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Introduction 

 

Introduction of mineral fertilizers and pesticides into agriculture in XX 

century caused significant improvement in food production overall the 

world. However, after decades of intensive farming, serious problems 

with soil and water pollution, soil degradation, and residues  of 

harmful  compounds  in food  have  appeared. Ploughing of fields with 

heavy equipment combined with excessive use of fertilizers and 

reduced crop rotation has considerably degraded  soil structure, bio- 

functionality and biodiversity. Estimation of the area of arable soils in 

the world, which have been degraded so far is difficult, and the 

information in the literature indicates about 30 - 40%. Such soils are 

subject to erosion, which is much faster than the rate of humus layer 

creation. It is very serious problem, especially under drought conditions 

in global warming. Moreover, reducing the biodiversity of agricultural 

environments encourages the spread of pathogens and plant pests, 

resulting in the increasing use of pesticides. The strong pressure of 

pesticides, in turn, causes pathogens to become resistant to the most 

commonly active substances used in crop protection (Brent and 

Hollomon 2007). 

In such conditions, the cultivation of crops requires more and more 

efforts to get satisfactory and high quality yield. Microbial activity in soil 

is a crucial factor of its functionality and plant productivity. In order to 

restore natural balance in soil ecosystem, microbial inoculants are 

involved to improve farming techniques in sustainable agriculture 

(Vimal et al. 2017, Gouda et al. 2018, Qiu et al., article in press). In 

recent years the popularity of microbial inoculants has increased, as new 

technics of screening and examining of plant-microbial interactions 

have been involved. It was found, that about 1% - 35% of 

microorganisms isolated from soil environment is able to show 



antagonistic activity to inhibit the growth of pathogens in vitro, and the 

proportion of isolates which express plant growth promoting traits was 

found up to 2/3 of the cultivable population (Berg 2009). However, only 

sparse isolates from this pool have attributes that make them 

suitable for commercial application in agriculture. In fact, a few groups 

of microorganisms are more widely used as biopesticides or 

biofertilizers due to their ability to protect plants and promote 

growth. Among them, the most popular are bacteria Bacillus and 

Trichoderma fungi, which are able to survive in highly competitive 

environments. 

The species of Trichoderma are known as saprotrophs or mycoparasites 

which are common in soil ecosystem. During the last years, these fungi 

have attracted particular interest because of their bioactivity against 

economically important fungal diseases of crop plant



Why Trichoderma? 

 

Trichoderma are particularly invasive fungi and good colonizers of the 

new sites. They interact with plants and phytopathogens using 

multiple mechanisms and a wide array of secondary metabolites. 

Moreover, they are easy to produce and to store for prolonged time. 

The attributes of Trichoderma for agricultural use: 

Widespread occurrence - Trichoderma intensively colonizes the 

environment, including the root zone and internal tissue of plants, due 

to the ability to use very different substances as a source of nutrients, 

as well as to produce a wide range of metabolites: extracellular 

proteins, lytic enzymes, antibiotics, volatile compounds (VOCs). 

Trichoderma spp. can be found in many ecosystems, in different climate 

zones. These are some of the most frequently isolated fungi from the 

soil (about 103 cfu/g of soil). 

High  reproducibility,  intensive  colonization  of  the  new  

environment  after introduction, and ability to survive in different, also 

unfavorable conditions. 

Multiple mechanisms of action. 

Production of numerous secondary metabolites. 

In agriculture Trichoderma act as plant bio-stimulators and biocontrol 

agents. 

Easy mass production - intensive growth in artificial breeding 

conditions and production of numerous spores. 

Trichoderma have a good shelf life during storage. 

Trichoderma  spp.  possess  innate  resistance  to  most  agricultural  

chemicals, including fungicides, although individual strains differ in their 

resistance. 



Trichoderma have numerous properties that can be used also in the 

industry (e.g. paper, textile, food and feed industry),



Images of Trichoderma 

 

 

Fot. 1. From the left: colonies of Trichoderma spp. isolated from soil on 

rose bengal agar; growth of Trichoderma culture on malt extract agar; 

Trichoderma conidiophores in microscope. 

 

 

 

 

T. atroviride T. harzianum T. virens 

Fot. 2. Growth of Trichoderma isolates on PDA 

 

 

 

 



Mechanisms of action and secondary metabolites production 

Many years of intensive research have shown that Trichoderma can 

be an alternative method in plant protection to pesticides as well as a 

factor supporting plant growth in stress conditions. Such properties of 

these fungi depend on their ability to produce diverse secondary 

metabolites and on the use a wide range of mechanisms of action 

affected plants as well as microorganisms in soil: 

increasing the availability and the uptake of nutrients difficult  to 

access for plants   production of phytohormones stimulating growth, 

induction of resistance mechanisms in plants, 

competition for nutrients and space, 

antibiosis, 

mycoparasitism. 

Thanks to such wide abilities, Trichoderma fungi can effectively 

compete in variable environments with other microorganisms, and at 

the same time interact with plants. As a results of these interactions 

both organisms benefit. 

The screening of beneficial isolates usually starts from laboratory 

examination of antibiotic and mycoparasitic properties, ability to 

compete for nutrients, and then plant growth stimulation and induction 

of plant resistance to biotic and abiotic stresses, which are studied in 

controlled conditions. However, in field environment, plant growth 

stimulation and induction of resistance may play the major role in 

Trichoderma activity. The benefit of using these fungi for plants rely 

on rapid establishment of stable community in the rhizosphere, where 

Trichoderma-plant interactions take place (Mendoza-Mendoza et al. 

2018). The other mechanisms (competition, mycoparasitism, 

antibiosis) may play supporting role in these rhizosphere-interactions. 

It is important to remember, that the mode of action of Trichoderma in 

natural conditions is complex and rely on multiple mechanisms. In most 

cases it  is impossible to separate direct effect of Trichoderma on plant 



growth from the control of the pathogenic and other deleterious 

microorganisms that reduce plant growth. 

 

Brief description of Trichoderma mechanisms: 

Nutrient solubilization 

Trichoderma can increase the access to poorly available for plants 

nutrients (P, Cu, Mn, Zn), 

solubility of the nutrients is due to production of organic acids by the 

fungi (e.g. citric or fumaric acids), 

production of siderophores chelating Fe3+, make it  accessible for 

plants and limits iron necessary for fungal pathogens development. 

Plant growth stimulation 

enhancing nutrients solubility by Trichoderma increase their uptake by 

plants, 

modulation of root architecture for improving water and nutrient 

uptake efficacy and their translocation within plant parts, and also 

aleviation of abiotic stresses (e.g. drought), 

stimulation of seed germination and plant growth by production of 

substances that act as plant growth hormones: 

indolyl acetic acid (IAA) - stimulates plant biomass, increasing the 

number of roots, 

ACC deaminize reduces ethylene (stress factor for plants), 

stimulation of photosynthesis process in plants and the rate of 

carbohydrate metabolism, 

increase chlorophyll content. 

 

 



 

Fot. 3. Stimulation of tomato biomass and root system by Trichoderma. 

 

Induction of resistance mechanisms in plants 

interaction of elicitors (low molecular weight compounds) released by 

Trichoderma hyphae may lead to the initiation of local defence reactions 

and to systemic changes in metabolism and immunity of plants, 

the type of induced resistance may be difficult  to determine due to the 

variety of biochemical pathways activated in plants byTrichoderma, 

depending on Trichoderma strain, plant species and pathogen, 

resistance may take the form of induced systemic resistance (ISR) with 

jasmonic acid (JA) and ethylene (ET) as signal molecules or acquired 

systemic resistance (SAR) with salicylic acid (SA) as a mediator of 

immune reactions, 

recently it  has been suggested that there is a mixed ISR/SAR resistance 

combining activation routes of both types of resistance. This type of 

resistance induced by Trichoderma is referred to as Trichoderma-

induced systemic resistance (TISR), which involves a wider variety of 

signaling routes. 



The scheme of defence induction in plants: 

 

interaction of elicitors released by Trichoderma with plant receptors 

 

depolarization of the cell membrane and changes in pH leading to 

increased production of reactive oxygen species 

 

activation of the basic defence mechanisms in plant: 

enzymes of the antioxidant system 

enzymes involved in strengthening structural defence barriers 

synthesis of the secondary metabolites. 

 

Competition 

competition for nutrients - in the case of Trichoderma competition 

with pathogens for iron is mainly mentioned; Trichoderma produce 

low molecular weight protein compounds called siderophores, which 

have a high affinity to iron ions, 

competition for space - Trichoderma has the ability to quickly 

retrieve and effectively use nutrients from a variety of sources, so it  can 

grow faster, colonize the environment and compete with other 

microorganisms for space. 

 

Antibiosis 

antibiosis is one of the types of antagonism based on the secretion of 

various secondary metabolites that inhibit or kill other organisms, 

Trichoderma produces numerous secondary metabolites (low molecular 

weight molecules) that do not directly affect their growth and 



reproduction, but play an important role as signal molecules and in 

the formation of interactions with other microorganisms, 

Trichoderma produces pyrones, terpenoids, polycetides, peptaiboles, 

terpenes and numerous volatile compounds (VOC), 

one strain of Trichoderma can produce several different compounds, 

the qualitative and quantitative production of antibiotics may vary 

depending on strain and even on the stage of growth of the fungus, 

and is also strongly related to environmental conditions and nutrients 

availability. 

Mycoparasitism 

Trichoderma may parasite and degrade mycelium and spores of other 

fungi, including pathogens, 

the degradation of pathogen structures is a result of the activity of 

cell-wall degrading enzyme complexes supported by antibiotics, 

the stages of mycoparasitism: 

detection of other fungi and growth in their direction (chemotrophic 

growth), 

contact with the fungus and coiling around its hyphae, 

formation of apressorium-like penetration structures on the surface of 

the host hyphae (affinity to the lectin in the wall of the host), 

production of the cell-wall degrading enzymes, 

penetration into the light of host structures ending in its death. 



 

 

 

Fot. 4. Mycoparasitism of Sclerotium cepivorum sclerotia by 

Trichoderma. 

 

Detailed mechanisms of Trichoderma activity have been described in 

many review publications e.g.: Harman et al. (2004), Nawrocka and 

aŀƱƻƭŜǇǎȊŀ 2013, López- Bucio et al. (2015 ), Contreras-Cornejo et al. 

(2016), Waghunde et al. (2016) and in books e.g. Gupta et al. (2014). 

 

Trichoderma secondary metabolites, enzymes and their functions 

Trichoderma fungi are producers of numerous secondary metabolites 

such as non-ribosomal peptides, terpenoids, pyrones, polyketides, 

peptaibiotics, siderophores, indolic-derived compounds and volatile 

organic compounds (VOC) (Contreras-Cornejo et al. 2016, Lee et al. 

2016, Zeilinger et al. 2016). These metabolites are not directly involved 

in normal growth of the fungi but support their survival in diverse 

environments. It should be indicated that, the prevalence and 

competitiveness of Trichoderma in nature, and their success as 

biocontrol agent or biostimulant is mostly related to the ability of 

these fungi to produce variable metabolites and their combined 

actions. 

 

 



The role of Trichoderma secondary metabolites (according to Zeilinger et 

al. 2016): 

support of the rhizosphere competence with other microorganisms 

(e.g. siderophores production limits iron making it  unavailable to 

competing microorganisms, antibiotics with antifungal and antibacterial 

activity), 

combined action with hydrolytic enzymes in mycoparasitic activity, 

involvement in self-regulation of Tichoderma coiling around parasitized 

fungal hyphae, 

mediation of communication between plants and fungi, 

triggering of localized and systemic responses in the plants, 

attachment of Trichoderma to the roots, 

involvement in self-protection of Trichoderma against adverse biotic and 

abiotic factors, 

auto-regulatory substances regulating spore germination,

 colony morphogenesis and asexual development. 

The production of secondary metabolites by Trichoderma is strain 

dependent and varies in relation to the equilibrium between elicited 

biosynthesis and biotransformation or biodegradation. The expression 

of metabolism-related genes is also highly related to external factors 

(e.g. nutrient base, pH, moisture), other organisms interactions and 

their signal molecules. Despite of the identification of almost 400 

different metabolites produced by Trichoderma (Contreras-Cornejo et 

al. 2016), in many cases their specific activity and interactions are 

unknown. Moreover, not all compounds may be synthetized in 

laboratory conditions, thus the knowledge about biosynthesis pathways 

and their regulation is still limited. 

 

The other important compounds produced by Trichoderma fungi are 

lytic enzymes such as: chitinases, proteases and glucanases (reviewed 



by Viterbo et al. 2002, Hasan et al. 2014). These enzymes, mainly 

chitynases and glucanases, are involved in mycoparasitic properties of 

Trichoderma and play role in degradation of cell wall of parasitized fungi. 

The enzymes are usually extracellular, of low molecular weight and 

highly stable. Histochemical studies demonstrated that they cause 

localized lysis of cell walls at point of contact of the host with the 

antagonist. However, in many cases inhibition of host growth is a 

complex action of lytic enzymes with antibiotics. 

The main functions of lytic enzymes produced by Trichoderma (Hasan et 

al. 2014, Saravanakumar et al. 2016): 

breaking down of the polysaccharides, chitin and glucans, that are 

components of fungal cell walls, and destroy the cell wall integrity, 

destruction of pathogens dormant structures in soil, 

inactivation of the pathogenesis-related enzymes produced by 

pathogens and destruction of their capacity to damage plant cells, 

triggering induced systemic resistance in plants. 

 

 



Steps of Trichoderma selection for agricultural use (modified protocol 

described by Köhl et al. 2011): 

 

Tab. 1. Steps for Trichoderma selection. 

 

1 Choosing crops and for what purpose Trichoderma is to be used 

2 Selection of the source for isolation of the fungi 

3 Classification of the species 

(elimination of potential 

pathogenic species for human 

and mushroom) 

Development of a rapid 

screening method for a large 

number of isolates, 

determination of their properties 

in controlled trials 4 Development of pilot 

formulation for initial field 

testing 

Assessment of mass production 

capacity 

5 Testing of the best formulations 

in different locations and over 

several growing seasons, in 

integration with the farming 

systems methods 

Assessment of production costs 

and registration 

6 Semi-technical production of the 

preparation 

field testing 

 

 

In the natural environment there are numerous microorganisms that 

indicate antagonistic abilities against pathogens in vitro or beneficial 

properties for plants at the stage of research. However, in many cases, 

in the implementation phase of the developed preparation, it  appears 

that there are some technical problems with mass production and 

integration with farming techniques, or production in commercial 



scale is not cost-effective. Therefore, from the very beginning, it  is 

necessary to take efforts to assess the possibility of commercialization 

of planned solutions, as it is suggested in the table above. 

 

 

Microbial  strain  intended  for  commercial  use  should  meet  the  

following requirements: 

broad spectrum of action; 

good multiplication on easy available and cheap materials for mass 

production; 

stability and good viability during shelf life; 

economical production; 

market demand for its application. 

 

Mass production and formulation of Trichoderma 

Mass production of microbial inoculants in many cases is a bottle 

neck of successful introduction for commercial application. Transfer 

of laboratory scale production to industrial scale sometimes turns out 

complicated or cost-intensive. Among other microorganisms 

Trichoderma poses good saprophytic properties and generally are ease 

for mass multiplication in liquid media or on different organic 

materials. However, intensity of growth of various species may differ 

markedly depending on the specific requirement of nutrients (Fig. 1). 

 

 

 

 

 



 

 

For mass production of Trichoderma liquid and solid fermentations are 

used (Kumar et al. 2014). 

For liquid state fermentation (LSF) a liquid medium containing high 

quantity of water mixed with appropriate for fungal growth nutrients is 

used. Potato dextrose broth, V-8 juice, molasses-yeast medium are used 

for Trichoderma LSF. This system requires specific equipment 

(bioreactors). 

For solid state fermentation (SSF) solid, organic, insoluble in water 

materials are used. These materials (e.g. cereals grains or bran, plant 

residues) are moistened with water, inoculated with Trichoderma and 

incubated for about two weeks to overgrown medium with fungal 

mycelium and to produce spores. 

In the case of SSF, organic material used for fungal growth may serve as 

carrier for Trichoderma. Such preparation may be used directly for soil 

application or may be stored after drying. For commercial application 

of the fungi produced in LSF, formulation with suitable carriers to 

support Trichoderma survival should be performed. The following 

organic and inorganic carriers are commonly used: vermiculite-wheat 



bran, wheat flour, coffee husks, sugarcane baggase, plant residues, 

talc, vermiculite, sodium alginate. 

It is good to remember that various species and even strains of 

Trichoderma may have different survivability during storage. Therefore, 

viability control during shelf life is recommended. 

Formulated preparations should have the following characteristics: 

good shelf life in ambient conditions; 

steady; 

cheap; 

not phytotoxic, 

carrier for microorganism should have a precisely defined composition, 

and its production should be standardized; 

easy to use and adopted for application with the use of common 

agricultural equipment; 

compatible with agrochemicals. 



Main factors affecting Trichoderma inoculations in field 

Nutrient content in soil. 

Amount of organic matter in soil. 

Soil moisture and temperature. 

Plant species cultivated. 

Fertilization. 

Activity of other soil microorganisms. 

 

Effects of Trichoderma on plants in agriculture 

Protection of plants against pathogens deleterious microorganisms and 

stress factors (e.g. drought, salinity). 

Triggering of resistance in plants to diseases. 

Increasing the availability and uptake of nutrients. 

Improvement of plant growth and yield. 

Positive impact on yield quality parameters. 

Degradation of xenobiotics, including pesticides. 

 

What  else  is  there  to  know  about  the  use  of  Trichoderma  in  plant 

cultivation? 

 

Preparations with Trichoderma may be applied in agriculture as seed 

coating, seed bio-priming (treating of seeds with the spores of the 

fungus and then incubating them under warm and moist conditions 

until prior of seed emergence), seedling root dip, soil application, foliar 

spray. 



Trichoderma is not recommended for use in plant fertigation systems, 

because growing mycelium may block the flow of water and nutrients in 

the tubes. 

 

 

Trichoderma may colonize the tissue covering the roots, but they do not 

penetrate deeper due to the activation of resistance mechanisms in 

plants, so they are not pathogenic to plants (Vinale et al. 2012). 

Some strains of Trichoderma may decrease seed germination or seedling 

growth when are used in high concentration, because of production of 

plant inhibitory compounds (Contreras-Cornejo et al. 2016). Therefore, 

it  is essential to set of maximum dose, especially for seedling 

production. 

The effect of Trichoderma on plants may be modulated by the plant 

genotype (Tucci et al. 2011). 

In field cultivation, the most effective application technique is soil 

application or seed coating. 

The application technique should be adapted to the species of 

cultivated plant (e.g. cucumber seed coating, pepper and lettuce soil 

application). 

After soil application the preparation with Trichoderma should be 

mixed with topsoil layer. 

Systematic use of Trichoderma in field cultivation can improve its 

performance by stabilizing the population and enhancing plant-fungus 

and pathogens-fungus interactions. 

 



 

Examples of application of Polish Trichoderma strains in agriculture 

 

As a result of works carried out in the framework of the project entitled 

"Polish Trichoderma strains in plant protection and organic waste 

management", No. UDA- POIG.01.03.01-00-129/09-07, several 

preparations containing native in Polish agriculture strains of 

Trichoderma fungi have been developed, which can be used in 

integrated cultivation of various vegetable species. The project was co-

financed by the European Union from the European Regional 

Development. 

All Trichoderma strains used for the research belong to the collection 

of the Research Institute of Horticulture and have been classified using 

biotechnological methods, and their sequences have been deposited 

at GenBank. All the isolates were also tested for their suitability for 

agriculture. These strains were used to produce biological 

preparations for application in vegetable cultivation. The innovation 

of the developed solution was the use of various organic waste from the 

agri-food industry as carriers for Trichoderma fungi. 

The effects of developed preparations have been comprehensively 

tested in laboratory conditions, but mainly in field conditions in 

cultivation of several vegetable species. The effects of different 

Trichoderma isolates, carriers and application methods were evaluated. 

The studies were carried out on experimental plots, but also in 

production in horticultural farms. The effects of Trichoderma 

preparations on carrot, onion, tomato, pepper, lettuce, cucumber and 

potato crops were determined. The influence of selected strains of 

Trichoderma on plant yield, its structure and marketable yield 

quantity was investigated, as well as on the content of pro-health 

components in edible parts of vegetables, their sensory quality and 

shelf life were evaluated. The intensity and dynamics of plant diseases 

occurring in crops were monitored in field experiments. 



The developed preparations with Trichoderma have a positive effect 

on the root systems of plants and their yield. It was found that 

Trichoderma worked best in the cultivation of solanaceous plants: 

tomato, pepper and potato. Positive results were also obtained with 

other species such as lettuce, carrot and cucumber. The bio-

preparations have a positive effect on the content of pro-health 

components such as: lycopene in tomato fruits (increase in content even 

by 30%) or vitamin C in pepper, potato and lettuce. It was proved, that 

the applied Trichoderma strains have the ability to induce resistance 

in plants, which was reflected in significant reduction of powdery 

mildew on cucumbers, alternariosis on carrot leaves and potato 

blight. Trichoderma fungi used as seed coatings reduced seedlings 

damping- off of various vegetable species and improved plant 

emergence. These preparations may be an alternative to synthetic 

horticultural products such as mineral fertilizers and pesticides. A brief 

characteristic of Trichoderma effects on different crops is presented 

below. 

 

 

 

 

 

 

 

 

 

 

 

 



Effects of Trichoderma in tomato cultivation 

 

Tomatoes were grown in soilless cultivation, in the greenhouse; 

Trichoderma was applied as seedling root dip before planting with 

suspension of dried spores obtained in solid state fermentation on 

organic wastes; 

The experiments were conducted in experimental greenhouse as well 

as in commercial production; 

The best effect was obtained with T. virens TRS106 (significantly 

increased marketable yield ς tab. 2 and 3); 

Application  of  Trichoderma  significantly  increased  licopen  

concentration  in tomatoes (fig. 2). 

 

Tab. 2. Yield of tomato in the experiments conducted in Research 

Institute of Horticulture (Skierniewice, Poland), years 2013 ς 2014 

Treatment  Yield (kg.m-2)  
 early marketable total 
control 19,0 a 45,4 b 47,7 a 
commerial preparation 

(T22) 

19,0 a 45,7 b 47,9 a 
TRS106 20,4 a 48,2 a 50,4 a 
TRS25 20,0 a 46,4 b 48,8 a 

 



Tab.  3.  Yield  of  tomato  in  the  experiments  conducted  in  the  

other  site,  in commercial production, years 2013 ς 2014 

Treatment Yield (kg.m-2) 
early marketable 

control 2,8 b 29,3 b 
TRS106 3,4 a 31,5 a 
TRS25 3,1 b 29,8 b 

 

 

Fot. 5. Ripening rate of early tomatoes in commercial production: left ς 

control plants; right ς plants treated with Trichoderma. 

 

 

 

Fot. 6. Colonization of tomato roots by Trichoderma in soilless 

cultivation. 



 

Effects of Trichoderma in pepper cultivation 

 

Bell pepper plants were grown in the ground, in plastic tunnels; 

Trichoderma was applied to the soil, before pepper transplants 

planting, as mycelium and spore biomass on organic carrier composed 

of plant residues; 

The experiments were conducted in experimental greenhouse as well 

as in commercial production; 

The best effect was obtained with the mixture of two Trichoderma 

strains TRS123+TRS43, TRS123+TRS90 and single strain TRS43; 

Trichoderma applications significantly increased total and marketable 

yield (fig. 3, fot. 7); 

Used mixtures increased also vitamin C concentration in the fruits (fig. 

4). 

 



 

Fot. 7. Example of one pepper harvest after soil application of 

Trichoderma (full fruiting - September). Left ς control; right ς fruits 

collected from plants treated with TRS123+90. 



 

 

Effects of Trichoderma in potato cultivation 

 

Experiments with potatoes were conducted in commercial fields; 

Trichoderma was applied to the soil, before potato planting, as mycelium and 

spore biomass on organic carrier composed of plant residues; 

Generally, the best and the most stabile effect was obtained with the use of 

single strains of Trichoderma TRS43 and TRS123; 

The mixture of TRS43+TRS123 was also effective (fot. 8), but less than single 

strains (fig. 5); 

Trichoderma applications significantly increased total, and especially marketable 

yield (fot. 8), the potato tubers were better formed and had a greater weight; 

the yield-forming effect in potato cultivation showed also organic carrier; 



Trichoderma reduced incidence of potato blight on the plants (fig. 6). 

 

 

Fot. 8. Harvest of potato treated with Trichoderma (experiment Skierniewice, 

Poland). 

Left ς control; right ς soil added with Trichoderma TRS43+123. 



 

 

 

 

 

 

 

 

Effects of Trichoderma in cucumber cultivation 

 

Three year experiment was conducted on experimental field of the Research 

Institute of Horticulture in Skierniewice; 

Trichoderma was used as seed coating or applied to the soil before cucumber 

sowing on organic carrier; 

Control  plants  were  not  protected  against  downy  mildew  or  sprayed  with 

fungicide immediately after first symptoms of the disease appeared. 

The best effects were obtained with T. atroviride TRS25 used as seed coating; 



This application significantly increased seed germination and delayed downy 

mildew incidence (fig. 7 and 8); 

The effect of single application of Trichoderma on cucumber yield in these 

experiments was not significant compared to chemical spraying. 

 



 

 

 

 

Fig. 8. Reduced incidence of downy mildew on cucumber plants with 

Trichoderma TRS25 (for more information see publication presented 

above). 

 

 

 

 

 

 

 

 

 

 



Effects of Trichoderma in lettuce cultivation 

 

The experiments with lettuce were conducted on experimental field 

of the Research Institute of Horticulture in Skierniewice and in 

commercial field; 

Trichoderma was applied to the soil before lettuce planting on organic 

carrier composed of plant residues; 

In all experiments the mixtures of two Trichoderma strains were the 

most effective treatments, where the yield of lettuce was significantly 

higher compared to single strains and control plants; 

Tables 4 and 5 present the effect of Trichoderma mixtures on marketable 

lettuce yield in άŜȄǇŜǊƛƳŜƴǘŀƭέ ŀƴŘ άŎƻƳƳŜǊŎƛŀƭέ experiments; 

Trichoderma enhanced biomass of lettuce roots (fot. 10); 

Vitamin C content increased in lettuce leaves treated with Trichoderma. 

Soil application of Trichoderma  on  organic carrier  also caused a  

significant increase in nitrate content in lettuce. However, its 

concentration did not exceed the acceptable limit  for lettuce plants. 



 

Tab. 4. Yield (%) and chlorophyll content in lettuce treated with the 

mixtures of Trichoderma, in the experiments conducted twice a year 

(spring and autumn) in the Research Institute of Horticulture in 

Skierniewice, years 2013 ς 2014. 

 

ndex 

 

 

 

 

 

 

Tab. 5. Effect of Trichoderma mixture and commercial preparations (A, 

B) on the yield (%) of lettuce in the experiments conducted in 

commercial production, years 2013 ς 2014. 

Treatment Year 2013 Year 2014 
control 100 100 
carrier 110 111 
TRS59+TRS90 118 116 
Commercial A 97 102 
Commercial B 105 119 

 

Treatment Marketable yield (%)   
 spring autumn spring autumn 
control 100 100 17,4 16,5 

carrier 119 118 15,7 14,2 

TRS43+TRS85 133 121 21,2 19,7 
TRS25+TRS59 133 95 15,3 14,2 

TRS25+TRS106 135 112 21,0 20,1 

 



 

Fot. 9. Commercial experiments with lettuce. 



 

 

Fot. 10. Trichoderma stimulated development of lettuce root system. 

 

 

Effects of Trichoderma in carrot cultivation 

 

The presented experiments with carrot were conducted on 

experimental field of the Research Institute of Horticulture in 

Skierniewice; 

Trichoderma was used as seed coating or applied to the soil with organic 

carrier before carrot sowing; 

Organic carrier significantly reduced carrot germination and as a result 

yield of these plants (tab. 6); 

Seed  coating  with  Trichoderma  spores  preparations  did  not  affect  

seed germination, but enhanced yield; 

The yield increase was related to enhanced biomass of the roots (fot. 

11); 

Significant  reduction  of  alternariosis  on  carrot  leaves  was  observed  

in  all experiments (fig. 12); 

Trichoderma did not affected sensory and biochemical quality of carrot. 

 

 



 

 

Fot. 11. Trichoderma used as seed coating stimulated carrot root growth.  

 

Tab. 6. Effect of Trichoderma and organic carrier on carrot growth and 

yield in field experiments (years 2013 ς 2014). 

Treatment Seed 

germination 

(%) 

Marketable 

yield (t/ha) 

Root biomass 

(g) 

control 100,0 92,8 119,5 

organic carrier 57,7 73,7 135,3 

TRS14 + carrier 61,6 71,2 135,5 

TRS20 + carrier 62,4 64,0 123,3 

TRS43 + carrier 67,1 73,5 138,0 

chemical seed coating 103,0 108,2 149,5 
TRS14 seed coating 101,1 100,4 144,9 
TRS20 seed coating 99,4 99,3 145,0 
TRS43 seed coating 108,8 96,4 132,3 
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General Introduction  

 

Over-usage of pesticides in agricultural ecosystem raises worries 

about biological potential of the soil and level of pesticide residues in 

food and feed  

¢ƘŜǊŜ ƛǎ ǳǊƎŜƴǘ ƴŜŜŘ ǘƻ ŘŜǾŜƭƻǇ ŀƴŘ ƛƴǘǊƻŘǳŎŜ ǘƻ ŦŀǊƳŜǊǎΩ ǇǊŀŎǘƛŎŜ 

ecologically-friendly efficient plant protection methods 

Ecologically-friendly pest/pathogen control strategies could be 

developed based on microorganisms ς they offer many opportunities 

for plant protection 

Microorganisms are applied in agricultural practices as Biological 

Control Agents (BCA) to manage plant pathogens and/or Plant Growth 

Promoting Factors (PGPF) to help in crop adoption to the changing 

environmental conditions ς to keep yield and its quality, induce 

resistance/tolerance to stresses, improve water and nutrients usage 

efficiency, lower production costs  

Trichoderma fungi are microorganisms that show many beneficial 

effects in crop production as BCA and/or PGPF - Weindling in 1932 

mentioned for the first time that Trichoderma could be used as BCA  

There are Trichoderma-based biopreparations already available on the 

market, however there are now many studied on Trichoderma to 

develop novel biopreparations/applications for agriculture  



 

Important features of Trichoderma fungi 

Trichoderma fungi are ubiquitous and common in ecosystems ς their 

major ecological role is decomposition of organic matter 

Trichoderma fungi are frequently isolated from soil - more than 10 

species are isolated from the soil, forest trees, wooden materials and 

other environments 

Trichoderma are characterized by huge biodiversity ς thus taxonomy 

of Trichoderma is complex and complicated 

There are many beneficial sides of Trichoderma, but it can be also 

harmful ς it has to be carefully studied before application  

 

Important features of Trichoderma  

Beneficial sides of Trichoderma: 

Biotechnological applications, T. reesei is good source of carbohydrate 

active enzymes, eg. cellulases, enzymes for biofuel production    

Certain Trichoderma strains are applied in agricultural, as biological 

agent to control pathogens (BCA), plant growth promoting factor ς 

phytostimulant (PGPF), bioremediation agent, several species: T. 

harzianum, T. virens, T. atroviride, T. asperellum, and others 

No plant pathogenic Trichoderma reported  

Trichoderma can be bioindicator of soil health  

Trichoderma fungi are relatively easy to isolate and cultivate in 

controlled conditions to prepare biocontrol formulations - fast-

growing, producing-well conidia, thus production of biopreparations is 

relatively simple and easy 



 

 

Harmful sides of Trichoderma: 

Some strains can feed on fungi and cause green mould disesase of 

cultivated mushrooms (T. aggressivum, T. pleurotum, T. pleuroticola),  

Examples of clinical cases of opportunistic infections in 

immunocompromised patients are documented (T. longibrachiatum, 

T. bissettii, T. citrinoviride) 



 

Trichoderma taxonomy 

Genera name Trichoderma for many years coexisted with Hypocrea: 

Trichoderma is used for asexual form (anamorpha) and Hypocrea for 

sexual form (telomorpha)  

For the first time name Trichoderma was used in 1794 and Hypocrea in 

1825 ς ƴƻǿΣ ǎƛƴŎŜ ǇǊƛƴŎƛǇƭŜ έƻƴŜ ŦǳƴƎǳǎ Ґ ƻƴŜ ƴŀƳŜέ όhƴŜ CǳƴƎǳǎ Ґ 

One Name Conference, on 19ς20 April 2011 in Amsterdam) is applied, 

name Trichoderma is commonly accepted. 

Primary Trichoderma taxonomy was based on morphological features 

ς morphological species were distinguished (Rifai, 1969)  

Progress in Trichoderma taxonomy resulted in species grouping and 

introduction of sections (Bissett, 1991)  

Application of DNA-based fingerprinting methods allowed for more 

precise species grouping  

Breakthrough in Trichoderma taxonomy was development of DNA 

barcoding system  TrichOKEY i TrichoBLAST http://isth.info/ 

(Kopchinskiy, Druzhinina, Kubicek, 2005)  

Trichoderma DNA-based molecular taxonomy is continuously adjusted 

ς now more than 227 species are distinguished and new species are 

being discovered, most of the species are known only to taxonomist  

Trichoderma genomes are now available for several species 

contributing to Trichoderma classification (JGI Genome Portal 

http://genome.jgi.doe.gov ), genome size range: 9-14 Mb,  the 

genomes of most of the species are still not known  

Genomics based methods in combination with genome-wide 

phylogenetic analysis can be now applied Trichoderma  



 

Trichoderma taxonomy ς examples of species classification 

Kingdom: Fungi 

Subkingdom: Dikarya 

Phylum: Acomycota 

Class: Sordariomycetes 

Order: Hypocreales 

Family: Hypocreaceae 

Genus: Trichoderma / Hypocrea   (anamorpha/telomorpha) 

Section: Pachybasium  

Species: eg. Trichoderma crassa, Trichoderma virens, Trichoderma 

cerinum, Trichoderma harzianum species complex - now at least 14 

species 

Section: Longibrachiatum  

 Species: eg. Trichoderma longibrachiatum,     

  Trichoderma reesei 

Section: Trichoderma 

Species: eg. Trichoderma atroviride, Trichodrma koningii, Trichodrma 

koningiopsis 

Several other sections also exist 



 

Trichoderma species identified in Poland ς example of diversity  

T. afroharzianum, T. aureoviride, T. atrobrunneum, T. atroviride, T. 

brevicompactum, T. cerinum, T. citrinoviride, T. crassum, T. fertile, T. 

gamsii, T. hamatum, T. harzianum sensu stricto, T. koningii, T. 

koningiopsis, T. lentiforme, T. longibrachiatum, T. longipilis, T. 

polysporum, T. pseudokoningii, T. rossicum, T. spirale, T. strigosum, T. 

tomentosum, T. velutinum, T. virens, T. viride, T. viridescens 

 

 

Some aspects related to existing Trichoderma diversity  

diversity overall ς reproductive barriers not considered ς species are 

grouped on phylogenetic trees in 16 clades and several single lineages 

within-species ς reproductive isolation of the species in force ς 

changes accumulated in population  

unique to the strain - useful for the BCA/PGPA 

identification/monitoring in the environment ς difficult to identify  

 

DNA-based molecular identification of Trichoderma - major steps in 

methodology  

- preparation of fungal cells  

- DNA isolation  

- identification of DNA variability ς many approaches 

- molecular techniques to monitor DNA changes  

- bioinformatics analysis, eg. sequence analysis, Bayesian phylogeny 



- genera/species/strain identification or classification  

 

Preparation of fungal cells for DNA isolation  

- fungi cultivation usually in laboratory conditions  

- fungal culture have to be established from single spore  

- solid media culture ς easy to establish culture  

- liquid media culture ς easy to collect cells by centrifugation 

- fungal cells could be deep frozen and stored for DNA isolation  

DNA isolation methodology  

- several methods available - usually optimization step is needed  

- simple methods: cells are boiled in the buffer to release DNA,  quick 

and cheap method, DNA quantity vary and quality is low, occasionally 

used 

- CTAB based methods: developed by Aldrich and Cullis (1993) for 

plant tissues, DNA quantity usually high, further purification step is 

recommended, relatively cheap, efficient and easy, often used  

- column-based methods: available commercially as a set/kit, DNA 

quality is high, quantity could be low/medium depending on the set, 

relatively expensive, easy to use, often used  

- RNA and protein removal - usually RNase A and proteinase K 

treatment steps are included in the protocols 

 

DNA based techniques used in Trichoderma taxonomy and genetic 

variability studies 

- DNA fingerprinting techniques  



- DNA sequence-based or barcoding  

- Genome-wide based sequence analysis  

 

DNA Fingerprinting based on hybridization  

- RFLP - DNA Restriction Fragment Length Polymorphism method ς 

targeting variability within mitochondrial or chromosomal DNA, 

expensive and difficult, historical technique 

  

DNA fingerprinting methods based on polymerase chain reaction 

(PCR) 

- RAPD ς Random Amplified Polymorphic DNA method ς one of the 

simplest techniques ς based on random primers ς relatively cheap and 

easy to apply, problems with reproducibility, rarely used now   

- AFLP ς Amplified Fragment Length Polymorphism method ς difficult 

technique - based on random primers and reduction of the genome 

complexity, not used now 

- rep-PCR ς based on ERIC/REP/BOX primers designed for tandemly 

repeated DNA regions (microsatellites), fast and easy method, good 

for preliminary assessment and grouping of Trichoderma isolates, 

better reproducibility than RAPD (longer primers) 

- SCAR ς Sequence Characterized Amplified Regions ς based on 

specific primers, can be used for specific strain detection, single set or 

multiplexed primes are used, can be applied in combination with Real-

Time PCR/TaqMan technique, many possibilities, frequently used  

- PCR-RFLP ς simplified RFLP method ς genomic region is amplified and 

digested by restriction enzymes to monitor polymorphism, often used  

- other techniques are also available 



 

Barcoding used Trichoderma  

- MLST ς Multi Locus Sequence Typing ς based on PCR amplification of 

taxonomic loci and analysis of amplified DNA sequences = barcodes, 

commonly used in bacteria/fungi taxonomy 

- ITS1 and ITS2 - commonly used for genera identification in fungi, low 

variability of DNA sequence is limitation for species identification  

- TEF1 ς  widely used for Trichoderma species identification, common 

standard for species identification   

- RBP2 ς very useful and recently becoming more widely used  

Most common barcodes used for Trichoderma taxonomy and 

molecular phylogeny 

 

 

 

 

 

 

 

 

 

 

 



Barcod

e 
Description 

ITS1 
Internal Transcribed Spacer 1 

located between 18S and 5.8S rRNA genes 

ITS2 
Internal Transcribed Spacer 2 

located between 5.8S and 28S rRNA genes 

TEF1 

Translation Elongation Factor 1-alpha gene 

fragment  

barcode is usually intron 4 (intron 5 is also 

used) 

RBP2 
RNA polymerase II gene fragment  

barcode is fragment of the exon 

chi18-

5 

chitinase 42 kDa gene 

barcode is fragment of the large exon  

CAL1 fragment of the calmodulin 1 gene cal1 

ACT1 fragment of the gene encoding actin 1  

 

  

 

 

 



Monitoring of Trichoderma in the soil ς why important? 

To monitor longevity of applied BCA/PGPF Trichoderma strains  

Help to understand dependencies of fungal/microbial communities in 

the soil towards crop-beneficial soil microorganism management 

Usually soil samples are collected from the field before and after 

Trichoderma application to monitor fungal/microbial population 

including applied Trichoderma strain(s)  

Microbiological and DNA-based approaches are used, including 

metagenomics concept  

 

Monitoring of Trichoderma in soil  

microbiological approach 

Soil samples collection ς precise methodology has to be developed, 

number of samples/repeats, individual vs. pooled samples, etc.  

Samples treatment with the buffer and preparation of dilution series  

tƭŀǘƛƴƎ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ ƻƴ ƳŜŘƛǳƳΣ ŜƎΦ aŀǊǘƛƴΩǎ ǎƻƭƛŘ ƳŜŘƛǳƳ όмфрлύΣ 

PDA (Potato Dextrose Agar)  

Colony assessment and Trichoderma colonies counting - for validation 

molecular identification of representative colonies is recommended  

Calculation of colony forming units (CFU) per gram of soil  



Monitoring of Trichoderma in soil  

DNA-based approach  

Soil sampling from the field ς e.g. before and after Trichoderma 

application to monitor population size, longevity of BCA/PGPF 

strain(s)  

DNA isolation from soil samples - choice and optimization of DNA 

isolation method is usually needed ς efficient homogenization of the 

sample is important  

Designing of the approach and application of PCR-based method, for 

example multiplex-PCR or Real-Time TaqMan with specific 

primers/probes to detect Trichoderma species or strains  

Metagenomic approach to describe fungal population ς mycobiome or 

overall microbial population ς microbiome  

Next Generation Sequencing (NGS) methods are used in 

metagenomics studies ς Illumina MiSeq is common choice  

Usually it is possible to estimate the population of the fungi at the 

genera level ςat the species level it can be difficult  
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Soil has the major function to act as a supporting medium for plants or 

food crops feeding the human and animal population. It is fragile and 

easily degraded when misused and mismanaged and always remains 

at receiving end of all irresponsible anthropogenic activities. It is 

gradually renewable but over the human time scale of decades to 

centuries therefore the preservation of soil quality is of utmost 

importance for human and environmental health.  

Soil quality research is traditionally focused primarily on chemical and 

physical properties however, soil biological properties can serve as 

early and sensitive indicators of agro-ecosystems in response to soil 

management practices (Figure 1). 

Plant roots are modifying rhizosphere environment. Some processes 

are shared both by roots and associated microorganisms such as: 

exudation of soluble compounds, water uptake, nutrient mobilization 

by roots and microorganisms, rhizosphere-mediated soil organic 

matter decomposition, and the subsequent release of CO2 through 

respiration. Rhizosphere processes are important as they utilize 

approximately 50 % of the energy fixed by photosynthesis in 

terrestrial ecosystems and contribute roughly 50 % of the total CO2 

emitted from terrestrial ecosystem. Root exudates are mainly 

composed of water soluble sugars, organic acids, and amino acids, but 

also contain hormones, vitamins, amino compounds, phenolics and 

sugar phosphate esters It is considered that 40 % of the total amount 

of carbohydrates produced by photosynthesis is released into the soil 

surrounding roots. 

Microbes are also affecting the rhizosphere zone. Their abundance is 

affected by several ecological factors: moisture, temperature, organic 

matter, rhizosphere structure of plant, and plant diversity but also by 

crop management practices like tillage, irrigation, nutrient, organic 

and green manuring, mulching. Microbes play a key role in nutrient 



cycling and energy flow and have main importance in biological 

nitrogen fixation and phosphorus solubilization (phosphate 

solubilizing bacteria) and phosphorus mobilization (arbuscular 

mycorrhizal fungi). 

Important measure of soil quality are the following dynamic physical 

soil quality indicators: bulk density, aggregate stability, hydraulic 

conductivity and water holding capacity. Bulk density is considered as 

one of the most important dynamic property of soil. It is altered by 

cultivation, compression, animal grazing, agricultural machinery, 

weather and others. It also can serve as an indicator of soil 

compaction and relative restriction to root growth. Agregate stability 

is an important measure of soil quality for crop establishment, water 

infiltration and resistance to erosion and compaction. However, 

hydraulic conductivity reflects the rate at which water flows through 

soil, and affects many properties of the soil, including infiltration, 

drainage, nutrient flow within the soil, and soil erosion. Water holding 

capacity is the amount of water retained by the soil after it has been 

saturated and depends on previous physical characteristics of soil. 

Rhizosphere processes are important in carbon dynamics. Carbon 

mineralization and subsequent release of CO2 is governed either by 

respiration activity of root tissues or microbial cells present in the root 

vicinity. Soil respiration is the production of CO2 or consumption of O2 

as a result of the metabolic processes of living organisms at the 

rhizosphere and in the soil. It is a  useful measure of soil activity and 

decomposition. Soil organic matter is the key quality factor of soil. 

About 95 % of the total soil organic matter is non-living, therefore, 

relatively stable or resistant to change. Microbial biomass carbon is a 

relatively small (1ς4 % of total soil organic carbon). This is labile 

fraction that quickly responds to C availability and also strongly 

influenced by management practices and system perturbations.  



Rhizosphere processes are also important in soil nutrient dynamics. 

Nitrogen is the primary nutrient element to crop plants controlling 

their vegetative and reproductive growth. It supplies majorly from soil 

available nitrogen either organic or inorganic forms, constantly 

converts to readily-available forms (NH4 
+, NOо ҍ ), mostly carried out 

by native microbial populations in soil. Inorganic N compounds are not 

stable in soil and are subjected to volatilization and leaching. In most 

soils small proportion of the total phosphorus is present in available 

form due to its  low solubility. Soil available potassium also 

determines soil quality. Available micronutrients, such as Zn and Cu, 

can be depleted by intensive cropping with high yielding varieties. 

Biological properties of the soil include size and diversity of the 

microbial, macro and microfaunal biomass, enzyme quantities and 

activities and soil respiration. Four enyzmes are particularly 

important: dehydrogenases, phosphatates, ̡ςGlucosidase and urease.  

Dehydrogenases reflect the total range of oxidative activity of soil 

microflora and are a good indicator of microbiological activity. 

Phosphatases catalyse hydrolysis of esters and anhydrides of 

phosphoric acid, so they play critical roles in P cycles in soil 

ecosystems.  

ς̡Glucosidase catalyse reactions of cellulose degradation, releasing 

glucose as a source of energy that maintains metabolically active 

microbial biomass in soil. However as a free enzyme in soil solution, it 

normally has a time-limited activity, so rapidly degrades and 

denatures. 

Urease enzymes catalyse urea hydrolysis which breaks into CO2 and 

NH3. As a result, nitrogen losses take place by NH3 volatilization and 

soil pH increase. Originates mainly from plants and microorganisms 

found as both intra- and extra-cellular. It represents up to 63 % of 



total activity in soil, but is rapidly degraded in soil by proteolytic 

enzymes. 

Soil microbes co-operate in the rhizosphere and improve soil quality 

by formation of soil particles. Soil particles are bound together by 

bacterial products and by hyphae of saprophytic and arbuscular 

mycorrhizal fungi, into stable microaggregates (ranges in between 2 

ŀƴŘ нл ˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊύΦ Larger micro-aggregates (ranges in between 

20 and 250 ˃ Ƴ ƛƴ diameter) are formed with bacterial polysaccharides 

acting as binding agents. Micro-aggregates are bound into macro-

ŀƎƎǊŜƎŀǘŜǎ όƘƛƎƘŜǊ ǘƘŀƴ нрл ˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊύΣ ǿƛǘƘ ōŀŎǘŜǊƛŀƭ 

polysaccharides acting as binding agents and arbuscular mycorrhizal 

mycelia increasing the size of macro-aggregates. 

 

 



 

Figure 1. Soil quality indicators of the rhizosphere soil (Bhaduri et al., 

2015). 

 

 

Trichoderma species and their interaction with plants in alleviation of 

drought  

 

Trichoderma species are widely known for their antagonistic 

properties and are among the most studied biocontrol agents 

controlling plant pathogens. As a result of plant-Trichoderma 

interaction, various enzymes, avirulence-like gene products and low 

molecular weight compounds are released from both fungal and plant 

cell. Elicitors from Trichoderma are responsible for the expression of 

several gene families encoding proteins related to the plant defense 

response system. 

Plant growth promotion and abiotic stress tolerance have also been 

reported (Contreras-Cornejo et al., 2015). However, mechanisms of 

abiotic stress tolerance, such as drought in plants in interaction with 

Trichoderma spp. remain unclear. 

It is known that plant adaptation to drought involves regulation of 

stomata opening, which modulates the rate of transpiration water loss 

and carbon dioxide uptake. 

When water is available in the soil, plants will absorb water through 

its roots. This water will be used by the plant or released through 

transpiration by open stomata in the leaves. (Figure 2 A). CO2 and 

oxygen are being absorbed and released through the open stomata so 

process of photosynthesis may function normally. If the water is 



limited in the soil, plants try to prevent water loss. Water loss through 

transpiration can be reduced by closing the stomata in the leaves, 

which is regulated by phytohormones such as abscisic acid (ABA), 

jasmonic acid (JA), salicylic acid (SA) or ethylen (ET) (Figure 2 B). In this 

case water is preserved but when the stomata are closed CO2 

exchange is not possible and photosynthesis will decrease, therefore 

the growth of the plant will decrease. 

 

Figure 2- Internal defenses of plants under water stress (van der Vyver 

and Peters, 2017) 

We have studied the influence of Trichoderma on drought tolerance of 

tomato plants in two experiments. In the first experiment early 

reactions of small tomato plantlets to Trichoderma-drought treatment 

were examined, and in the second one we investigated late reactions 

of tomato at the phase of 10 leaves, to Trichoderma-drought 

treatment.  



In both experiments we have applied the Trichoderma strain isolated 

from agricultural soil, identified as T. brevicompactum and deposited 

in the Szeged Microbiological Collection (www.szmc.hu) as SZMC 

22661 (Racic et al., 2017). This species produces alamethicins, that 

could enhance biocontrol abilities, therefore the members of this 

clade were suggested as biocontrol agents. However it produces 

trichodermin - trichothecene-type terpenoid toxin with fungitoxic and 

phytotoxic activities. Generally, the investigations about the effects of 

T. brevicompactum on plants are very limited, when compared to 

other taxa like T. viride or the T. harzianum species complex. 

Experiment 1 Early reactions to Trichoderma-drought treatment 

Tomato plantlets (Solanum lycopersicum Mill. cv. Ailsa Craig) were 

grown under controlled conditions with optimal water supply (75% 

soil water capacity) until the 4th leaf developmental phase. Plants 

were subjected to three treatments: cessation of watering, addition of 

the T. brevicompactum SZMC 22661 spore suspension (8 x 106 CFU) to 

the root zone, and combination of both treatments (Figure 3). 

Measurements were performed 2, 6, 24 and 48 hours from the onset 

of treatments. 

 

http://www.szmc.hu/


Figure 3. Tomato plants used for the investigation of the early 

reactions to T. brevicompactum application. 

 

 

Figure 4. Early reactions of stomatal conductance to Trichoderma-

tomato interaction under different water supply. C refers to optimally 

watered plants; C+Tr refers to optimally watered plants treated with 

T. brevicopmactum; D refers to plants that were not watered any 

more and D+Tr refers to plants that were not watered but were 

treated with T. brevicopmactum.  

 

The decreased stomatal conductance that appeared already 2 h after 

application of Trichoderma, was recovered again to the values of 

control plants 24 h after the begining of treatment (Figure 4). Exactly 

at this time point plants have started to experienced the decreased 

soil water content (Table 1). The decrease of stomatal content was 

coupled with decreased leaf water potential (Figure 5).  



 

 

CƛƎǳǊŜ рΦ 9ŀǊƭȅ ǊŜŀŎǘƛƻƴǎ ƻŦ ƭŜŀŦ ǿŀǘŜǊ ǇƻǘŜƴǘƛŀƭ ό˕ H2O) to 

Trichoderma-tomato interaction under different water supply. C refers 

to optimally watered plants; C+Tr refers to optimally watered plants 

treated with T. brevicopmactum; D refers to plants that were not 

watered any more and D+Tr refers to plants that were not watered 

but were treated with T. brevicopmactum.  

 

 

 

 

 

 

 



Table 1. Soil water content (SWC) determined at 6h, 24 h and 48h 

after the simulatenous addition of T. brevicompactum and cessation 

of watering of tomato plants  

SWC 

Treatments 6h 24h 48h 

C 28.6 ± 4.4 34.4 ± 1.6 35.7 ± 3.1 

C + Tr 29.3 ± 1.5 43.3 ± 0.1 38.9 ± 0.8 

D 30.2 ± 0.5 27.7 ± 2.3 11.7 ± 0.1 

D + Tr 29.1 ± 2.7 23.6 ± 2.4 20.1 ± 0.8 

Mean values ± standard deviation for soil water content (SWC) (p<0.05). 

 

Experiment 2 Late reactions to Trichoderma-drought treatment 

Tomato plants (Lycopersicon esculentum Mill. cv. Ailsa Craig) were 

grown under controlled conditions with optimal water supply (75% 

soil water capacity) until the 6th leaf  developmental phase and 

transplanted to bigger pots. Seven days after transplantation T. 

brevicompactum isolate was added to half of the plants. At the stage 

of 9-10 leaves, half of the T treated and T untreated plants were not 

watered any more. Measurements of physiological parameters were 



done 17 days after the addition of Trichoderma and seven days after 

the start of drought treatment (Figure 6). 

 

Figure 6. Tomato plants from the second experiment at the harvesting 

period. 

 

Of all measured morpho-physiological parameters leaf RWC, SLA and 

plant DW decreased with drought significantly. This decrease was 

significantly attenuated with the addition of T. brevicompactum. 

(Table 2). 

Table 2. Morpho-physiological parameters (soil water content  =SWC; 

chrorophyll content = CHL; Flavonol content  =FLAV; nitrogen balance 

index = NBI; relative water content =RWC; specific leaf area = SLA; dry 



weight= DW) measured on tomato plants subjected to different 

treatments. (C: optimal watering; C+T: optimal watering and T. 

brevicompactum; D: drought; D+T: drought and T. brevicompactum). 

 

 

 

 SWC CHL FLAV NBI RWC 
SLA 

(m2/kg) 
DW g 

C 
33.98 

± 2.07 

25.16 

± 1.02 

0.05 ± 

0.01 

467.4 

± 54.1 

51.51 

± 7.01 

43.01± 

1.22 

5.43 ± 

0.41 

C+T 
35.13 

± 3.08 

24.02 

± 0.24 

0.05 ± 

0.01 

465.4 

± 

64.79 

60.11 

± 6.29 

49.01± 

1.1 

7.96 ± 

0.34 

D 
14.38 

± 3.27 

26.78 

± 1.71 

0.07 ± 

0.01 

478.33 

± 

85.47 

38.32 

± 1.25 

38.72 ± 

2.93 

4.63 ± 

0.61 

D+T 
10.24 

± 2.61 

28.63 

± 0.73 

0.06 ± 

0.01 

517.5 

± 

59.87 

44.91 

± 6.08 

36.82 ± 

3.06 

7.13 ± 

2.13 

 

This was connected with decreased stomatal conductance (Figure 7) 

and higher ABA content in the leaves (Figure 8). However, ABA 

content in the roots was lower (Figure 8). ABA content was in relation 

to the expression level of NCED1 gene, involved in ABA synthesis 

(Figure 9). 



 

Figure 7. Stomatal conductance of tomato plants subjected to 

different treatments. C: optimal watering; C+T: optimal watering and 

T. brevicompactum; D: drought; D+T: drought and T. brevicompactum 

 

 



Figure 8. Abscisic acid (ABA) content in leaves and roots of tomato 

plants subjected to different treatments. C: optimal watering; C+T: 

optimal watering and T. brevicompactum; D: drought; D+T: drought 

and T. brevicompactum.  

 

Figure 9. qPCR analysis of NCED1 gene expression levels in tomato 

roots and leaves with or without the addition of Trichoderma. C: 

optimal watering; C+T: optimal watering and T. brevicompactum; D: 

drought; D+T: drought and T. brevicompactum. 

 

Table 3 illustrates early versus late reactions of tomato plantlets to 

Trichoderma-drought treatment. Stomatal conductance and ABA 

content are important physiological parameters that react fast and are 

connected with better tolerance of plants to drought. 

Table 3. Early versus late reactions of tomato plantlets to 

Trichoderma-drought treatment 



Early reactions 

 

Late reactions 

 

Plants responded to 

Trichoderma treatment by 

significant decrease of Gs 

already 2h after application.  

Under control conditions, Gs 

was 22% higher in Trichoderma-

treated plants, this was coupled 

by increased RWC of leaves 

(17% higher than in untreated 

plants) and doubled ABA 

content in roots  

This was coupled with 

ŘŜŎǊŜŀǎŜŘ ˕H2O and increased 

ABA content in both leaves and 

roots. 

The effect of Trichoderma was 

opposite under drought, i.e. Gs 

was 79% lower in the treated 

plants, but RWC was higher 

Higher Gs of droughted plants 

that were in contact with 

Trichoderma was in accordance 

ǿƛǘƘ ƘƛƎƘŜǊ ˕H2O and lower 

ABA, both in roots and leaves in 

comparison to plants without 

Trichoderma treatment 

In the roots of droughted, 

untreated plants, the ABA 

content increased more than 8-

fold, but in Trichoderma-

treated plants it increased to a 

lower extent (5.8 times) in 

comparison to control plants 
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Figure 10 Model of long term of Trichoderma effect on amelioration of 

tomato drought tolerance. Colours illustrate the stomatal opening, 

from the highest (blue), medium (yellow) to the lowest (pink). 

Signalling pathways were  regulated in the opposite direction in leaves 

and roots. (Racic, Vukelic et al., 2018). 

The results of second experiment led us to propose the model of 

Trichoderma amelioration of drought tolerance(Figure 10) which is  

connected with the highest upregulation of JA signalling pathway 

marker genes, medium upregulation of NCED1 gene that contributed 

to medium ABA content in roots, the lowest stomatal conductance 

and lower inhibition of plant growth (C) (Racic, Vukelic et al., 2018). 

 

The effect of T. harzianum on metal uptake of tomato plants 

Seed of tomato plants from organic production, were grown in a 

growth cabinet at control conditions (LI: 250µmolm-2s-1, day/night T: 

23/17oC, RH: 60% and PP: 14h). Experiments started when the tomato 

plants were in the phase of established six leaves  and continued until 

the 10th leaf appeared (Figure 11). The plants were sown in the 

mixture of soil:compost (1:5 mass ratio) in  pots (depth of 24 cm). 

Trichoderma was applied by root dip method, at the time of 



transplanting. The concentration of metals (Cd, Co, Cu, Cr, Fe, Mn, Ni, 

Se, Zn) was measured in different parts of tomato plants (roots, stem 

and leaves) by ICP-OES method. 

 

 

Figure 11. Tomato plants before the harvest, in the experiment were 

the effect of T. harzianum on metal uptake was examined. 

 



 

Figure 12. The content of Cd (mg/kg) in different plant parts in 

Trichoderma treated (T) and untreated plants (C). 

 

Figure 13. The content of Ni (mg/kg) in different plant parts in 

Trichoderma treated (T) and untreated plants (C). 

 



 

Figure 14. The content of Cr (mg/kg) in different plant parts in 

Trichoderma treated (T) and untreated plants (C). 

 

In the presence of Trichoderma the content of toxic elements (Cd, Ni 

and Cr) in different plant organs is decreased (Figures 12, 13 and 14), 

which suggests it can reduce heavy metal availability to plants. 

Other elements such as Co, Cu, Fe, Se, Zn were also examined, but 

their content was not affected by Trichoderma treatment.  

Conclusion: 

The application of T. brevicompactum to Ailsa Craig tomato plants is 

beneficial for plant drought tolerance. 

T. harzianum reduces the availability of heavy metals to plants, 

therefore the uptake of Cd, Ni and Cr is decreased, as well as their 

content in different plant parts. 
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Are biocontrol agents clinically relevant? ς Genus 

Trichoderma in the spotlight 
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Importance of the genus Trichoderma 

Beneficial side: 

Ecological role: degradation of plant residues in the soil 

Biotechnological significance: cellulose degradation (T. reesei) 

Agricultural application: biological control of plant pathogenic fungi  

(T. harzianum, T. virens, T. atroviride, T. asperellum, T. 

longibrachiatum) 

Harmful side: 

Green mould disease of cultivated mushrooms (T. aggressivum, T. 

pleuroti, T. pleuroticola)  

Clinical importance: opportunistic infections in immunocompromised 

patients (T. longibrachiatum)  

Clinical relevance of the genus Trichoderma 

The genus is on the growing list of emerging fungal pathogens. 

Patients at risk: 

 - immunocompromised transplant recipients 

 - patients undergoing continuos ambulatory peritoneal dialysis  

(CAPD) 

 - patients with HIV infection 

Number of known cases: 

 - around 100 

 - growing from year to year 

 



Examples: Skin lesion caused by T. longibrachiatum Munoz et al. 

(1997) 

11-year-old male 

Severe aplastic anemia 

Skin lesion on the medial aspect of the wrist of a pediatric patient with 

aplastic anemia 

Central eschar formation with a surrounding white discoloration, 

edema and erythema 

Skin biopsy specimen showed septate hyphal elements with irregular 

forms, arranged in a radial fashion 

Intravenous amphotericin B 

Bone marrow transplantation 

Patient healed 

Examples: Necrotizing stomatitis caused by T. longibrachiatum 

Myoken et al. (2002) 

Female neutropenic patient (Hiroshima survivor) with malignant 

lymphoma 

Intensive chemotherapy 

Oral lesions 

Necrotizing stomatitis 

Septate fungal hyphae showing dichotomous branching at acute 

angles in necrotic gingiva 

Oral itraconazole, oral rinses with amphotericin B 

Pulmonary infiltration 



Patient died 

Examples: T. harzianum infection in a renal transplant recipient 

 Guarro et al. (1999) 

68-year-old man 

Chronic renal failure 

Renal transplantation 

Headache, neurological symptoms 

Patient died 

Post mortem diagnosis: disseminated Trichoderma infection 

Methenamine silver stain of a brain abscess showed a radiating 

pattern of T. harzianum hyphae 

Periodic acid-Schiff stain revealed branching pattern of hyphae from a 

lung lesion 

 

Examples: Sinusitis due to T. longibrachiatum 

 Molnár-Gábor et al. (2013) 

29-year-old female, Hungary, Szeged 

Immunocompetent status 

Frontal and occipital headache for more than 15 years 

Worsening nasal blockage 

CT revealed inhomogenous shadow in the sphenoid sinus 

Surgical removal of fungal mass (2 operations) 

Topical amphotericin B, regular suction 



Patient recovered 

 

Recent otitis and keratitis cases due to Trichoderma 

56-year-old, otherwise healthy female, Croatia 

Discomfort, scaling and mild pruritus limited to the external auditory 

canal with fluffy and grayish-green discharge 

Topical terbinafine 

Complete recovery 

 

65-year-old South Indian male 

Diabetic, asthmatic 

Complaints of pain and redness in the right eye 

Central full thickness corneal infiltrate with feathery margins 

surrounded by immune ring with hypopyon and cataractous lens 

Topical voriconazole and natamycin, intrastromal and intracameral 

voriconazole, oral ketoconazole 

therapeutic keratoplasty along with lens extraction and anterior 

vitrectomy  

 

Heart infections due to Trichoderma 

71-year-old Hungarian man with previous aortic valve implantation  

increased inflammation parameters, profuse diarrhea, fever, reduced 

renal function and elevated liver enzymes 



Clinical samples taken from the removed aortic valve and the wall of 

the aorta during his reoperation revealed filamentous fungal growth 

Hyphal elements in infected tissues 

Intravenous voriconazole 

Patient died to another cause 

 

75-year-old Hungarian woman 

Pacemaker implant 

Infection of the pacemaker sac 

Extraction of the device 

 

Morphology-based identification of clinical Trichoderma isolates 

Section   Species 

Longibrachiatum T. longibrachiatum 

    T. citrinoviride 

    T. pseudokoningii 

    T. reesei 

Pachybasium  T. harzianum 

Trichoderma  T. viride 

    T. atroviride 

    T. koningii 

??Are really all of them potential opportunists?? 

 



Clinical Trichoderma isolates examined at the Department of 

Microbiology, University of Szeged 

 

Species  Strain   Isolated from 

T. longibrachiatum     UAMH 9515  peritoneal effluent, Newfoundland, Canada 

               ATCC 201044  skin lesion, TX, USA  

                          ATCC 208859  HIV+ patient, TX, USA  

               CBS 446.95  lung of a man, Vienna, Austria 

   CNM-CM 2171 cutaneous feet skin lesions, Spain 

     CPK 2882  sinus lavage of a rhinosinusitis patient 

   CPK 2880  blood culture of leukaemia patient 

   CPK 2881  stool of a pediatric patient 

 T. pseudokoningii IP 2110.92  brain biopsy, Villejuif, France  

   UAMH 7955  sinus, Pennsylvania, USA 

   UAMH 7956  lung, liver, intestinal wall, Iowa, USA 

  T. citrinoviride          UAMH 9573  peritoneal catheter, Newfoundland, Canada 

  T. koningii  CNM-CM 382  peritoneal fluid, Las Palmas, Spain 

  T. harzianum  CBS 102174  brain and lung abscesses, Spain 

  T. viride  CNM-CM 1798 blood culture, Spain 

   CNM-CM 2277 sputum of a patient with TBC, Spain



 

Strain identification by ITS-sequence analysis 

Primers: ITS1, ITS4 

Product: about 600 bp fragment (ITS1 ς 5.8S rDNA ς ITS2) 

Sequence analysis: TrichOkey 2.0 (http://www.isth.info ) 

Strain               Species    Identity 

CBS 102174             T. harzianum   confirmed 

ATCC 201044 T. longibrachiatum  confirmed   

ATCC 208859 T. longibrachiatum  confirmed  

UAMH 9515 T. longibrachiatum  confirmed  

CBS 446.95  T. longibrachiatum  confirmed  

CNM-CM 2171 T. longibrachiatum confirmed 

CPK2880  T. longibrachiatum confirmed 

CPK 2881   T. longibrachiatum confirmed 

CPK 2882   T. longibrachiatum confirmed 

IP 2110.92               T. pseudokoningii  reidentified  

UAMH 7955            T. pseudokoningii  reidentified 

UAMH 7956            T. pseudokoningii reidentified 

UAMH 9573            T. citrinoviride   reidentified   

CNM-CM 382          T. koningii   reidentified 

CNM-CM 1798        T. viride    reidentified 

CNM-CM 2277        T. viride    reidentified 

 

http://www.isth.info/


All reidentified strains proved to belong to the species duplet T. 

longibrachiatum/T. orientale, sequence analysis of a tef1 fragment revealed that 

both of these species are clinically relevant. 

Recent taxonomic developments 

- T. longibrachiatum previously considered to be a uniform species 

- Sandoval-Denis et al. (2014): morphology, ITS (internal transcribed 

spacer), tef1 (translation elongation factor 1h ύΣ chi18-5, endochitinase) 

sequence analysis: T. longibrachiatum + T. bissettii sp. nov. 

 

 

 

Section of the tef1 sequence alignment of T. longibrachiatum and T. 

bissettii strains with the diagnostic indel inside the 4th large intron 

allowing their differentiation. Numbers above the alignment indicate 

postitions related to the start position of the tef1 coding region in T. 

reesei RUT C-30 

 

 

 



Antifungal susceptibilities of clinical and environmental Trichoderma 

isolates 

- Minimal inhibitory concentration (µg/mL) of antifungal drugs 

(determined by Etest modified for moulds) 

- Resistance to ITC, FLC, PSC (clinical, environmental) 

 

Conclusions 

- Identification of clinical Trichoderma isolates should be confirmed 

with sequence-based methods 

- Pathogenic Trichoderma strains are restricted almost exclusively to 

species of section Longibrachiatum 

- tef1 or other markers are needed to clearly separate Trichoderma 

longibrachiatum from T. orientale and T. bissettii 

- drug of choice for treatment: voriconazole 

- Environmental habitats (including agricultural systems) are potential 

sources of human infections  

- Members of section Longibrachiatum should be excluded from 

biocontrol 
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Bad moulds vs. good mushrooms: mould diseases in 

mushroom cultivation 

 

 

 

Materials prepared by Lóránt Hatvani 

 

 

 

 

 

 

 

 

 

 

 

 

 



Mushroom cultivation 

Oyster mushroom (Pleurotus ostreatus): 

Human food 

Enzymes (industry) 

Biodegradation 

Bioconversion 

Medicinal mushroom 

Shiitake (Lentinula edodes): 

Food 

Medicinal mushroom  

Button mushroom (Agaricus bisporus): 

Food 

Medicinal mushroom??? 

 

The problem 

Pest and ŘƛǎŜŀǎŜǎΥ ǾƛǊǳǎŜǎΣ ōŀŎǘŜǊƛŀΣ ƴŜƳŀǘƻŘŜǎΣ ƛƴǎŜŎǘǎΧ 

Moulds: huge yield loss, economic importance 

 

Dry bubble: 

Affected mushroom: A. bisporus 

Causal agent: Lecanicillium fungicola (var. fungicola, aleophilum) 

(Berendsen et al. 2010) 

Hungary, Serbia, Ireland: L. fungicola var. fungicola 



Wet bubble: 

Affected mushroom: A. bisporus 

Causal agent: Mycogone perniciosa (Sharma and Singh 2003) 

Hungary, Serbia, Croatia: M. perniciosa 

 

Cobweb: 

Affected mushroom: A. bisporus 

Causal agent: Cladobotryum mycophilum (McKay et al. 1999) 

Hungary, Serbia: C. mycophilum 

Spain, Korea: king oyster mushroom (Pleurotus eryngii) is also affected 

(Gea et al. 2011, Kim et al. 2012) 

 

ά²ƘƛǘŜέ ƳƻǳƭŘΥ 

Affected mushroom: A. bisporus (Hungary, 2016) 

Causal agent: Trichoderma decipiens 

 

Green mould: 

Affected mushrooms: A. bisporus, P. ostreatus, L. edodes 

Causal agents: Trichoderma species 

A. bisporus: 

Causal agent: T. aggressivum f. aggressivum, f. europaeum  

(Samuels et al. 2002) 

Hungary (2004-2005): T. aggressivum f. europaeum  

(Hatvani et al. 2007) 



Croatia (2010): T. harzianum!!! (Hatvani et al. 2012) 

Hungary (2015-2016): T. aggressivum f. aggressivum!!!  

(Hatvani et al. 2017) 

 

Symptoms of green mould on A. bisporus (András Geösel) 

 

P. ostreatus: 

Causal agent: T. pleuroti, T. pleuroticola  

(Park et al. нллсΣ YƻƳƻƵ-Zelazowska et al. 2007) 

Spain, Croatia: T. pleuroti + T. harzianum!!!  

Hungary (2015): T. aggressivum f. aggressivum!!!  

 

L. edodes: 

Causal agent: T. harzianum!!! (Hungary, Serbia) 



Infection: Why??? 

- Presence/lack of pathogens 

- Mushroom (variety, fitness) 

- External factors (temperature, pH, fungicides, compost bacteria...) 

- etc. 

 

Pest management 

Means: 

- Physical 

- Chemical 

- Biological 

- Integrated (IPM): combination 

 

Important steps: 

- Isolation, identification and characterization of the causal agents 

- Laboratory-scale experiments (small, medium) 

- Field trials 

 



 

Dry bubble: 

Host: A. bisporus 

Causal agent: Lecanicillium fungicola var. fungicola  

(sequence analysis of the ITS [internal transcribed spacer] region) 

Potential control:  temperature 

Strain Colony growth (mm/day) AI* 

20 oC 25 oC 30 oC 20 oC 25 oC 

L. fungicola IP2 3.30 2.00 0 65 27 

L. fungicola XT2 3.50 1.95 0 69 45 

A. bisporus 1.60 1.75 1.50 - - 

AI*: aggressivity index (originally described as biocontrol index, 

Szekeres et al. 2006) 

 

Green mould: 

Host: P. ostreatus 

Causal agents: Trichoderma pleuroticola, T. pleuroti (ITS) 



 

Temperature: overlapping profiles                    not applicable 

 

 

Potential control 1: Prochloraz-Mn (fungicide) 

 



 

Potential control 2: Calcium hydroxide 

 

 

Potential control 3: antagonistic bacteria (Bacillus subtilis) 

      T. pleuroticola             T. pleuroti      P. ostreatus 

     

 



 

Conclusions 

Different mould diseases of cultivated mushrooms: 

dry bubble, wet bubble, cobweb, white mould, green mould Χ 

Widening spectrum of causal agents:  

Trichoderma aggressivum f. aggressivum, T. harzianum,  

T. decipiens, Cladobotryum mycophilum 

Difficult physical control (temperature) 

Chemical control: calcium hydroxide, prochloraz 

Biological control possibilities (antagonistic bacteria) 

Inreasing need for efficient and safe biological or IPM strategies!!! 
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Good moulds vs. bad mushrooms: towards the 

biological control of Armillaria root rot 

 

 

 

 

Materials prepared by Csaba Vágvölgyi, György Sipos and László Nagy 

 

 

 

 

 

 

 

 



Microorganisms invading living trees 

Bacterial and fungal invaders of living trees must overcome 

the innate immune system of the host tree 

the presence of potentially toxic antibacterial and/or antifungal 

compounds 

the low nitrogen and phosphorous content in the woody environment 

the complexity of the organic substrates like lignin and phenols 

The most effective invaders are the pathogenic wood-decay fungi. 

 

The genus Armillaria 

Basidiomycota, Agaricales, Physalacriaceae 

More than 70 species, regular native associates of forest ecosystems 

worldwide 

Predominantly diploid rather than dikaryotic vegetative phase 

Largest and oldest terrestrial organisms - humongous fungus (A. 

ostoyae) in Oregon (USA): 965 hectares, 600 tons, several thousands 

of years 

Rhizomorphs: unique multicellular structures (Armillaria & 

Guyanagaster), apical polarized growth, made up of 4 distinct hyphal 

layers 

Most Armillaria species are facultative necrotrophs 

Colonizing and killing the root cambium 

Transition to saprobic phase: decomposing dead woody tissues 

More than 500 plant host species 



Dispersal strategy: lower-than expected mutation rate - clonal stability 

 

 

 

An integrative approach 

Genome sequencing of parasitic and saprophytic Armillaria species, 

comparative genomics 

Transcriptomic comparison of different developmental stages 

Proteomic analysis 

Collection and identification of Armillaria samples from infected and 

healthy forests 

Metagenomic analysis of Armillaria-associated microbiomes 

Isolation and identification of bacteria and fungi from Armillaria-

associated microbiota 

Selection and characterization of potential BCAs for the control of 

Armillaria root rot 



Complex investigation of the interactions in the Armillaria ς host ς 

BCA system 

Development of environment-friendly management strategies, field 

experiments            

Full Armillaria genomes published 

A. mellea (Collins et al. 2013), A. fuscipes (Wingfield et al. 2016), A. 

ostoyae, A. cepistipes, A. gallica, A. solidipes (Sipos et al. 2017) 

 

What we learned from Armillaria genomes? 

 

- Lineage-specific innovations 

- The position of Armillaria species in the Physalacriaceae was 

confirmed, with Guyanagaster and Cylindrobasidium as their closest 

relatives 

- Expansion of protein coding gene repertoires in Armillaria spp. 

- Separation just in the Cenozoic geological era 

- There is a significant genome expansion in Armillaria, affecting 

several pathogenicity-related genes, lignocellulose-degrading enzymes 

and lineage-specific genes expressed during rhizomorph development 

- 442 genes showed greater than fourfold elevated expression over 

vegetative mycelium and relatively constant expression across 

rhizomorph and fruting samples, suggesting they are linked to 

complex multicellularity in A. ostoyae 

- Rhizomorph development draws extensively on fruiting body genes, 

fruting body development could have been the cradle for the 

evolution of rhizomorphs in Armillaria 



- Genes encoding components of the endoplasmic reticulum protein 

posttranslational import system are upregulated in rhizomorphs 

- This may indicate an intensified biogenesis and cargo of extracellular 

proteins along the secretory pathway 

- Genes involved in chitin synthesis and remodeling are differentially 

used by A. ostoyae in a development- and tissue-specific manner 

- Hydrophobins were mostly overexpressed in the vegetative mycelia 

- Four hydrophobins reached their highest expression in rhizomorphs 

- Cerato-platanins and expansins might act as first-line cell-lysis 

weaponry during invasion 

 

 

Studying the Armillaria problem in Central Europe 

- Collection of Armillaria fruting bodies in Northwest Hungary and 

Austria 

- Morphological examination of Armillaria fruiting bodies 

- Species-level identification of Armillaria isolates: 

- 39 Armillaria strains received and deposited in the Szeged 

Microbiology Collection (SZMC) 

- Sequence-based identification of Armillaria isolates  

- Translation elongation factor 1h (tef1) 

- Confirmed species: 

A. gallica 

A. mellea 



A. cepistipes 

A. ostoyae 

- Remarkable genetic diversity within A. gallica 

- Hardwood-specific species were found in the Keszthely Hills 

- A. mellea and A. gallica were abundant in a severely damaged forest 

area 

- A large A. gallica colony was detected in the Sopron Hills 

- Conifer-specific Armillaria species were isolated from the Rosalia 

Hills, Austria 

The microbiota associated with Armillaria 

¢ƘŜ ŀǎǎŜƳōƭȅ ƻŦ ǘƘŜ άArmillaria-associated microbiotaέ might be 

dependent: 

on the host genotype 

on its phenotypic traits 

or on the forest environment 

 

Isolation and species-level identification of potential BCAs: 

Trichoderma 

Total number of Trichoderma isolates: 115 

Molecular identification by ITS and tef1 sequence analysis 

51 out of 115 Trichoderma strains identified and deposited in SZMC 

Detected species: 

T. simmonsii (11) 

T. koningii (9) 



T. atroviride (8) 

T. virens (4) 

T. harzianum (4) 

T. gamsii (3) 

T. asperellum (3) 

T. hamatum (2) 

Trichoderma sp. (2) 

T. paratroviride (1) 

T. tomentosum (1) 

T. atrobrunneum (2) 

T. crassum (1) 

 

Isolation and species-level identification of potential BCAs: 

pseudomonads 

Pseudomonas strains identified based on a region of the rpoB gene 

29 Pseudomonas strains identified and deposited in SZMC 

Detected species: 

- P. mandelii (11) 

- Pseudomonas sp. (8)  

- P. jessenii (4) 

- P. koreensis (2) 

- P. fluorescens (4) 

 



 

Isolation and species-level identification of potential BCAs: bacilli and 

other bacteria 

Bacilli and other bacteria identified based on the 16S rRNA gene 

11 bacterial strains identified and deposited in SZMC 

Detected species:  

 - Bacillus cereus (2) 

 - Bacillus mycoides (1) 

 - Paenibacillus alginolyticus (2) 

 - Paenibacillus castaneae (1) 

 - Paenibacillus sp. (2) 

 - Burkholderia sp. (1) 

 - Lysinibacillus sp. (1) 

 - Streptomyces sp. (1) 

 

Screening for Trichoderma strains with biocontrol potential 

Trichoderma strains confronted with Armillaria in all combinations on 

PDA plates 

Biocontrol Index (BCI) values calculated based on image analysis of 

plate photographs 

BCI = (area of Trichoderma colony / total area occupied by the colonies 

of both Trichoderma and Armillaria) × 100 

BCI values of Trichoderma strains against A. gallica isolates 



 

 

Screening for bacterial strains with biocontrol potential 

Colony diameters (cm) of A. gallica isolates in the presence of 

different Pseudomonas strains 

 

Characterization of BCA candidates: 

siderophore production 

phosphorous mobilization 

indole acetic acid production 

Interaction studies: 

antagonism assays 

stem invasion assays 

seedling growth promotion assays 



Conclusions 

Comparative genomics revealed an expansion of protein coding genes 

in the genus Armillaria  

Transcriptomic data suggest that fruiting body formation might have 

been the cradle of rhizomorph formation 

Genes differentially expressed in different developmental stages of 

Armillaria could be identified 

Armillaria gallica shows a remarkable genetic diversity in Central 

Europe 

Metagenome analysis may shed light on possible bacterial 

endosymbionts of Armillaria 

Rhizomorph-associated bacteria and fungi with biocontrol potential 

could be selected 

Studies on the interactions of the pathogen-host-BCA system are 

expected to shed light on mechanisms of pathogenicity, biocontrol 

and plant growth promotion 
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Control of Varroa Mite (Varroa 

Destructor) on Honey Bees by 

micro biological agents 

 

 
 

MATERIALS PREPARED BY SLADJAN RASIC 

 

 

 

 

 

 



General Introduction 

 

Very rapidly after Varroa destructor invaded apiaries of Apis mellifera, 

the devastating effect of this mite prompted an active research effort 

to understand and control this parasite. Over a few decades, varroa 

has spread to most countries exploiting A. mellifera. As a onsequence, 

alarge number of teams have worked with this organism, developing a 

diversity of research methods. Often different approaches have been 

followed to achieve the same goal. The diversity of methods made the 

results difficult to compare, thus hindering our understanding of this 

parasite. 

Varroa is a mite with a head of the size of the cheek, with 8 legs, 

brown to reddish brown. It is fed to the haemolymph of bees. This 

mite is present in almost all countries of the world except for the 

Australian continent. 

 

 

Varroa destructor 



Life cycle of Varoa 

 

An adult female Varoe is fed on a bee for 5-13 days and enters the 

brood cell from 24 to 60 hours before matching the cell with the 

brood. In winter, while there is no brood, she lives on a bee for 6 

months. Average lifespan, when brood is present, is 27 days. She takes 

the first egg 60 hours after caped the cell, then every 30 hours 

thereafter. The first mite that is leaking is the male. Other mites are 

females who mate with a male and eat on a pupa. Adult and mature 

mites come out with bees, immature and males stay in a cell where 

they soon die. Varoa is transmitted from the bee on the bee on the 

frames with a brood and is mostly found on worker bees. 

 

 

Life span of Varoa destructor 

Population dynamics of varoa mites 



 

 

In winter time Varoa  is on adult bees. He enters in the brood in the 

spring, prefers drone brood. Each varoa seen on the bee comes in two 

more in the brood. Pop up the peak of the Varoe population is in July 

and August! 

 

 

 

 

 

 

 

 



 

 

 

Sampling Methods 

 

Method with powdered sugar A 

 

Take about 400 bees in a jar of 720 gr with a mesh cap 

Add 1 tablespoon of powdered sugar and stir strong (shake) 

Sprinkle sugar on white paper 

Count the varou 

Release the bees 

 

 

 

             

 

 



 

 

 

Method with powdered sugar B 

 

Collect 300 bees (100mL beaker=300 bees)  

Collect 300 bees by brushing into a measured container 

Add the 300 bees into jar with screened lid 

       

 

 



 

MIXING OF SUGAR AND COUNTING OF VAROA  

 

 

 

        

 

         

 

 

 



 

RETURN OF BEES IN HIVES 

 

  

 

 

 

 

 

 

 

 

 



 

 

MONITORING OF INTENSITY OF INFECTION BY VAROA 

METHOD WITH MOVABLE PLATE  

 

Mesh platform with movable plate 

There are commercial adhesive plates or a simple existing plate coated 

with petroleum jelly or some oily product 

Place underneath the underbrush for 1 to 3 days 

Count the naturally occluded mites 

Calculate the daily drop of Varoe 

 

 

 



 

FACTORS INTO THE QUANTITY OF VAROA 

 

Period during the season 

Size of the bee colony 

Hygienic behavior of bees 

The surface of the brood 

The surface of the worker bee brood 

If there is a little drone brood in a hive, the varoa will populate a bee 

brood 

 

WHEN TO DO THE TESTING 

Frequency of treatment: 

1. If the intensity of invasion is low, the treatment goes twice a year. 

2. If the varoe population is numerous, it is recommended to treat every 

two months (excluding the winter period). 

 



 

Varoa destructor 

 

 

ALTERNATIVE WAY TO DETERMINE LEVEL OF INFECTION OF THE VAROA 

 



 

Lee, K.V., G. Reuter and M. Spivak. 2010.  Standardized sampling plan 

to detect Varroa density in colonies and apiaries.  Amer. Bee Journal. 

150: 1151-1155.  

 

 

 

 

 

 

 

 



REVIEW OF IPM PRINCIPLE 

 

IPM means managing the population of pests, not completely 

eradicating. 

Understanding the life cycle of pests. 

Monitoring is critical. 

Knowledge of healing thresholds. 

The time of treatment or treatment (when needed) is critical. 

 

 

 

 

 

 



 

 

CHEMICAL TREATMENT AGAINST VAROE 

 

 

Compiled from Rosenkranz et al. 2010 and 

http://www.maf.govt.nz/biosecurity/pests-diseases/ 

animals/varroa/guidelines/control-of-varroa-guide.pdf. 

 

 

 

 

 

 



 

BIOLOGICAL TREATMENTS 

 

MICROBIOLOGICAL AGENTS 

 

Akaripathogenic fungi: 

Beauveria bassiana 

Metarhizium anisopliae var. anisopliae 

Verticillium lecanii 

Hirsutella thompsonii 

 

Deficiency 

It takes several days to kill your host 

they can not adapt to the surroundings in a hive 

 

Chandler et al., 2001, Shaw et al., 2002, James et al., 2006, Kanga et 

al., 2002, Kanga et al., 2006, Meikle et al., 2007 and Meikle et al., 

2008. 

 



 

VIRUSES, BACTERIA, NEMATODES, PROTOZOA, RICKETTSIAE 

 

The use of pathogens can cause Varoe's flying infection in the hive. 

Some strains of Bacillaceae and Micrococcaceae increase the mortality 

of Varoe in laboratory conditions. To date, the strain specific to Varoa 

has not been isolated. 

(Aronson et al., 1986, Ball and Allen, 1988, Glinski and Jarosz, 1999; 

Tsagou et al., 2004, Van der Geest et al., 2000) 

 

PREDATORS AND PARASITOIDS 

 

Pseudoscorpies - they can feed on mites. The relationship with the 

bees has not been sufficiently explored. There are some studies with 

pseudoscorpies in the hive (Donovan and Paul, 2005, 2006, Gonzales 

et al., 2007, Van der Geest et al., 2000) 

The conditions for breeding and inoculation of pseudoscorpions have 

not yet been sufficiently studied. 



 

 

 

 

OTHER TREATMENTS 

1. Bacteria Serratia marcescens, isolated from the A. cerana; excretes 

proteins that affect the degradation of the Varoe chitos 

2. New oil application systems: orange oil is encapsulated through 

ceramic tiles 

3. RNA interference (or RNAi), current research: deactivates certain 

genes that regulate gene expression 

4. Attractiveness of the brood and the release and release of dissolved 

substances in the brood that are attractive to Varroa and the patterns 

of the trap; currently in the test 

5. Chlorfenvinphos (organophosphate), effective but residues can cause 

problems  

6. Azadirachtin (Neem) needs work on it, some products can be 

effective 

7. Herbal monoterpenoids, some reported to be toxic to bees 



8. Mineral oils from food are not effective 

9. Sugar powder can be good only for samples, but not for full 

treatments 

10. The lower plate on the hive is not effective (Ellis et al., 2001) 

11. Smoke, various smelling materials can cause damage to the bees 

12. Thermal treatments (oven racks) (Rosenkranz et al., 2010,) 

13. Adjusting the size of the honeycomb cell, smaller cells do not reduce 

the number of Varoo (Berry et al., 2010) 

14. Varoe castles and killing Varoe with special frames, eg Mite Zapper 

(Huang, 2001) 

15. Propolis barriers 

16. Antioxidants are currently being tested 

 

 

 

 

 

 

 

 

 

 

 

 



CONCLUSION 

 

Varoa is a mite that has been present at beehives worldwide for more 

than 40 years. If we summarize the efforts to combat this parasite, we 

can say that we have increased our knowledge of the distribution and 

spread of mites, its pathogenesis, the interaction between bees and 

varoe and the effective application of some preparations. 

In most countries, the situation with Varoa is "stable": beekeepers have 

learned to live with Varoa in hives and most of our beekeepers do not 

know bee-honey without varoa. 

Generally speaking, the original aim of extermination of the parasite 

was not realized. There is still no treatment against Varoa that meets all 

the criteria - "safe, efficient, and easy to apply". We also have not yet 

received a bee naturally resistant to Varroa. Instead, we are confronted 

with secondary diseases and damages in bee-colonies caused by the 

synergistic collaboration of Varoa and other pathogens or 

environmental factors. 

 

 

WHAT IS NEED FOR FUTURE RESEARCH 

 

Unique methodology for assessing the invasion of the varoa 

Frequent sampling and testing of infection 

Equalize treatment thresholds 

New treatments without influence on quality of bee products in the 

hive 
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Application of high-throughput phenotyping in crop studies   

Currently, society has technology and resources to provide long-term 

food security for all, despite some risks and challenges. In the last few 

years, many approaches have been discussed and incorporated into 

the constantly improving new process of highly automated, non-

destructive phenotyping of plants. Plant phenotyping is the extensive 

evaluation of multiplex plant features like architecture, cultivation, 

development, resistance, ecophysiology and harvest, as well as the 

analysis of particular significant specifications for quantity criterion 

which design the background for more complicated features. The 

detailed and specific phenotyping strategies are required for genome-

wide association and permit high-resolution linkage mapping 

investigations, and also to practice models of genomic selection for 

plant advancement.   

The improvement of correctness and throughput of phenotypic 

assessment at all biological levels ς phenomics, metabolomics and 

genetics ς are the main objectives of modern phenotyping. The 

phenotyping system minimizes labor and costs due to its: 

automation,  

improved data integration,  

remote sensing,  

experimental design.  

The developed systems for phenotyping are important for 

representing the full set of genetic factors that play roles in the 

phenotypic variation of quantitative parameters for cells, tissues and 

also organs, stages of development, plant species, environments, and 

scientific appointments. Newly developed plant phenotyping 

platforms produce significantly more data than they did initially, and 



they need special systems for data management, access and storage. 

New statistical tools are needed for enlarging the experimental design 

and for making greater use of ideas to promote integration of data 

together with deriving biologically significant signals from 

experimental and environmental noise.  

The phenomics field covers two major challenges: 

The features analysis of large quantity of genetic lines, and, 

the replications of measurement of dynamic traits (i.e., traits whose 

phenotype changes during the vegetation period). 

To characterize a genotype, it may be more valuable to determine the 

levels of a few key compounds in several organs and at several time-

points rather than obtaining the full metabolic profile for just one 

sample. For phenotyping projects that engage several hundred 

samples, it can be useful to use more oriented, less costly methods for 

all samples with full-scale results. Preliminary work might indicate 

which traits are the main contributors to the phenotype of interest 

and lead to a focused analysis that is more productive and cost 

effective for phenotyping. 

 In most cases, in the field or in the laboratory platforms, these 

detector systems have been installed:  

(semi)-automatic evaluation of morphometric parameters using RGB 

image analysis, 

chlorophyll a fluorescence kinetic imaging,  

hyperspectral or multispectral analysis of the light spectral reflectance 

thermal (IR) imaging 

environmental monitoring systems 

soil status monitoring systems 



In many indoor installations, systems are composed of regulated 

watering and nutrient regimes controlled by automatic weight 

systems and environmental controls in the imaging.  

Control and programming of platform systems, as well as data 

analysis, are performed with sophisticated and user-friendly software 

packages. Such newly developed phenotyping systems have tools for 

estimating many photosynthetic parameters; RGB systems can 

estimate plant morphometry, IR-thermal cameras can evaluate 

stomatal conductance, and hyperspectral imaging systems can 

evaluate metabolomics of experimental plants in different stages of 

growth. 

The first major automated phenotyping systems in controlled 

environment were built in Australia (Autraian Plant Phenotyping 

Facility in Adelaide and CSIRO in Cambera). However, in the last 

decade, the development of phenotyping platforms was concentrated 

mostly in Europe, including two main commercial developers of 

phenotyping systems ς Lemnatec (Germany) and Photo System 

Instruments ς PSI (Czech Republic). The most developed phenotyping 

platforms (up to 2018) are listed in Table 1.   

 

 

 

 

 

 

 



Table 1. Automated and semi-automated high-throughput plant 

phenotyping platforms 

Location / 

Producer 

Platform Features URL 

PSI PlantScree

nTM 

Conveyor phenotyping system in 

controlled environmental 

conditions with analysis of 

chlorophyll fluorescence, kinetic 

and thermal imaging, 

morphometric and RGB analysis, 

and hyperspectral and NIR 

imaging; uses an automated 

weighing and watering system. 

http://www.psi.cz  

LemnaTec Scanalyzer3

D 

Comprehensive non-destructive 

2D-3D assessment of plant 

physiological traits in controlled 

environmental conditions.  

http://www.lemnatec.co

m 

INRA Phenopsis Specific platform for phenotyping 

Arabidopsis plant growth under 

controlled environmental 

conditions. 

http://bioweb.supagro.in

ra.fr 

INRA Phenoscop

e 

Automated phenotyping device 

to handle and monitor hundreds 

of individual pots. 

https://phenoscope.vers

ailles.inra.fr 

INRA Phenodyn Temporal analyses of growth 

rate and transpiration of 

hundreds of monocot crop 

species. 

https://www.phenome -

fppn.fr 

INRA Phenoarch Automated platform based on a 

LemnaTec system to analyze the 

genetic determinants of plant 

responses to environmental 

conditions. 

https://www.phenome -

fppn.fr 

 

Phenospex FieldScan Phenotyping under field- or semi-

field conditions that is designed 

to screen large populations. 

http://phenospex.com 



WPS WSP Fully automated digital 

phenotyping system using high-

throughput RGB sensors. 

http://www.wps.eu  

Keygene PhenoFabR Greenhouse service operation 

that combines phenotyping 

technology with trait 

interpretation to exploit 

phenotypic variation. 

 

Jülich Plant 

Phenotyping 

Centre 

Growscree

n 

Non-invasive methods designed 

to quantify shoot 

morphometrical and functional 

parameters and root 

architecture. 

http://www.fz -juelich.de 

Wageningen 

UR 

PhenoBot Autonomous mobile robot with 

camera promises to output direct 

registered depth and color image 

for morphometric analysis. 

http://www. wageningen

ur.nl 

Wiwam Wiwam 

Conveyor 

Integrated robotic system for 

phenotyping of larger plants with 

automated irrigation and 

measurement of a variety of 

plant growth parameters at 

regular time intervals. 

http://wiwam.be  

Australian 

Plant 

Phenomics 

Facility 

PlantScan Provides non-destructive 

analyses of plant morphology, 

structure and function by using 

high-resolution cameras with 

cutting-edge information 

technology. 

http://www.plantpheno

mics.org 

 

  

Non-destructive analysis of growth and physiology of aboveground 

parts of plants by automated imaging 

The system for  automated non-invasive analysis of plant shoots may 

be based on different technical solutions or measured signals. In 



following subchapters, we will introduce the most important sensors 

that have been used for studies of plant x environment responses or 

other studies.  

Visible RGB imaging of plant abobveground biomass 

In most of cases, the main observed trait in plant biology is the growth 

of plant shoots. In addition to numerous secondary traits describing 

the morphology of shoots, the primary and universal trait is the size 

(volume, fresh mass, dry mass) of biomass and the rate of the biomass 

formation. Standard way to asses the biomass is destructive, by a 

simple weighing of the fresh (FW) and dry (DW) masses. However, this 

can be done only in the end-point analyses. Similarly, leaf area and 

consequently the plant growth rate are usually determined by manual 

measurements of the dimensions of plant leaves. Such measurements 

are highly time consuming and thus cannot be used for large scale 

experiments. Therefore, plant phenotyping facilities prefer to evaluate 

the growth rate using imaging methods which employ digital cameras 

with subsequent software image analysis. This enables a faster and 

more precise determination of the leaf area and other parameters 

called projected area. In general, non-invasive techniques of shoot 

growth determination have proven very reliable, and high correlations 

between the digital area and the shoot fresh, or dry weights, 

respectively, were reported in Arabidopsis, tobacco and different crop 

species. Similarly, other common morphometric parameters such as 

stem length, number of tillers and inflorescence architecture can be 

assessed non-destructively and manually, but again the time 

requirements, limit the number of plants analysed. High-throughput 

approaches for analyses of these rather species-specific traits would 

be very valuable, however, with the exception of Arabidopsis, the 

range of accessible solutions has been rather limited. 



The recent phenotyping platforms run the procedures to capture and 

automatically analyze the images of aboveground area. The images 

are taken from the top view and/or from the side view, in which the 

several views are analyzed taken when plants are rotating by a fixed 

angle. An example of top view and side wiw image is in Fig. 1. 

 

 

 

 

 

Fig. 1. Top view and the side view of wheat plant. The original figure 

captured from two different angles from the side (A, B) and top (F, G) 

was segmented and the background, including pot and substrate was 

automatically identified during image processing by the system (C, H), 

then removed, so the final image for the numerical analysis consists 

only from the plant parts on the black background (D, E, I, J). The 

image from the commercial PlantScreen® phenotyping system (PSI, 

Czech Republic), Slovak PlantScreen. SUA Nitra, Slovakia.  

 As an example, the RGB imaging system of PlantScreen® phenotyping 

system (PSI, Czech Republic) enables to calculate automatically this set 

of parameters using different modes of view. From the image 

captered from the top (top view), these parameters are calculated: 

Area (pixel count / mm2) 

Perimeter (pixel count / mm) 

Roundness 

Compactness 

Eccentricity 



Rotation mass symmetry (RMS) 

Slenderness of leaves 

Color index 

Leaf tracking and leaf analysis 

 

Using the series of side-view images, the following parameters can be 

calculated: 

Growth height (pixel count / mm) 

Growth width (pixel count / mm) 

Area (pixel count / mm2) 

Perimeter (pixel count / mm) 

Compactbess 

Number of leaves 

Leaf movement 

 

A more complex is the use of combination of top and side view, which 

enable to estimate these growth traits:  

Total biomass volume or mass 

Leaf movement 

Relative growth rate 

 

Chlorophyll fluorescence imaging 

The technical development and release of commercially available 

devices have led to a wide expansion of practical applications of 



chlorophyll fluorescence in plant biology, stimulating the progress in 

photosynthetic research and in crop science. The routines for 

distinguishing of different fluorescence quenching were developed, 

leading to important discoveries on the excess light energy dissipation 

and partitioning of the light energy between photochemical and non-

photochemical processes. Although the different technical solutions 

enabled to measure chlorophyll fluorescence operating efficiencies, 

the most of the results have been obtained thanks to development of 

pulse amplitude modulation (PAM) fluorometers, using saturation 

pulse method. 

Thus, since its introduction, now more than 30 years ago, the 

saturation pulse (SP) method employing the PAM technique has 

become a common way to assess the photosynthetic electron 

transport in plant tissues or other photosynthetically active samples.  

The parameters derived from the chlorophyll a fluorescence 

measurements based on the PAM method provides information about 

the fluxes of energy originating from the de-excitation of chlorophyll 

molecules in photosystem II (PSII) in plant chloroplasts, by non-

invasive assessment of almost any plant. The parameters of 

chlorophyll fluorescence analysis can be calculated from quite a few 

fluorescence intensities, obtained either in dark-adapted or light-

exposed samples. The principle of the modulation technique lies in the 

measurements of the rise of total fluorescence in response to a 

measuring pulse. Thanks to using the increment of fluorescence 

instead of the total values, the fluorescence parameters can be 

determined even under conditions of actinic light. Different light 

environments lead to different states of PSII de-excitation fluxes, 

which is reflected in changes of fluorescence intensities. 

Figure 2 shows the principle of the fluorescence measurement using 

the saturation pulse method with quenching analysis.  



 

 

Fig. 1. The principle of the estimation of partitioning of absorbed light energy between the 

photochemical processes (photosynthesis) and non-photochemical processes (regulated or 

non-regulated conversion of excess light energy). The Figure of authors previously published 

by Kalaji et al. 2017. The explanation of the symbls is in the text below.  

 

The measurement was done on dark-adapted sample (kept for 20 

minutes in darkness before measurements). After modulated 

measuring light was turned on (ML ON), the fluorescence signal 

increased, reaching the value of minimum fluorescence in the dark-

adapted sample, F0. Then, the short saturation pulse (SP, intensity 

10,000 µmol m-2 s-1 for 1 second) was applied, which led to the 

fluorescence intensity increase to the maximum value, Fm, followed 

by the decrease back, almost on F0 level. In the next step, the non-

saturating actinic light was turned on, leading to a steep increase of 

ŦƭǳƻǊŜǎŎŜƴŎŜ ǎƛƎƴŀƭ όCΩύΣ ǊŜŀŎƘƛƴƎ ǘƘŜ ƳŀȄƛƳǳƳ ŀǘ ƎƛǾŜƴ ŀŎǘƛƴƛŎ ƭƛƎƘǘ 

intensity (Fp) followed by the gradual decrease, reaching after few 



minutes the steady-state value of actinic-light influenced fluorescence 

ǎƛƎƴŀƭ όCǎΩύΦ ¢ƘŜ ǎŀƳŜ ǎŀǘǳǊŀǘƛƻƴ ǇǳƭǎŜ ŀǇǇƭƛŜŘ ƛƴ ǘƘŜ ǎŀƳǇƭŜ ŜȄǇƻǎŜŘ 

to actinic light led to an increase of fluorescence signal (peak), 

reaching the maximum fluorescence in light-ŀŘŀǇǘŜŘ ǎǘŀǘŜΣ CƳΩΣ 

ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ Ŧŀǎǘ ŘŜŎǊŜŀǎŜ ōŀŎƪ ǘƻ ǘƘŜ CǎΩ ƭŜǾŜƭΦ Lƴ ƻǊŘŜǊ ǘƻ ƻōǘŀƛƴ 

ƳƛƴƛƳǳƳ ŦƭǳƻǊŜǎŎŜƴŎŜ ƻŦ ƭƛƎƘǘ ŀŘŀǇǘŜŘ ǎŀƳǇƭŜ όCлΩύΣ ŀ ǎƘƻǊǘ ǇŜǊƛƻŘ ƻŦ 

far-red excitation was applied, leading to decrease of C{Ω ǎƛƎƴŀƭ ǘƻ CлΩ 

ǾŀƭǳŜΦ LƴŘƛǾƛŘǳŀƭ ŦƭǳƻǊŜǎŎŜƴŎŜ ƛƴǘŜƴǎƛǘƛŜǎ όCлΣ CƳΣ CǇΣ CǎΩΣ CƳΩΣ CлΩύ 

represent the variables used for calculation of all fluorescence 

parameters (quantum yields, quenching parameters, etc.) derived 

from modulated chlorophyll fluorescence measurements. 

Most of the instruments for the chlorophyll fluorescence analysis 

integrate the signal of the measured area. Anyway, advances in the 

technology of imaging detectors, LED light sources and processing of 

the data enabled to construct the systems for chlorophyll fluorescence 

imaging, which provided spatial resolution to the fluorescence 

records. These systems represent probably the most useful innovation 

of the technique of chlorophyll fluorescence, with universal 

applicability. Fluorescence imaging devices have been constructed for 

their use either at the microscopic level, at the plant, leaf and organ 

level or for remote sensing of chlorophyll fluorescence. Using the 

sensitive camera to image the fluorescence signal can be useful to 

observe the photosynthetic responses at sub-cellular levels, in plant 

cells, tissues, leaves or other plant organs, as well as at the whole 

plant level. In addition to integrated data, the images provide a 

precise visual information about photosynthetic performance at the 

different level of organization. The fluorescence imaging technique 

makes possible the observation of the spatial and temporal 

heterogeneities resulting of internal and/or environmental factors on 

photosynthesis over the large observed area. The conventional point 

measurements can just barely (or not at all) detect the 



heterogeneities easily detectable using the chlorophyll fluorescence 

imaging.  

Chlorophyll fluorescence imaging techniques can be used also for 

some special applications. The responses of stomata, especially the 

heterogeneity and dynamics of stomata opening (stomata patchiness) 

can be well identified. In addition to numerical assessment, the 

images can be created in false color palettes to encode the areas 

differing in stomata openness by different colors in a sufficient pixel 

resolution of the images. Such images correspond to some kind of the 

topological maps identifying the heterogeneity of the values of the 

measured parameters across the sample. Hence, imaging approach 

may help to avoid the imperfection typical for the point 

measurements of chlorophyll fluorescence that are responsible for 

many incorrect or imprecise results.  

The imaging technique can be easily used for the analysis of different 

protocols, such an induction curve or light curve (see subchapter 5.4), 

including the calculation of quenching parameters and parameters of 

energy partitioning in dark- or light-adapted state. The visible spectra 

of PAR is commonly used for excitation of chlorophyll fluorescence, 

but application of other spectra (mostly UV-radiation) is also possible, 

providing, however, a specific type information, different from PAR 

excitation. Commonly, three types of light have to be used, i.e. pulse-

modulated measuring light, actinic light for continuous light 

exposition and saturating light pulses. In similar to point 

measurements, the five key fluorescence levels are used to calculate 

fluorescence parameters for each measured pixels: F0, F0ΩΣ CƳΣ CƳΩ ŀƴŘ 

CǎΩΦ ¢ŜŎƘƴƛŎŀƭ ƭƛƳƛǘŀǘƛƻƴǎ ƛƴ ǎƻƳŜ ƻŦ ŘŜǾƛŎŜǎ ŘƛǎŀōƭŜ ǘƘŜ ŘƛǊŜŎǘ CлΩ 

ƳŜŀǎǳǊŜƳŜƴǘ ōȅ ŦŀǊ ǊŜŘ ƭƛƎƘǘΤ ǘƘŜǊŜŦƻǊŜ ǘƘŜ CлΩ ƘŀǾŜ ǘƻ ōŜ ŎŀƭŎǳƭŀǘŜŘ 

using the formula. The commercially available fluorescence imaging 

devices provide the full operating possibilities, including programming 



of any common (light curve, induction curve and recovery) or user-

defined protocols.  Typical set of fluorescence parameters, that can be 

achieved using automated chlorophyll fluorescence imaging is in Table 

2.  

The sensitivity of the chlorophyll fluorescence imaging to the stress 

effects was previously documented by many studies. Drought stress 

led to the heterogeneous distribution of values of chlorophyll 

fluorescence parameters on the leaf surface.  

 

 

 

 

 

 

 

Table 2. The fluorescence parameters provided automatically by the 

FlourCam® imaging system as a part of automated phenotyping facility 

of SAU Nitra.  

 



Fluorescence parameter Definition 

CΣ CȰ Steady state fluorescence emission from dark- or light-

adapted leaf, respectively 

F0, F0Ȱ Minimal chlorophyll fluorescence intensity measured in 

the dark- or light-adapted state, respectively 

Fm, FmȰ Maximal chlorophyll fluorescence intensity measured in 

the dark- or light-adapted state, respectively 

Fv, FvȰ Variable chlorophyll fluorescence (Fm-F0) measured in 

the dark- or light-adapted state, respectively 

FqȰ 5ƛŦŦŜǊŜƴŎŜ ƛƴ ŦƭǳƻǊŜǎŎŜƴŎŜ ōŜǘǿŜŜƴ CƳ  ŀƴŘ C 

Fv/Fm Maximum quantum yield of PSII photochemistry 

measured in the dark-adapted state 

Fp Peak fluorescence during the initial phase of the Kautsky 

effect 

Rfd Fluorescence decline ratio in steady-state (Fp ҍ C ύκC 

ʊPSII PS II operating efficiency; effective quantum yield of 

photochemical energy conversion in PSII (Fq κCm ύ 

NPQ Non-photochemical quenching (Fm/Fm ύ ς 1 

qL CǊŀŎǘƛƻƴ ƻŦ t{LL ŎŜƴǘŜǊǎ ǘƘŀǘ ŀǊŜ ΨƻǇŜƴΩ ōŀǎŜŘ ƻƴ ǘƘŜ ƭŀƪŜ 

model of PSII (Fq κCv ύόC0 κC ύ 

ETR Electron transport rate 

  

 

 

An example presented here (Figure 3) confirm these observations, 

showing relatively homogenous and drought insensitive responses of 

the Fv/Fm parameter, in contrast with high sensitivity and the 

ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƻŦ ǘƘŜ ǾŀƭǳŜǎ ƳŜŀǎǳǊŜŘ ŦƻǊ 9¢w όʊPSII) in drought 

exposed lettuce plants.  



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Example of images of the maximum quantum yield of PSII photochemistry (Fv/Fv) and 

apparent electron transport rate (ETRPSII) measured in lettuce plants (Lactuca sativa L.) grown 

under non-stressed conditions, moderate drought and severe long-lasting drought. It is 

obvious that Fv/Fm values were not significantly influenced by water deficit. Severe drought 

led to a significant decrease of ETRPSII. The measurements were done on dark adapted plants 

(Fv/Fm) and in light exposed leaves (ETRPSII). Data from the authors published by Kalaji et al. 

2017.  

 The plant breeding represents one of desired future applications of 

fluorescence imaging, such as high-throughput screening of varieties 

resistant to biotic and abiotic constraints. Up to now, the evaluation 

of disease or stress resistance in breeding programs is done mostly 

using the visual scoring by skilled breeders; in addition to high time 

requirements, this approach can generate bias between experimental 

repeats and evaluations of different experts. To reduce the time 

requirements and to improve the objectivity, the high-throughput 

phenotyping tools are needed. A strong point of chlorophyll 

fluorescence imaging is the fact that it can be used to screen a large 



number of plants in a short time. Moreover, it can be integrated in 

robots for automatic analyses). 

In addition to previously mentioned, the imaging was used to show 

the effects of herbicides or the herbicide induced accumulation of 

reactive oxygen species (ROS) in plant tissues. Chlorophyll 

fluorescence imaging also identified heterogeneities caused by chilling 

stress, induction of photosynthesis, wounding, fungal diseases, viral 

infections,  nutrient stress,  senescence, drought, and ozone stress. 

Chlorophyll fluorescence imaging enables to study interactions 

between leaf structural properties and environmental conditions, 

directly related to photosynthetic assimilation. 

The challenge using fluorescence imaging is to process all the data 

collected in a scientifically meaningful way. As an example of possible 

solution, the data can be analyzed by frequency distributions of 

parameters.  

There are also several limitations of chlorophyll fluorescence imaging. 

For example, for reliable imaging measurements, it is critical that the 

whole sample area is illuminated homogeneously ς this is, however, 

very difficult to achieve in larger plots. Moreover, the positions of 

leaves (leaf angles, distances of the leaf from the light sources) can 

cause a huge heterogeneity of illumination of the samples. Whereas 

the values of the maximum quantum yield of PSII photochemistry can 

be correct (except the parts of plants in which the incident light of 

saturation pulses will be below the saturating level), the values of 

ŜŦŦƛŎƛŜƴǘ ǉǳŀƴǘǳƳ ȅƛŜƭŘ ƻŦ t{LL ǇƘƻǘƻŎƘŜƳƛǎǘǊȅ όʊPSII) and ETRPSII can 

be partially overestimated in the positions with lower incident actinic 

light intensities. Despite some risks, the chlorophyll fluorescence 

imaging represents an emerging technique with a high potential for 

practical use. 

 



Hyperspectral imaging of light reflectance 

The development of new, more accessible cameras and sensors 

enabled to spread the use of hyperspectral imaging of light spectral 

reflectance from the remote sensing applications into plant 

phenotyping. The absorption of light by endogenous plant compounds 

is used for calculations of many indices which reflect the composition 

and function of a plant. A typical example is the normalized difference 

vegetation index (NDVI), which was originally develop to estimate 

plant chlorophyll content. Other example is the photochemical 

reflectance index (PRI), which can be used to estimate the 

photosynthetic efficiency. The absorption of a compounds (e.g., 

chlorophylls, carotenoids, anthocyanins, water, lignin, etc.) at a given 

wavelength can be used for direct estimation of the compound 

contents in the plant. For practical reasons, measurement of 

absorbance is replaced by measurements of reflectance. Depending 

on the measured wavelengths of reflected signal, various detectors 

are used. The most frequent are the  VNIR (350ς1200 nm) detectors, 

less abundand are the SWIR (short wavelength infrared region; 1400ς

3000 nm) detectors. Both wavebands are valuable for plant 

phenotyping. The reflectance signal can be detected at selected 

wavelengths or separated spectral bands (so-called multispectral 

detection). The whole spectral region can also be measured even for 

each pixel when cameras are applied and the hyperspectral imaging is 

carried out (Figure 4). Whereas the hyperspectral imaging in the VIS-

NIR spectral region is used for evaluation of several indices as 

mentioned above, the SWIR spectral region is mainly used for the 

estimation ƻŦ ǘƘŜ ǇƭŀƴǘΩǎ ǿŀǘŜǊ ƻǊ ƭƛƎƴƛƴ ŎƻƴǘŜƴǘΦ 5ŜǎǇƛǘŜ ǘƘŜ Ƴŀƴȅ 

indices that have been defined so far, based on the reflectance 

measurements, it is difficult to assess them accurately. For this reason, 

critical revision of all of the reflectance indices is needed to evaluate 

which of them provide the required information in the best way. 



 

 

Fig. 4. Hyperspectral curves for selected pixels from the records of 

VNIR hyperspectral camera of SUA Nitra.  

In the last years, hyperspectral imaging has been widely accepted as a 

non-destructive, rapid and safe method of qualitative analysis of 

plants. Spectral data can present much information about the object 

state.  Usually, the dataset is very large and need to be analyzed by 

appropriate multivariate and machine-learning methods. The 

investigated spectral parameters of the leaf tissue were estimated 

non-destructively and interpreted with various methods, e.g. principal 

component analysis.  The following ways of HIS applications are the 

most frequent:  

Analyses of leaf pigments (chlorophyll, carotenoids, anthocyanins).  

Based on previous, thepectral reflectance is also known as a fast 

method for determining nitrogen levels in plants. The general 

principle of spectral analysis involves reflectance values measured at 



different wavelengths. Nitrogen content is predicted from linear 

dependence of reflectance and reference values of leaf nitrogen 

content. 

Hyperspectral and fluorescent imaging may provide a means to 

directly and non-invasively detect and quantify secondary metabolites 

such as flavonoids and terpenoids.   

Hyperspectral imaging has shown high effectiveness for assessing the 

fruit and vegetables quality and their safety regarding surface defects, 

contamination, index of starch, bruises, sugar content, freeze damage, 

firmness and bitter pits. Defect detection with HSI analysis is based on 

identifying the spectral trait wavelengths for the defect with next 

using these spectral parameters. 

HIS was found to be useful for automatic detection of fungal infections 

Classification models were established to detect insect damage The 

fruit analysis after hyperspectral imaging have been revealed the 

better detection ability compared to the standart investigation.  

The moisture content and color of surface are also needed for 

estimation of the fruits and vegetables quality.  

HSI has been used to classify crop seeds including maize, barley, rice, 

groat, oat,soybean and wheat seed.  

HSI at the leaf level is proven to be specific relevant for the estimation 

and quantification of fungal invasion. For disease detection as a non-

destructive diagnostic tool HSI has high potential.  

Non-destructive analysis of growth and physiology of aboveground 

parts of plants by fast manually operated techniques 

Although the automated systems represent the best choice for 

phenotyping, an alternative, cheaper way to assess the specific traits 

related to plant phenotype and physiological responses iare the 



modern hand-held tools with low cost and low labour demand. We 

propose some of them, which are routinely performed at SUA Nitra.  

 

Fluorescence excitation ratio method to asses flavonoid, anthocyanin, 

chlorophyll and nitrogen content in plants 

Chlorophyll a fluorescence represents the reemission of light absorbed 

by photosynthetic pigments with emission spectra in red to far-red 

color (600-800 nm), with peaks at ~680 and ~730 nm. Although the 

emission of chlorophyll fluorescence is directly related to the 

photochemical activity running on the thylakoid membranes in the 

chloroplast (see chapter on Fuorescence Imaging), the fluorescence 

signal is strongly influenced also by optical properties of plant tissues 

not directly related to photochemical processes. It was shown, 

however, that adjustment leaf optical properties is not purposeless, 

but usually serve as protection of photosynthetic structures. Thus, in 

addition to others, an important defense mechanism against the 

deleterious effects of solar radiation involves synthesis of relatively 

stable compounds that serve as light screens and/or internal traps. 

Depending on concentration in cells and tissues, the protective 

compounds reduces the fraction of radiation absorbed by light-

sensitive cell components, and thereby diminishes light-induced 

damage. Probably the most important position among compounds 

providing the passive photoprotection (screen) in plant are vascular 

flavonoids and anthocyanins.  

The phenolic compounds, (flavonoids, hydroxycinnamic acids) have 

absorption maxima in the UV part of the spectrum. The flavonoids are 

located either in the epidermal vacuoles, cell walls, or dissolved in 

epicuticular wax. They have absorption maxima around 260 nm 

(isoflavones, flavanones), 320 nm (hydroxycinnamic acids), 260 nm 

and 340 nm (flavones) or 360 nm (flavonols), although the relative 



importance of the different phenolic compounds as the UV-screen 

remains an open question. 

Based on the strictly UV-absorbing properties, the effects of phenolic 

compounds on visible light-induced chlorophyll fluorescence is 

negligible, whereas their presence strongly suppress the chlorophyll 

fluorescence emission under UV excitation. This phenomenon has 

been successfully applied for estimation of transmittance of UV 

radiation by chlorophyll fluorescence. As the experiments confirmed 

that the phenolic compounds in the epidermis are responsible for 

most of the UV-absorption of the leaf, the ratio of visible light-excited 

to UV-excited chlorophyll fluorescence can serve as an indirect 

measure of content of the UV-absorbing phenolic compounds in 

leaves, as shown by the model (Fig. 5).  

  

Fig. 5. A schematic drawing of the adaxial part of a leaf cross-section 

illustrating the principle of the chlorophyll fluorescence (ChlF) method 



for assessment of content of UV-absorbing compounds in the sample 

with high (A) and low (B) flavonoid content. The thickness of the 

beams indicates relative intensity. The figure created by the authors, 

published in Sytar et al. (2016).  

In parallel, anthocyanins are water-soluble vacuolar pigments of 

higher plants. They are responsible for red coloration of plant tissues, 

especially in fruits. Anyway, they can occur also in plant leaves. In 

many cases, significant accumulation of anthocyanins is induced as a 

result of environmental stresses such as low temperature, nitrogen 

and phosphorus deficiencies, UV-B stress, drought, pathogen 

infections, or due to toxic effects. Anthocyanins absorb strongly in the 

green region of the spectrum. The spectral band around 550 nm 

(green) was sensitive to anthocyanin content. Thus, similarly to 

flavonoids, the ratio of red (or blue) light-excited to green light-excited 

chlorophyll fluorescence can serve as an indirect measure of 

anthocyanin content in plant sample, as shown in the model (Fig. 6).  



 

  

Fig. 6. A schematic drawing of the adaxial part of a plant sample cross-

section illustrating the principle of the chlorophyll fluorescence (ChlF) 

method for assessment of content of anthocyanins using simultaneous 

green and red excitation, in samples with high (A) and low (B) 

anthocyanin content. The thickness of the beams indicates relative 

intensity. The figure created by the authors, published in Sytar et al. 

(2016).  

 

 

In the previous decades, the numerous studies examined and 

confirmed possibility to use the chlorophyll fluorescence signal in the 

estimation of phenolics and anthocyanins. In addition to self-

constructed devices or standard fluorometers combined with external 




























































































































