A., Herr, J. R., Rose, D. J., 
Wegulo, S. N., & Hallen-Adams, H. E. (2020). Recent 
population changes of fusarium head blight pathogens: 
Drivers and implications. Canadian Journal of Plant 
Pathology, 42, 315–329. https:// doi. org/ 10. 1080/ 07060 
661. 2019. 16804 42

Vannier, N., Agler, M., & Hacquard, S. (2019). Microbiota-
mediated disease resistance in plants. PLoS Pathogens, 

15, e1007740. https:// doi. org/ 10. 1371/ journ al. ppat. 10077 
40

Venkatesh, N., & Keller, N. P. (2019). Mycotoxins in conversa-
tion with bacteria and fungi. Frontiers in Microbiology, 
10. https:// doi. org/ 10. 3389/ fmicb. 2019. 00403

Vergnes, S., Gayrard, D., Veyssière, M., Toulotte, J., Mar-
tinez, Y., Dumont, V., Bouchez, O., Rey, T., & Dumas, 
B. (2020). Phyllosphere colonization by a soil streptomy-
ces sp. promotes plant defense responses against fungal 
infection. Molecular Plant-Microbe Interactions, 33, 
223–234. https:// doi. org/ 10. 1094/ mpmi- 05- 19- 0142-r

Vicente, I., Baroncelli, R., Morán-Diez, M. E., Bernardi, R., 
Puntoni, G., Hermosa, R., Monte, E., Vannacci, G., & 
Sarrocco, S. (2020). Combined comparative genomics 
and gene expression analyses provide insights into the 
terpene synthases inventory in trichoderma. Microorgan-
isms, 8, 1603. https:// doi. org/ 10. 3390/ micro organ isms8 
101603

Vicente, I., Quaratiello, G., Baroncelli, R., Vannacci, G., & 
Sarrocco, S. (2022). Insights on kp4 killer toxin-like 
proteins of fusarium species in interspecific interactions. 
Journal of Fungi, 8, 968. https:// doi. org/ 10. 3390/ jof80 
90968

Wachowska, U., & Głowacka, K. (2014). Antagonistic interac-
tions between aureobasidium pullulans and fusarium cul-
morum, a fungal pathogen of winter wheat. BioControl, 
59, 635–645. https:// doi. org/ 10. 1007/ s10526- 014- 9596-5

Walther-Larsen, H., Brandt, J., Collinge, D. B., & Thordal-
Christensen, H. (1993). A pathogen-induced gene of 
barley encodes a HSP90 homologue showing striking 
similarity to vertebrate forms resident in the endoplasmic 
reticulum. Plant Molecular Biology, 21, 1097–1108.

Wang, Z., & Song, Y. (2022). Toward understanding the 
genetic bases underlying plant-mediated “cry for help” 
to the microbiota. iMeta, 1, e8. https:// doi. org/ 10. 1002/ 
imt2.8

Win, T. T., Bo, B., Malec, P., Khan, S., & Fu, P. (2021). Newly 
isolated strain of trichoderma asperellum from disease 
suppressive soil is a potential bio-control agent to sup-
press fusarium soil borne fungal phytopathogens. Jour-
nal of Plant Pathology, 103, 549–561. https:// doi. org/ 10. 
1007/ s42161- 021- 00780-x

Winter, M., Samuels, P. L., Dong, Y., & Dill-Macky, R. (2019). 
Trichothecene production is detrimental to early root col-
onization by fusarium culmorum and f. Graminearum in 
fusarium crown and root rot of wheat. Plant Pathology, 
68, 185–195. https:// doi. org/ 10. 1111/ ppa. 12929

Woo, S. L., Hermosa, R., Lorito, M., & Monte, E. (2023). 
Trichoderma: A multipurpose, plant-beneficial microor-
ganism for eco-sustainable agriculture. Nature Reviews. 
Microbiology, 21, 312–326. https:// doi. org/ 10. 1038/ 
s41579- 022- 00819-5

Wulff, E. G., Sørensen, J. L., Lübeck, M., Nielsen, K. F., 
Thrane, U., & Torp, J. (2010). Fusarium spp. associated 
with rice bakanae: Ecology, genetic diversity, patho-
genicity and toxigenicity. Environmental Microbiology, 
12, 649–657. https:// doi. org/ 10. 1111/j. 1462- 2920. 2009. 
02105.x

Xu, X.-M., Monger, W., Ritieni, A., & Nicholson, P. (2007a). 
Effect of temperature and duration of wetness during 
initial infection periods on disease development, fungal 

https://doi.org/10.1111/jam.14670
https://doi.org/10.1016/j.biocontrol.2021.104809
https://doi.org/10.1016/j.biocontrol.2021.104809
https://doi.org/10.3390/toxins11060327
https://doi.org/10.3390/toxins11060327
https://doi.org/10.3390/ijms20051005
https://doi.org/10.3390/ijms20051005
https://doi.org/10.1111/mpp.12996
https://doi.org/10.1111/mpp.12996
https://doi.org/10.3389/fpls.2021.641890
https://doi.org/10.3389/fphar.2019.01160
https://doi.org/10.3390/toxins8110329
https://doi.org/10.1080/07060661.2019.1680442
https://doi.org/10.1080/07060661.2019.1680442
https://doi.org/10.1371/journal.ppat.1007740
https://doi.org/10.1371/journal.ppat.1007740
https://doi.org/10.3389/fmicb.2019.00403
https://doi.org/10.1094/mpmi-05-19-0142-r
https://doi.org/10.3390/microorganisms8101603
https://doi.org/10.3390/microorganisms8101603
https://doi.org/10.3390/jof8090968
https://doi.org/10.3390/jof8090968
https://doi.org/10.1007/s10526-014-9596-5
https://doi.org/10.1002/imt2.8
https://doi.org/10.1002/imt2.8
https://doi.org/10.1007/s42161-021-00780-x
https://doi.org/10.1007/s42161-021-00780-x
https://doi.org/10.1111/ppa.12929
https://doi.org/10.1038/s41579-022-00819-5
https://doi.org/10.1038/s41579-022-00819-5
https://doi.org/10.1111/j.1462-2920.2009.02105.x
https://doi.org/10.1111/j.1462-2920.2009.02105.x


476 Eur J Plant Pathol (2023) 167:453–476

1 3
Vol:. (1234567890)

biomass and mycotoxin concentrations on wheat inocu-
lated with single, or combinations of, fusarium species. 
Plant Pathology, 56, 943–956. https:// doi. org/ 10. 1111/j. 
1365- 3059. 2007. 01650.x

Xu, X., Nicholson, P., & Ritieni, A. (2007b). Effects of fun-
gal interactions among fusarium head blight pathogens 
on disease development and mycotoxin accumulation. 
International Journal of Food Microbiology, 119, 67–71. 
https:// doi. org/ 10. 1016/j. ijfoo dmicro. 2007. 07. 027

Xu, X. M., & Jeger, M. J. (2013). Theoretical modeling sug-
gests that synergy may result from combined use of two 
biocontrol agents for controlling foliar pathogens under 
spatial heterogeneous conditions. Phytopathology, 103, 
768–775. https:// doi. org/ 10. 1094/ PHYTO- 10- 12- 0266-R

Xu, X. M., & Nicholson, P. (2009). Community ecology of 
fungal pathogens causing wheat head blight. Annual 
Review of Phytopathology, 47, 83–103. https:// doi. org/ 
10. 1146/ annur ev- phyto- 080508- 081737

Xue, A. G., Chen, Y., Voldeng, H. D., Fedak, G., Savard, M. 
E., Längle, T., Zhang, J., & Harman, G. E. (2014). Con-
centration and cultivar effects on efficacy of clo-1 biofun-
gicide in controlling fusarium head blight of wheat. Bio-
logical Control, 73, 2–7. https:// doi. org/ 10. 1016/j. bioco 
ntrol. 2014. 02. 010

Yang, F., Jensen, J. D., Svensson, B., Jørgensen, H. J. L., 
Collinge, D. B., & Finnie, C. (2010). Analysis of early 

events in the interaction between fusarium graminearum 
and the susceptible barley (hordeum vulgare) cultivar 
scarlett. Proteomics, 10, 3748–3755. https:// doi. org/ 10. 
1002/ pmic. 20100 0243

Yerkovich, N., Cantoro, R., Palazzini, J. M., Torres, A., & 
Chulze, S. N. (2020). Fusarium head blight in Argentina: 
Pathogen aggressiveness, triazole tolerance and biocon-
trol-cultivar combined strategy to reduce disease and 
deoxynivalenol in wheat. Crop Protection, 137, 105300. 
https:// doi. org/ 10. 1016/j. cropro. 2020. 105300

Zahn, G., & Amend, A. S. (2017). Foliar microbiome trans-
plants confer disease resistance in a critically-endangered 
plant. PeerJ, 5, e4020. https:// doi. org/ 10. 7717/ peerj. 4020

Zapparata, A., Baroncelli, R., Durling, M. B., Kubicek, C. P., 
Karlsson, M., Vannacci, G., & Sarrocco, S. (2021). Fun-
gal cross-talk: An integrated approach to study distance 
communication. Fungal Genetics and Biology, 148. 
https:// doi. org/ 10. 1016/j. fgb. 2021. 103518

Zhang, X., Wu, Q., Cui, S., Ren, J., Qian, W., Yang, Y., He, 
S., Chu, J., Sun, X., Yan, C., Yu, X., & An, C. (2015). 
Hijacking of the jasmonate pathway by the mycotoxin 
fumonisin b1 (fb1) to initiate programmed cell death in 
arabidopsis is modulated by rglg3 and rglg4. Journal of 
Experimental Botany, 66, 2709–2721. https:// doi. org/ 10. 
1093/ jxb/ erv068

https://doi.org/10.1111/j.1365-3059.2007.01650.x
https://doi.org/10.1111/j.1365-3059.2007.01650.x
https://doi.org/10.1016/j.ijfoodmicro.2007.07.027
https://doi.org/10.1094/PHYTO-10-12-0266-R
https://doi.org/10.1146/annurev-phyto-080508-081737
https://doi.org/10.1146/annurev-phyto-080508-081737
https://doi.org/10.1016/j.biocontrol.2014.02.010
https://doi.org/10.1016/j.biocontrol.2014.02.010
https://doi.org/10.1002/pmic.201000243
https://doi.org/10.1002/pmic.201000243
https://doi.org/10.1016/j.cropro.2020.105300
https://doi.org/10.7717/peerj.4020
https://doi.org/10.1016/j.fgb.2021.103518
https://doi.org/10.1093/jxb/erv068
https://doi.org/10.1093/jxb/erv068

	Understanding the mechanisms underlying biological control of Fusarium diseases in cereals
	Abstract 
	Introduction
	The diseases
	Fusarium mycotoxins
	Biological roles of mycotoxins
	Detoxification of mycotoxins
	A brief introduction to biological control solutions
	BCA solutions to control fusarium diseases on cereals
	Reduction of disease incidence and disease severity
	Modes of action of BCAs and their role in the control of fusarium diseases in cereals
	Interactions among fusarium species and the reflection on BCAs activity
	Interactions between BCAs and the plant microbiome
	Challenges ahead for exploitation of microbiomes and understanding biological control
	Concluding remarks
	References


