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Abstract
This review presents biocontrol agents employed to alleviate the deleterious effect of the pathogen Fusarium graminearum 
on maize. The control of this mycotoxigenic phytopathogen remains elusive despite the elaborate research conducted on 
its detection, identification, and molecular fingerprinting. This could be attributed to the fact that in vitro and greenhouse 
biocontrol studies on F. graminearum have exceeded the number of field studies done. Furthermore, along with the variances 
seen among these F. graminearum suppressing biocontrol strains, it is also clear that the majority of research done to tackle 
F. graminearum outbreaks was on wheat and barley cultivars. Most fusariosis management related to maize targeted other 
members of Fusarium such as Fusarium verticillioides, with biocontrol strains from the genera Bacillus and Pseudomonas 
being used frequently in the experiments. We highlight relevant current techniques needed to identify an effective biofungi-
cide for maize fusariosis and recommend alternative approaches to reduce the scarcity of data for indigenous maize field trials.
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Introduction

Fungal pathogens pose a great challenge to grain produc-
tion in several regions of the world. The threat is reported 
in many continents with the members of the Fusarium spp. 
still frequently encountered as causative agents of fusariosis. 
The dominant species of Fusarium that cause maize rots 
worldwide are F. verticillioides, F. graminearum, F. culmo-
rum, and F. proliferatum; the more recent but less significant 
species include F. subglutinans, F. sporotrichioides, and F. 
temperatum (Czembor et al. 2015; Summerell and Leslie 
2011). Significant genetic and morphological diversity was 
observed within species associated with F. graminearum 
across geographic regions (Przemieniecki et al. 2014; van 
der Lee et al. 2015) and this prompted researchers to estab-
lish the F. graminearum species complex (FGSC). Species 

within the FGSC cause head blight diseases and serious rots 
of several cereal crops, such as maize, barley, and wheat 
worldwide (Sampietro et al. 2012; Yang et al. 2013). They 
are still responsible for the periodic epidemics of fusariosis 
that result in significant economic losses due to reduction in 
grain yield and quality.

Production of maize in developing countries occupies 
nearly 100 million hectares and 70% of the total maize pro-
duced in the developing world, where demand is expected to 
double by 2050, comes from low and lower middle income 
countries (Cairns et al. 2012). Members of the FGSC such 
as F. graminearum sensu stricto belonging to lineage seven 
secrete toxins that include nivalenol (NIV), deoxynivalenol 
(DON), and zearalenone (ZEA), and the presence of these 
phytopathogens or their toxins in cereal grains pose a threat 
to public health. The toxic effect on animals and humans of 
these mycotoxins in several geographic regions globally is a 
cause for concern (McMullen et al. 2012; Varga et al. 2015).

Fusarium graminearum clade, comprising at least 16 
phylogenetically distinct species, was divided into various 
species using nucleic acid based techniques (Aoki et al. 
2012; O’Donnell et al. 2004; Wang et al. 2011). FGSC were 
identified based on evolutionary mechanisms and a simulta-
neous analysis of multiple sequences (loci) using diagnostic 
methods involving genealogical concordance phylogenetic 
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species recognition (GCPSR) loci and multilocus genotyp-
ing assay (MLGT) loci (O’Donnell et al. 2004, 2008). The 
GCPSR approach supports the determination of similarities 
and boundaries between fungal species while the MLGT 
method relies on an analysis of single nucleotide polymor-
phism (SNPs). Both methods generate a marker database 
used to monitor taxon migration, variances within a popu-
lation, and the mycotoxin dispersal within species (Zhang 
et al. 2012).

Controlling the emergence of fusariosis or rots on maize 
caused by F. graminearum with chemicals has been difficult, 
largely due to the nature of the pathogen and the prevailing 
climatic conditions (Bacon and Hinton 2007). For example, 
F. graminearum enters the maize through the silk-channel 
for ear rot infections and also enters maize ears through inju-
ries inflicted on kernels by insects or birds (Sutton 1982; 
Zhang et al. 2012). Earlier studies showed that the acute-
ness of ear rot symptoms increases during cool tempera-
tures (below 23 °C) accompanied by rainfall, and that only F. 
graminearum produces DON under wet conditions (Doohan 
et al. 2003) (Table 1).

The application of chemical fungicides on maize seed-
lings prior to planting has not been effective in fusariosis 
management, rather it leads to significant increases in myco-
toxin concentrations in plants (Pereira et al. 2009; Small 
et al. 2012a, b). The ascomycota F. graminearum causes 
fusariosis with different symptoms (ear rot, root rot, and leaf 
rot) in maize, resulting in poor grain yield and accumulation 
of fungal mycotoxins (DON, NIV, and ZEA) in the grain 
(Wang et al. 2011).

A thorough study of the problem and effective control 
strategies of this disease in relation to maize production is 
still necessary. Most research has leaned toward using bio-
logical control as an alternative for alleviating plant diseases 
rather than chemical control (Babalola and Glick 2012; Hey-
dari and Pessarakli 2010), and large numbers of bacterial 
species, predominantly Pseudomonas and Bacillus strains, 
have been frequently identified to be highly antagonistic 
against agents of fusariosis (Pérez-Montaño et al. 2014).

The most common approach utilized for biocontroller 
innovation chain was proposed by (Bailey et al. 2010), and 
involves (a) screening and early discovery of strains, (b) 
proof of field applicability, (c) fermentation development 
procedures, (d) formulation and application into technologi-
cal platforms, and lastly (e) implementation into farming 
systems. To date, many of the studies do not pass the screen-
ing stages; few studies have identified or reported commer-
cialized biocontrollers for FGSC. Often, laboratory assess-
ment data that are temporary screening methods are the only 
reports which are readily available, while field experimental 
studies are not readily available. Even when available, most 
reports show no relationship between the reactions in vitro 
and in planta. Ta
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Several factors affect the efficacy of potential biocon-
trol agents in field experiments ranging from culture for-
mulations, dosage of microbial inoculants, crop cultivars, 
experimental site, and changing weather conditions. The 
compatibility of a PGPR strain with commonly used fungi-
cides, spermosphere, and rhizosphere competence are pre-
requisites for reproducible biological control activity during 
field studies. Reports involving field studies showing the 
successful use of an antagonist during plant disease man-
agement are not readily available (Xu et al. 2009). In planta 
studies often give a realistic indication of the biocontrol 
measure achievable in real-time environmental situations. 
This article primarily discusses the strategies used in finding 
biocontrol agents that are able to suppress maize fusariosis 
caused by F. graminearum. It further highlights the efforts 
made at providing biocontrollers for the management of F. 
graminearum maize fusariosis.

Screening approaches used for selecting 
Fusarium graminearum biocontrollers

When selecting for a biocontrol agent (BCA), it is para-
mount to have a clear understanding of the expected result. 
Will the BCA only disrupt infection stages or will it elimi-
nate toxin production and reduce disease severity? Will the 
BCA stop the onset of disease? Previous reports demon-
strate that there is a positive linear relationship between the 
occurrence of fusariosis and toxin contamination (Wegulo 
2012; Wegulo et al. 2015). Köhl et al. (2011), concluded 
that most screening approaches that have been employed 
have focused on antagonistic efficacy shown by a potential 
biological control strain during in vitro or greenhouse tests 
as the criteria for their selection. Many did not highlight 
other characteristics of the potential biocontrol strain that 
would be relevant for commercial exploitation during their 
screening approaches (Köhl et al. 2011; Walsh et al. 2001), 
in their reviews proposed screening approaches and com-
mercialization strategies that could be adopted for selecting 
BCAs. Figure 1 describes the sequence of events that take 
place from the isolation stage of a potential biocontrol strain 
to its commercialisation. This sequence that could lead to 
successful commercialization specifically targets biocon-
trollers for the management of maize fusariosis and is the 
discourse of this review.

Since most potential antagonists are selected following 
the screening steps described in Fig. 1, it is likely that a 
large number of microbial isolates can be found showing 
antagonism in experimental studies yet they are not suitable 
for commercial use. A potential biocontrol strain may be too 
expensive for mass fermentation production; its inoculum 
during product formulation may not have a long shelf life, 
and its target end users may be too few for its large-scale 

production. A good screening approach would include com-
mercial aspects in the early stage of selecting a potential 
biocontrol strain, ensuring the strain meets the specifica-
tions needed for commercial application (Kamilova and de 
Bruyne 2013).

Potential biocontrol strains evaluated 
in vitro

The progression in determining the biocontrol potential of a 
rhizospheric isolate for the inhibition of fungal phytopatho-
gens includes in vitro tests, such as the dual culture agar 
plate test. In this test, the inhibitory or cidal capability of the 
antagonists or their metabolites is investigated. The in vitro 
tests are mostly used to select for the most effective isolates, 
which are then utilized in further plant bioassay conducted 
with crop seedlings. This initial step narrows down the total 
number of microbial isolates that show presumptive antago-
nistic potential. The inhibition is identified by zones of clear-
ing seen around the pathogen. For example, Fig. 2a shows 
the inhibition of the mycelia growth of F. graminearum by 
some Bacillus spp,. and Fig. 2b shows the inhibitory effect of 
the secondary metabolite of Bacillus strain BS10.5 against 
same pathogens. These zones of clearing on the agar plates 
signify the rate of susceptibility of the pathogen.

The in vitro culture selection process is a necessary sys-
tematic, comprehensive method for high throughput screen-
ing of microbes for antifungal activity (Shehata et al. 2016b). 
Although laborious, the method captures the majority of the 
microbes, both weak and strong, that can suppress pathogen 
proliferation in planta. This provides strong evidence that a 
BCA performing very well in planta, was first identified or 
chosen from a numerous pool of potential strains. However, 
the possibility of overlooking strains that could have strong 
field viability and efficacy, but exhibiting weak in vitro 
antagonistic potential is not always considered (Schöneberg 
et al. 2015). In vitro tests could also include monitoring seed 
assays in petri dishes or conical flasks for a specific length 
of time for disease manifestation or improved plant growth 
(Abd El Daim et al. 2015).

In most in vitro tests, the rhizobacteria strains utilized 
include Azotobacter, Bacillus, Azospirillum, Pseudomonas, 
and Spirulina species (Wang et al. 2007). The study by 
Abdulkareem et al. (2014) showed that Azotobacter chroo-
coccum, Bacillus pumilus, Azospirillum sp., and B. subtilis 
isolated from the cucumber rhizosphere reduced the myce-
lia growth of F. graminearum in a dual culture test. The 
Azospirillum sp. produced volatile inhibitory metabolites, 
but the secretion of the metabolites was dependent on the 
growth phases. The antagonistic effect of the Azospirillum 
sp. disappeared at day 7, however, that of the B. subtilis 
continued after day 7. Similarly, Bacillus strains (As.43.3, 
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As.43.4, and IB) inhibiting F. graminearum and producing 
lipopeptides, iturin, fengycin, surfactin, were employed by 
Wang et al. (2007) and Dunlap et al. (2011) in their in vitro 
assay. (Cordero et al. 2012), reported that Pseudomonas 
MGR39 inhibited F. graminearum by producing hydrogen 
cyanide (HCN) and pyrrolnitrin, which were detected bio-
chemically and by polymerase chain reaction (PCR) ampli-
fication. Active phenolic acids and siderophores were also 
identified to be responsible for the antifungal activity against 
some FGSC during the in vitro study by Laslo et al. (2012) 
and Pagnussatt et al. (2014). From the studies reviewed, the 
selection processes could have been less laborious if dif-
ferential and selective chromogenic detection methods that 
target specific genera were included in the isolation stages. 
It was also evident that the growth requirements for the 
candidate biocontrol strains varied and played a significant 
role in the production of the active metabolites. The growth 
phases and conditions must be carefully considered during 
the in vitro selection process.

In vitro molecular approaches for detecting 
biocontrol strains, mechanisms of action, 
and application of plant–microbe 
interaction

Following the culture selection stage described above, 
detection of novel candidates harboring novel or known 
antimicrobial compounds and detection of novel antimicro-
bial compounds in known biocontrol candidates is another 
important in vitro selection process. Understanding the 
mode of action of the antimicrobials secreted by biocontrol 
candidates cannot be understated. A combination of action 
mechanisms, which are not limited to antibiotic secretion, 
ethylene production regulation, iron sequestration and nutri-
ent competition, hydrogen cyanide production, solubilisation 
of phosphate, release of lytic enzymes, hormone phytostimu-
lation, acetoin, and butanediol production, are employed by 
biocontrol organisms to suppress plant pathogens. These 
mechanisms of action have been adequately reviewed (Ali 

Fig. 1   Flow diagram of the sequence of events that take place from the isolation stage of a potential biocontrol strain to its commercialisation
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et al. 2015; Babalola 2010; Lugtenberg and Kamilova 2009; 
Raaijmakers and Mazzola 2012).

The mechanism of action employed by beneficial organ-
isms is largely dependent on the plant host responses. Crop 
plants and their secretions play an important role in micro-
bial community structure. Hence, there is a need to develop 
techniques that assist in understanding the interactions that 
exist between the plant hosts and their resident microbe 
(Huang et al. 2014). To better understand plant–microbe 
interactions, novel and current techniques such as microarray 
systems, quantitative real-time PCR (qRT-Pcr), subtractive 
hybridization, serial analysis of gene expression (SAGE), 
northern blotting, and next-generation sequencing (NGS) 
have been employed. These technologies have given better 
insights into gene expression, have helped select robust bio-
control candidates, and also increased the knowledge of the 
capabilities possessed by well-known biocontrol candidates 
(Knief 2014).

For example, using molecular genetics (mutant selection, 
transposon mutagenesis), or genomics (PCR techniques), 
one can deliberately target candidate strains harboring two 
or more biosynthetic genes while discarding strains lacking 
the presence of known biosynthetic gene clusters (Mousa 
and Raizada 2015; Mousa et al. 2015; Shehata et al. 2016a). 
Metagenomics studies evaluating microbial diversity of 
resident flora of symptomatic/diseased crop/plant parts 
(stalks, stems, and roots), rhizosphere, endosphere, and 
phyllosphere for suppressiveness have also been employed 

to run a comparison between low fusarium-colonized sam-
ples and highly colonized ones (Köhl et al. 2015). Presently, 
genomic and structural analyses have also become valuable 
for unraveling the functional assets of beneficial organisms. 
For example, transposon mutagenesis and whole genome 
mining of Paenibacillus polymyxa strain A26 revealed that 
the mode of action of P. polymyxa against F. graminearum 
and F. culmorum was not limited to production of fusaricidin 
but also involved polymyxins and other novel non-ribosomal 
lipopeptides (Abd El Daim et al. 2015).

In recent years, efficiently designed RNA interference 
(RNAi) plant protection approaches involving the manipu-
lation of major biosynthetic pathways in invading pathogens 
are being employed. The RNAi technique is a gene attenu-
ation method used to develop transgenic pathogen resistant 
crops and identify gene function in microbes. These plants 
possess the RNAi machinery which they use as a defense 
mechanism (RNA silencing or co-suppression mechanism) 
against invading pathogens (Cairns et al. 2016; Schumann 
et al. 2013; Wang and Jin 2016). To silence an endogenous 
gene in a plant, an effective method would be to transform 
the plant with a gene construct that encodes a hairpin RNA 
(hpRNA) (Helliwell and Waterhouse 2003). The constructs 
are expressed in plants through plasmid delivery, or viral 
or bacterial vectors, and specifically target the invading 
microbe they are supposed to silence (Wani et al. 2010). 
Currently, improved RNAi methods are being exploited 
in plant management strategies, some of which target the 

Fig. 2   a Inhibition zones of F. graminearum and F. culmorum by Bacillus isolates in co-culture in vitro test. b Inhibition of F. graminearum by 
cell-free supernatants of B. velezensis strain BS10.5 and Nystatin Adeniji AA: photo extracted from Ph.D. Thesis
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Fusarium spp. (Chen et al. 2015; Koch et al. 2016; Schu-
mann et al. 2013).

The phenome-based functional analysis approach has also 
been recently employed for understanding the functional-
ity of candidate BCA being selected for the management 
of maize fusariosis. It has also been used in the identifica-
tion of putative transcription factors (TFs), characterization 
of functional genes, and identification of unique traits in 
phytopathogens such as F. graminearum (Son et al. 2011). 
Another breakthrough that revolutionized the application 
of NGS in plant–microbe interaction is the use of RNA 
sequencing (RNA-seq) in transcriptome research. Dur-
ing RNA-seq, a transcriptome, being a collection of all 
the transcripts (RNAs) present in a given cell, is evaluated 
qualitatively and quantitatively at a particular moment of 
cell development or during a specific physiological condi-
tion (Wang et al. 2009), yielding unbiased transcripts with 
dynamic detection range (Marguerat and Bahler 2010; Pinto 
et al. 2011). RNA-seq analysis can be used for both explora-
tory and quantitative assessment. Furthermore, RNA-seq is 
useful in understanding the transcriptional profile of BCAs 
(identification of genes involved in production of second-
ary metabolites) and understanding the resistance elicited 
by host crops against invading phytopathogens. With the 
use of RNA-seq, activation of antibiotic genes in BCAs and 
defense-related genes in maize artificially infected with F. 
graminearum were shown to be time dependent (Kröber 
et al. 2016; Zhang et al. 2015). Furthermore, RNA-seq has 
been used to determine the mechanisms that regulate micro-
bial metabolite synthesis (either in pathogen or BCA) and 
metabolite function in the microbial cell, which has become 
a major priority for plant pathologists (Mwita et al. 2016; 
Sieber et al. 2014).

Information on how a specific genera of bacteria attaches 
to, colonies and proliferates on plant, or plant parts will 
assist in determining if a strain from such genera would be 
an effective BCA. Unraveling the plant microbiome is cru-
cial to identifying microbes that can be exploited for plant 
growth promotion and bioprotection (Huang et al. 2014). 
For example, F. graminearum persists in soil and infects 
both systemically and superficially (Martinez-Alvarez et al. 
2016). Therefore, an effective BCA for its control must 
exhibit both endophytic and exophytic action mechanisms. 
Babalola (2010) affirmed that effective reduction of disease 
symptoms by a BCA is dependent on (a) how aggressively 
such BCA colonizes plant parts and (b) how it dominates 
the surrounding ecological niche. Also, plant–microbe 
interactions are dependent on several abiotic factors. Hav-
ing knowledge of when environmental factors such as pH, 
temperature, or moisture favors the growth of the pathogen 
or BCA on the host plant is crucial to disease management. 
It is evident that when structural and functional assets of 
host plants, candidate BCAs, and invading phytopathogens 

are known or better understood, effective disease manage-
ment strategies can be proffered. The in vitro techniques 
and approaches mentioned above are valuable in detecting 
biocontrol strains, identifying the mechanisms they employ 
against phytopathogens, and understanding plant–microbe 
interactions.

Greenhouse evaluation of promising 
biocontrol strains

Following in vitro assessments, most research proceeds to 
conduct greenhouse experiments to ascertain the appropri-
ateness of a selected BCA for crop protection. The green-
house-controlled assay provides a promising strain of BCA 
with a stable environmental condition for survival and pro-
liferation. Here, commercial potting soil or synthetic mixes 
of loamy sand, sandy clay loam, or sandy loam soil may be 
used as the soil medium. The soil could be pasteurized or 
heat-treated to create an axenic or gnotobiotic condition. 
Light intensity, water availability, soil amount, seed type, 
and pot size are also controlled. Greenhouse experiments 
are employed to evaluate any potential BCAs that have 
passed the in vitro test. Results obtained from the green-
house show more reliability and are most suitable to pro-
duce a BCA that can pass on to commercialisation. Some 
potential isolates from the in vitro studies become less effec-
tive, or very ineffective, during the greenhouse experiments. 
Bacillus mojavensis strain RRC 101, a patented endophyte, 
was antagonistic in vitro against F. graminearum and seven 
other related species, but became ineffective against F. pseu-
dograminearum and F. verticillioides during growth room 
assay (Bacon and Hinton 2007).

Trichoderma spp., Stenotrophomonas maltophilia, Pseu-
domonas corrugata, P. polymyxa strain (C1-8-b, W1-14-3, 
1D6, 4G12, and 4G4), B. subtilis strains (MAA03, MR-11 
and MRF), and P. fluorescens strain MAA10 were utilized 
in different growth chamber and greenhouse experiments 
(Dal Bello et al. 2002; He et al. 2009; Moussa et al. 2013; 
Pandey et al. 2001). The ability of the isolates to control 
maize phytopathogens (Pythium ultimum, P. arrhenom-
anes, and F. graminearum, F. moniliforme, Macrophomina 
phaseolina) varied extensively. The experiments conducted 
in vitro and in the greenhouse showed that the isolates var-
ied in their ability to inhibit Fusarium mycelial growth and 
reduce toxin production respectively. During the greenhouse 
assays, all the isolates evaluated for disease reduction exhib-
ited suppressive effect, but their level of aggression during 
proliferation and colonization of the root zones differed. Fur-
thermore, some of the candidate strains were also found to 
exhibit high resistance to antibiotics, a potential that could 
enhance their environmental survival rate. The use of the 
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strains either in combination or separately also significantly 
affected the plant growth parameters evaluated.

Most of the reports from the greenhouse experiments 
gave adequate information on the effectiveness and the 
mechanism of action of the BCA applied. For example, two 
greenhouse trials conducted by Mousa et al. (2015), during 
summers of 2012 and 2013 showed that endophytic Citro-
bacter sp. and P. polymyxa spp. suppressed the F. gramine-
arum and symptoms in maize. Only 4 highly potent iso-
lates out of 215 isolated from three varieties of maize (wild, 
traditional, and modern maize) exhibited broad antifungal 
spectrum during in vitro analysis. Three P. polymyxa strains 
(1D6, 4G12, and 4G4) from the four isolated from the wild 
maize cultivar, harbored the biosynthetic gene responsible 
for the synthesis of fusaricidin, an anti-fusarium compound. 
The Citrobacter strain (3H9) from modern maize was the 
least potent of the four. However, it caused a higher DON 
reduction during storage. Without the data to prove the 
efficacy of a potential BCA for crop protection or disease 
suppression under controlled environment, the claims for 
the suitability of such BCA might be labeled speculative. 
Greenhouse experiments provide data showing strong evi-
dence for such claims.

Field trials conducted with potential 
biocontrol strains

Field trials under natural conditions help in selecting BCAs 
that are more suitable for further biotechnological studies. 
Under field trials, fluctuations in climatic conditions are 
naturally expected and it is significant to analyze how envi-
ronmental factors will affect the effectiveness and survival 
of BCAs. The viability and biocontrol capacity of several 
antagonists are reduced when applied in the field compared 
to the in vitro and greenhouse assays. During the field trials, 
the effectiveness of a BCA in suppressing disease severity 
and toxin production, its ability to tolerate environmental 
conditions and remain viable both during field application 
and in storage is crucial. Few articles have reported the pro-
gression from in vitro tests directly to the field experiments. 
By bypassing the greenhouse, is it possible to determine the 
degree of suppression likely to be exhibited by a potential 
biocontrol strain in the real-time environmental situation?

Lysobacter enzymogenes strain C3, an antagonist of F. 
graminearum was also reported by Jochum et al. (2006), 
to improve the growth of several wheat cultivars through 
induced resistance in the greenhouse. After establishing 
the effectiveness of the bacterium in suppressing the patho-
genic effects of F. graminearum, the authors further carried 
out four field experiments to ascertain the suitability of the 
strains as a biocontrol agent for FHB. The data revealed 
that when L. enzymogenes C3 was used singly as a crop 

treatment, it showed inconsistencies in the field. However, 
its potency was restored when combined with the fungicide 
tebuconazole. A similar study by Luongo et al. (2005) deter-
mined the efficacy of several saprophytic fungi isolated from 
necrotic plant tissues, stubbles, straw, seed surfaces, phyl-
losphere, or roots of cereal crops to suppress the sporulation 
and saprophytic colonization of several pathogenic Fusarium 
spp. on wheat and maize crop residues. F. graminearum was 
part of the toxigenic fusarium tested against. The bioassay 
(in vitro petri dish test and preliminary field test) involved 
applying several of the antagonists to pieces of maize stalks 
and flowering maize ears. From the saprophytic fungi, 
the most effective antagonist against F. graminearum was 
T. harzianum. Clonostachys rosea exhibited the strongest 
inhibition against all the six Fusarium spp. by reducing 
their sporulation. The antagonists C. cladosporioide and F. 
equiseti showed appreciable inhibition range against F. pro-
liferatum and F. verticillioides but not on F. culmorum nor 
F. graminearum. The mode of action proposed for C. rosea 
was competitive colonization.

Another field experiment with adequate data was car-
ried out by Zhao et al. (2014). In the study, application of 
the strain Bacillus SG6 caused significant changes in the 
parameters considered (such as crop yield, FHB index, and 
DON production). Bacillus SG6 also effectively inhibited 
the growth and sporulation of F. graminearum in vitro. 
When compared during the field trial with carbendazim (the 
chemical fungicide widely used in China for the control of 
FHB), its effectiveness was more pronounced. The strain 
SG6 was reported to harbor five genes (bmyB, fenD, ituC, 
srfAA, and bacA) known for the secretion of antimicrobial 
peptides. Through ultrastructural microscopy, the authors 
further showed that the SG6 inhibited F. graminearum by 
either disrupting its hyphae or lysing its cell wall. They 
observed that although the majority of these field studies 
were targeted against F. graminearum, many of the studies 
involved protection of wheat and barley. The reason for these 
biases was, however, not stated.

Efficacy and stability of biocontrol strains

Regarding the survivability and effectiveness of a BCA in 
the field, producers and end users of the BCAs give differ-
ent reports. End users complain that BCAs are inconsistent 
under natural conditions compared to the expected informa-
tion given by the scientist introducing the BCA. Because the 
scientist proved the effectiveness of the BCA in the experi-
mental tests, he assumes high reliability of the product. 
However, most BCAs that have been proven stable and effec-
tive had to pass a series of evaluative tests by the end users 
even after the field trials carried out by the scientists. The 
scientists must, therefore, prepare to carry out experimental 
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trials to suit the needs of expected end users. During these 
trials, scientists should take into consideration critical fac-
tors that could influence the effectiveness and stability of the 
BCA. Such factors include the soil environment in which 
the BCA will be introduced, genotype of plant for which 
the BCA is being manufactured, delivery mode by which 
the BCA would be applied, the beneficial, neutral, or detri-
mental effects the BCA would have on its host environment 
(Kamilova and de Bruyne 2013). The durability of a BCA is 
measured by its degradation or loss of effectiveness during 
field or on the farm applications. Geographical instability 
has been recognized to be responsible for the ineffectiveness 
and inconsistences of several commercial biocontrol strains 
outside their indigenous environment (Abiala et al. 2015; 
Ahmad et al. 2008; Bardin et al. 2015). For example, three 
B. subtilis strains and four yeast strains were earlier found 
to antagonize F. graminearum during greenhouse-controlled 
experiment conducted by Khan et al. (2004). However, only 
the yeasts Cryptococcus sp. OH 181.1, Cryptococcus sp. 
OH 71.4, and C. nodaensis OH182.9 exhibited geographi-
cal stability during the field trials that were later conducted.

Semi‑controlled experimental conditions

Most of the studies described in the greenhouse assays above 
utilized sterilized soils. This approach is deemed neces-
sary and suitable because it helps detect and compare the 
effectiveness of the BCA in the treated plants and untreated 
plants under the identifiable external factors introduced. 
Greenhouse-controlled experiments require a shorter time 
to determine the results of the experiment. The experimen-
tal location is also easier to manage. In contrast, field trials 
which involve the use of natural unsterilized soils during 
experimental periods to assess the relationship between 
the plant, the phytopathogen, environmental factors (biotic 
and abiotic), and the biocontrol strain being introduced are 
quite expensive and require a minimum of 2 years and two 
experimental sites (Vacheron et al. 2016a). In as much as 
these field trials are necessary for predicting the real-time 
efficiency of the potential biocontrollers, another approach 
to circumvent the need for the expensive field trials might 
be the use of unsterilized soils in semi-controlled trials. The 
unique factor that might make semi-controlled trials widely 
accepted in the near future will be because they combine 
components of both greenhouse experiments and field trials.

In semi-controlled experiments, soils are taken from 
the locality from which field trials should be carried out 
and used also in greenhouse pot experiments under natu-
ral atmospheric conditions such as open rainfed condi-
tions and exposure to direct sunlight (Mao et al. 1998; 
Mehnaz et al. 2010). Since the semi-controlled trial will 
be a combination of several aspects of the two in planta 

experiments (greenhouse tests and field trials), it should 
provide a picture closer to what happens on the farm. 
Though the quantity of soil is controlled, the quality is 
not controlled. In addition, the quantity and concentration 
of BCA and phytopathogen inoculum being introduced 
during the experiment still remains controlled (Abiala 
et  al. 2015). The background is that even though the 
close monitoring of growth conditions is partially elimi-
nated during semi-controlled experiments, the potential 
biocontrollers will be proliferating along with both the 
indigenous microbes present in the soil and the introduced 
phytopathogens.

Soil biophysiological parameters and management prac-
tices have been shown to have diverse effects on the soil 
microbial community (Akhtar and Malik 2000; Babalola 
2010), and soil type remains a major determinant of com-
munity structure for microbial communities. Furthermore, 
bacterial inoculants in unsterilised soil stimulated better 
growth effects in maize compared to sterilized soil (John-
ston-Monje et al. 2014; Singh et al. 2007). Despite the role 
soil amendment plays in the efficacy and survival of BCAs 
during greenhouse experiments, the effect of its inclusion in 
the design of semi-controlled biocontrol trials is unknown. 
Should soil amendment be included in the design of semi-
controlled biocontrol trials?

Another key requirement of a biocontrol strain targeted 
for use against soil-borne phytopathogens is its competence 
in the rhizosphere. It must compete adequately with indig-
enous microbial populations within the environment of the 
rhizosphere and colonize the root surface (Ambrosini et al. 
2015; Khabbaz et al. 2015). The use of untreated soil could 
also help ascertain the survivability of the potential strain 
and its effect on non-target indigenous microbial populations 
present in such soil.

Once the competence of biocontrol strain is proven in 
the semi-controlled trial, thus bypassing the several expen-
sive preliminary field trials, the biocontrol strain can then 
be introduced for further trials. Most traditional farmers and 
large-scale maize producers are reluctant to engage biocon-
trol trials in their field, perhaps due to the fear of a disease 
outbreak. Employing semi-controlled trials should be more 
suitable for researchers to prove that their novel biocontrol 
product will eradicate the outbreak or emergence of the said 
plant disease.

Another aspect of the semi-controlled experimental con-
ditions, which should reduce cost and time of selecting a 
candidate biocontrol strain for further biotechnological 
application, is the use of established plant growth-promoting 
strains. In recent times, more authors reported conducting 
their in vitro analysis, greenhouse experiments, and field 
trials with microbial strains previously isolated by other 
researchers. This enables them to bypass the laborious stage 
of sampling, isolation, and identification of potential isolates 
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and determination of the mechanism of action of such isolate 
(Dunlap et al. 2011; Grosu et al. 2015).

Effect of the mode and condition 
of application of candidate biocontrol agent 
during bioprotection experiments

The decision on the mode of application of a BCA dur-
ing in planta studies and subsequent industrial production 
remains a challenge encountered when in search of a suit-
able BCA. Treatment types, inoculum dosage, formulation 
types, vehicle of delivery, storage of the microbial formula-
tions, and application times have a significant effect on the 
effectiveness of a candidate BCA designed for crop protec-
tion. A major limitation identified for a BCA is the continu-
ing environmental fluctuations it encounters in planta and 
the challenges encountered in developing a stable product 
formulation. Some of the utilized vehicles of delivery and 
storage in recent times include liquid and mineral carriers, 
protectants, organic carriers, desiccants, stabilizers, UV pro-
tectants, binders, and stabilizers (Babalola 2010; Schisler 
and Slininger 1997). But the copyright issues protecting and 
guiding production industries have made it difficult to get 
information regarding the recipe for commercialized micro-
bial formulations. All this must considered when designing 
in planta biocontrol experiments for crops.

From the in planta reports reviewed, it is seen that the 
microbial formulations types and the mode of application 
of bioinoculants affected the growth and development of 
the host crop. However, these results are not always com-
prehensive. What is experienced when seeds are coated or 
soaked prior to application? Do the plants or their roots show 
significant increases in leaf numbers, weight and length, 
when seeds are soaked compared to when seeds are coated? 
Soil drenched treatments have been reported to cause dras-
tic reduction in the shoot length. In contrast, spray-dryers 
delivering dry powder or freeze-dried microbial formula-
tions have been reported to reduce production costs and 
increase processing rates (Palazzini et al. 2016). Palazzini 
et al. (2016) utilized physiologically improved cells (vegeta-
tive cells) and also a spore treatment for the field trial they 
conducted with B. subtilis RC 218 which led to improved 
processing rates. How can the mode of applying bioinocu-
lants be improved upon?

Perspectives to ensuring the effectiveness 
of biocontrol agents

Table 2 describes a list of candidate biocontrollers from 
different microbial phyla and genera used in various 
experiments that involved bioprotecting maize against F. 

graminearum. Few of these BCAs have been adopted for 
commercial use. Lack of effectiveness or reduced effective-
ness of BCA formulations during field trials and commer-
cialisation have been reported and these inconsistencies have 
often been attributed to several factors such as variations in 
climatic conditions, innate potentials of the pathogen, insta-
bility of BCA during storage, and application (Bardin et al. 
2015; Ruocco et al. 2011). Others factors include geographi-
cal diversity found in the F. graminearum species and the 
geographical instability of its potential biocontrollers (Zhang 
et al. 2012).

Velivelli et al. (2014) and Varga et al. (2015) suggested 
that to ensure that the performance of a potential biocon-
troller that has undergone in vitro and in planta experi-
ments is consistent, such a biocontroller should be tested 
in multi-geographical sites, under different climates and 
against a diverse range of pathogens and crops. The poten-
tial BCA should also be isolated from the soil environment 
in which it will be used (Howell 2003; Small et al. 2012a). 
The economic and financial implications of such a project 
will, however, be enormous. Another challenge to moni-
toring effectiveness would be what to monitor and when 
should monitoring take place. Should control strategies tar-
geting disease severity, reduction in pathogen population 
and mycotoxin production be implemented before cropping, 
during growth stages or postharvest? Few field reports on 
the control of F. graminearum mycotoxin contamination 
by BCAs are available probably because research focusing 
on such areas are still in the developmental stages (Wegulo 
et al. 2015).

The high cost of carrying out in planta studies is a major 
reason why most of the potential strains identified in various 
geographical zones during in vitro and greenhouse studies 
are yet to be used for in planta studies or formulated for 
commercialisation (Ash 2010; Bailey et al. 2010; Köhl et al. 
2011; Ruocco et al. 2011). But how will the farmer/end-user 
know the effectiveness of a BCA, if the scientist is not able 
to carry out thorough field trials? How will the industry be 
convinced to invest a large amount to support commerciali-
sation if the data from field trials are not comprehensive? 
The unwillingness of the end users or farmers to try out 
something new, and the difficulty in getting funds or indus-
trial partners are major challenges encountered prior to the 
formulation of a potential microbial strain to a commercial-
ized state. To ensure the efficiency of a BCA, Schisler and 
Slininger (1997) also proposed that researchers should focus 
on bioefficacy and growth kinetics of the candidate BCA 
during their feasibility studies. They also divided their pro-
posed screening process into three categories: (1) the neces-
sity of choosing an appropriate pathosystem; (2) the impor-
tance of having an appropriate method for microbe isolation, 
and (3) the necessity of determining the appropriate isolate 
characterization and performance evaluation procedures.
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Another way of ensuring effectiveness of a BCA is to 
identify the spectrum of microbial pathogens such BCA 
can suppress. Most biocontrollers that show broad spec-
trum bioactivity in vitro against phytopathogens have not 
been reported to be effectively broad spectrum in planta. 
A broad spectrum antagonist does not only target its main 
pathogen, but the antagonist is expected to suppress other 
closely related species or genera. How will this alter the 
microbial community structure and the environment? Sev-
eral questions will need to be answered in the coming years. 
Researchers will need to further re-examine whether a nar-
row spectrum approach to biocontrol provides a better option 
for alleviating the challenges faced in cereal disease manage-
ment. Is it possible that the effectiveness of a BCAs is host 
plant dependent? The recent debate on the effectiveness of 
BCAs or plant extracts having a single mechanism of action 
in contrast to those having multiple mechanisms must also 
be further investigated (Bardin et al. 2015; Vacheron et al. 
2016b).

Although, most of the earliest effective field trials on 
cereal grains were solely performed to identify manage-
ment strategies for single mycotoxigenic fungus (Chandra 
Nayaka et al. 2009), our review shows that the majority 
of studies affecting major cereal grains in the past decade 
not only focused on alleviating fusariosis through a broad 
spectrum antagonism approach (Table 3), but they also 
paid more attention to wheat bioprotection. Could this bias 
toward broad spectrum, cereal bioprotection investigations 
reported in Table 3 be attributed to the higher production 
and consumption rate of wheat in contrast to other cereals? 
Formenti et al. (2012) confirmed the differences that exist 
in efficacy of broad spectrum fungicides against different 
fungal pathogens. The authors showed that the variability 
seen in the suppression of F. verticillioides and A. flavus 
using the same fungicide was significantly different. The 
diverse strain found in the FGSC complex could make the 
broad application of an effective biocontrol strain in multiple 
geographical zones almost impossible.

The approaches and technologies mentioned above 
obviously come with their merits and demerits. However, 
a combination of these approaches should ensure rapid 
selection of biocontrol candidates and further enhance cur-
rent plant disease management strategies that will help 
reduce fusariosis and increase maize yield. Most of the 
novel approaches to understanding host–pathogen rela-
tionships in plants are now geared towards identifying 
plant-mediated responses to pathogen or BCAs such as 
induced systemic resistance (ISR). However, few reports 
are available on transcriptomics studies involving cere-
als, fusarium, and rhizobacteria. The combination of the 
technologies will allow the identification of the functional 
genes in both the host plant and the colonizing microbe 
(pathogen or BCA). Where the attenuation or amplification 

of the identified functional gene is required (either in host 
or colonizer), such can be readily implemented.

Because of the growing need for a competent biocon-
trol strain in field trials and the continued reservations for 
genetically modified BCAs in some parts of the world, 
culture-dependent selection methods for screening candi-
date strains will still be widely employed. But rather than 
every disease management project embarking on a search 
for its own highly effective biocontroller, efforts should 
be directed at applying already identified indigenous can-
didates. Academically promising strains that have passed 
multiple pilot tests should be developed, commercialized, 
and adopted in the market. An alternative, less laborious 
approach for providing a commercialized F. graminearum 
biosuppressor could bypass several of the laborious stages 
in identifying and selecting a potential strain (Fig. 3). It 
has been employed in some semi-controlled experiments. 
This approach, however, obviously omits the major initial 
laborious steps. In addition, it will only be effective if the 
goal of the research is to utilize a native BCA strain in its 
region of isolation.

Another area that must be given attention during field 
trials is the role of plant microbiome in the effectiveness 
of bioinoculants. Since field experiments are done under 
a natural uncontrolled environment, the effect of the soil 
microbiome on bioinoculants might be responsible for the 
geographic instability experienced among BCAs during field 
experiments. Reports of the complex synergistic coexist-
ence, mutualistic, and saprophytic association found within 
the plant microbiome are available (Berendsen et al. 2012; 
Lundberg et al. 2012; Mendes et al. 2013). Furthermore, the 
plant microbiome has actually been implicated in the sup-
pressive attribute found in some soils. In disease-suppressive 
ecosystems, plants are able to resist phytopathogenic attack 
without any direct human input. Consequently, disease-
suppressive soils allow proper growth and development of 
plants even with the existence of phytopathogens and with-
out chemical pesticides (Berendsen et al. 2012; Kyselková 
and Moënne-Loccoz 2012; Mendes et al. 2013; Michelsen 
et al. 2015). Reports on the role of suppressive soils and 
entire plant microbiomes in the effectiveness of introduced 
BCAs are, however, not readily available. The microbiome 
found in disease-suppressive soils are diverse, with complex 
interactive pathogen control mechanisms (Chaparro et al. 
2012; Mendes et al. 2013). However, do these beneficial 
microbes conferring disease-suppressive ability on soil 
truly enhance the activity of bioinoculants, or reduce their 
effectiveness? How is the introduced BCA able to tolerate 
or out-compete the resident beneficial microbes responsible 
for the disease suppressiveness for it to be effective? In geo-
graphical zones with crop disease outbreaks, is it possible to 
measure soil productivity in correlation with the productiv-
ity of introduced BCAs? These are some of the questions 
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Table 3   Biocontrol studies on major cereal grains involving the phytopathogen Fusarium graminearum 

Utilized plant growth-
promoting microor-
ganism

Source Cereal studied for F. 
graminearum control

Conditions of study Mode of activity References

Pantoea sp. Paeniba-
cillus spp., Bacillus 
sp., or Fictibacillus 
sp.

Wheat seeds Wheat and barley IVT and GHE IAA production, 
biofilm formation, 
phosphate solubili-
zation

Díaz Herrera et al. 
(2016)

B. subtilis (D1/2) Cultivated soil Wheat GHE Lipopeptide produc-
tion (fengycin)

Chan et al. (2009)

B. subtilis spp. (AS 
43.3, AS 43.4 and 
Cryptococcus flaves-
cens OH 182.9)

Wheat anthers Wheat IVT, GHE and field Lipopeptide produc-
tion (iturin, fengycin, 
surfactin)

Khan et al. (2004)

B. amyloliquefaciens 
(S76-3)

Diseased wheat spikes Wheat IVT, GHE and FT Lipopeptide produc-
tion (iturin, surfac-
tin, plipastatin)

Gong et al. (2015)

B. amyloliquefaciens 
(B3, BW, and BIR), 
Bacillus spp. (B1, 
B5)

Compost tea and soil Wheat IVT and GHE Unidentified Grosu et al. (2015)

Paenibacillus poly-
myxa (W1-14-3 and 
C1-8-b)

Concurrent screening 
of multiple soil and 
food

Wheat IVT and GHE Unidentified (He et al. 2009)

Pseudomonas chlo-
roraphis subsp. 
aurantiaca (Pcho10)

Wheat head Wheat IVT and GHE Lipopeptide produc-
tion (phenazine-
1-carboxamide)

Hu et al. (2014)

Streptomyces sp. 
(BN1)

Rice kernels Wheat IVT and GHE Unidentified Jung et al. (2013)

B. methylotrophicus Corn plants Maize and Sorghum IVT and FT Unidentified Li et al. (2016)
Burkholderia spp., 

Streptomyces spp., 
Bacillus spp., 
Pseudomonas spp., 
Paenibacillus spp., 
Rhizobium spp., 
Dyella sp., and Mes-
orhizobium spp.

Tillage and no-tillage 
soil

Black oat and cowpea IVT Secretion of volatile 
compounds and 
siderophore produc-
tion

Lisboa et al. (2015)

B. megaterium (BM1) 
and B. subtilis 
(BS43, BSM0, and 
BSM2)

Maize endosphere Wheat IVT and FT Unidentified Pan et al. (2015)

B. amyloliquefaciens 
WPS4-1

Peanut shells Wheat IVT Lipopeptide (iturin) Shi et al. (2014)

B. methylotrophicus 
(BC79)

Primeval forest soil Rice IVT, GHE, FT Phenaminomethyl-
acetic acid

Shan et al. (2013)

Trichoderma gamsii 
(6085)

uncultivated soil Wheat IVT and FT Unclarified (secretion 
of chitinase)

Sarrocco et al. (2013)

B. pumilus (SG2) Saline desert Wheat and barley IVT Secretion of enzyme 
(chitinase)

Shali et al. (2010)

Clonostachys rosea 
strains (016)

Plant research 
international (The 
Netherlands)

Wheat FT Competitive coloniza-
tion

Palazzini et al. (2013)

B. subtilis (RC 218) 
and Brevibacillus sp. 
(RC 263)

Wheat anthers Wheat FT and SCFT Unclarified (antibio-
sis)

Palazzini et al. (2016)
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that must be answered when a search for an applicable BCA 
for crop disease management is underway.

A collaborative effort of diverse scientific disciplines 
appears to be the future for the management of plant dis-
eases and the biofungicide industry. Right from the start, 
the manufacturing companies and industry should become 
involved in the process of selecting the correct biological 
control agent, all the way through to the selection of a com-
mercial brand. The collaboration should not be lacking in 
funds during the pilot studies and validation processes. The 
funds and infrastructures should be sourced or provided by 
major stakeholders involved in plant disease management. 
In addition, better results will be recorded in the field of crop 
bioprotection if intercontinental collaborations between crop 

scientist and stakeholders involved in policy implementa-
tion are strengthened. Such bilateral collaborations involving 
plant bioprotection projects and data exchange might pro-
vide better background for tackling the issue of geographical 
instabilities experienced with non-indigenous BCAs. This 
sort of exchange or collaboration only becomes the stake-
holder’s priority when there are disease outbreaks.

Concluding remarks

In this review, we have investigated several means of 
screening for potential biological agents that could be used 
to control F. graminearum fusariosis in maize. We are of 

Table 3   (continued)

Utilized plant growth-
promoting microor-
ganism

Source Cereal studied for F. 
graminearum control

Conditions of study Mode of activity References

C. rosea, Clad-
osporium clad-
osporioides and 
Trichoderma spp.

Multiple locations Wheat IVT and FT Competitive coloniza-
tion

Schöneberg et al. (2015)

GHE greenhouse experiment, IVT in vitro test, FT field trials, SCFT semi-controlled field trial

Fig. 3   Route to an academically promising biocontroller
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the opinion that a narrow spectrum biofungicide might be 
the most effective in controlling the continued emergent, 
rapid spread of fusariosis in maize. Therefore, there is a 
need for further studies that will concentrate solely on patho-
gen specificity of a BCA. There are still drawbacks in the 
field application, commercialisation, and end-user adoption 
of currently available potential BCAs; therefore, this area 
should be zealously pursued.
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