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A B S T R A C T   

Trichoderma spp. are among the front-line microorganisms commonly employed in novel biotechnology appli
cations. They have been well-proven as biopesticides, biofertilizers, and biostimulants for managing plants 
against biotic and abiotic stresses. They are instrumental in managing plant diseases of economic importance, 
such as tomato root rot. However, this group of fungi has not been well-exploited en-mass in developing 
countries, while the use of bioagents in-lieu of chemical pesticides is still not a common practice in many African 
countries. Africa contributes 11.8% to global tomato production. Unfortunately, more than half of the actual 
product is lost due to diseases. The root rot of tomatoes predominantly caused by soil-borne fungal pathogens are 
among significant problems of tomato cultivation in Africa. Here, we review the constraints of tomato root rot in 
Africa and the roles of Trichoderma in repositioning the crop for optimum productivity. We gave a comprehensive 
overview of the economic importance, root rot epidemiology, and how to circumvent it through gene pool to 
resistant tomato and employ Trichoderma’s biological control potentials. Furthermore, this review gives an 
overview of the mechanisms of action of Trichoderma, gaps in the advocacy, adoption, commercialization, and 
regulation of Trichoderma as biocontrol agents of tomato rot diseases in Africa.   

1. Introduction 

Tomato (Solanum lycopersicum L.) is the world’s most widely eaten 
vegetable belonging to Solanaceae. It is a crop extensively grown 
worldwide, rich in potassium, antioxidants, ascorbic acid, vitamin A, 
lycopene, and tocopherols for nourishing human health (Capo
bianco-Uriarte et al., 2021). Africans are part of significant tomato 
producers. Africa accounts for 11.8% of global production, while Asia, 
Europe, and America produce 61.1%, 13.5%, and 13.4% of the total 
tomato yield, respectively (Quinet et al., 2019). Based on tomato pro
ductivity, Egypt (6.8 million tonnes) is the leading tomato producer in 
Africa, followed by Nigeria (3.8 million tonnes), while South Africa (630 
thousand tonnes) is the least producer of tomatoes (Dube et al., 2020). 
However, its output in Africa is mainly reduced by various factors, 
including biotic constraints. Attacks by different viral, bacterial, 
arthropod pests, and fungal diseases are poorly controlled, contagious, 
and may swiftly spread from plant to plant in a tomato field when 
appropriate conditions (Ochilo et al., 2019). 

The root rot of tomato, in particular, is commonly caused by soil- 
borne fungal pathogens such as Rhizoctonia solani, Fusarium solani, 
Phytophora species, and Sclerotium rolfii that delays growth, reduce 
harvest yield and quality, and subsequent death of severely infected 
plants (Ajilogba et al., 2013a; Hamza et al., 2016; Kashyap et al., 2020). 
This disease is favored by environmental factors such as temperature for 
pathogen growth, moderate to high soil moisture content, soil 
compaction, poor drainage, and other factors that contribute to plant 
stress (Sharath Chandran et al., 2021). Root rot was revealed to reduce 
the yield of tomatoes by up to 25% in developed countries and more 
than 50% in developing countries (Nicastro and Carillo, 2021). This is a 
big challenge considering the multi-pathogenic cause of this disease and 
poor technologies for its management. 

Enormous success has been recorded on plant disease control via a 
variety of methodologies like the use of independent disease manage
ment, plant breeding for resistant varieties/genetically modified plants, 
use of agrochemicals/excellent agronomic and horticultural practices, 
as well as biological control agents (Ajilogba and Babalola, 2013b; Ons, 
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2020). Using fungi as biological control agents is an essential, 
economically viable, environmentally safe, and long-term strategy for 
plant disease management that many developed countries are already 
implementing (Figlan et al., 2020; Olowe et al., 2020). Trichoderma 
species have been reported as excellent mycofungicides (Babu and Pal
lavi, 2013; Woo et al., 2014; Kuzmanovska et al., 2018; Manandhar 
et al., 2019). They are good bioagents with excellent competitive attri
butes in the rhizosphere, intense aggressiveness against phytopatho
genic fungi, and aided suppression mechanisms (Filizola et al., 2019). 
They have a high tolerance to soil-applied agrochemicals, modify the 
rhizosphere for plants benefits, can utilize any available soil nutrients 
efficiently, survive under unfavorable conditions, and promote plant 
growth (Vinale et al., 2008; Köhl et al., 2019). 

Biological control has not yet been widely used in Africa due to 
concerns about its efficacy, a lack of expertise, high costs, technological 
compatibility, and a lack of technical assistance (Ons et al., 2020). 
Despite many results on in-vivo antagonistic effects of native African 
Trichoderma species on different plant pathogens, especially on common 
soil-borne pathogens such as Rhizoctonia and Fusarium, they have not 
been fully explored as tools for the management of crop diseases and 
their use as biological products in Africa (del Carmen et al., 2021). In 
most developing countries, most farmers cannot utilize disease man
agement practices because of financial constraints, limited knowledge, 
and research on different alternatives (Kuehne et al., 2017). Most Afri
can farmers lack the physical access and financial means to technical 
solutions (Perez et al., 2017) but revert to alternatives such as pesticides 
and local irrigation. This could contribute to tackling disease resistance 
and other pertinent issues currently faced by African farmers (Rush 
et al., 2021). 

This review again affirms Trichoderma species as bioresources with 
potential application for adequate control/management of root rot dis
ease of tomatoes in Africa; their mechanism of action, efficacy, appli
cation style, and packaging were discussed. Their roles, if well 
implemented in the management of tomato root rot with good com
mercial strategies, policy, and advocacy in Africa, indeed hold a po
tential breakthrough for the management of root rot disease of tomatoes. 

2. Tomato production in Africa and root rot disease 

2.1. Economic importance of tomatoes in Africa 

Tomato is the most widely consumed vegetable in Africa (Rwo
mushana et al., 2019). In 2019, more than 21 million tons of tomatoes 
were produced in Africa, with a production increase of more than 60% in 
the last 20 years (FAOSTAT, 2021). The area with the highest tomato 
production is Saharan Africa, Egypt, Algeria, Morocco, and Tunisia, 
while Nigeria is the biggest producer among sub-Saharan countries 
(FAOSTAT, 2021). The cultivation of tomatoes is also essential from a 
socio-economical point of view since it represents a significant source of 
income for rural producers in several developing African countries 
(Arah, 2015; Mulugeta et al., 2020). It also offers employment to 
women, who represent more than 60% of the labor force in this culti
vation (Rwomushana et al., 2019). 

However, tomato yields in Africa are still far below their estimated 
potential due to some abiotic stresses (climate change, low soil fertility, 
drought, high temperatures) and biotic stresses (microbial plant path
ogens, insect pests, weeds). It has been estimated that in most sub- 
Saharan countries, the actual tomato yield is only 10–30% of the esti
mated potential production (Nordey et al., 2020). 

2.2. Root rot of tomatoes: epidemiology and susceptibility in Africa 

Many varieties of tomatoes have been developed and distributed 
widely in Africa. In Kenya, tomato varies such as Assila F1, Eden F1, 
Milele F1, Rambo F1, Kilele F1, Shanty improved, Star 9065, Eva F1, 
Tylka F1, Steve F1, and different companies have developed many more 

for greenhouse and open ground cultivation. These varieties have been 
developed for high yielding, high shelf-life and resistance to diseases like 
Alternaria solani (As) Fusarium wilt (Fol), Fusarium Crown and Root Rot 
(Fol), Nematodes (N), Tomato Yellow Leaf Curl Virus (TYLCV), and 
Verticillium wilt (Vd). Root rot of tomato plants is a serious and common 
problem worldwide. Its symptoms include not only browning and soft
ening of root tips and root lesions but also wilted leaves, stunted plant 
growth, and reduced yield (Williamson-Benavides and Dhingra, 2021). 
The causal agents for tomato root rot can be numerous fungi, and they 
can also vary according to the geographical region. Unfortunately, there 
is no general compendium of tomato root rot epidemiology for the whole 
African continent, and this phenomenon remains unstudied, mainly in 
most African countries. More studies managed to isolate the causal 
fungal pathogens of tomato root rot is Egypt (El-Mougy et al., 2011), 
followed by Nigeria (Ewekeye and Odebode, 2021) and Algeria (Yezli 
et al., 2019), and South Africa (Thabet and Khalifa, 2018). Based on the 
available literature, the most common root rot fungal pathogen for to
matoes in Africa is Fusarium oxysporum Schltdl., it has been reported 
from Egypt, Algeria, and Nigeria. F. oxysporum is a ubiquitous soil-borne 
pathogen with approximately 150 formae speciales that can infect a wide 
range of plants (Pareek and Rajam, 2017). 

The F. oxysporum f. sp. radicis-lycopersici Jarvis and Shomaker (FORL) 
is most commonly associated with tomato root rot in Africa. This strain 
of Fusarium is highly virulent and affects tomato-growing areas world
wide (Debbi et al., 2018). Strains of FORL have been isolated from Egypt 
on tomato plants with root rot in the Giza Governorate (Mosa and 
Youssef, 2021), in El-Ismailia, El-Tahrir, and El-Fayoum, while no exact 
sampling site was specified by El-Abeid et al. (2020) and Shenashen 
et al. (2017). These strains have also been found associated with 
diseased tomato plants in the Algerian Sahara (Goudjal et al., 2016) and 
in the Algerian regions of Biskra, Boumerdes, Algiers, Mostagenem, and 
Jijel (Debbi et al., 2018). Another strain of the F. oxysporum group which 
is often associated with tomato root rot is f. sp. lycopersici (Sacc.) Snyder 
and Hansen (FOL) was isolated from the Algerian regions of Boumerdes, 
Algiers, Bikra, Jijel, and Tipaza (Debbi et al., 2018), and in Nigeria, in 
the Obio-Akpor Local Government of Rivers State (Wokoma, 2008). In 
other cases, it was not possible to discern the formae speciales. There is 
only the indication of Fusarium oxysporum at the species level, such as in 
Ibadan, Nigeria (Etaware and Oyetuji, 2019), in Jijel, Algeria (Debbi 
et al., 2018), and in Egypt (Muhanna et al., 2016). The other two species 
of Fusarium associated with tomato root rot were found in Africa; the 
first one is Fusarium solani (Mart.) Sacc., isolated at Beni Suef and 
Fayoum governorates in Egypt (Elshahawy et al., 2018), while the sec
ond one, Fusarium equiseti (Corda) Sacc. was isolated for the first time 
from tomato plants affected by the crown and root rot in Algeria and 
completed Koch’s postulates (Yezli et al., 2019). 

A specie that is often found associated with tomato root rot in African 
literature is Rhizoctonia solani J.G. Kühn (Williamson-Benavides and 
Dhingra, 2021). This basidiomycete is a soil-borne pathogen that can 
severely damage tomato plants and reduce their yield (Nikraftar et al., 
2013). This pathogen was isolated in Egypt from diseased plants, for 
example, in the El-Behira governorate (Heflish et al., 2021) and other 
unspecified tomato fields (Muhanna et al., 2016; Hamza et al., 2016). It 
was also discovered in Nigeria, in the Obio-Akpor Local Government of 
Rivers State (Wokoma, 2008). Another possible cause of tomato root rot 
is the oomycetes Pythium and Phytophthora. Pythium generally causes 
damage to the hypocotyl of the seedling, followed by stunted growth 
and often plant death. Specifically, Pythium aphanidermatum (Edson) 
Fitzpatrick is one of the most common causal agents of tomato root rot 
all over the world (Christy Jeyaseelan et al., 2012), and it was isolated 
for the first time in Egypt in 2018, at Beni Suef and Fayoum governorates 
(Elshahawy et al., 2018). This pathogen was also isolated near Barberton 
and Pretoria in South Africa and Selebi Phikwe in Botswana (Labu
schagne et al., 1994). Moreover, another member of the genus Pythium, 
P. perplexum H. Kouyeas & Theoh., was isolated from hydroponic tomato 
cultivations in South Africa (Gull et al., 2004). On the other hand, 
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regarding Phytophthora, there is the first record of Phytophthora capsici 
Leonian as the causal agent of tomato root rot in South Africa (near 
Barberton and Pretoria) and Botswana (Srelebi Phikwe) in 1994 (Lab
uschagne et al., 1994). Moreover, Macrophomina phaseolina (Tassi) 
Goid., another soil-borne fungus that invades tomato plants through 
roots, was isolated from naturally infected roots from tomato plants 
showing root rot symptoms in Egypt (Muhanna et al., 2016). 

3. Trichoderma, an untapped resource for the management of 
tomato root rot in Africa 

Excessive application of synthetic chemical pesticides and inorganic 
fertilizers to control plant pathogens has been rebuked due to their 
ecological impact. In contrast, biopesticides and biological control 
methods have been well advocated (Wang and Zhuang, 2019). Many 
researchers have justified using biological control methods in place of 
chemical control due to its environmental friendliness and 
cost-effectiveness (Contreras-Cornejo et al., 2020; Moosavi and Zare, 
2012). Trichoderma is a group of ascomycete fungal Genus of Order- 
Hypocreales, Family-Hypocreaceae. They are ubiquitous and widely 
distributed in diverse environments. Trichoderma fungi have for long 
been reported as decomposers (Druzhinina et al., 2006), many authors 
have reported them as saprobic organisms, while many reports are 
emerging on many species of Trichoderma as mycoparasitic and endo
phytic organisms (Harman et al., 2004; Samuels et al., 2006; Mukherjee 
et al., 2013). Trichoderma species are well known as biological control 
agents (BCA) against various plant pathogens ranging from viral, bac
teria, fungi, nematodes, protozoans, insect, plant, or animal pathogens 
(Samuels, 1996; Woo et al., 2006). Many mycoparasitic Trichoderma 
species have been well characterized for biocontrol of different fungal 
pathogens of plants. 

Persoon (1794) first described this group of fungi and was later 
linked to a sexual state in the Hypocrea species. The first detailed work 
on identifying these fungi was made by Rifai (1969) and later expanded 
by Samuels (2006). They are well known for their role in either 
enhancing the plant growth and development, inducing resistance in 
plants against pathogens, enhancing the rhizosphere, or directly 
attacking the plant pathogens (Harman et al., 2004; Schuster and 

Schmoll, 2010; Pandya et al., 2011; Keswani et al., 2014). Since Tri
choderma can grow in different habitats, these abilities have made them 
very popular among the science community. As a result, several works 
have been published on the importance of Trichoderma in agriculture 
and plant disease control. Their mode of action against plant pathogens 
is shown in Fig. 1.  

(i) Competition, they compete to inhibit the growth of pathogens by 
starving or depriving plants of accessing basic life needs (Ala
bouvette et al., 2009). Many Trichoderma strains have been re
ported to be capable of secreting substances like siderophores to 
starve pathogens of essential elements (Latorre et al., 2001). Also, 
cellulose, glucan, and chitin to reduce carbon availability (Chet 
et al., 1997), and proteins to enhance root colonization as pro
tection against pathogens (Saloheimo et al., 2002; Viterbo et al., 
2004; Brotman et al., 2008; Samolski et al., 2012).  

(ii) Antibiosis, by the production of toxic substances like gliovirin, 
harzianic acid, alamethicins, tricholin, peptaibols, antibiotics, 6- 
penthyl- α-pyrone, massoilactone, viridin, glisoprenins, and 
heptelidic acid, polyketide, peptaibol, flocculosin, and terpe
noid/steroid (Rey et al., 2001; Vey et al., 2001; Raaijmakers 
et al., 2009).  

(iii) Mycoparasitism, a condition where Trichoderma fungi can 
parasitize or grow on the fungal pathogens of plants to inhibit 
their growth. These groups have been well explored for the bio
logical control of many plant pathogens (Zeilinger et al., 1999). 
This involves direct attacks by penetrating the cells of the path
ogen and obtaining nutrients from them (Harman et al., 2004).  

(iv) Induced resistance, Trichoderma can interact with plants to 
trigger resistance against pathogens or disease. This, unlike 
others, is an indirect action of Trichoderma against plant patho
gens. The first demonstration of induced resistance by 
T. harzianum strain T-39 was confirmed on bean plants against 
B. cinerea and Colletotrichum lindemuthianum (Bigirimana et al., 
1997). This fungus has been reported to enhance the resistance of 
10 different dicots and monocots against bacterial infections 
caused by Xanthomonas spp., and Pseudomonas syringae. Including 
the fungal infections caused by B. cinerea, R. solani, Colletotrichum 

Fig. 1. Trichoderma modes of action as bioagent.  
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spp., Phytophthora spp., Alternaria spp., and Magnaporthe grisea; as 
well as CMV virus (De Meyer et al., 1998). This capability was 
established in T. harzianum T-22 in model plants (Con
treras-Cornejo et al., 2011; Salas-Marina et al., 2011; Yoshioka 
et al., 2012; Harman et al., 2012). Other Trichoderma strains such 
as T. virens, T. asperellum, T. harzianum, and T. atroviride have 
been proven to stimulate the metabolism of their plant hosts 
against pathogens (Fig. 2).  

(v) Endophytes grow inside the tissue of their plant hosts without 
harming them. This phenomenon is similar to induced resistance, 
but in this case, the plants are induced with resistance against 
disease caused by abiotic stress causes like drought, toxins, or 
radiation (Piotrowski and Volmer, 2006; Gazis and Chaverri, 
2010; Chaverri and Gazis, 2011). The endophytic association 
between Trichoderma and their host plant is in most times, re
ported as mutually beneficial, although it may require complex 
interactions from direct contact to internal tissue colonization 
(Qin and Zhuang, 2016). The endophytic Trichoderma may act as 
commensals or as true symbionts that stimulate defense mecha
nisms in their host plants. The mechanism of how these fungi 
induce disease defense in their host plants has been well studied. 
They can either induce plant defense against pests, external 
abiotic stress, promoting their growth and photosynthesis rate, or 
contribute to their solubilization and uptake of nutrients from the 
soil (Vinale et al., 2008; Shoresh et al., 2010; Hermosa et al., 

2012; Harman et al., 2019; Hyde et al., 2019; Ikram et al., 2019; 
Kiarie et al., 2020). 

Trichoderma spp. are particularly popular for different biological 
activities and have been well studied over the last two decades (Jiang 
et al., 2016; Chaverri et al., 2015). As such, many reputable fungal 
species have emerged under this group, but many studies on reporting 
new valuable species are often conducted mostly in Asia, Europe, and 
the United States (Kubicek et al., 2003; Qin and Zhuang, 2016; Chen and 
Zhuang, 2017; a&b; Inglis et al., 2020). Trichoderma strains have a good 
reputation in the management of tomato plants. Several species of Tri
choderma have been reported either for the management of Tomato 
diseases and/or improving plant growth (Table 1). However, Africa has 
not yet been well covered in terms of quality studies on assessing or 
characterizing indigenous Trichoderma fungi. Some studies have 
detailed the diversity of Trichoderma in the soil at some specific regions 
of South Africa (du Plessis et al., 2018). In the case of the endophytic and 
plant-growth-promoting Trichoderma strains, studies are much limited 
in Africa at large. A study was carried out by del Carmen et al. (2021), 
which characterized the Trichoderma endophytes from Coffee plants, 
while some other authors isolated the Trichoderma strains from the 
rhizosphere from Coffea arabica in Ethiopia (Mulaw et al., 2010; Carmen 
et al., 2021). Studies that analyzed the effect of these fungi on perennial 
crops, particularly on the wild types, have revealed that they contain 
novel taxa that can be of great importance in carefully explored, 
important wild-type indigenous strains of Trichoderma have been 

Fig. 2. Mechanisms of Trichoderma induced resistance and signaling pathways in plants against plant diseases. The Plant pathogens (PP) like bacteria, nematodes, 
viruses or fungi can secret various enzymes to degrade the plant’s cell wall, and insight infection or develop feeding sites for their growth and multiplication. Some PP 
can also produce some effector proteins to suppress the plant triggered immunity (PTI). Trichoderma can inhibit PP by producing different kinds of toxic metabolites 
or directly parasitize on tissue, egg, hyphae, or cell of PP, they can as well produce some elicitor proteins or chemical signals like the salicylic acid (SA) or jasmonic 
acid (JA) to either enhance the plant’s defense mechanism against the PP a process called The induce systemic resistance (ISR). Some PP-like nematodes can produce 
a high level of reactive oxygen species (ROS) to avoid cell death inside living cells or tissue, Trichoderma can help plants by triggering cell death around parts already 
colonized by the PP. In addition, another biocontrol mechanism of Trichoderma on PP is by induction of systemic acquired resistance (SAR) in plants. This they do by 
their interference with or triggering in plants, the production of the microbial-associated molecular pattern (MAMP), and volatile organic compounds (VOCs) which 
can also induce indole acetic acid (IAA) and 1-aminocyclopropane-1-carboxylate-deaminase (ACC-deaminase) secretion by plants. Others include the cell wall 
degrading enzymes (CWDEs) such as Chitinases, β-1,3 glucanases, and proteases, and induce mitogen-activated protein kinases (MAPKs). The cross-talk among the 
elements of SAR triggered pathogens and ISR signaling by Trichoderma can activate the plant defense response pathways of cyclo adenosine monophosphate (cAMP) 
and MAPKs from uninfected plant’s part to the infected parts. 
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reported from the cacao tree, Theobroma cacao (Evans et al., 2003; 
Samuels et al., 2000; Gazis et al., 2010), and Hevea brasiliensis, rubber 
(Chaverri et al., 2011; Vaz et al., 2018) while many reports have pre
sented novel species of Trichoderma from native Amazonian habitats, 
these species are capable of producing varieties of metabolites ranging 
from plant defense elicitors, mycotoxins to antibiotics (Chaverri et al., 
2011; Schuster et al., 2010). 

Mycoparasitic attributes of many Trichoderma strains have been 
established and have been well explored for the biological control of 

various plant pathogens (Howell et al., 2003). Many of such strains are 
now packaged under different trade names for the usage of farmers. 
T. stromaticum is a notable example patented as ‘Tricovab’ for the control 
of fungus Moniliophthora perniciosa causing the witches’ broom disease 
of cacao which is the major problem of cacao in Neotropics (Souza et al., 
2006; Samuels et al., 2012). This product has been well distributed to 
farmers in southern Bahia in Brazil for many years (Bettiol et al., 2012; 
Samuels and Hebbar, 2015) and has now been employed as part of the 
integrated pest management strategy for controlling cacao pests 
(Medeiros et al., 2010). Another prominent example is T. harzianum 
which can colonize and degrade sclerotia of many fungal pathogens 
(Elad et al., 1984; Druzhinina et al., 2011), this fungus has been widely 
distributed as bio-fungicide (Samuels and Hebbar, 2015; Whipps and 
Lumsden, 2001). 

4. Trichoderma advocacy, commercialization, and regulations 

Biocontrol activity involves a variety of biological control agents 
such as bacteria and fungi, among which the fungal genus, Trichoderma, 
is significant in the management of plant diseases. This fungus produces 
a variety of enzymes that aid in the biocontrol activities such as biotic 
and abiotic stress tolerance, cell wall disintegration, hyphal develop
ment, and antagonistic action against plant diseases. Trichoderma spe
cies are pervasive and frequently dominating components of the 
mycoflora in natural and agricultural soils across all temperate zones. 
They are resident in both the terrestrial and marine environment and 
have adapted to almost every ecology, and contribute significantly to the 
health status of the ecosystem. Species of Trichoderma colonize the plant 
endosphere and rhizosphere and have also been recovered from soil 
organic matter, plant litter, and human tissues (Mukherjee et al., 2013). 

The capacity of Trichoderma fungi to function as biocontrol agents 
against plant diseases has been recognized as early as the 1920 s (Har
man, 2006). The ability to detect, invade, and destroy other fungi are the 
reason for its economic success and commercial application, as Tricho
derma-based biopesticides constitute over 60% of all registered bio
pesticides (Mukherjee et al., 2013). Apart from providing resistance 
against plant diseases, these fungi also increase plant growth and vigor, 
solubilize plant nutrients, enhance nutrient absorption in plants, and 
bioremediate heavy metals and environmental contaminants while 
producing clinically important secondary metabolites and enzymes to 
both human and plant safety (Singh et al., 2018; Sood et al., 2020). 
Trichoderma species are often employed as biological control agents 
against phytopathogenic microbes, including those which cause the to
mato root rotting disease that is of interest in this study. They act 
through mechanisms such as antibiosis, mycoparasitism, and competi
tion for space and resources, while their impacts on plants such as 
induced systemic or localized resistance are also of importance in the 
biological management processes (Howell, 2003). Trichoderma spp. are 
not only successful plant symbiotic organisms, but they also act as a 
low-cost, effective, and environmentally benign biocontrol agent. They 
may establish themselves in a variety of pathosystems, have a low in
fluence on soil balance, and do not harm beneficial species that aid in 
pathogen management (Sood et al., 2020). 

Trichoderma products are promoted as biofungicides, biopesticides, 
bioprotectants, bio-stimulants, bio-inoculants, bio-fertilizers, bio-de
composers, plant growth promoters, and so on (Woo et al., 2014). Some 
Trichoderma isolates such as T. polysporum, T. harzianum, T. asperellum, 
T. atroviride, T. viride T. polysporum are particularly known for their 
broad-spectrum biofungicidal potentials against a range of foliar, 
vascular, and soilborne diseases caused by Rhizoctonia solani, Botrytis 
cinerea, Sclerotium spp., Sclerotinia sclerotiorum, Pythium ultimum, 
Armillaria spp., Phytophthora spp., Verticillium spp., Fusarium oxysporum 
and Gauemannomyces graminis (Ghazanfar et al., 2018; Woo et al., 2014). 
These properties broaden the range of potential applications for Tri
choderma-based products in the agricultural market, not only as a 
phytopathogen biofungicide, but also as a general bio-inoculant that 

Table 1 
Some examples of Trichoderma interactions with tomato host plants.  

Importance Trichoderma 
strain 

Mode of action References 

Growth 
promoting 
action 

Trichoderma 
asperellum 

improved crop health 
and productivity 

(Calin et al., 
2019)  

T. asperellum Induce nitric oxide (NO) 
accumulation and 
phytoglobin PHYTOGB1 
transcriptional 
regulation 

(Martinez 
Medina et al., 
2017)  

Trichoderma sp. Induce early plant 
growth 

(Eltlbany et al., 
2019)  

T. harzianum 
strain M10  

– Increase germination 
of tomato seeds and 
improve the growth of 
the seedlings  

– Produce harzianic 
acid 

Vinale et al. 
(2013)  

T. harzianum 
strain SQR-T037  

– Give better root 
development for the 
enhancement of root 
length and tips. 

promoted tomato 
seedling growth 

Cai et al. 
(2015). 

Biocontrol 
(Antagonism) 

T. asperellum Attack Fusarium 
oxysporum f. sp. 
lycopersici (FOL) a wilt 
pathogen of tomato 

El Komy et al. 
(2015)  

T. viride, T. 
virens 

Attack collar rot 
pathogen of Tomato, 
Sclerotium rolfsii 

Amin and 
Razdan (2010)  

T. viride, T. 
virens 

Attack fruit rot pathogen 
of Tomato, Rhizoctonia 
solani 

Amin and 
Razdan (2010)  

Trichoderma sp. Antagonistic against 
Meloidogyne incognita 
causing disease of 
tomato 

(Khan et al., 
2020)   

Antagonistic against 
Meloidogyne incognita 
causing disease of 
tomato 

(Pocurull et al., 
2020)  

Trichoderma sp Antagonistic against 
Meloidogyne hapla 
causing disease of 
tomato 

(Braithwaite 
et al., 2016)  

T. harzianum T- 
39 

Antagonist against 
tomato disease caused 
by Botrytis cinerea 

Meller et al. 
(2013)  

T. harzianum T- 
22 

Antagonist against late 
and early blight of 
tomato caused by 
Alternaria solani 

Seaman (2003) 

Induced 
systemic 
acquired 
resistance 

T. virens and T. 
atroviride 

Secreted proteins- Sm1 
and Epl1 both induced 
systemic acquired 
resistance Alternaria 
solani, B. cinerea, and 
Pseudomonas syringae 
pv. tomato (Pst DC3000) 

Salas-Marina 
et al. (2015)  

T. harzianum 
with other two 
botanicals 

Induce resistance of 
tomato against 
Meloidogyne incognita 
pathogen 

(Belay et al., 
2016)  
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boosts plant resistance to biotic and abiotic stresses, improves plant 
growth and yield, and enhances the agro-ecosystem (Hill et al., 2010). 

Despite its efficacy, Trichoderma as a biocontrol agent has its limi
tations. Although Trichoderma successfully colonizes the spermosphere, 
it does not thrive in the rhizosphere (Harman, 2000). Also, Trichoderma 
spp. are active only in certain types of soil and seasons, therefore 
achieving only transitory localized dominance of the rhizosphere. 
Moreover, the inactive and dormant nature of Trichoderma spores in soil 
suggests that Trichoderma cannot be supplied as spores (Aamir et al., 
2020). In addition, various mechanisms have been uncovered in vitro, 
but the validity of such has not been successfully validated in the field of 
biocontrol systems (Woo et al., 2014). More so, biological control agents 
are fragile and could be denatured in hostile environmental conditions. 
Some of the measures to curtail these limitations are through adequate 
formulation. Hence the development of cost-effective, stable, and easy to 
apply biological control formulations is essential for the enhanced effi
ciency of the deployed biocontrol formulations (Lewis and Papavizas, 
1987). The Trichoderma-based formulation in pelletized form is viable 
for over three months (Cuevas et al., 2001). It has been shown as 
effective against seedling diseases of vegetables caused by S. rolfsii when 
applied in pelletized form (Ram et al., 2020). In addition, Trichoderma 
formulations had also been commercialized as a wettable powder (WP), 
granular, powder preparation, liquid, and solids products. In contrast, 
others are emulsions, dry flowable, concentrated liquid suspensions, and 
talc, among others (Table 2) (Woo et al., 2014). 

In general, the European Commission and other agencies around the 
world have indicated that about 38 Trichoderma commercial products 
(single species and combination mixtures) are registered or in the pro
cess of being registered in various countries, while four products have 
received special registration or temporary approval only for use in field 
experiments (Topolovec-Pintaric, 2019). Furthermore, the species of 
Trichoderma mostly present on the label of the commercial products are 
T. atroviride, T. asperellum, T. hamatum, T. gamsii, T. koningii, T. harzia
num, T. lignorum, T. polysporum, T. parceanamosum, T. viride T. virens, and 
Trichoderma spp. However, following the trend in the usage of several 
Trichoderma spp., nearly half of these new products contain T. harzianum 
(Bal and Altintas, 2006). 

More than 250 Trichoderma-based products have recently been 
registered and identified on the international market (Ram et al., 2020). 
Yet, there occurs a huge disparity in the actual number of biological 
control agents in use compared to those registered. However, out of the 
Trichoderma-based registered products, Asia made the most significant 
contributions of 39%, and Africa, with nine registered products, had the 
least contributions of 3.5% among the regions of the world (Fig. 3). On 
the other hand, South Africa, Kenya, Zambia, Morocco, and Tunisia had 
registered and produced at least a Trichoderma-based product among the 
African nations (Table 2). While Trichoderma poses enormous promise in 
Africa, as evidenced in many scientific investigations into the genus 
conducted in the region, most African scientists and entrepreneurs seem 
not to be aware of the full potential of this product, especially in solving 
the peculiar cropping problem in Africa, as in the case of tomato 
farming. Hence, the smallholder farmers that constitute the bulk of 
agricultural productions in most African countries are stocked with 
chemical fertilizer in the face of non-viable and available organic 
alternatives. 

Governing authorities across the globe, notably in Europe, are 
currently enacting legislation to reduce agriculture’s reliance on pesti
cides to improve consumer and environmental safety. Directives will 
promote low pesticide input by implementing integrated pest manage
ment (IPM) and will provide the means to establish the necessary con
ditions and measures to employ these practices, as well as to ensure the 
security of commercial products, to reduce the risks associated with 
pesticide applications and reduce dependency on their use. As an 
alternative to synthetic agrochemicals, one strategy is to employ bio
logical control agents and their products (Masip et al., 2013). Hence, 
Trichoderma species are qualified candidates, having been extensively 

Table 2 
Different substrates that have been used for Trichoderma production.  

Type Species Substrates References 

Grains T. harzianum and 
T. viride 

Sorghum Rini and 
Sulochana (2007)  

T. viride Sorghum, wheat Bhagat et al. 
(2010)  

T. harzianum and 
T. viride 

Rice, sorghum, pearl 
millet 

Parab et al. (2008)  

T. harzianum and 
T. viride 

Maize Pramod and 
Palakshappa 
(2009)  

T. harzianum Sorghum Upadhyay and 
Mukhopadhyay 
(2009) 

Organic 
matters 

T. harzianum P26 Neem cake, 
coircompost, FYM, 
Gliricida leaves 

Saju et al. (2002)  

T. harzianum 
(T5), T. viride, T. 
hamatum (T16) 

Cotton cake Sharma and 
Trivedi (2005)  

T. harzianum FYM, Local cow dung, 
Jersey cow dung 

Pramod and 
Palakshappa 
(2009)  

T. harzianum and 
T. viride 

Cow dung with neem 
cake, coir pith, coir 
pith in combination 
with neem cake 

Rini and 
Sulochana (2007)  

T. harzianum 
Rifai 

Tapioca waste 
Pigeonpea husk and 
press mud 

Jayraj and 
Ramabadran, 
1996  

T. viride FYM, vermicompost, 
poultry manure, goat 
manure, decomposed 
coconut, coir pith 

Palanna et al. 
(2007)  

T. harzianum FYM, spent compost Tewari and Bhanu 
(2004)  

T. harzianum FYM, compost Parab et al. (2008)  
T. viride FYM, Peat Bhagat et al. 

(2010)  
T. harizianum Jatropha cake and 

neem cake 
Tomer et al. 
(2015) 

Agricultural 
wastes 

T. harzianum Rice bran, paddy 
straw, groundnut shells 

Parab et al. (2008)  

T. harzianum, T. 
viride and 
T. virens 

Spent Malt Gopalkrishnan 
et al., 2003  

T. harzianum Wheat straw, paddy 
straw, shelled maize 
cob, paper waste, saw 
dust, sugarcane 
bagasse, spent straw, 
wheat bran, rice bran 

Tewari and Bhanu 
(2004)  

T. viride and 
T. harzianum 

Tapioca rind, tapioca 
refuse, mushroom 
spent straw, paddy 
chaff, wheat bran, 
groundnut shell, rice 
bran, sugarcane 
baggase, wheat straw, 
shelled maize cob, 
paddy straw, chickpea 
husk 

Gangadharan and 
Jeyarajan (1990)  

T. harzianum and 
T. viride 

Saw dust, rice bran Rini and 
Sulochana (2007)  

T. harzianum Shelled maize cobs, 
paddy straw, paddy 
husk, wheat bran, 
baggase, sawdust, 
groundnut shell 

Pramod and 
Palakshappa 
(2009)  

Trichoderma 
harzianum, T. 
virens and 
T. atroviride 

Onion rind (dry onion 
skin), apple and 
strawberry pomace, 
rapeseed meal 

Smolinska et al. 
(2014)  

T. harzianum 
(T5), T. viride, T. 
hamatum (T16) 

Tea waste, sorghum 
straw, wheat straw, 
wheat bran 

Sharma and 
Trivedi (2005) 

(continued on next page) 
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researched and one of the most widely employed microbial biological 
control agents (MCBAs) in Agriculture, and is presently marketed as 
biofertilizers, growth promoters, biopesticides, and natural resistance 
stimulants. 

5. Gene pool to resistant varieties versus biological control 
agents: the constraints of African populace 

5.1. Gene pool to resistant tomato varieties 

The economic importance of tomatoes motivates genetically varied 
parents to achieve desired plant attributes such as increased yield, 
drought, disease resistance, and coping with other stressful situations 
such as harsh temperatures. The wild crop relatives have been domes
ticated over thousands of years. Some of the resulting cultivars have 
continued to hybridize naturally with their wild cousins to maintain 
stable agricultural production. This type of spontaneous gene flow aids 
in crop vigor and can lead to the genesis of new crops. Analysis of the 
genetic diversity of wild relatives and cultivated crops provides insight 

into domestication’s geographic and temporal details. 
In contrast, its estimation may provide the basis for developing 

suitable strategies for crop conservation, improvement, and sustainable 
use (Tamburino et al., 2020), towards tomato cultivation less prone to 
disease in Africa. Plant breeders use genetically varied parents to ach
ieve these qualities, as genetic variety is vital in tomato breeding 
(Plucknett and Smith, 2014). Meanwhile, the availability of enhanced 
cultivars that can tolerate biotic and abiotic pressures caused by the 
environment is critical for successful tomato (Solanum lycopersicum) 
production (Dube et al., 2020). 

As in line with the standard practice in Africa, crop domestication 
either by natural or artificial selection reduces genetic diversity and 
eliminates many adaptive features present in wild counterparts (Meyer 
et al., 2012). While the selection of genotypes with desired character 
combinations that may exist in nature or through hybridization in
creases the productivity and quality of farmed tomatoes, the genetic 
diversity present in a crop collection needs to be estimated to improve 
the crop’s genetics. The genetic examination of germplasm aids in 
interpreting a crop’s genetic basis since there are interrelationships 
between characteristics that aids in the selection of essential yield 
contributing qualities. The breeder that is interested in specific features 
for the tomato improvement program such as the tomato resistance to 
root rotting disease in Africa will employ a gene pool that is considerably 
less varied than the overall available, with local germplasm known to 
contribute significantly to genetic variation (Kouam et al., 2018). Mo
lecular approaches for assessing genetic variations have been employed 
for decades. High throughput DNA sequencing technology has lately 
given a tremendous boost to assessing genetic and adaptive variation in 
crops and model organisms (Meyer et al., 2012). Since the genome has 
already been linked to morphological and metabolic variation, the 
availability of tomato genomes, together with its phenotypic and mo
lecular characterization, permits genome-wide association analyses to 
be developed (GWAS). The genome has already been linked to 
morphological and metabolic variation, according to GWAS studies 
(Mata-Nicolás et al., 2020) (Table 3). 

Genes code for proteins and execute specific roles in all living crea
tures. Biocontrol genes regulate certain signals and cause the production 
of enzymes or proteins that aid in pathogen degradation. Trichoderma 
species have genes that can be exploited to offer resistance to biotic and 
abiotic stressors, including salt, heat, and drought, which are the most 
prominent problem of tomato in Africa, Some of the major types of 

Table 2 (continued ) 

Type Species Substrates References 

Liquid based T. hamatum, T. 
harzianum, 
T. viride 

Molasses and Brewer’s 
yeast 

Papavizas et al. 
(1984)  

T. harzianum 
strain P1, 

Defined basal culture 
medium with mineral 
solution 

Agosin, 1997  

T. harzianum RM8 Jin et al. (1991)  
T. harzianum 
strain 1295–22 

Modified RM8 Jin et al. (1991)  

T. harzianum Czapeck’s Dox Broth 
and V8 Broth 

Harman, 2012  

T. harzianum 
Rifai 

Potato Dextrose Broth, 
V8 juice and molasses 
yeast medium 

Prasad et al. 
(2002)  

T. harzianum 
Rifai 

Potato Dextrose Broth, 
Czapeck’s Dox Broth 
and Modified Richards’ 
Broth 

Das et al. (2006)  

T. harzianum Local cow urine, Jersey 
cow urine, Buttermilk, 
Vermiwash 

Parab et al. (2008)  

Fig. 3. Regional contribution to the registered Trichoderma-based biological control formulations.  
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biocontrol genes that can be easily isolated, cloned and characterized 
includes chitinase, protease, tubulins, glucanase, proteinase, mono
oxygenase, galacturonase, xylanase, cell adhesion proteins, and stress- 
tolerant genes, they play specific functions in the biocontrol mecha
nism such as hyphal growth, cell wall degradation, parasitic activity and 
cell wall degradation (Sharma et al., 2011). The biocontrol genes can be 
cloned and manufactured in huge quantities for commercial use 
(Sharma, Kumar et al., 2011; Srivastava et al., 2014). 

Pozo et al. (2004) cloned tvsp1, a gene from T. virens encoding serine 
protease into E. coli using a pET-30 vector, this strain was used to induce 
resistance of tomato plant against Rhizoctonia solani (tomato blight 
pathogen), the gene according to them also enhance degradation of the 
pathogen cell wall. In another study, tri5, a tricodiene synthase gene was 
isolated from T. harzianum and cloned into a pGEMT vector for con
trolling the Fusarium pathogen of tomatoes (Gallo et al., 2004). Likewise, 
the expression of tag83 gene encoding cell wall degrading enzyme 
exo-β-1,3-glucanase and from T. asperellum (Marcello et al., 2010). 

Genetic engineering has also been used to enhance the biocontrol 
abilities of Trichoderma fungi. In a study, T. virens strains that were 
transformed with TvBgn2 and TvBgn3, which are genes that encode β-1,3 
and β-1,6 glucanase, efficiently inhibited the growth of R. solani, 
Rhizopus oryzae, and Pythium ultimum, according to Djonovic et al. 
(2007a), (2007b). Likewise, Donzelli et al. (2001) using pGEM-T vector, 
successfully cloned an antifungal glucan1,3-β-glucosidase gene called 
gluc78 into T. atroviridae cells for effective biocontrol of several plant 
pathogens. This gene was in another study carried out by Saadia et al. 
(2008) was also cloned a glucose repressor gene from T. harzianum and 
cloned it into E. coli for expression of cellulase and xylanase from 
pathogens using pTZ57R/T plasmid vector. Several other works that 
have reported various genes in Trichoderma for the control of plant 
pathogens are presented in Table 4. 

However, there is a need for adequate knowledge of the biocontrol 
mechanism of a specific species before its employment as a commercial 
product (Zaidi et al., 2014). Although, reports from some earlier studies 
had recognized Trichoderma harzianum as the most effective biocontrol 
agent among the Trichoderma species (Sharma, Kumar et al., 2011). 

6. Future perspectives 

New contributions of new valuable Trichoderma species are being 

made yearly thanks to molecular or genome analysis. Valuable genes, 
related to biological control potentials, their defense induction in plants, 
or stress tolerance, have been identified using these methods. These 
genes can hence be enhanced using the advancing biotechnological/ 
genetic tools. Their example of the gene that controls complex mecha
nisms used by Trichoderma against pathogens, for example, 
T. atrobrunneum (Fanelli et al., 2018). In other studies, it was revealed 
that the bioactivity of secondary metabolites produced by some Tri
choderma strains helps attack plant pathogens, and the genes that control 
the secretion of these metabolites were cloned in bacterial cells. Like
wise, the metabolites of T. viridae and T. pseudoharzianum (T113) were 
toxic against the eggs of M. incognita (Khan et al., 2020). More than 
twenty species of Trichoderma were reported to be able to secrete about 
390 important non-volatile nematicidal metabolites (Li et al., 2019). In 
tomato plants, T. harzianum T22 and T. asperellum T-34 strains were 
employed for systemic resistance induction against M. incognita. This 
was reflected in the over-expression of Mi-1.2 gene in the inoculated 
tomato plants (Pocurull et al., 2020). 

Trichoderma genus is already a well-known group of fungi with 
known importance and applications for sustainable agriculture. It is one 
of the most studied groups of fungi for use as plant disease control. They 
can evolve quickly with diversified metabolic pathways leading to the 
production of several bioactive compounds, enzymes, and secondary 
metabolites that can, in addition, be explored for human benefits. They 
have vast importance with potential value commercially and industri
ally apart from their importance in agriculture. Their ability to produce 
commercially important enzymes like amylases, cellulases, glucanases, 
and chitinases are reported every year with interesting results (Harman 
et al., 2004). Recently, they have been associated with the production of 
siderophores and silver nanoparticles (Maliszewska et al., 2009; Vahabi 
et al., 2011). More than 200 species have been reported as biopesticides 
(Bissett et al., 2015), while many have been well packaged commercially 
for use as biofungicides (Samuels and Hebbar, 2015). 

The mass production of Trichoderma is of interest due to its valuable 
application in the biological control of plant disease pathogens. Com
mercial production of these bioagents has now come into reality, and 
several formulations have been reported (Table 1). The potential of 
Trichoderma as a tool for managing the plant’s pest is now widely 
recognized globally. However, this approach has virtually not been well 
implemented in the management of many tropical crops, especially in 

Table 3 
African registered biological products found on the international market that contain Trichoderma.  

Product Company / Distributor Country Active substances Claims & Recommended 
Crops 

Target Pests Formulations Product 
claims 

Bio- 
Tricho 

Agro-Organics South Africa T. harzianum Can be applied to Control Botrytis and WP F  

(http://www.agroor 
ganics. 

strain SF all crops root diseases such as    

co.za/biotricho.php)   Rhizoctonia, 
Phytophthora,        
Pythium, Fusarium, 
etc.   

Eco-77 Plant Health Products R South Africa, R in    WP F  
(http://www.planthealth. 
co.za/) 

process. Kenya, 
Zambia 

T. harzianum strain 
B77     

Eco-T Plant Health Products 
(Pty)Ltd 

R South Africa, 
Kenya,  

control of crop root Rhizoctonia, WP, F, ST  

(http://www.planthealth. 
co.za) 

Zambia, FR, UK, 
Morocco, 

T. harzianum strain 
kd 

diseases and for enhanced Pythium, Fusarium seed trt,    

Tunisia, India  plant growth and Phytophthora irrigation  
Promot 

WP 
Biofa AG (Biofarming Kenya (temp. T. harzianum, Horticultural and Control of damping- 

off 
WP F  

systems) - 2010), R in T. koningii ornamental crops and root rot caused    
http://www.biofafarming. 
de/ 

Germany   by Pythium   

WP = Wettable Powder, ST= Stimulant, growth promoter/ enhancer of roots, plant or yield, F = Fungicide, fungal pathogen control, preventive, curative 
Adapted from: Woo et al. (2014). 
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Table 4 
Biocontrol genes that have been isolated or expressed in Trichoderma strains and their functions.  

S/N Biocontrol gene Trichoderma strain Function Reference  

1 tga1 gene T. atroviride strain P1ATCC 74058 Chitinase formation and production of antifungal 
metabolites 

Reithner et al. 
(2005)  

2 tvsp1 serine protease encoding gene T. virens wildtype strain Gv29–8 and an 
arginine auxotrophic strain, Tv10.4 

Involved in pathogenesis or biocontrol process of 
R. solani. 

Pozo et al. (2004)  

3 1,3- β-glucosidase gene, gluc78 T. atroviride strain P1(ATCC 74058) Cell wall degradation of pathogens Pythium and 
Phytophthora 

Donzelli et al. 
(2001)  

4 beta tubulin gene T. harzianum T88 Exhibits biocontrol activities like 
mycoparasitism, and antifungal activity. 

Li and Yang 
(2007)  

5 Chitinase chit42 and proteinase prb1 gene T. hamatum strain LU593 Mycoparasitic activity against Sclerotinia 
sclerotiorum 

Steyaert et al. 
(2004)  

6 CRE1 gene T. harzianum E58 Production of cellulase and hemicellulase 
enzymes. 

Saadia et al. 
(2008)  

7 Di/tri peptide transporter gene, ThPTR2 T.harzianum CECT 2413 Involves in mycoparasitic activity against 
B. cinerea 

Vizcaino et al. 
(2006)  

8 Endochitinase encoding gene, ech42 T. harzianum strain P1 74058 Trichoderma expressing this gene show efficient 
inhibition of Botrytis cinerea and R. solani 

Woo et al. (1999)  

9 Endopolygalacturonase ThPG1 gene T. harzianum T34 CECT 2413 Secretion of plant cell wall degrading enzymes 
against R. solani and P. ultimum 

Moran Diez et al. 
(2009)  

10 Endo-β-1–6-glactanase gene T. viride IFO31137 A type of arabinogalactan proteins that involves 
in cell-cell adhesion, expansion and cell death. 

Kotake et al. 
(2004)  

11 Enzymology Group collection,UFG-ICB, tag 3 gene T. asperellum Production of cell wall degrading enzyme 
glucanase 

Marcello et al. 
(2010)  

12 erg1 gene T.harzianum CECT 2413 Silencing of the erg1 gene enhances resistance to 
terbinafine that shows antifungal activity 

Cardoza et al. 
(2006)  

13 Genes encoding for NAGases (exc1 and exc2), 
chitinases (chit42 and chit33), proteases (prb1) and 
b-glucanases (bgn13.1) 

T. harzianum CECT 2413 Mycoparasitic activity against F. oxysporum Modezar et al. 
2011  

14 Mitogen Activated Protein kinase gene, TmkA T. virens strain IMI 304061 Biocontrol activity against pathogens like 
S. rolfsii and R. solani 

Mukherjee et al. 
(2003)  

15 monooxygenase gene T. hamatum LU593 Antagonist activity against S. sclerotiorum, S. 
minor and S. cepivorum 

Carpenter et al. 
(2008)  

16 proteinase gene prb1 and endochitinase gene ech42 T. harzianum strain IMI206040 Regulation of hyrodrolytic enzymes to enhance 
parasitism of Trichoderma against Sclerotium 
rolfsii and Rhizoctonia solani 

Cortes et al. 
(1998)  

17 qid74 gene T. harzianum Rifai CECT 2413 Involved in cell protection and adherence to 
hydrophobic surfaces that helps in antagonism 
against R.solani 

Rosado et al. 
(2007)  

18 serine protease gene SL41 T. harzianum Biocontrol activity against pathogens Liu et al. (2009)  
19 Sm1 gene, cysteine-rich protein T. virens strain TvSMOE38 A small cysteine-rich protein that induces 

defense responses in dicot and monocot plants 
and in protecting crop diseases 

Buensanteai et al. 
(2010)  

20 T34 hsp70 gene T. harzianum CECT 2413 Increases fungal resistance to heat and abiotic 
stresses 

Hermosa et al. 
(2011)  

21 Taabc2 gene T. atroviride P1 (ATCC 74058) Plays key role in antagonism against R.solani, P. 
ultimum, and B.cinerea 

Ruocco et al. 
(2009)  

22 tac1, adenylate cyclase gene T. virens IMI 304061 Mycoparasitism against R. solani, S.rolfsii, 
Pythium Spp. and production of secondary 
metabolism 

Mukherjee et al. 
(2007)  

23 TgaA, TgaB genes T. virens strain IMI 304061 Antagonism against S. rolfsii and R. solani Mukherjee et al. 
(2004)  

24 Th-Chit gene T. harzianum Antifungal activity in transgenic tobacco Saiprasad et al. 
(2009)  

25 Thctf1 transcription factor gene T. harzianum CECT 2413 Antifungal activity against R.solani, Fussarium 
oxysporumand B.cinerea and production of 6- 
pentyl-2 H-pyran-2 

Rubio et al. (2009)  

26 Thke11 gene T. harzianum CECT 2413 Expression of this gene in A. thaliana modulates 
glucosidase activity, and enhances tolerance to 
salt and osmotic stresses 

Hermosa et al. 
(2011)  

27 tmkA gene T. virens IMI 304061 Induction of plant systemic resistance and 
biocontrol activity against R. solani. (Tested in 
green house condition) 

Viterbo et al. 
(2004)  

28 TrCCD1 gene T. reesei QM9414 (ATCC 26921) Helps in hyphal growth, conidiospore 
development and carotenoid pigment 
production. 

HuaZhong et al. 
2009  

29 tri5 gene T. brevicompactum IBT40841 Production of trichodermin and antifungal 
activity against C. albicans, C. glabrata and A. 
fumigatus 

Tijerino et al. 
(2011)  

30 Trichodiene synthase gene, tri5 T. harzianum strain ATCC 90237 Production of toxin for inhibiting DNA or protein 
synthesis, and enhances virulence against 
Fusarium spp. 

Gallo et al. (2004)  

31 TvBgn2 and TvBgn3 genes T. virens Gv29–8 These genes help in encoding cell wall degrading 
enzymes 

Djonovic et al. 
(2007a), (2007b)  

32 TvGST glutathione transferase gene T. virens (strain IMI 304061) Enhances cadmium tolerance in plants Dixit et al. (2011)  
33 Xylanase gene, Xyl Trichoderma strain SY Helps in breakdown of hemicellulose Min et al. (2002)  
34 β-1,4-endoglucanase gene, egl1 T. longibrachiatumstrain CECT2606 Cell wall degrading enzyme for inhibition against 

Pythium ultimum on cucumber. 
Migheli et al. 
(1998)  
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Africa. Most of the studies that investigated and reported the diversity of 
endophytic Trichoderma strains on different plant hosts were based on 
surveys restricted to the United States, Hawaii, and other countries other 
than the Africas. However, Africa is rich in biodiversity of different 
plants, which could also be rich in novel species of Trichoderma. For 
example, del Carmen et al. (2021) and Schulz and Boyle (2005) inves
tigated the endophytic fungi associated with coffee plants observing that 
the fungi from America and Hawaii were dominated by Colletotrichum, 
Fusarium, Penicillium, Pestalotia, and Xylaria species which are in most 
cases existing as opportunistic endophytes of their host plants. The study 
from Africa in contrast, yielded more of Trichoderma as endophytic 
fungi; in detail, they reported endophytic Trichoderma from the aerial 
tissues of coffee plants, including four new species (Leylaie and Zafari, 
2018). The new taxa described by these authors may be geographically 
restricted to Africa or even to coffee plants. 

The Africans are rich in diversity of Trichoderma, especially in the 
Neotropics. Some studies have reported a close association between 
Trichoderma species and C. arabia from Ethiopia (Mulaw et al., 2010, 
2013). These studies focused majorly on the rhizosphere and root tissue 
species. They reported several species of Trichoderma such as 
T. asperelloides, T. atroviride, T. gamsii, T. hamatum, T. koningiopsis, T. 
longibrachiatum, T. spirale, and T. sensulato. T. hamatum, T. spirale, and 
T. koningiopsis are cosmopolitan species commonly associated with 
stems, leaves, berries from tropical habitats and the soil (Kubicek et al., 
2003; Hoyos-Carvajal et al., 2009; Samuels et al., 2006; Druzhinina 
et al., 2005). Some species, such as T. koningiopsis and T. spirale have 
been isolated from more than one plant tissue from the leaf and stem of 
C. canephora, C. arabica, and tomatoes. Other reports have also identi
fied T. koningiopsis, T. hamatum, and T. spirale as endophytes of tropical 
woody plants, notably cacao and rubber (Samuels and Hebbar, 2015). 
T. atroviride, T. guizhouense, T. breve, and T. theobromicola are very 
common in the tropical soils, mushroom compost, in leaf-cutting ant 
colonies decaying wood and bark, they have also been reported as en
dophytes of Theobroma sp. (Malvaceae) (Samuels and Hebbar, 2015; 
Chaverri et al., 2015; Montoya et al., 2016). 

T. theobromicola is an endophyte of cacao sapwood native to South 
America (2006; Almeida et al., 2018), while T. breve, native to China was 
recently isolated from soil (Chen and Zhuang, 2017). They both have 
been reported as new geographical pantropical endophytes from Africa 
(del Carmen et al., 2021). Many Trichoderma such as T. atroviride, T. 
hamatum, T. longibrachiatum, T. reesei, and T. virens have been charac
terized as mycoparasitic fungi (Mukherjee et al., 2013; Kubicek et al., 
2019). They have a wide host range against several plant pathogenic 
fungi like Alternaria alternata, Botrytis cinerea, Fusarium sp., Rhizoctonia 
solani, as well as the Oomycetes like Pythium ultimum (Karlsson et al., 
2017). Those from Africa as revealed by del Carmen et al. (2021) 
included T. aggressivum, T. andinense, T. parareesei, T. petersenii, and 
T. pseudopyramidal are mycoparasites of H. vastatrix and can also attack 
Hemileia rusts of coffee plants. Other mycoparasitic Trichoderma species 
isolated by these authors from Africa were T. atroviride, T. hamatum, and 
T. virens. Trichoderma pseudopyramidale. Authors advocated that these 
fungi from Africa deserved attention with vast potential for use in the 
biological control of plant diseases. 

While many reports are identifying native Trichoderma strains from 
Africa, there is limited information on their new capabilities or details 
on their potential application or mechanism of action. Most studies from 
Africa are data monitoring experiments without an in-depth character
ization of the fungi actions. Information on the ecology of Trichoderma 
species from Africa at large is relatively circumscribed del Carmen et al. 
(2021), in their work, observed that about 60% of their isolated plant 
endophytic fungi of wild coffee from both Cameroon and Ethiopia were 
T. botryosum and T. pseudopyramidale. These strains were reported as 
good mycoparasites of Hemileia rusts and suggested for use as the bio
logical control in Central America, where this disease is endemic on 
coffee plants (Avelino, 2015; Ward et al., 2017; Oxfam International, 
2014). There are claims that native Trichoderma bioagents can be more 

virulent on foreign plant pathogens or vice versa (Jackson et al., 2012). 
However, the diversity of Trichoderma in Africa is still not well studied, 
as compared to other parts of the world (Sadfi-Zouaoui et al., 2009). To 
date, only a few species are reported from Africa, while there are fewer 
in-depth works on a wide range of characterization of Trichoderma from 
natural habitats in Africa (Askew and Laing, 1994; Chaverri and Sam
uels, 2004; De Respins et al., 2010; Mutawila et al., 2011). Most of the 
few reports of native African Trichoderma species were not on its 
biodiversity on large geographical areas but majorly on either in-vitro 
biological control or application on a few study areas. Only a few 
studies in Africa isolated Trichoderma from natural habitats or outside 
soil environments. 

The genetic pool of major bioagents in this group are those from the 
above-ground habitat (López-Quintero et al., 2013). There is limited 
information about the ecology of new strains. Trichoderma species from 
Africa in general coupled with their potential application. The shelf-life 
of these bioagents under different formulations is a significant factor 
affecting their commercial distribution. T. harzianum and T. viride are 
well-known bioagents in different formulations. They have been grown 
on solid substrates like wheat straw, wheat bran, coffee husk, sorghum 
grains, and much other biomass to enhance their life span. Fermented 
molasses and brewer’s yeast were suggested to prepare Trichoderma 
formulations (Agosin et al., 1997; Carmen et al., 2021) while some 
organic matter farmyard manure, as well as seasoned press, have also 
been suggested. 

Most African nations had instituted integrative programmes tailored 
towards enhancing agricultural practices but most of the programmes 
failed. it should be noted that the result of an unending cycle of 
restructuring and recapitalization in agricultural production inputs as 
commonly practice, would be short lived when dynamic approach in 
disease management practices are not embraced. Hence, Africa’s agri
cultural prosperity is hinged on her embracing indigenous bioresources 
in pest and disease management such as Trichoderma-based formulations 
investigated against tomato root rot in this review. More so, it is 
essential to reinforce the existing interlinked network system among the 
researchers, extension workers and farmers, to aid the timely acceptance 
and utilization of indigenously developed biological control agents to 
attain optimum production. 

7. Conclusion 

Africa contributes immensely to the global supply of tomatoes, yet 
many of its productions are inhibited either by abiotic or biotic stressors. 
While the adoption of bioagents as eco-friendly management of crop 
diseases is gaining global acceptance, most African countries still rely on 
chemical-based treatments. Whereas, Trichoderma has been recognized 
for its effectiveness in plant disease management, instilling of disease 
resistance, and enhancement of plant growths, among other researched 
qualities. To date, Africa has the least number of registered and 
commercialized Trichoderma-based formulations that have been engi
neered as broad-spectrum or specific targets such as the root rot of to
mato. The peculiar constraints limiting agricultural productions in the 
African nations need to be addressed. More so, there calls for urgent 
collaborative efforts among the African governments, researchers, and 
the stakeholders in agriculture, to research into indigenous Trichoderma- 
based formulations, register and commercialize it while ensuring an 
enabling environment for its use and the smooth sailing of agricultural 
activities for both small- and large-scale farmers. 
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Racodium Römer’S. Neues Mag. der Bot. 1, 123. 

Piotrowski, M., Volmer, J.J., 2006. Cyanide metabolism in higher plants: cyanoalanine 
hydratase is a NIT4 homolog. Plant. Mol. Biol. 61, 111–122. 

du Plessis, I., Druzhinina, I.S., Atanasova, L., Yarden, O., Jacobs, K., 2018. Te diversity of 
Trichoderma species from soil in South Africa with fve new additions. Mycologia 110, 
559–583. https://doi.org/10.1080/00275514.2018. 

Plucknett, D.L., Smith, N.J., 2014. 8. Wild Species: The Wider Gene Pool. Gene Banks and 
the World’s Food. Princeton University Press,, pp. 155–170. 

Pocurull, M., et al., 2020. Commercial formulates of trichoderma induce systemic plant 
resistance to meloidogyne incognita in tomato and the effect is additive to that of the 
Mi-1.2 resistance gene. Front. Microbiol. 10. 

Pozo, M.J., JongMin, B., Garcia, J.M., Kenerley, C.M., 2004. Functional analysis of tvsp1, 
a serine protease-encoding gene in the biocontrol agent Trichoderma virens. Fungal 
Genet. Biol. 41, 336–348. 

Pramod, K.T., Palakshappa, M.G., 2009. Evaluation of suitable substrates for on farm 
production of antagonist Trichoderma harzianum. Karnataka J. Agric. Sci. 22, 
115–117. 

Prasad, R.D., Rangeshwaran, R., Anuroop, C.P., Phanikumar, P.R., 2002. Bioefficacy and 
shelf life of conidial and chlamydospore formulations of Trichoderma harzianum 
Rifai. J. Biol. Cont. 16, 145–148. 

Qin, W., Zhuang, W., 2016. Seven wood-inhabiting new species of the genus Trichoderma 
(Fungi, Ascomycota) in Viride clade. Sci. Rep. 6, 1–14. https://doi.org/10.1038/ 
srep27074. 

Quinet, M., Angosto, T., Yuste-Lisbona, F.J., Blanchard-Gros, R., Bigot, S., Martinez, J.P., 
Lutts, S., 2019. Tomato fruit development and metabolism. Front. Plant Sci. 10, 
1554. https://doi.org/10.3389/fpls.2019.01554. 

Raaijmakers, J.M., Paulitz, T.C., Steinberg, C., Alabouvette, C., Moënne, Loccoz, Y., 
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