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Introduction

Introduction of mineral fertilizers andpesticidesinto agriculturein XX
century causedsignificantimprovement in food production overall the
world. However, after decadesof intensive farming, seriousproblems
with soil and water pollution, soil degradation, and residues of
harmful compoundsin food have appeared. Ploughingof fieldswith
heavyequipmentcombinedwith excessivaiseof fertilizers and
reducedcrop rotation hasconsiderablydegraded soil structure, bio-
functionality and biodiversity. Estimationof the area of arable soilsin
the world, which have beendegradedso far is difficult, and the
information in the literature indicatesabout 30 - 40%.Suchsoils are
subject to erosion, which is much faster than the rate of humuslayer
creation. It is very seriousproblem, especiallyunder drought conditions
in globalwarming. Moreover, reducingthe biodiversity of agricultural
environments encouragesthe spread of pathogens and plant pests,
resulting in the increasinguse of pesticides.The strong pressureof
pesticides,in turn, causespathogensto becomeresistantto the most
commonly active substancesisedin crop protection (Brentand
Hollomon 2007).

In suchconditions, the cultivation of cropsrequiresmore andmore
efforts to get satisfactoryand high quality yield. Microbial activity in soil
is a crucialfactor of its functionality and plant productivity. In order to
restore natural balancein soil ecosystem,microbial inoculants are
involved to improve farming techniquesin sustainableagriculture
(Vimal et al. 2017,Goudaet al. 2018, Qiu et al., article in press).In
recentyearsthe popularity of microbialinoculantshasincreasedasnew
technicsof screeningand examining of plant-microbial interactions
have been involved. It was found, that about 1%- 35%o0f
microorganismgsolated from soil environmentisableto show



antagonisticactivity to inhibit the growth of pathogensin vitro, and the
proportion of isolateswhich expressplant growth promoting traits was
found up to 2/3 of the cultivable population (Berg2009).However,only
sparseisolates from this pool have attributes that make them
suitable for commercialapplicationin agriculture. In fact, a few groups
of microorganismsare more widely used as biopesticidesor
biofertilizers due to their ability to protect plants and promote
growth. Amongthem, the most popular are bacteria Bacillusand
Trichodermafungi, which are able to survivein highly competitive
environments.

Thespeciesof Trichodermaare known assaprotrophsor mycoparasites
which are commonin soil ecosystemDuringthe last years,thesefungi
haveattracted particular interest becauseof their bioactivity against
economicallyimportant fungaldiseasesf cropplant



WhyTrichoderm&

Trichodermaare particularly invasivefungiand goodcolonizersof the
new sites. Theyinteract with plants and phytopathogensusing
multiple mechanismsand a wide array of secondarymetabolites.
Moreover, they are easyto produceandto storefor prolongedtime.

Theattributes of Trichodermafor agricultural use

Widespreadoccurrence- Trichodermaintensively colonizesthe
environment, includingthe root zone and internal tissue of plants, due
to the ability to use very different substancesasa sourceof nutrients,
aswell asto producea wide rangeof metabolites: extracellular
proteins, lytic enzymes antibiotics, volatile compounds(VOCSs).

Trichodermaspp.canbe found in many ecosystemsin different climate
zones.Theseare someof the most frequently isolated fungi from the

soil (about 103 cfu/g of soil).

High reproducibility, intensive colonization of the new
environment after introduction, andability to survivein different, also
unfavorableconditions.

Multiple mechanismsof action.
Productionof numeroussecondarymetabolites.

In agriculture Trichodermaact asplant bio-stimulators andbiocontrol
agents.

Easymassproduction - intensive growth in artificial breeding
conditions and production of numerousspores.

Trichodermahavea goodshelflife during storage.

Trichodermaspp. possessinnate resistanceto most agricultural
chemicals,includingfungicides, althoughndividual strainsdiffer in their
resistance.



Trichodermahave numerousproperties that canbe usedalsoin the
industry (e.g.paper,textile, food andfeed industry),



Imagesof Trichoderma

Fot. 1. Fromthe left: coloniesof Trichodermaspp.isolatedfrom soilon
rose bengahgar; growth of Trichodermaculture on malt extract agar;
Trichodermaconidiophoresin microscope.

T.atroviride T.harzianum T.virens

Fot. 2. Growth of Trichodermaisolateson PDA



Mechanismsof actionandsecondarymetabolitesproduction

Many years of intensive researchhave shown that Trichocerma can
be an alternative method in plant protection to pesticidesaswell asa
factor supporting plant growth in stressconditions. Suchproperties of
these fungi dependon their ability to produce diversesecondary
metabolites and on the use a wide range of mechanismsof action
affected plantsaswell asmicroorganismsn soil:

increasingthe availability and the uptake of nutrients difficult to
accessfor plants productionof phytohormonesstimulating growth,

induction of resistancemechanismsn plants,
competition for nutrients andspace,
antibiosis,

mycoparasitism.

Thanksto suchwide abilities, Trichodermafungi can effectively
compete in variable environmentswith other microorganismsand at
the sametime interact with plants. Asaresults of theseinteractions
both organisms benefit.

Thescreeningof beneficialisolatesusually starts from laboratory
examination of antibiotic and mycoparasiticproperties, ability to
compete for nutrients, and then plant growth stimulation andinduction
of plant resistanceo biotic andabiotic stresseswhichare studiedin
controlled conditions.However,in field environment, plant growth
stimulation and induction of resistancemay play the major role in
Trichodermaactivity. The benefit of using these fungi for plants rely
on rapid establishmentof stable community in the rhizosphere,where
Trichodermaplant interactions take place (MendozaMendozaet al.
2018). The other mechanisms(competition, mycoparasitism,
antibiosis) may play supporting role in these rhizosphereinteractions.
It is important to remember,that the mode of action of Trichodermain
natural conditionsis complexand rely on multiple mechanismsin most
casesdt isimpossibleto separatedirect effect of Trichodermaon plant



growth from the control of the pathogenicand other deleterious
microorganismsthat reduceplant growth.

Brief descriptionof Trichodermamechanisms

Nutrient solubilization

Trichodermacanincreasethe access t@oorly availablefor plants
nutrients (P, Cu,Mn, Zn),

solubility of the nutrientsis dueto production of organicacidsby the
fungi (e.qg. citric or fumaric acids),

production of siderophoreschelating Fe3* make it accessiblefor
plants and limits iron necessaryor fungal pathogensdevelopment.

Plant growthstimulation

enhancingnutrients solubility by Trichodermaincreasetheir uptake by
plants,

modulation of root architecture for improving water and nutrient
uptake efficacyandtheir translocationwithin plant parts, andalso
aleviation of abiotic stresseqe.g.drought),

stimulation of seedgerminationand plant growth by production of
substancesthat actasplant growth hormones:

indolyl aceticacid (IAA) - stimulates plant biomass,increasingthe
number of roots,

ACGleaminize reduces ethylengstressfactor for plants),

stimulation of photosynthesisprocessin plants and the rate of
carbohydrate metabolism,

increasechlorophyll content.



Fot. 3. Stimulation of tomato biomassandroot systemby Trichoderma.

Induction of resistancemechanismsn plants

interaction of elicitors (low molecularweight compounds)releasedby
Trichodermahyphae mayleadto the initiation of localdefencereactions
andto systemicchangesn metabolismandimmunity of plants,

the type of inducedresistancemay be difficult to determine due to the
variety of biochemical pathwaysctivatedin plantsbyTrichoderma,

dependingon Trichodermastrain, plant speciesand pathogen,
resistancemay take the form of inducedsystemicresistance(ISR)with
jasmonicacid (JA)and ethylene (ET)as signal moleculesor acquired
systemicresistance(SAR)with salicylicacid(SA)as amediator of
Immune reactions,

recently it has been suggestedthat there is a mixed ISR/SAResistance
combiningactivation routes of both types of resistance.Thistype of
resistanceinduced by Trichodermais referred to as Trichoderma
induced systemicresistance(TISR)which involvesa wider variety of
signalingroutes.



Theschemeof defenceinductionin plants:

interaction of elicitors releasedby Trichodermawith plant receptors

!

depolarizationof the cellmembraneand changesn pHleadingto
increasedproduction of reactive oxygenspecies

1

activation of the basicdefencemechanismsn plant:
enzymesof the antioxidant system

enzymesnvolved in strengtheningstructural defencebarriers

synthesis othe secondarymetaboilites.

Competition

competition for nutrients - in the caseof Trichodermacompetition
with pathogensfor iron is mainly mentioned; Trichodermaproduce
low molecular weight protein compoundscalled siderophores,which
have a high affinity to ironions,

competition for space- Trichodermahas the ability to quickly
retrieve and effectively usenutrients from avariety of sourcessoit can
grow faster, colonize the environmentand competewith other
microorganisms foispace.

Antibiosis

antibiosisis one of the types of antagonismbasedon the secretion of
various secondarymetabolitesthat inhibit or kill other organisms,

Trichodermaproducesnumeroussecondarymetabolites (low molecular
weight molecules)hat do not directly affecttheir growth and



reproduction, but playan important role as signal moleculesand in
the formation of interactions with other microorganisms,

Trichodermaproducespyrones,terpenoids, polycetides,peptaiboles,
terpenesandnumerousvolatile compounds(VOC),

one strain of Trichodermacanproduceseveraldifferent compounds,

the qualitative and quantitative production of antibiotics may vary
depending on strain and even on the stageof growth of the fungus,
and is also strongly related to environmental conditionsand nutrients
availability.

Mycoparasitism

Trichodermamay parasite and degrade mycelium and sporesof other
fungi, includingpathogens,

the degradationof pathogen structuresis a result of the activity of
cellwall degradingenzymecomplexes supportedby antibiotics,

the stagesof mycoparasitism:

detectionof other fungiandgrowth in their direction (chemotrophic
growth),

contactwith the fungusand coilingaroundits hyphae,

formation of apres®rium-like penetration structureson the surfaceof
the host hyphae (affinityto the lectin in the wall of the host),

production of the cell-wall degrading enzymes,

penetrationinto the light of host structures endingn its death.



Fot. 4. Mycoparasitismof Sclerotiumcepivorumsclerotiaby
Trichoderma.

Detailed mechanismsof Trichodermaactivity have beendescribedin
manyreview publications e.g.: Harmanet al. (2004), Nawrockaand
al U2 f 30LElopez Bucioet al. (2015), ContrerasCornejoet al.
(2016),Waghundeet al. (2016)andin books e.gGuptaet al. (2014).

Trichodermasecondarymetabolites,enzymesand their functions

Trichodermafungi are producersof numeroussecondarymetabolites
suchas non-ribosomal peptides, terpenoids, pyrones, polyketides,
peptaibiotics, siderophores,indolic-derived compoundsand volatile
organiccompounds(VOC)(ContrerasCornejoet al. 2016, Leeet al.
2016, Zeilingeret al. 2016). Thesemetabolitesarenot directly involved
in normal growth of the fungibut supporttheir survivalin diverse
environments. It should be indicated that, the prevalenceand
competitiveness offrichodermain nature, andtheir successas
biocontrol agentor biostimulant is mostly related to the ability of
these fungi to produce variable metabolitesandtheir combined
actions.



Therole of Trichodermasecondarymetabolites(accordingto Zeilingeret
al. 2016):

support of the rhizospherecompetencewith other microorganisms
(e.g. siderophoresproduction limits iron making it unavailable to
competing microorganismsantibiotics with antifungaland antibacterial
activity),

combinedactionwith hydrolytic enzymesn mycoparasiticactivity,

involvementin self-regulation of Tichodermacoiling around parasitized
fungal hyphae,

mediation of communicationbetween plants andfungi,
triggeringof localizedand systemicresponsesn the plants,
attachmentof Trichodermato the roots,

involvementin self-protection of Trichodermaagainstadversebiotic and
abiotic factors,

auto-regulatory substances  regulatingspore germination,
colony morphogenesis an@sexualdevelopment.

The production of secondarymetabolites by Trichodermais strain
dependentand variesin relation to the equilibrium between elicited
biosynthesisand biotransformation or biodegradation.Theexpression
of metabolismrelated genesis also highly related to external factors
(e.g.nutrient base,pH, moisture), other organismsinteractions and
their signalmolecules.Despiteof the identification of almost400
different metabolites producedby Trichoderma(ContrerasCornejoet
al. 2016),in many casesheir specificactivity andinteractionsare
unknown. Moreover,not all compoundsmay be synthetizedin
laboratory conditions,thus the knowledgeabout biosyrthesis pathways
andtheir regulationis still limited.

The other important compoundsproduced by Trichodermafungi are
lytic enzymessuchas: chitinases,proteasesand glucanasegreviewed



by Viterbo et al. 2002, Hasanet al. 2014). Theseenzymes,mainly
chitynasesand glucanasesare involvedin mycoparasitigproperties of
Trichodermaand playrole in degradationof cellwall of parasitizedfungi.
Theenzymesare usuallyextracellular,of low molecular weight and
highly stable. Histochemicalstudies demonstrated that they cause
localizedlysis of cell walls at point of contact of the host with the
antagonist. However, in many casesinhibition of host growth is a
complex action of lytic enzymeswith antibiotics.

Themain functionsof lytic enzymesproducedby Trichoderma(Hasanet
al. 2014, Saravanakumaet al. 2016):

breakingdown of the polysaccharidesghitin and glucansthat are
components of fungalcellwalls, anddestroy thecell wall integrity,

destructionof pathogensdormant structuresin soil,

inactivation of the pathogenesisrelated enzymesproduced by
pathogensand destruction of their capacityto damageplant cells,

triggeringinducedsystemicresistancen plants.



Stepsof Trichodermaselection for agricultural use (modified protocol
descriked by Kohlet al. 2011):

Tab.1. Stepsfor Trichodermaselection.

Choosingcropsandfor what purposeTrichodermais to be used

Selectionof the sourcefor isolation of the fungi

Classificatiorof the species Developmentof arapid

(elimination of potential screeningmethod for alarge

pathogenicspeciedor human |numberof isolates,

and mushroom) determination of their properties
4 |Developmentof pilot Assessmenbf massproduction

formulation for initial field capadgty

testing

5 [Testingof the bestformulations Assessmenof production costs
in different locationsandover |andregistration
severalgrowingseasonsin
integration with the farming
systemsmethods

6 |Semitechnical productionof theffield testing
preparation

In the natural environmentthere are numerousmicroorganismghat
indicate antagonisticabilities againstpathogensin vitro or beneficial
propertiesfor plantsat the stageof research.However,in manycases,
in the implementation phaseof the developeal preparation, it appears
that there are some technical problems with massproduction and
integration with farming techniques,or production in commercial



scaleis not costeffective. Therefore, from the very beginning,it is
necessaryto take efforts to assesghe possibility of commercialization
of planned solutions,as itis suggestedn the table above.

Microbial strain intended for commercial use should meet the
following requirements

broad spectrumof action;

goodmultiplication on easyavailable and cheap material§or mass
production;

stability and goodyviability during shelflife;
economical production;

market demandfor its application.

Massproductionandformulation of Trichoderma

Mass production of microbial inoculantsin many casesis a bottle
neck of successfulintroduction for commercialapplication. Transfer
of laboratory scale production to industrial scalesometimesturns out
complicatedor costintensive. Amongother microorganisms
Trichodermaposesgood saprophyticpropertiesand generallyare ease
for massmultiplication in liquid media or on different organic
materials. However, intensity of growth of various speciesmay differ
markedly dependingon the specificrequirementof nutrients (Fig. 1).
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Fig. 1. The intensity of growth of various Trichoderma species in solid state fermentation on
organic carrier. TRS20, TR525, TRS40 - T. atroviride, TRS75, TRS92 — T. harzianum, TR5114,
TRS123 —T. gamsii.

Formassproductionof Trichodermdiquid and solidfermentationsare
used(Kumaret al. 2014).

Forliquid state fermentation (LSFa liquid medium containing high
quantity of water mixed with appropriate for fungal growth nutrients is
used.Potato dextrosebroth, V-8 juice, molassesyeastmediumare used
for TrichodermaLSF.Thissystemrequires specifiequipment
(bioreactors).

Forsolid state fermentation (SSF3olid, organic,insolublein water
materialsare used.Thesematerials(e.g.cerealsgrainsor bran, plant
residues) are moistened with water, inoculatedwith Trichodermaand
incubatedfor abouttwo weeksto overgrownmediumwith fungal
mycelium andto producespores.

In the caseof SSForganicmaterial usedfor fungal growth may serveas
carrier for Trichoderma Sud preparation may be useddirectly for soil
applicationor may be stored after drying. For commercialapplication
of the fungi producedin LSFformulation with suitable carriersto
support Trichodermasurvival should be performed. Thefollowing
organicand inorganiccarriersare commonlyused: vermiculite-wheat



bran, wheat flour, coffee husks,sugarcanebaggaseplant residues,
talc, vermiculite, sodiumalginate.

It is goodto rememberthat variousspeciesand even strains of
Trichodermamay havedifferent survivability during storage. Therefore,
viability control during shelf life isrecommended.

Formulatedpreparationsshould havethe following characteristics
goodshelflife in ambient conditions;

steady;

cheap;

not phytotoxic,

carrier for microorganismshould have a preciselydefined composition,
andits production shouldbe standardized;

easyto use and adopted for application with the use of common
agricultural equipment;

compatiblewith agrochemicals.



Main factorsaffecting Trichodermanoculationsin field
Nutrient contentin soil.

Amount of organicmatter in soil.

Soilmoisture andtemperature.

Plantspecies cultivated.

Fertilization.

Activity of other soil microorganisms.

Effectsof Trichodermaon plantsin agriculture

Protection of plants againg pathogensdeleterious microorganismsand
stressfactors(e.g. drought,salinity).

Triggeringof resistancean plantsto diseases.
Increasingthe availability and uptake of nutrients.
Improvementof plant growth andyield.
Positiveimpacton yield quality parameters.

Degradationof xenobiotics, includingpesticides.

What else is there to know about the use of Trichodermain plant
cultivation?

Preparationswith Trichodermamay be appliedin agriculture as seed
coating, seed bio-priming (treating of seedswith the sporesof the
fungus and then incubating them under warm and moist conditions
until prior of seed emergence)seedlingroot dip, soil application,foliar
spray.



Trichodermais not recommendedfor usein plant fertigation systems,
becatse growing myceliummay blockthe flow of water and nutrients in
the tubes.

Trichodermamay colonizethe tissue coveringthe roots, but they do not
penetrate deeperdue to the activation of resistancemechanismsan
plants, so they are not pathogenicto plants (Vinaleet al. 2012).

Somestrainsof Trichodermamaydecreaseseedgerminationor seedling
growth when are usedin high concentration,becauseof production of
plant inhibitory compounds(ContrerasCornejoet al. 2016). Therefore,
it is essentialto set of maximumdose,especially forseedling
production.

Theeffect of Trichodermaon plants may be modulated by the plant
genotype (Tucciet al. 2011).

In field cultivation, the most effective applicationtechniqueis soil
applicationor seedcoating.

The applicationtechnique should be adaptedto the speciesof
cultivated plant (e.g.cucumberseed coatingpepperandlettuce soil
application).

After soil application the preparation with Trichodermashould be
mixed with topsoil layer.

Systematicuse of Trichodermain field cultivation canimprove its
performance by stabilizingthe population and enhancingplant-fungus
and pathogensfungus interactions.



Exampleof applicationof PolishTrichodermastrainsin agriculture

Asaresultof works carriedout in the framework of the project entitled
"Polish Trichodermastrainsin plant protection and organicwaste
management”,No. UDA POIG.01.03.000-129/09-07, several
preparations containing native in Polish agriculture strains of
Trichodermafungi have been developed,which canbe usedin
integrated cultivation of variousvegetablespecies.Theproject was co-
financed by the EuropeanUnion fromthe EuropeanRegional
Development.

All Trichodermastrainsusedfor the researchbelongto the collection
of the Researchinstitute of Horticulture and have been classifiedusing
biotechnologicalmethods, and their sequenceshave been deposited
at GenBankAll the isolates were also tested for their suitability for
agriculture. Thesestrains were usedto produce biological
preparationsfor application in vegetable cultivation. The innovation
of the developedsolution wasthe useof variousorganicwastefrom the
agri-food industry ascarriersfor Trichodermafungi.

Theeffects of developedpreparationshave been comprehensively
tested in laboratory conditions, but mainly in field conditionsin
cultivation of several vegetablespecies.The effects of different
Trichodermaisolates,carriersand applicationmethodswere evaluated.
Thestudieswere carriedout on experimertal plots, but also in
production in horticultural farms. The effects of Trichoderma
preparationson carrot, onion, tomato, pepper,lettuce, cucumberand
potato crops were determined. Theinfluence of selectedstrains of
Trichodermaon plant yield, its structure and marketable yield
guantity was investigated, as well as on the content of pro-health
componentsin edible parts of vegetables,their sensoryquality and
shelflife were evaluated. Theintensity and dynamicsof plant diseases
occurringin cropswere monitored in field experiments.



The developedpreparationswith Trichodermahave a positive effect
on the root systemsof plants andtheir yield. It wasfound that
Trichodermaworked best in the cultivation of solanaceouglants:
tomato, pepperandpotato. Positiveresults were also obtained with
other speciessuchaslettuce, carrot and cucumber.The bio-
preparationshave a positive effect on the content of pro-health
components suchas:lycopenein tomato fruits (increasein contenteven
by 30%)or vitamin Cin pepper, potato and lettuce. It was proved, that
the applied Trichodermastrains have the ability to induce resistance
in plants, which was reflected in significant reduction of powdery
mildew on cucumbers,alternariosison carrot leavesand potato
blight. Trichodermafungi usedasseedcoatingsreducedseedlings
damping off of variousvegetablespeciesandimprovedplant
emergence.Thesepreparations may be an alternative to synthetic
horticultural productssuchasmineralfertilizers and pesticides. A brief
characteristicof Trichodermaeffects on different cropsis presented
below.



Effectsof Trichoderman tomato cultivation

Tomatoes wereggrown in soillesscultivation, in the greenhouse;

Trichodermawasappliedasseedlingroot dip before plantingwith
suspensiorof dried sporesobtainedin solid state fermentation on
organicwastes;

The experimentswere conductedin experimental greenhouseas well
as in commercial production;

The best effect was obtained with T. virens TRS10gsigrificantly
increasedmarketableyield ¢ tab. 2 and 3);

Application of Trichoderma significantly increased licopen
concentration in tomatoes(fig. 2).

Tab.2. Yieldof tomato in the experimentsconductedin Research
Institute of Horticulture (Skiernewice, Poland),years2013¢ 2014

Treatment Viald(lerm=2)

early marketable ftotal
control 19,0a 45,4b A7.7a
commerialpreparation  |19,0a 45,7b 47,9a
TRS106 20,4a 48,2a 50,4a
TRS25 20,0a 46,4b 48,8a




Tab. 3. Yield of tomato in the experiments conducted in the
other site, in commercial productionyears2013¢ 2014

Treatment Viald(lom=2)

early marketable
control 2,8b 29,3b
TRS106 3,4a 31,5a
TRS25 3,1b 29.8b

Fot. 5. Ripeningrate of earlytomatoesin commercialproduction: left ¢
control plants; right ¢ plantstreated with Trichoderma.

Fot. 6. Colonizationof tomato roots by Trichodermain soilless
cultivation.
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Fig. 2. Licopen concentration in tomatoes (2013 - 2014).
Left side experiments in Skierniewice, right side — experiments in commercial production.
Blue — control; orange — Trichoderma TRS106; grey - Trichoderma TRS25.

Effectsof Trichodermain pepper cultivation

Bellpepperplantswere grownin the ground, in plastictunnels;

Trichodermawas applied to the soil, before pepper transplants
planting, as myceliumand spore biomass on organicarrier composed
of plant residues;

The experimentswere conductedin experimental greenhouseas well
as in commercialproduction;

The best effect was obtained with the mixture of two Trichoderma
strains TRS123+TRS4BRS123+TRS8@d singlestrain TRS43;

Trichodermaapplicationssignificantlyincreasedtotal and marketable
yield (fig. 3,fot. 7);

Usedmixtures increasedlso vitamin Cconcentrationin the fruits (fig.
4).



Fot. 7. Exampleof one pepperharvestafter soil application of
Trichoderma(full fruiting - September) Left ¢ control; right ¢ fruits
collectedfrom plantstreated with TRS123+90.
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Fig. 3. The yleld (kg/m?) of pepper grown in soil treated with various strains of Trichoderma.
Yellow bar — marketable yield, green bar —total yield. K — control, Glll — organic carrier.
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Fig. 4. Vitamin C concentration (mg/100 g) in pepper fruits after Trichoderma application.



Effectsof Tridhodermain potato cultivation

Experimentswith potatoeswere conductedin commercial fields;

Trichodermawas appliedto the soil, before potato planting, as myceliumand
spore biomas®n organiccarriercomposedof plant residues;

Generally,the best and the most stabile effect was obtained with the use of
singlestrains of TrichodermalRS43 andRS123;

The mixture of TRS43+TRS12&s also effective (fot. 8), but lessthan single
strains(fig. 5);

Trichodermaapplicationssignificantlyincreasedotal, andespeciallymarketable
yield (fot. 8), the potato tuberswere better formed and had a greaterweight;

the yield-forming effect in potato cultivation showedalsoorganiccarrier;



Trichodermareducedincidenceof potato blight on theplants (fig. 6).

Yield of potato - Niedon 2012 Yield of potato - Skierniewice 2014
30 40

20 -

t/ ha

10 -

K N TA TB TA+TB K N TA TB TA+TB

Yield of potato - Janowek 2014

K N TA TB TA+TB

Fig. 5. Yield of potato in three field experiments: K — control, N — organic carrier, TA— TRS43, TB
—TRS123, TA+TB — TRS43+4TRS5123;lue bar — total yield, red bar — marketable yield.

Fot 8. Harvestof potato treated with Trichoderma(experimentSkierniewice,
Poland).

Left ¢ control; right ¢ soiladdedwith TrichodermalRS43+123.
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Fig. 6. Reduced incidence of potato blight on the plants treated with Trichoderma TRS43 (T3)
and TRS123 (T6), C — control plants. Site 1 — exp. in Skierniewice, Site 2 — exp. in Janéwek.

Effectsof Trichodermain cucumber cultivation

Threeyear experiment was conductedon experimental field of the Research
Institute of Horticulture in Skierniewice;

Trichodermawas usedas seedcoating or applied to the soil before cucumber
sowingon organiccarrier;

Control plants were not protected against downy mildew or sprayed with
fungicide immediately after first symptomsof the diseaseappeared.

Thebesteffectswere obtainedwith T.atroviride TRS2%sedasseedcoating;



This application significantly increasedseed germination and delayed downy
mildew incidence(fig. 7 and 8);

The effect of single application of Trichodermaon cucumberyield in these
experimentswasnot significantcomparedto chemical spraying.
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Fig. 7. Germination of cucumber
seeds coated with Trichoderma
TRS25 and TRS106, in field
experiments conducted in the
years 2013 — 2014. C - control,
not treated seeds; CTS — seeds
treated with chemical mortar.
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Effectsof Trichodermain lettuce cultivation

The experiments with lettuce were conducted on experimental field
of the ResearcHhnstitute of Horticulture in Skierniewiceandin
commercialfield;

Trichodermawas appliedto the soil before lettuce planting on organic
carrier composedof plant residues;

In all experimentsthe mixtures of two Trichodermastrains were the
most effective treatments, where the yield of lettuce was significantly
higher comparedto singlestrainsand control plants;

Tables4 and5 presentthe effect of Trichodermamixtureson marketable
lettuce yieldin & S E LIS NJ&A Y SiyQRI YT YES ekpwhifhents;

Trichodermaenhancedbiomass oflettuce roots (fot. 10);
Vitamin Ccontentincreasedn lettuce leavestreated with Trichoderma

Soilapplication of Trichodermaon organic carrier alsocauseda
significantincreasein nitrate contentin lettuce. However,its
concentrationdid not exceedthe acceptabldimit for lettuce plants.



Tab. 4. Yield (%) and chlorophyll content in lettuce treated with the
mixtures of Trichodermain the experimentsconductedtwice ayear
(springandautumn)in the Researchnstitute of Horticulture in
Skierniewiceyears2013¢ 2014.

ndegatment Marketableyield (%)
spring autumn spring autumn
control 100 100 17,4 16,5
carrier 119 118 15,7 14,2
TRS43+TRS8] 133 121 21,2 19,7
TRS25+TRS5{ 133 95 15,3 14,2
TRS25+TRS1( 135 112 21,0 20,1

Tab.5. Effectof Trichodermamixture and commercialpreparations(A,
B) on the yield (%)of lettuce in the experimentsconductedin
commercialproduction, years 2013¢ 2014.

Treatment |Year 2013 Year 2014
control 100 100
carrier 110 111
TRS59+TRS{118 116
CommercialA97 102
Commeraal B105 119




Fot. 9. Commerciakexperimentswith lettuce.



Fot. 10. Trichodermastimulated developmentof lettuce root system.

Effectsof Trichodermain carrot cultivation

Thepresentedexperimentswith carrot were conductedon
experimentalfield of the ResearcHnstitute of Horticulture in
Skierniewice;

Trichodermawasusedasseedcoating orappliedto the soil with organic
carrier before carrot sowing;

Organiccarrier significantlyreducedcarrot germination and asa result
yield of theseplants (tab. 6);

Seed coating with Trichoderma spores preparations did not affect
seedgermination,but enhancedyield,;

Theyield increasewasrelated to enhancedbiomass ofthe roots (fot.
11);

Significant reduction of alternariosis on carrot leaves was observed
in all experiments (fig. 12);

Trichodermadid not affected sensoryand biochemical quality ofcarrot.



KONTROLA

Fot.11. Trichodermausedasseed coatingstimulated carrot root growth.

Tab.6. Effectof Trichodermaand organiccarrieron carrotgrowth and
yield in field experiments (years 2018 2014).

Treatment Seed Marketable |Rootbiomass
germination l|yield (t/ha) |(g)
(%)
control 100,0 92,8 119,5
organiccarrier 57,7 73,7 135,3
TRS14 carrier 61,6 71,2 135,5
TRS2G- carrier 62,4 64,0 123,3
TRS43 carrier 67,1 73,5 138,0
chemical seeaoating |103,0 108,2 149,5
TRS14eedcoating 101,1 100,4 1449
TRS2Beedcoating 99.4 99,3 145,0
TRS43eedcoating 108,8 96,4 132,3
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Fig. 9. Reduced incidence of alternariosis on carrot leaves after seed coating with Trichoderma.
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General Introduction

Overusage of pesticides in agricultural ecosystem raises worries

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

food and feed

CKSNE Aa dzNBSyild ySSR (2 RS@St2L) |y
ecologicallyfriendly efficient plant protection methods

Ecologicallyfriendly pest/pathogen control strategies cdd be

developed based on microorganisngsthey 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) telp in crop adoption to the changing
environmental conditionsg to keep yield and its quality, induce
resistance/tolerance to stresses, improve water and nutrients usage
efficiency, lower production costs

Trichodermafungi are microorganisms that show marbeneficial
effects in crop production as BCA and/or PGRFeindling in 1932
mentioned for the first time thatTrichodermacould be used as BCA

There areTrichodermabased biopreparations already available on the
market, however there are now many studd onTrichodermato
develop novel biopreparations/applications for agriculture



Important features ofTrichodermafungi

Trichodermafungi are ubiquitous and common in ecosystemgsheir
major ecological role is decomposition of organic matter

Trichoderna fungi are frequently isolated from sod more than 10
species are isolated from the soil, forest trees, wooden materials and
other environments

Trichodermaare characterized by huge biodiversitythus taxonomy
of Trichodermais complex and complicated

There are many beneficial sides dfichoderma but it can be also
harmful ¢ it has to be carefully studied before application

Important features ofTrichoderma

Beneficial sides oTrichoderma

Biotechnological applicationsl. reeseis good source ofarbohydrate
active enzymes, eg. cellulases, enzymes for biofuel production

CertainTrichodermastrains are applied in agricultural, as biological
agent to control pathogens (BCA), plant growth promoting factpr
phytostimulant (PGPF), bioremediation agt, several speciest.
harzianum, T. virens, T. atroviride, T. asperelluamd others

No plant pathogeniclrichodermareported
Trichodermacan be bioindicator of soil health

Trichodermafungi are relatively easy to isolate and cultivate in
controlled mnditions to prepare biocontrol formulations fast-
growing, producingwell conidia, thus production of biopreparations is
relatively simple and easy



Harmful sides offrichoderma

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.(longibrachiatum,
T. bissettii, T. citrinoviridg



Trichodermataxonomy

Genera namélrichadermafor many years coexisted witkypocrea
Trichodermais used for asexual form (anamorpha) ahkt/pocreafor
sexual form (telomorpha)

For the first time namelrichodermawas used in 1794 anHypocrean
1825cy 2 6> AAYOS LINAYOALISS HayS Tdzy I de
One Name Conference, on 420 April 2011 in Amsterdam) is applied,

name Trichodermais commonly accepted.

PrimaryTrichodermataxonomy was based on morphological features
¢ morphological species were distinguished (Rifai, 1969)

Progressn Trichodermataxonomy resulted in species grouping and
introduction of sections (Bissett, 1991)

Application of DNAbased fingerprinting methods allowed for more
precise species grouping

Breakthrough inTrichodermataxonomy was development of DNA
barcodng systemTrichOKEY TrichdLAST http://isth.info/
(Kopchinskiy, Druzhinina, Kubicek, 2005)

TrichodermaDNAbased molecular taxonomy is continuously adjusted
¢ now more than 227 species are distinguished and new species are
being discovered, most of thepecies are known only to taxonomist

Trichodermagenomes are now available for several species
contributing to Trichodermaclassification (JGI Genome Portal
http://genome.jgi.doe.gov ), genome size range:B4 Mb, the
genomes of most of the species as#ill not known

Genomics based methods in combination with genomade
phylogenetic analysis can be now appliddichoderma



Trichodermataxonomy ¢ examples of species classification
Kingdom:Fungi

SubkingdomDikarya

Phylum:Acomycota

ClassSordariomyetes

Order:Hypocreales

Family:Hypocreaceae

Genus:Trichoderma / Hypocrea(anamorpha/telomorpha)
Section:Pachybasium

Specieseq. Trichoderma crassalrichoderma virens, Trichoderma
cerinum, Trichoderma harzianurspecies complexnow at least 14
species

Section:Longibrachiatum

Species: eglrichoderma longibrachiatum,
Trichoderma reesei

Section:Trichoderma

Species: eglrichoderma atroviride, Trichodrma koningii, Trichodrma
koningiopsis

Several other sections also exist




Trichodermaspecies identified in Poland; example of diversity

T. afroharzianumT.aureoviride T. atrobrunneum T. atroviride T.
brevicompactum T. cerinumT. citrinoviride T. crassumT.fertile, T.
gamsii, T. hamatum T. harzianumsensu stricto,T. koningii T.
koningiopsis T. lentiforme T. longibrachiatum T. longipilis T.
polysporum T. pseudokoningjiT. rossicumT. spirale T. strigosumT.
tomentosum T. velutinum T. virens T. viride T. viridescens

Some aspects related to existinichodermadiversity

diversity overallc reproductive barriers not considered species are
grouped on phylogenetic trees in 16 clades and several single lineages

within-speciesg reproductive isolation of the species in forag
changes accumulated in population

unique to the strain- useful for the BCA/PGPA
identification/monitoring in the environmentc difficult to identify

DNAbased molecular identification of richoderma major steps in
methodology

- preparation of fungal cells

- DNA isolation

- identification of DNA variability¢ 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 cultureg easy to establish culture

- liquid media culturec easy to collect cells by centrifugation

- fungal cells could be deefrozen and stored for DNA isolation
DNA isolation methodology

- several methods availableusually optimization step is needed

- simple methods: cells are boiled in the buffer to release DNA, quick
and cheap method, DNA quantity vary and quality @&m, 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

- columnbased methods: availableanmercially 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

DNAbased techniques used ifirichodermataxonomy and genetic
variability studies

- DNA fingerprinting techniques



- DNA sequencéased or barcoding

- Genomewide based sequence analysis

DNA Fingerprinting based on hybridization

- RFLR DNA Restriction Fagment Length Polymorphism method
targeting variability within mitochondrial or chromosomal DNA,
expensive and difficult, historical technique

DNA fingerprinting methods based on polymerase chain reaction
(PCR)

- RAPD; Random Amplified Polymorphic DANmethod¢ one of the
simplest techniques; based on random primers relatively cheap and
easy to apply, problems with reproducibility, rarely used now

- AFLR; Amplified Fragment Length Polymorphism methadifficult
technique- based on random primes and reduction of the genome
complexity, not used now

- rep-PCR; based on ERIC/REP/BOX primers designed for tandemly
repeated DNA regions (microsatellites), fast and easy method, good
for preliminary assessment and grouping ®fichodermaisolates,
better reproducibility than RAPD (longer primers)

- SCAR;, Sequence Characterized Amplified Regiaisased 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 FCR/TagMan technique, many possibilities, frequently used

- PCRRFLR; simplified RFLP method genomic region is amplified and
digested by restriction enzymes to monitor polymorphism, often used

- other techniques are also available



Barcoding usedrichoderma

- MLST¢ Multi Locus Sequence Typirggbased on PCR amplification of
taxonomic loci and analysis of amplified DNA sequences = barcodes,
commonly used in bacteria/fungi taxonomy

-1TS1 and ITSZommonly used for genera identification in fungi, low
variability of DNA sequence is limitation for species identification

- TEFX, widely used forTrichodermaspecies identification, common
standard for species identification

- RBPZ; very useful and recently becoming more widely used

Most common barcades used foiTrichodermataxonomy and
molecular phylogeny



Barcod

Description

Internal Transcribed Spacer 1

ITS1
located between 18S and 5.8S rRNA genes
Internal Transcribed Spacer 2
ITS2
located between 5.8S and 28S rRNA genes
Translaton Elongation Factor-alpha gene
fragment
TEF1 _ _ _ _
barcode is usually intron 4 (intron 5 is also
used)
RNA polymerase Il gene fragment
RBP2 _
barcode is fragment of the exon
chilg- | chitinase 42 kDa gene
5 barcode is fragment of the large exon
CAL1 | fragment of the calmodulin 1 geneall
ACT1 | fragment of the gene encoding actin 1




Monitoring of Trichodermain the soil ¢ why important?
To monitor longevity of applied BCA/PGHFchodermastrains

Help to understand dependencies of fungal/microbial commueiin
the soil towardscrop-beneficial soil microorganism management

Usually soil samples are collected from the field before and after
Trichodermaapplication to monitor fungal/microbial population
including appliedTrichodermastrain(s)

Microbiologicaland DNAbased approaches are used, including
metagenomics concept

Monitoring of Trichodermain soil
microbiological approach

Soil samples collectiog 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

tfFaGAY3 2F GKS al YLX Sa 2y YSRAdzY:
PDA (Potato Dextrose Agar)

Colony assessment antrichodermacolonies counting for validation
molecular identification of representative colonies is recommended

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



Monitoring of Trichodermain soil
DNAbased approach

Soil sampling from the field e.g. before and afteiTrichoderma
application to monitor pulation size, longevity of BCA/PGPF
strain(s)

DNA isolation from soil sampleschoice and optimization of DNA
isolation method is usually needed efficient homogenization of the
sample is important

Designing of the approach and application of P@&sed method, for
example multiplexPCR or Redlime TagMan with specific
primers/probes to detectTrichodermaspecies or strains

Metagenomic approach to describe fungal populatigamycobiome or
overall microbial population¢ microbiome

Next Generation Segencing (NGS) methods are used in
metagenomics studieg Illumina MiSeq is common choice

Usually it is possible to estimate the population of the fungi at the
genera levekat the species level it can be difficult
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THE USE OF TRICHODERMA IN ALLEVIATION OF PLAN"
TOLERANCE TO ABIOTIC STRESS

Plant-microbe interaction in the rhizosphere related to
soil quality

Dejana Pankovic, Educons University



Soil haghe major function to act as a supporting medium for plants or
food crops feeding the human and animal population. It is fragileca
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 of utmost
importance for human and environmental health.

Soil quality research is traditionally focused primarily on chemical and
physical properties howeversoil biological properties can serve as
early and sensitive indicators of agrecosystems in rgsonse to soll
management practices (Figure 1).

Plant roots are modifying rhizosphere environment. Sorpecesses
are shared both by roots and associated microorganisms such as:
exudation of soluble compounds, water uptake, nutrient mobilization
by roots ard microorganisms, rhizosphermediated soil organic
matter decomposition, and the subsequent release of £i6rough
respiration. Rhizosphere processes are important as they utilize
approximately 50 % of the energy fixed by photosynthesis in
terrestrial ecasystems and contribute roughly 50 % of the total £0
emitted from terrestrial ecosystemRoot exudates aranainly
composed of water soluble sugars, organic acids, and amino acids, but
alsocontain hormones, vitamins, amino compounds, phenolics and
sugar plosphateesters It is considered that 40 % of the total amount
of carbohydrates produced by photosynthesis is releasetb the soil
surrounding roots.

Microbes are also affecting the rhizosphere zone. Their abundance is
affectedby several ecological facts: moisture, temperature, organic
matter, rhizosphere structure oplant, and plant diversitybut alsoby
crop management practices like tillage, irrigation, nutrient, organic
and green manuringmulching. Microbeglay a key role in nutrient



cycling andenergy flow and have maimmportance inbiological
nitrogen fixation and phosphorus solubilizatiofphosphate
solubilizing bacteridand phosphorusmobilization (arbuscular
mycorrhizal fung).

Important measure of soil quality are the following dynamic p$igal
soil quality indicators bulk density, aggregate stabilityhydraulic
conductivity and water holding capacityBulk densityis considered as
one of the most important dynamic property of soil. It is altered by
cultivation, compressionanimal grazingagricultural machinery,
weather and otherslt also can serve as an indicator of soil
compaction and relative restriction to roogrowth. Agregatestability
IS an important measure of soil quality for crogstablishment, water
infiltration and resistanceto erosion and compactionHowever,
hydraulic conductivityreflectsthe rate at which water flows through
soil, and affects many properties of the soihcluding infiltration,
drainage, nutrient flow within the solil, and soil erosioWater holding
capaaty is the amount of water retained by the soil after it has been
saturatedand depends on previous physical characteristics of .soil

Rhizosphere processes are important in carbon dynamf€arbon
mineralizationand subsequent release of G governed dgher by
respiration activity ofroot tissues or microbial cells present in the root
vicinity. Soil respiration is the production of GOr consumption of Q
as a result of the metabolic processes of living organisms at the
rhizosphere and in the soilt is a useful measure of soil activitand
decomposition Soil organic matteis the key quality factor of soil
About 95 % of the total soil organic matter i®on-living, therefore,
relatively stable or resistant to changé/icrobial biomass carbon is a
relatively small (4 % of total soil organic carbon). This is labile
fraction that quickly responds t&C availability and also strongly
influenced by management practices and systgrarturbations.



Rhizosphere processes are also important in soil nutrienhdgnics.
Nitrogenis the primary nutrient element to crop plants contrding

their vegetative and reproductive growth. It supplies majorly from soill
available nitrogen either organic or inorganic forms, constantly
converts to readilyavailable forms (N&*, NO® )>mostly carried out

by native microbial populatiorsin soil. Inorganic N compounds are not
stable in soil and are subjected to volatilization and leachirig most
soilssmall proportionof the total phosphorusis present in available
form due toits low solubility. Sil availablepotassiumalso
determinessoil quality. Available micronutrients, such as Zn and Cu,
can be depleted byntensive cropping with high yielding varieties

Biological propertiesof the soilinclude size and diversity of the
microbial, macro and microfaunal biomass, enzymeantities and
activitiesand soil respiration. Four enyzmes are particularly
important: dehydrogenases, phosphatates¢Glucosidase and urease.

Dehydrogenaseseflect the total range of oxidative activity of soil
microflora and area good indicator of microbiological activity
Phosphatasegatalyse hydrolysis of esters and anhydridek
phosphoric acid, so they play citial roles in P cycles in soil
ecosystems

I ¢Glucosidaseatalysereactions d cellulose degradation, releasing
glucose as a source of energy thagintains metabolically active
microbial biomass in sailHowever & a free enzyme in soil solution, it
normally has a timelimited activity, so rapidly degrades and
denatures

Ureaseenzymescatalyseurea hydrolysis which breaks into G@nd
NHs As a result, nitrogen losses take place by MNidlatilization and
soil pHincrease.Originatesmainly from plants am microorganisms
found as both intra and extracellular. It represents up to 63 % of



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

Soil microbes caperate in the rhizosphere and improve soil quality

by formation of soilparticles Soil particles are bound together by

bacterial productsand by hyphae of saprophytic and arbuscular
mycorrhizal fungi, into stable microaggregat@sanges in between 2

YR Hn >Y AafgerRiiclcag§en&tddiranges in between

20 and 250> Y dh\agheter)are formedwith bacterial polysaccharides
acting as binding agents. Micraggregatesare bound into macre

I 33INB3IF 1S4 0KAIKSNI 0KFY Hpn >Y AY
polysaccharides acting as binding agents and arbuscular mycorrhizal
mycela increasing the size of macraggregates.

Soil Physical Indicators Soil Chemical Indicators

Bulk Density SOC, TOC, DOC

Water Holding Capacity Available N, P, K

Aggregate stability *  Micronutrients (Fe, Mn, Zn, Cu)
Hydraulic Conductivity Soil Biological Indicators

Soil Enzymes

Microbial Biomass Carbon
Soil Respiration
Metabolic Quotient



Figure 1. Soil quality indicators of the rhizosphere s&haduri et al.,
2015).

Trichoderma species and their interaction with plants in alleviation of
drought

Trichodermaspecies are widely known forheir antagonistic
propertiesandare among the most studied biocontrol agents
controlling plant pathogers. As a result of planfTrichoderma
interaction, various enzymes, avirulendeéke gene products and low
molecular weight compounds are released from lotungal and plant
cell. Elicitors fromTrichodermaare 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 (Conreras-Cornejo et al., 2015). Howevemechanisms of
abiotic stress tolerance, such as drought in plants in interaction with
Trichodermaspp. remain unclear.

It is known that plant adaptation todroughtinvolves regulation of
stomata opening, which modulas 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. (Figu2 A). C®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 @sing the stomata in the leaves,
which is regulated by phytohormonesuch as abscisic acid (ABA),
jasmonic acid (JA), salicylic acid (SA) or ethylen (Eifure 2 B). In this
case water is preserved but when the stomata are closedCO
exchange is not posisle and photosynthesis will decrease, therefore
the growth of the plant will decrease.

A B Wilted plant
H:0

Transpiration B
.‘ V \
CO2 ) . ", ¥—Co:
Q Photo-)
Photosynthesis D\ synthesis

Figure 2 Internal defenses of plants under water stresgan der Vyver
and Peters, 2017)

We have studiedhe influence ofTrichodermaon drought tolerance of
tomato plants in two experiments. In the first experiment early
reactions of small tomato plantlets to Trichodermdrought treatment
were examined, and in the second one we investigated late reactions
of tomato at the phase of 10 leaves, to Trichoderradaought

treatment.



In both experiments we have applied th&richodermastrain isolated
from agricultural soil, identified ad. brevicompactunand deposited

in the Szeged Microbiological Collectiom{/w.szmc.h) as SZMC
22661 (Raic et al., 2017). This species produces alamethidinagt

could enhance biocontrol abilities, therefore the members of this
clade were suggested as biocontrol agenktowever it produces
trichodermin - trichothecenetype terpenoid toxin with fungitoxic ad
phytotoxic activities. Generally, the investigations about the effects of
T. brevicompactunon plants are very limited, when compared to
other taxa likeT. virideor the T. harzianunspecies complex.

Experiment 1 Early reactions to Trichodernaiaought treatment

Tomato plantlets(SolanumlycopersicumMill. 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: cessatiorf vatering, addition of
the T. brevicompactumSZMC 2266%pore suspension (8 x 8CFU) 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.

TARAV.

A



http://www.szmc.hu/

Figure 3. Tomato plas used for the investigation of the early
reactions toT. brevicompacturmapplication.
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Figure 4. Early reactions of stomatal conductance to Trichoderma
tomato interaction under different water supply. C refers to optimally
watered plants; C+Tr refers toptimally watered plants treated with

T. brevicopmactumD 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 alre@dy 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 decremasf stomatal content was
coupled with decreasedeaf water potential (Figure 5).



0.00

-0.10

-0.20 }
g //T\ | -
%-0.30 V | i -~ -
3 L L T
= T il D+Tr

-0.40

-0.50

-0.60

Time (h)

CAIdzZNBE pod 9 N¥ & NBIFOlmgwwpga 2F €SI T
Trichodermatomato interaction under different water supply. C refers

to optimally watered plants; C+Tr refers to optimally watered plants
treated with T. brevicopmactumD refers to plants thatvere 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 ofl . brevicompactunand cessation
of Watering of tomato plants

28.6+4.4 344+1.6 35.7+3.1
C+Tr 293+15 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+27 236+24 20.1+0.8

Mean values + standard deviation for sailater content(SWC) (p<0.05).

Experiment 2 Late reactions to Trichoderntliought treatment

Tomato plants (Lycopersicon esculentum Mill. cv. Ailsa Craig) were
grown under controlled conditions with optimal water supply (75%
soil water capacity) until the 6theaf developmental phase and
transplantedto bigger pots.Seven days after transplantatio.
brevicompactumisolate 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. Meagrements of physiological parameters were



done 17 days after the addition of Trichoderma arsgven days after
the start of drought treatmen (Figure 6).

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

Of all measured morphgphysiological parameters leaf RWC, SLA and
plant DW decreased with drought significantly. This decrease was
significantly attenuated with the addition ofT. brevicompactum.
(Table 2).

Table 2. Morphephysiological 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 éif.

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

SLA

SWC |CHL |FLAV |NBI RWC (m/kg) DW g
C 33.98 [25.16 [0.05+(467.4 |51.51 |43.01+ |5.43+

+2.07(+1.02|0.01 |+54.1|+7.01|1.22 0.41
C+T 35.13 [24.02 [0.05 % :‘:65'4 60.11 [49.01+ |7.96 +

+ + ~ +

+3.08|+0.24 |0.01 64.79 +6.29|1.1 0.34
D 14.38 |26.78 |0.07 178'33 38.32 [38.72+ |4.63 +

+ + — +

+3.27|+1.71|0.01 85 47 +1.25|2.93 0.61
D+T 10.24 |28.63 | 0.06 + 317'5 4491 |36.82+ | 7.13 +

+2.61|+0.73|0.01 gg g7 + 6.08 | 3.06 2.13

This was connected withetreased 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).
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Figure 8. Abscisic acid (ABA) content in leaves and rootsmfato
plants subjected to different treatments. C: optimal watering; C+T:
optimal watering andT. brevicompactumD: drought; D+T: drought
andT. brevicompactum.
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Figure 9gPCR analysis ¥CED1 gne expression levels in tomato
roots and leaves with pwithout 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
Trichodermadrought 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
Trichodermadrought treatment



Early reactons

Late reactions

Plants responded to
Trichodermatreatment by
significant decrease of Gs
already 2h after application.

Under control conditions, Gs
was 22% higher iffrichoderma
treated plants, this was couplec
by increased RWC of leaves
(17% highethan in untreated
plants) and doubled ABA
content in roots

Thiswas coupled with

RS ONX l.adadhRincreased
ABA content in both leaves anc
roots.

The effect ofTrichodermawas
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 wth
Trichodermawas in accordance
g AUK Khoarfd NS -
ABA, both in roots and leaves i
comparison to plants without
Trichodermatreatment

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




Figure 10 Model of long term of Trichoderma effect on amelioration of
tomato drought tolerance.Colours illustrate the stomatal opening,
from the highest (blue), redium (yellow) to the lowest (pink).
Signalling pathways weraegulated in the opposite direction iteaves
androots. (Racic, Vukelic et al., 2018).

The results of second experiment led us to propose the model of
Trichoderma amelioration of droughtolerance(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 contentn roots, the lowest stomatal conductance

and lower inhibition of plant growth(Q (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 conditiongLI|: 250umoln?s?, day/night T:
23/17°C, RH: 60% and PRt"L Experiments started when the tomato
plants were in the phase of established six leavaad continued until
the 10" leaf appeared (Figure 11). The plants were sown in the
mixture of soil:compost (1:5 mass ratio) in pots (depth of 24 cm).
Trichodermawas 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 ICBES method.

Figure 11. Tomato plants beforthe harvest, in the experiment were
the effect of T. harzianum on metal uptake was examined.
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Figure 13. The content of Nimg/kg) in different plant parts in
Trichoderma treated (T) and untreated plants (C).
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Figure 14. The content a@r (mg/kg) in different plant parts in
Trichoderma treated (T) and untreated plants (C).

In the presence ofTrichodermathe content of toxic elements (Cd\li
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 a€o, Cu, Fe, Se, #rere also examined, but
their content was not affected by Trichoderma te¢ément.

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 wetheir
content in different plant parts.
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Are biocontrol agents clinically relevant?Genus
Trichodermain the spotlight

Materials prepared by LaszI6 Kredics



Importance of the genu§richoderma

Beneficial side:

Ecological role: degradation of plant residues in the soil
Biotechnological significance: cellulose degradatidn (eesée)

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 mushroomE. @ggressivum, T.
pleuroti, T. pleuroticold

Clinical importance: oppomunistic infections in immunocompromised
patients (T. longibrachiatun)

Clinical relevance of the genugichoderma
The genus is on the growing list of emerging fungal pathogens.
Patients at risk:

- immunocompromised transplant recipients

- patients undegoing continuos ambulatory peritoneal dialysis
(CAPD)

- patients with HIV infection
Number of known cases:

- around 100

- growing from year to year



ExamplesSkin lesion caused bY. longibrachiatumMunoz et al.
(1997)

11-year-old male
Severe aplastianemia

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

Central eschar formation with a surrounding white discoloration,
edemaand erythema

Skin biopsy specimen showed septate hyphal elements with irregular
forms, arranged in a radial fashion

Intravenous amphotericin B

Bone marrow transplantation

Patient healed

ExamplesNecrotizing stomatitis caused by. 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

ExamplesT. harzianumnfection 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: disseminateldrichodermainfection

Methenamine silver stain of drain abscess showed a radiating
pattern of T. harzianumhyphae

Periodic acidSchiff stain revealed branching pattern of hyphae from a
lung lesion

ExamplesSinusitis due taol. longibrachiatum

Molnar-Gabor et al. (2013)

29%year-old female, Hungary, Szede

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 re@vered

Recent otitis and keratitis cases due #ichoderma
56-year-old, otherwise healthy female, Croatia

Discomfort, scaling and mild pruritus limited to the external auditory
canal with fluffy and grayiskgreen discharge

Topical terbinafine

Complete reovery

65-year-old South Indian male
Diabetic, asthmatic
Gomplaints 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 andatamycin, intrastromal and intracameral
voriconazole, oral ketoconazole

therapeutic keratoplasty along with lens extraction and anterior
vitrectomy

Heart infections due tdl'richoderma
71-year-old Hungarianman with previous aortic valve implantation

increased inflammation parameters, profuse diarrhea, fever, reduced
renal function and elevated liver enzymes



dinical samples taken from the removed aortic valve and the wall of
the aorta during his reoperation revealed filamentous fungal growth

Hyphal elenents in infected tissues
Intravenous voriconazole

Patient died to another cause

75year-old Hungarian woman
Pacemaker implant
Infection of the pacemaker sac

Extraction of the device

Morphology-based identification of clinicalrichodermaisolates
Section Species

Longibrachiatum . longibrachiatum
. Citrinoviride

. pseudokoningii
Pachybasium . harzianum

Trichoderma . viride

T
T

.

T. reesei
.

.

T. atroviride
T. koningi

??Are really all of them potential opportunists??



ClinicalTrichoderna isolates examined at the Department of
Microbiology, University of Szeged

Species

T. longibrachiatum

T. pseudokoningii

T. citrinoviride
T. koningii
T. harzianum

T. viride

Strain

UAMH 9515
ATCC 201044
ATCC 208859
CBS 446.95
CNMCM 2171
CPK 2882
CPK 2880
CPK 2881

IP 2110.92
UAMH 7955
UAMH 7956
UAMH 9573
CNMCM 382
CBS 102174
CNMCM 1798
CNMCM 2277

Isolated from

peritoneal effluent, Newfoundland, Canada
skin lesion, TX, USA

HIV+ patient, TX, USA

lung of a man, Vienna, Austria

cutaneous feet skin lesions, Spain

sinus lavage of a rhinosinusitis patient
blood culture of leukaemia patient

stool of a pediatric patient

brain biopsy, Villejuif, France

sinus, Pennsylvania, USA

lung, liver, intestinal wall, lowa, USA
peritoneal catheter,Newfoundland, Canada
peritoneal fluid, Las Palmas, Spain

brain and lung abscesses, Spain

blood culture, Spain

sputum of a patient with TBC, Spain



Strain identiication by ITSsequence analysis
Primers: ITS1, ITS4

Product: about 600 bp fragment (ITS45.8S rDNA; ITS2)
Sequence analysiFirichCkey 2.0 [ittp://www.isth.info )

Strain

CBS 102174
ATCC 201044 T.
ATCC 208859 T.
UAMH 9515 T.
CBS 446.95
CNMCM 2171T.
CPK2880 T.
CPK 2881 T.
CPK 2882 T.
IP 2110.92
UAMH 7955
UAMH 7956
UAMH 9573
CNMCM 382
CNMCM 1798
CNMCM 2277

Species Identity
T. harzianum confirmed

longibrachiatum confirmed
longibrachiatum confirmed
longibrachiatum confirmed

T. longibrachiatum confirmed
longibrachiatum confirmed
longibrachiatum confirmed
longibrachiatum confirmed

longibrachiatum confirmed

T. pseudokoningiireidentified

T. pseudokoningiireidentified

T. pseudokonigii reidentified

T. citrinoviride reidentified
T. koningii reidentified
T. viride reidentified

T. viride reidentified


http://www.isth.info/

All reidentified strains proved to belong tote species dupleT.
longibrachiatum/T. orientale sequence analysis oftafl fragment revealed that
both of these species are clinically relevant.

Recent taxonomic developments
- T. longibrachiatumpreviously considered to be a uniform species

- SandovalDenis et al. (2014): morphology, ITS (internal transcribed
spacer) tefl (translation elongation factor i (chil85, endochitinase)
sequence analysist. longibrachiatunt+T. bissettiisp. nov.
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ATCTGTCGACCAGGTGGTCTGCGTCCGATGGAATTCTTTTTTTCACCACCCCGCTTTCTCCTACCCCTCCTTTGGGCGACGCAAA

Section of thetefl sequence alignment of . longibrachatum andT.
bissettii strains with the diagnostic indel inside the®arge intron
allowing their differentiation. Numbers above the alignment indicate
postitions related to the start position of theéefl coding region inT.
reeseiRUT €30



Antifungal susceptibilities of clinical and environmentdlrichoderma
Isolates

- Minimal inhibitory concentration (ug/mL) of antifungal drugs
(determined byEtest modified for mould¥

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

T. longibrachiatum keratitis 0.29 0.04 >32 >256 >3

SZMC 23386

T. longibrachiatum tea plantation 2.5 0.38 0.38 0.064 >32 64 >32 2

TUCIM 42

T. bissettii otitis externa 32 0.0435 32 0.0275 32 >256 32 1

SZMC 21467

T. bissettii endocarditis 4 >32 0.23 2 >32 >256 >32 1.5

SZMC 23615

T. bissettii pacemaker 1.5 0.25 0.078 0.064 >32 >256 >32 0.75

SZMC 23681

T. bissettii wheat rhizosphere 4 0.25 0.38 0.032 >32 >256 >32 3

SZMC 1158

T. bissettii mushroom 7 0.25 0.5 0.064 >32 >256 >32 2

SZMC 1767 compost

AMB: amphotericin B, AND: anidulafungin, CSP: caspofungin, MCF: micafungin, ITC: itraconazole, FLC: fluconazole, PSC: posaconazole, VRC: voriconazole
Conclusions

- ldentification of clinicalTrichodermaisolates should be confirmed
with sequencebased methods

- PathogenicTrichodermastrains are restricted almost exclusively to
species of sectioih.ongibrachiatum

- tefl or other markers are needed talearly separatelrichoderma
longibrachiatumfrom T. orientaleand T. bissettii

- drug of choice for treatment: voriconazole

- Environmental habitats (including agricultural systenese potential
sources of human infections

- Members of section_ongibrachiatumshould be excluded tsm
biocontrol
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Bad moulds vs. good mushrooms: mould diseases in
mushroom cultivation

Materials prepared by Lérant Hatvani



Mushroom cultivation

Oyster mushroom Pleurotus ostreatus

Human food

Enzymes (industry)
Biodegradation
Bioconversion

Medicinal mushroom
Shiitake {entinula edodes
Food

Medicinal mushroom
Button mushroom Agaricus bisporus

Food

Medicinal mushroom???
The problem
PestandRA a4 S aSayYy GOANHzSaAS o6F OGSNAFZ y

Moulds: huge yield loss, economic importance

Dry bubble:

Affected mushroom:A. bisporus

Causal agenttecanicillium fungicoldvar. fungicola, aleophilun)
(Berendseret al. 2010)

Hungary, Serbia, Ireland:. fungicolavar. fungicola



Wet bubble:

Affected mushroom:A. bisporus
Causal agentMycogone perniciosdSharma and Singh 2003)

Hungary, Serbia, Croatid. perniciosa

Cobweb:

Affected mushroom:A. bisporus

Causal agentCladobotryum mycophiluniMcKayet al. 1999)
Hungary, SerbiaC. mycophilum

Spain, Korea: king oyster mushroorRleurotus eryngii is also affected
(Geaet al. 2011, Kimet al. 2012)

G2 KAUGSE Y22dzZ RY

Affected mushroom:A. bisporugHungary, 2016)

Causal agentfrichoderma decipiens

Greenmould:

Affected mushroomsA. bisporusP. ostreatusL. edodes
Causal agentsfrichodermaspecies

A. bisporus

Causal agentT. aggressivuni. aggressivumf. europaeum
(Samuelset al. 2002)

Hungary (2004005): Taggressivunt. europaeum
(Hatvaniet al. 2007)



Croatia (2010)T. harzianuni!! (Hatvaniet al. 2012)

Hungary (2018016):T. aggressivuni. aggressivunt!!
(Hatvaniet al. 2017)

Symptoms of green mould oA. bisporugAndras Geosel)

P.ostreatus:

Causal agentT. pleuroti T. pleuroticola
(Parketal.H n n c ¥ -ZeR26\&@sKeet al. 2007)

Spain, CroatiaT. pleuroti+ T. harzianunh!!

Hungary (2015)T. aggressivuni. aggressivuni!!

L.edodes:

Causal agentT. harzianuni!! (Hungary, Serbia)



Infection: Why???

- Presence/lack of pathogens

- Mushroom (variety, fitness)

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

- efc.

Pest management
Means:

- Physical

- Chemical

- Biological

- Integrated (IPM): combination

Important steps:

- Isolation, identification and characterizeon of the causal agents
- Laboratoryscale experiments (small, medium)

- Field trials



Dry bubble:

Host: A. bisporus

Causal agenttecanicillium fungicolavar. fungicola

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

Potential corirol: temperature

Strain Colony growth (mm/day) Al*

20°C 25°C 30°C 20°C | 25°C
L. fungicolalP2 | 3.30 2.00 0 65 27
L. fungicolaXT2| 3.50 1.95 0 69 45
A. bisporus 1.60 1.75 1.50 - -

Al*: aggressivity index (originally described as biocontrol index,
Szekere®t al. 2006)

Green mould:

Host: P. ostreatus

Causal agentstrichoderma pleuroticolaT. pleuroti(ITS)




Temperature:overlapping profiles I

not applicable

Colony diameter (mm)

100
90
80
70
60
50
40
30
20
10

i
Temperature

——T. pleuroticola S2
—=—T. pleurotum S10
T. pleuroticola W1
T. pleurotum W10

—+—P. ostreatus

Potential control 1:ProchlorazMn (fungicide)

Colony diameter (mm)

100
90
80
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60
50
40
30
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10

——T. pleuroticola S2
—=—T. pleurotum S10
T. pleuroticola W1
T. pleurotum W10

——P. ostreatus

Prochloraz
N
W
\
\
\
N
— ' 3 ¥
——
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0 0.075 0.15 0.3 0.6

Concentration (ug/ml)




Potential control 2:Calcium hydroxide

90
80
70
60
50
40
30
20
10

Colony diameter (mm)

Calcium hydroxide

'\“\ ——T. pleuroticola S2

\ —s—T. pleurotum S10

.\I\ \ T. pleuroticola W1

\:\! T. pleurotum W10

—+—P. ostreatus

0

0.425 0.85 1.7

Concentration (mg/ml)

Potential control 3:antagonistic bacteriaiBacillus subtiliy

T. pleuroticola T. pleuroti P. ostreatus




Conclusims
Different mould diseases of cultivated mushrooms:

dry bubble, wet bubble, cobweb, white mouldyreen mouldX

Widening spectrum of causal agents:

Trichoderma aggressivurh aggressivumT. harzianum
T. decipiensCladobotryum mycophilum

Difficult phygcal 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 ofArmillaria root rot

Materials prepared by Csaba Vagvolgyi, Gyorgy Sipos and Laszlo Nagy



Microorganisms invading living trees
Bacteial and fungal invader®f living treesmust overcome
the innate immune system of the host tree

the presence of potentially toxi@antibacterial and/orantifungal
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 wodeécay fungi.

The genudArmillaria
Basidiomycota, Agaricales, Physalacriaceae

More than 70 species, regular native associates of forest ecosystems
worldwide

Predominantly diploid rather than dikaryotic vegetative phase

Largest andldestterrestrial organisms humongous fungusA.
ostoyae) in Oregon (USA): 965 hectares, 600 tons, several thousands
of years

Rhizomorphs: unique multicellular structureé\(millaria &
Guyanagaste), apical polarized growth, made up of 4 distinct hyphal
layers

Most Armillaria species are facultative necrotghs
Colonizing and killing the root cambium
Transition to saprobic phase: decomposing dead woody tissues

More than 500 plant host species



Dispersal strategytower-than expected mutation rate clonal stability

Life strategy Conifers Deciduous trees
(e.g., oak species)

Pathogenic Armillaria ostoyae Armillaria mellea

Saprotrophic/ Armillaria cepistipes  Armillaria gallica

Opportunistic pathogen Armillaria borealis

An integrative approach

Genome sequencig of parasitic and saprophytidrmillaria species,
comparative genomics

Transcriptomic comparison of different developmental stages
Proteomic analysis

Collection and identification oArmillaria samples from infected and
healthy forests

Metagenomic analys of Armillaria-associated microbiomes

Isolation and identification of bacteria and fungi froArmillaria-
associated microbiota

Selection and characterization of potential BCAs for the control of
Armillaria root rot



Complex investigation of the interactiosin theArmillaria ¢ host ¢
BCA system

Development of environmendfriendly management strategies, field
experiments

Full Armillaria genomes published

A. mellea(Collins et al. 2013)A. fuscipegWingfield et al. 2016)A.
ostoyae A. cepistipe, A. gallica A. solidipeqSipos et al. 2017)

What we learned fromArmillaria genomes?

- Lineagespecific innovations

- The sition of Armillaria speciedn the Physalacriaceawas
confirmed, with Guyanagasterand Cylindrobasidiumastheir closest
relatives

- Expansion of protein coding gene repertoires Armillaria spp.
- Separation just in the Cenozoic geological era

- There is asignificant genome expansion iArmillaria, affecting
several pathogenicityelated genes, lignocellulosdegrading enzyras

and lineagespecific genes expressed during rhizomorph development

- 442 genes showed greater than fourfoklevated expression over
vegetative mycelium and relativelgonstant expression across
rhizomorph and frutingsamples suggesting they are linketb
complex multicellularity inA. ostoyae

- Rhizomorphdevelopment draws extensively ofruiting body genes,
fruting body development could have been theradle for the
evolution of rhizomorphsin Armillaria



- Genes encoding components of the endoplasnneticulum protein
posttranslational import systemare upregulated in rhizomorphs

- Thismay indicate an intensified biogenesis and cargoextracellular
proteins along the secretory pathway

- Genes involved in chitin synthesis and remodeling are differitly
used byA. ostoyaein a development and tissuespecific manner

- Hydrophobins were mostly overexpressed in the vegetative mycelia
- Four hydrophobins reached their highest expression in rhizomorphs

- Ceratoplatanins and expansinmight act as firstline celtlysis
weaponry during invasion

Studying theArmillaria problem in Central Europe

- Collection ofArmillaria fruting bodies in Northwest Hungary and
Austria

- Morphological examination ofArmillaria fruiting bodies
- Speciedevel identification of Armillaria isolates:

- 39 Armillaria strains received and deposited in the Szeged
Microbiology Collection (SZMC)

- Sequencebased dentification of Armillaria isolates
- Translation elongation factor 1 (tefl)

- Confirmed species:

A. gallica

A. mella



A. cepistipes

A. ostoyae

- Remarkable genetic diversity withiA. gallica

- Hardwoodspecific species were found in the Keszthely Hills

- A. melleaand A. gallicawere abundant in a severely damaged forest
area

- A largeA. gallicacolony was detected ithe Sopron Hills

- ConiferspecificArmillaria species were isolated from the Rosalia
Hills, Austria

The microbiota associated witirmillaria

¢ KS | &asS Y ariniBaria2a$sociatédicrabiotas might be
dependent

on the host genotype
on its phenotypc traits

or on the forest environment

Isolation and speciesevel identification of potential BCASs:
Trichoderma

Total number ofTrichodermaisolates: 115

Molecular identification bylTSandtefl sequence analysis

51 out of 115Trichodermastrains identified and deposited in SZMC
Detected species:

T. simmonsi(11)

T. koningii(9)



atroviride(8)

. vireng(4)
harzianum(4)
gamsii(3)
asperellum3)

S N B B

hamatum(2)
Trichodermasp. (2)
T. paratroviride(1)
T. tomentosum(1)
T. atrobrunneum(2)

T. gassum(1)

Isolation and speciesevel identification of potential BCAS:
pseudomonads

Pseudomonastrainsidentified based on a regionf the rpoBgene
29 Pseudomonastrains identified and deposited in SZMC
Detected species:

- P. mandelii(11)

- Pseudommassp. (8)

- P. jesseni{4)

- P. koreensig2)

- P. fluorescen¢4)



Isolation and speciegevel identification of potential BCAs: bacilli and
other bacteria

Bacilli and other lacteriaidentified based on the 16S rRNA gene
11 bacterial strains identigd and deposited in SZMC
Detected species:

- Bacillus cereu$?)

- Bacillus mycoidegl)

- Paenibacillus alginolyticug?)

- Paenibacillus castaneafl)

- Paenibacillusp. (2)

- Burkholderiasp. (1)

- Lysinibacillusp. (1)

- Streptomycessp. (1)

Screening foiTrichodermastrains with biocontrol potential

Trichodermastrains confronted withArmillaria in all combinations on
PDA plates

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

BCI = (area ofrichodermacolony / total area occupied by the colonies
of both Trichodermaand Armillaria) x 100

BCI values ofrichodermastrains againsi. gallicaisolates



A. gallica 511 A. gallica 1212A A. gallica 14/2 A. gallica 15/2

T. virens 13/1 100.00 100.00 100.00 100.00
T. atroviride 13/2 37.51 100.00 100.00 100.00
T. harzianum 13/3 100.00 100.00 100.00 100.00
T. harzianum 14/1 100.00 85.37 100.00 100.00
T. citrinoviride 14/2 52.83 95.056 100.00 78.70
T. citrinoviride 14/3/2 52.52 100.00 100.00 100.00
T. hamatum 12/1 100.00 79.88 100.00 100.00
Trichoderma sp. 1212 77.23 100.00 100.00 89.75
T. virens 12/3 100.00 74.27 100.00 100.00
T. virens 311 100.00 100.00 100.00 100.00
T. virens 3/2 100.00 100.00 100.00 100.00
T. virens 3/3 100.00 100.00 100.00 100.00
T. virens 5/1 100.00 100.00 100.00 100.00
T. virens 5/2 100.00 100.00 100.00 100.00
T. crassum 5/3/1 73.76 89.12 100.00 100.00
T. virens 5/3/2 100.00 100.00 100.00 100.00

Screening for bacterial strains with biocontrol potential

Colony diameters (cm) oA. gallicaisolates n the presence of
different Pseudomonastrains

A. gallica 511 A. gallica 12/2A A. gallica 14/2 A. gallica 15/2

Control 1.9* 1.6* 1.7 1.4*
P. mandelii 3/2 0.9 1.1 14 1.0
P. putida 3/3 1.1 1.0* 1.3 1.0
Pseudomonas sp. 3/4 1.3 1.1 1.4 1.1
P. mandelii 3/5 1.3 1.1 1.3 0.9
Pseudomonas sp. 3/6 1.3 1.1 1.2 1.0
Pseudomonas sp. 3/7 1.1 1.3 1.4* 1.0
P. fluorescens 13/1 1.1 0.0 0.8 0.7
P. mandelii 13/2 1.1 0.7 0.4* 0.5
Pseudomonas sp. 13/5 1.1 1.2 1.1 0.8
Pseudomonas sp. 13/6 1.3 1.1 1.2 1.0
Pseudomonas sp. 13/7 1.5 1.0 1.4* 0.4
Pseudomonas sp. 13/8 1.0 1.1 1.1 1.0
Pseudomonas sp. 12/4 1.2* 0.8* 1.2 0.9
P. fluorescens 3T1 1.2 1.0 1.0* 0.5

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 axgansion of protein coding gerse
in the genusArmillaria

Transcriptomic data suggest that fruiting body formation might have
been the cradle of rhizomorph formation

Genes differentially expressed in differemntevelopmental stages of
Armillaria could be identified

Armillaria gallicashows a remarkable genetic diversity in Central
Europe

Metagenome analysis may shed light on possible bacterial
endosymbionts ofArmillaria

Rhizomorphassociated bacteriand fungiwith biocontrol potential
could be selected

Studies on the interactions of the pathogenost-BCA system are
expected to shed light on mechanisms of pathogenicity, biocontrol
and plant growth promotion
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Control ofVarroa Mite (Varroa
Destructor) on Honey Bees by
micro biological agents

MATERIALS PREPARED BY SLADJAN RASIC



General Introduction

Very rapidly afterVarroa destructorinvaded apiaries oAApis melliferg

the devastating effect of this mite prompté an active research effort

to understand and control this parasite. Over a few decades, varroa
has spread to most countries exploiting. mellifera As a onsequence,
alarge number of teams have worked with this organism, developing a
diversity of researchmethods. 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.

Varroais a mite with a head of the size of the cheek, widlegs,
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 oiVaroa

An adult femaleVaroeis fed on a bee for 83 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 capetthe 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 Varoais 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
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In winter time Varoa is on adult bees. He enters in the brood in the
spring, prefes 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 ltablespoon 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 measum@htainer

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

Meshplatform 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 Vago




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 destruatr

ALTERNATIVE WAY TO DETERMINE LEVEL OF INFECTION OF THE VAF



#Mites per 8
#Mites per 300 Colony 300 adult bee Apiary
adult bees infestation samples infestation
1 1% 8 1%
2 1% 16 1%
3 2% 24 2%
4 3% 32 3%
5 3% 40 3%
6 4% 48 4%
7 5% 56 5%
8 5% 64 5%
9 6% 72 6%
10 7% 80 7%
11 7% 88 7%
12 8% 96 8%
13 9% 104 9%
14 9% 112 9%
15 10% 120 10%
16 1% 128 11%
17 11% 136 1%
18 12% 144 12%

Lee, K.V., G. Reuter and M. Spivak. 2010. Standardized sampling plan
to detect Varroa density in colonies and apiaries. Amer. Bee Journal.
150: 11511155.



REVIEW OF IPM PRINEIP

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.

Inspection <

\ et
IPM



Product Trade Name

CHEMICAL TRBEMENT AGAINST VAROE

Active Ingredient

Chemical Class

Apiguard
Exomite Apis
Apilife VAR
Apistan **
Apitol

Apivar **
Bayvarol **
Check-Mite+ **
Folbex
Sucrocide
Hivestan
generic

generic

generic

thymol

thymol

thymol, eucalyptol, menthol, camphor
fluvalinate

cymiazole

amitraz
flumethrin

Perizin coumaphos
bromopropylate
sucrose octanoate
fenpyroximate
formic acid

lactic acid

oxalic acid

** No Longer Effective in some areas

essential oil
essential oil
essential oils
synthetic pyrethroid

iminophenyl thiazolidine
derivative

amadine

synthetic pyrethroid
organophosphate
chlorinated hydrocarbon
sugar esters

pyrazole (alkaloid)
organic acid

organic acid

organic acid

Compiled from Rosenkranz et al. 2010 and
http://www.maf.govt.nz/biosecurity/pests-diseases/
animals/varroa/guidelines/controlof-varroa-guide.pdf.



BIOLOGICAL TREATMENTS

MICROBIOLOGICAL AGENTS

Akaripathogenic fungi:
Beauveriabassiana

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., 2086ga et
al., 2002, Kanga et al., 2006, Meikle et al., 2007 and Meikle et al.,
2008.



VIRUSES, BACTEREAVINTODES, PROTOZOA, RICKETTSIAE

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

Some strains of Bacillaceae and Micrococcaceaeease 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 ANERASITOIDS

Pseudoscorpiesthey 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. $noke, 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 castkeand 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 summiae 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 countriesthe situation with Varoa is "stable": beekeepers have
learned to live with Varoa in hives and most of our beekeepers do not
know beehoney without varoa.

Generally speaking, the original aim of extermination of the parasite
was not realized. There islstio 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-balenies caused by éh
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 highthroughput phenotyping in crop studies

Currently, society has technology and resources to provide bagn
food security for all, despite some risks and challenges. In the last few
years, many approaches have beersdiussed and incorporated into
the constantly improving new process of highly automated, non
destructive phenotyping of plants. Plant phenotyping the extensive
evaluation ofmultiplex plant features like architecture, cultivation,
development, resistanceecophysiology 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 geneme
wide association and permit higkresolution 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 leveisphenomics, metédolomics and
geneticsg 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 arepartant 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 devebed 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 se 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 severaltime
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 fulscale results. Preliminary work ight 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 systemdhave 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

environmentd 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 oplatform systems, as well as data
analysis, are performed with sophisticated and us&irendly software
packages. Such newly developed phenotyping systems have tools for
estimating many photosynthetic parameters; RGB systems can
estimate plant morphometry |Rthermal 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 Aistralia (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 systemg Lemrmatec (Germany) and Photo System
Instruments¢ PSI (Czech Republic). The most developed phenotyping
platforms (up to 2018) are listed in Table 1.



Table 1. Automated and serautomated highthroughput plant
phenotyping platforms

Location /
Producer

Platform

Features URL

PSI

LemnaTec

INRA

INRA

INRA

INRA

Phenospex

PlantScree
nTM

Scanalyzet
D

Phenopsis

Phenoscop
e

Phenodyn

Phenoarch

FieldScan

Conveyor phenotyping system in http://www.psi.cz
controlled environmental

conditions with analysis of

chlorophyll fluorescence, kinetic

and thermal imaging,

morphometric and RGB analysis

and hyperspectral and NIR

imaging; uses an damated

weighing and watering system.

Comprehensive nosdestructive  http://www.lemnatec.co
2D-3D assessment of plant m

physiological traits in controlled

environmental conditions.

Specific platform ér phenotyping http://bioweb.supagro.in
Arabidopsisplant growth under  ra.fr

controlled environmental

conditions.

Automated phenotyping device https://phenoscope.vers
to handle and monitor hundreds ailles.inra.fr
of individual pots.

Temporal analyses of growth https://www.phenome -
rate and transpiration of fppn.fr

hundreds of monocot crop

species.

Automated platform based on a https://www.phenome -
LemnaTec system to analyze the fppn.fr

genetic determinants of plant

responses to environmental

conditions.

Phenotyping under fieldor semi  http://phenospex.com
field conditions that is designed
to screen large populations.




WPS WSP Fully automated digital http://mwww.wps.eu
phenotyping system using high
throughput R@ sensors.

Keygene PhenoFaB Greenhouse service operation
that combines phenotyping
technology with trait
interpretation to exploit
phenotypic variation.

Jalich Plant  Growscree Nonrinvasive methods designed http://www.fz -juelich.de
Phenotyping n to quantify shoot
Centre morphometrical and functional

parameters and root

architecture.

Wageningen PhenoBot Autonomous mobile robot with  http://www. wageningen
UR camera promises to output direct ur.nl

registered depth and color image

for morphometric analysis.

Wiwam Wiwam Integrated robotic system for http://wiwam.be
Conveyor  phenotyping of larger plants with
automated irrigation and
measurement of a variety of
plant growth parameters at
regular time intervals.

Australian PlantScan Provides nordestructive http://www.plantpheno
Plant analyses of plant morphology, = mics.org
Phenomics structure and function by using
Facilty high-resolution cameras with
cutting-edge information
technology.

Non-destructive analysis of growth and physiology of almground
parts of plants by automated imaging

The system for automated nomvasive 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 trailescribing

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) ardty (DW) masses. However, this
can be done only in the enghoint 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 consunmg 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, neinvasive techniques of shoot
growth determination have proven very reliable, and high correlations
between the digital area and the shoot fresh, or dry weight
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 nofestructively and manually, but aga the time
requirements, limit the number of plants analysed. Highroughput
approaches for analyses of these rather specg=ecific traits would

be very valuable, however, with the exception of Arabidopsis, the
range of accessible solutions has beerthar 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 ptarare rotating by a fixed
angle. An example of top view and side wiw image is in Fig. 1.

was segmented anthe 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 PlantScre®phenotyping system (PSl,
Czech Republic), Slovak Rt&creen. SUA Nitra, Slovakia.

As an example, the RGB imaging system of PlantSctphanotyping
system (PSI, Czech Republic) enables to calculate automaticafiys#t
of parameters using different modes of view. From the image
captered from the top (top view), these parameters are calculated:

Area (pixel count / mnd)
Perimeter (pixel count / mm)
Roundness

Compactness

Eccentricity



Rotation mass symmetry (RMS)
Slerderness of leaves
Color index

Leaf tracking and leaf analysis

Using the series of sidgiew images, the following parameters can be
calculated:

Growth height (pixel count / mm)
Growth width (pixel count / mm)
Area (pixel count / mm)
Perimeter (pixel couh/ 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 imagg

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. Theitioes 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 thefférent 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, sincets 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 drived from the chlorophyll a fluorescence
measurements based on the PAM method provides information about
the fluxes of energy originating from the dexcitation of chlorophyll
molecules in photosystem Il (PSII) in plant chloroplasts, by hon
invasive assesment of almost any plant. The parameters of
chlorophyll fluorescence analysis can be calculated from quite a few
fluorescence intensities, obtained either in dat&dapted 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 eBxcitation 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.
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Fig. 1 The principle of the estimation of partitioning of absorbed light energy between the
photochemical processes (photosynthesis) and nphotochemical processes (regulated or
non-regulated conversion of excess light energy). The Figure of authors previqusilished
by Kalaji et al. 2017. The explanation of the symbls is in the text below.

The measurement was done on daddapted sample (kept for 20
minutes in darkness before measurements). After modulated
measuring light was turned on (ML ON), the flu@®&ence signal
increased, reaching the value of minimum fluorescence in the dark
adapted sample, FO. Then, the short saturation pulse (SP, intensity
10,000 umol n? st for 1 second) was applied, which led to the
fluorescence intensity increase to the maxum value, Fm, followed
by the decrease back, almost on FO level. In the next step, the-non
saturating actinic light was turned on, leading to a steep increase of
Ftd2NBaOSyOS aAadaylft o6CQuX NBIFOKAyY3
intensity (Fp) followedby the gradual decrease, reaching after few



minutes the steadystate value of actinidight influenced fluorescence
aArdylrt 6CcaqQued ¢KS AFYS al ddzNY> GA2yY
to actinic light led to an increase of fluorescence signal (peak),

reaching the maximum fluorescence inlight Rl LJ0 SR &Gl 4S3
F2{ft 26SR o0& GKS Tl ad RSONXIaS ol 0]
YAYAYdzY Ffdz2NBaOSyoOS 2F tA3IKG | RIL
far-red excitation was applied, leading to decrease®ff Q aA Iyl f
Gl £t dzS® LYRAGARdzZf Ffd2NBAOSYyOS Ay
represent the variables used for calculation of all fluorescence

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

from modulated chlorophyll fluorescece 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 sysms 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. Fluorescencemaging 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 he photosynthetic responses at sutellular 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 performanae 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. Theagentional 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 resporssef 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 opennes®y 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 aoid 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 dight curve (see subchapter 5.4),
including the calculation of quenching parameters and parameters of
energy partitioning in darkor light-adapted state. The visible spectra

of PAR is commonly used for excitation of chlorophyll fluorescence,

but applicaton of other spectra (mostly U¥adiation) 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 continuougyht

exposition and saturating light pulses. In similar to point

measurements, the five key fluorescence levels are used to calculate
fluorescence parameters for each measured pixelg:lFQs CY X CYQ
CaQd ¢SOKYAOIf ftAYAUDOS2UKSARANRNBOS
YSIF &adzZNBYSyd o0& FIFN NSR fAIKAGIT GKSN
using the formula. The commercially available fluorescence imaging
devices provide the full operating possibilities, including programming



of any common (light curveinduction 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
FlourCanm?imaging system as a part of automated phenotyping facility
of SAU Nitra.



‘ Fluorescence parameter Definition

cz cO Steady state fluorescence emission from daklight-

adapted leaf, respectively

Fo, RO Minimal chlorophyll fluorescence intensity measurec
the dark or lightadapted state, respectively

Fin, FnO Maximal chlorophylfluorescence intensity measured
the dark or light-adapted state, respectively

R, RO Variable chlorophyll fluorescencenffo) measured ir
the dark or lightadapted state, respectively

RO SATFSNBYOS Ay Ftdz2NBaos

R/Fm Maximum quantum vyield of PSIl photochemis

measured in the daradapted state

M Peak fluorescence during the initial phase of the Kau
effect

Rfd Fluorescence decline ratio in steasate (b C 0

U psli PS Il operating efficiency; effectivaiantum yield of

photochemical energy conversion in PS{l (k CO
NPQ Nonphotochemical quenching (f-m @1
qL CN} OGAz2y 2F t{LL OSyidSN
model of PSII §F k¥ G 6kCC 0

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 highesisitivity and the
KSGSNRISYySAGe 2F (UKS pgintirde§d Y S| & dzN.
exposed lettuce plants.



Non-stressed Moderate (early) Severe (late)
stress stress 0.90

Maximum
quantum
yield
(Fv/Fm)

Apparent
electron
transport
rate

(ETR)

Fig. 3. Example of images of the maximum quantum yield of PSII photochemistry (Fv/Fv) and
apparent electron transport rate (ETH3) measured in lettuce plantsl{actuca sativa..) grown
under nonstressed conditions, moderate drought and severe lolagting drought. It is

obvious that Fv/Fm values were not significantly influenced by water deficit. Severe drought
led to a significant de@ase of ETiRi The measurements were done on dark adapted plants
(Fv/Fm) and in light exposed leaves (E=§iR Data from the authors published by Kalaji et al.
2017.

The plant breeding represents one of desired future applications of
fluorescence imamng, such as higithroughput 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 highe
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 higthroughput
phenotyping tools are needed. A strong point of chaphyll

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 effectsof 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 chdkenge 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 chloropl fluorescence imaging.
For example, for reliable imaging measurements, it is critical that the
whole sample area is illuminated homogeneousiythis is, however,
very difficult to achieve in larger plots. Moreover, the positions of
leaves (leaf anglegjistances 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
sauration pulses will be below the saturating level), the values of
STFAOASY G |ljdz yidzy @A Sd)RndEFRytaf L L LIK
be partially overestimated in the positions with lower incident actinic
light intensities. Despite some risks, the cnbphyll 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 imagiof 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 eemple 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 almgption 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 meamments of reflectance. Depending

on the measured wavelengths of reflected signal, various detectors
are used. The most frequent are the VNIR (82200 nm) detectors,
less abundand are the SWIR (short wavelength infrared region; 400
3000 nm) detectors. Bth wavebands are valuable for plant
phenotyping. The reflectance signal can be detected at selected
wavelengths or separated spectral bands {salled multispectral
detection). The whole spectral region can also be measured even for
each pixel when camemaare 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
estimation2 ¥ GKS LX FydQa 6FGSNI 2N £t AJyA
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 neadito evaluate
which of them provide the required information in the best way.
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Fig. 4. Hyperspectral curves for selected pixels from the records of
VNIR hypespectral camera of SUA Nitra.

In the last years, hyperspectral imaging has been widely accepated
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 machindearningmethods. 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 pigmnts (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 noninvasively detect and quantify secondary metabias
such as flavonoids and terpenoids.

Hyperspectral imaging has shown high effectivenédgssassessing 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

Classificatbn 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 fungalmvasion. For disease detection as a ron
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 tHmest choice for
phenotyping, an alternative, cheaper way to assess the specific traits
related to plant phenotype and physiological responses iare the



modern handheld tools with low cost and low labour demand. We
propose some of them, which are routinelyerformed 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 speaet in red to farred

color (606800 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 Fuoresceneedging), 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 pitection 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.
Dependng on concentration in cells and tissues, the protective
compounds reduces the fraction of radiation absorbed by light
sensitive cell components, and thereby diminishes lightiuced
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 veuoles, 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 differentphenolic compounds as the Ustreen
remains an open question.

Based on the strictly UNAbsorbing properties, the effects of phenolic
compounds on visible lighinduced chlorophyll fluorescence is
negligible, whereas their presence strongly suppress théocbphyll
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 aresgonsible for
most of the UVfabsorption of the leaf, the ratio of visible lighéxcited
to UV-excited chlorophyll fluorescence can serve as an indirect
measure of content of the UNAbsorbing phenolic compounds in
leaves, as shown by the model (Fig. 5).

(A) ULV ChIF VIS ChiF

Epidermis
(sl, fIavonoids)

Mesophyll

Fig. 5. A schematic drawing of the adaxial part of a leaf cresstion
illustrating the principle of the chlorophyll fluorescence (ChlF) method



for assessment of content of Uebsorbing compounds in the sample
with high (A) and low (B) flavonoid content he thickness of the
beams indicates relative intensity. The figure created by the authors,
published in Sytar et al. (2016).

In parallel, anthocyanins are watesoluble vacuolar pigments of

higher plants. They are responsible for red coloration of pldissues,
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, UB 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 ble) light-excited to green lightexcited
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 llustrating 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 indicatekative
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 antho@nins. In addition to sek
constructed devices or standard fluorometers combined with external


























































































































































































