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AThe world is on the brink of a new agr.i
plant biology and agroecology under the umbrella of biotechnology and

germplasm improvement. 0
(C. P. Vance, 2001)
iéeé here | miss the importance of simple

(pers. com. Volker Romheld, 2007)
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Chapter 1 General Background and Objectives 1

A GENERAL PART

1 General background and objectives

1.1 Aims and challenges in modern agricultural production

A global challenge dr agriculture is to ensure sahutrition for the growing world
population. To meet additional food demand by enhanced productivity ne@sssitat
innovative cropping technologies for a more efficient management of the limited natural
resourcs, including fertle land,nonrenewablereservesof mineral nutrientsenergy and
water. There isa common understanding that the establishmensustainable agro
ecosystems for the environmentally friendly and profitable production of healthy food
plays a key role for the sound conjunction of semonomic growth and ecological
integrity on local and global scales (McCaR801; Roy et a).2006 Turkson, 2011

Issues of agricultural sustainability

The innovations of the 20c ent ur vy, spread over the worl
Revolutiono, were mainly based on progr
genetically improved crop vieties. But beside exceeding achievements in productivity
the widespread use of chemical fertilizers and cheymihetic pesticides turned out to be
accompanied by massive problems related to the environment and public health, such a:
contaminations of fad, pollutions of air and water bodies, degradation of soil fertility and
loss of biodiversity, calling lonterm sustainability into question (Matson et 4P97;
Swaminahhan 2006). At the same timeahe closure of nutrient cycleand biological
processe retaining soil fertility have tended to be neglected since the former dependence
on sustainabletilization of internal resources has been overridden by the use of industrial
inputs in agricultural production, becoming increasingly reliant upon the gupipagre
chemistry (Welbaum et aR004).
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Nevertheless, to alleviate persistentmanundernourishment, mostly in Africa and South
Asia, and to keep pace with current population projections, further raises in agricultural
productivity will be requiredn the years ahead at an accelerated environmental impact
(Rosegrant et gl2001; Tilman et a).2002).Data from theFAO (Food and Agriculture
Organization of the United Nations)dicate, however, that annual yield growth rates for
the major cereal cropas paddy rice, wheat and maize, have been sladang globally

I n recent year s, even in many of hemieal wor
input intensity (Gruhn et al2000; Heisey2002; Wiebe2003; Swaminathar2004). This
slowdown, caused by a combination of factors, is notably associatetitttor missing
progress in increasinghe genetic yield potential and witthe degradation of agro
ecosystemgCassmann et al., 2003Jhe latterincludes the loss of soil fertility and
increased plant health problems, due to the exploitative consequences of production
intensification, lacking the perspective of a holistic natural resource base management
(Conway and Toenniesseh999; Wiebe 2003). With intensivemanagmentin some of

t he worl dés mo s tfarnpyiemsdreacht aboute806r o€ existingyield
ceilings(Cassman, 1999), buthas been estimated that averagess % to 87% of the
potential yieldof major crops is not realized dteebiotic andin particular abiotic stresses
(Boyer, 1982; Bray et al., 2000)hesefindings suggesthat not only plants nedaketter
adaptations to the environment in which they are grown, but also crop and soil
management practices must be improved to achieve high yields under various stresses
Even though prevailing agricultural Sys:
population, concerns are growing because they threaten previous productivity gains and
further growth by deterioration of the prerequisites that make agriculture possible (Wiebe
2003 Gliessman2007).

Scientific approaches towards sustainable agriculture

Regarding thethrowbacksof the past recent scientific approaches focos a better
understanding obiological processes supportisgil fertility, healthy plant growth and
resource efficiency (Uphoff et aR006). This includes the complex interactioetween
plants andmicroorganism in their environment, eithercatalyzing or hampering the
working of the whole system (Artursson et al., 2006; Watt et28l06 Nadeem et al.,
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2013, as well as the formation of plant own adaptations defgnsereactions under
various abiotic and biotic stresses (Romheld and Neun20@6). An overall aim is to
develop integrated management strategies that make optimal use of the biological
potential in agriculture in a way that, at the same time, leads tditapl® and sustained

food production at high quality and yield levels while maintaining the natural resource
base (Altieri and Bsset1995; Roy et a).2008.

A key functional domain in this regand the firhizospher®, first mentioned by the
phytopathabgist Lorenz Hiltner as the soil compartment influenced by the roon@ilt
1904; cited in: Hartmann et al., 2007) and further described as the narrow zone in the
vicinity of living roots manifestel by their release of materiaésxd determined by an
interacting trinity of the solil, plant and associated organisms (Curl and Truelove, 1986;
Lynch, 1990; Lavelle, 2002Already acentury agoHiltner envisionedhe application of
rhizosphere maragement practicexomprising the use of bacterial inoculants for
improved soil fertility and sustained agricultural productiossedon his observatiothat

both the mineral nutrition of plants and theirsistance towards pathogenesis are

dependent on the compositiontbé root microflorg Sen, 2005Hartmann et al2007).

Nowadays, lte application of biotechnological measuassalternatives or at least partial
substitutes to chemsynthetic pesticides and chemical fertilizers is regarded as an
attractive but controverally discussed policy which mehelp to realizantegrated and
resource efficientcropping conceps in practice (Persley 2000). Beside genetic
engineering forenhancedlant breeding (SwaminathaB000; FAQ 2004 there is an
increasing attention for biotechnology applications based on lietggnismsor active
natural compoundswhi ch ar-et iamul it & r andi ziebrisodo
improve plant growth and nutrient acquisin, o r a sp efs lh ii aniddieforitrol a

a g e na psotect the dalthiness of cropDent, 2000;Banerjee et al.2006; Martinez
Viera and Dibut Alvarez 2006; Selvamukilan et al.2006). Such ©mmercially
manufactured or otherwise phaced biepreparationsalso more generallyeferred to as
fibio-agents  aby\driousothernames may contain a wide raegof micro- and macre
organisns, microbial netabolites,plant and algae extracgtsock powdersand other

naturally occurringinorganic and organienaterials(Hall and Sdivan, 2001; Wheeler
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2002; Montesinos, 2003Hamer, 2001 However, the déifitions of thesetermsare not
obvious andrary depending on the view and interest of the definer, as disoegsiedtly

in Chapter 2

On the one, lere is a lack of claritypecausesingle microbial strains and abiotic
compounds may comprise multifunctional propertieaftectgrowth, nutrient acquisition

and healthines®f plants at the same timeMoreover, individual preparations often
contain severahctive components in combined formulations together vstipportive
carrier materials, whichare likely toaffect the outcome interactivelif. so, it becomes
evident t hat-sttihrmeul tadhremds | Mibéd epesdicidedbieabntrofi b i o
agent 0 edapprofriatelyugh respect to the intended effect in case offispe
applications, but will often be too constrict regarding the diverseature of

microorganisms andotheringredientqseeKloepper, 1993)

Likewise, materialcriteriaareof limited usefulness for the definition dio-preparations
More than ortheir physicochemical properties, thessumed effects are expected to be
based on thecaivity of biological mechanismsThese includegrowth promabn by
microbiatproduced phytohormonggliazotrophic dinitrogen (N2) fixation, microbial
solubilization of soil mineals forenhancedvailability of plant nutrients (e.g. phosphorus
(P), iron (Fe))andthe suppression of pathogens by antibiogi®dation, parasitism and
antagonisticcompetition or induction of systemic resistance in plarf3ent, 2000;
Banerjee et al., 2006 Application quantitiesare typically but not necessarily smai.
further characteristic is thatlirect substrate or nutritional effecse negligible whereas
the benefi@l interference with biological processes, particularly those involved with
direct and indirectsoil-plantmicrobe interactions, seems to be essento the

functioning of biepreparations

l ntroducti ono-edff etcheortoer m db

Taking nto acount theconsideration®utlined abovethe generict er m-efi b ie, @t or
invented by Romheld and Neumann (200863, defined as followsto emphasie the
essential attributes diving (or at least viableprganisns and natural compoundss

active ingredients in bipreparations, which angsed as supplemerftsr crop production
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fiBio-effector® areviable organisns or active natural compounds whose direct orriech
effects on plant performancarebased on the functional implementation or activation of
biological mechanisms,in particular those interfering with soeiplantmicrobe
interactionsIn contrast to conventional fertilizers and pesticides, the effectiveness-of bio
effectors isessentiallynot based on the substantiectinput of mineralplantnutrients,

neither in inorganicor organidorms, nor of a-priori toxic compounds.

fBio-preparations(bio-agentsd, asready formulated practts applied with the purpose
of stimulated plant growth (bistimulants), improvedlant nutrientacquisition (bie
fertilizers), to protect plants from pathogens and pests-fileisticides/biecontrol agents)
or generally to advance cropping efficien@an cortain one ormore biceffectorsas

active agentalong withotheradditive materialgFig. 11).

Ready prepared products Mode of action

Umbrella terms Utilization groups "y

Bio-stimulants
AN
Bio-preparations Bio-feriilizers - \
Bio-agents

Bio-pesticides

+ Nutrients
+ Water

— %o%e
Indigenous microbes
beneficial &> deleterious

Bio-control agents

Ingredients

Bio-effectors affect plant performance
directly and indirectly based on
biological mechanisms interfering with

* Inert carrier materials and supportive additives soil-plant-microbe interactions.

* Bio-effectors = viable organisms and active natural compounds

Supposed overall benefit of bio-effector applications

Implementation of integrated management practices for the sustainable, resource efficient and environmentally
friendly production of high quality and sufficient quantity food for the safe nutrition of people and animals.

Fig. 1.1: A concept of bieeffectors as active ingredients of variagr®ups ofbio-preparations
and theirintegrated action in soiplantmicrobe relatimships

Present use of bi@ffectorsin agricultural practice

The successful application of bafectors might be worthwhile particularly in organic
farming systems and developing countries where agrochemicals are legally and

economically restricted osimply not avdable. But they may also alleviateegative
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impacts on the environment by diminished or more efficient use of agrochemicals, when
appropriately integrated with conventional high input farming technologies (Schmitt and
Seddon, 2005; Gentilira Jumpponen, 2006).

Indeed, there is advanced knowledge on the potential mechanisms of selected
microorganism and specific natural compounds which are often contained mn bio
preparations and there is objective evidence for their beneficial propertiesddEom
experiments under controlled conditions. In recent reviews different aspects involved with
phytohormonal stimulation of root growth (Kolbe, 2006), microbial mobilization of
sparingly available nutrient sources such as recalcitrant soil phosgRatesrdson,
2001; Rodriguez teal., 2006),associative Mfixation (Bashan et al., 2004and also
pathogen control via improved resistance or antagonistic suppression (Harman et al.,
2004g; Kloepper et al., 2004; Ma, 2004; Weller, 2007) have been disdus detail. But,

this knowledge is insufficiently exploited in agricultural practice and reliable data from
field experiments are often missing for practical advceapplication The various
individual aspects of single measures have not been irddgmato a whole system
approach and the complexity of multi factorial interactions in real cropping situations is
only poorly understoodConsequently,unknown factors often retard the successful
application of innovative products under variable envirortalezonditions (Alabouvette

et al., 2006; Martinez Viera and Dibut Alvar2006). Nevertheless, during last years, the
number of commercially available bagents increased rapidly on the worldwide market,

in developing as well as imdustrialized counties, while sufficient effectiveness is
usually not strictly required for their legal approval, as, for instaaceording tothe
German Plant Protection LawPflISchGnew, 2012, 88 45;6 (Selvamukilan et al2006;
Whipps and Gerhardsp®007).

Novel regarch needs on bieffectorsfor agricultural practice

Biological methods areommonly seen as environmentally friendly and preferable to
agrochemicals in public opinioNeverthelessamong farmers, being exposed to the risk
of crop failure, an atmospleeof distrust towards bipreparation®xists (Martinez Viera
and Dibut Alvarez 2006). Only a few products like biertilizers based on rhizobia

inoculants to establish symbiotic nitrogen fixationleguminous plants (Catroux et al.,
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2001), biological isecticides based oBacillus thuringiensisBerliner (1915 cited in:
Milner, 1994 ssp.(Cannon 1993; Thakore2006) or the use of pheromones for the
control of insect pests by mating disruption (Jones, kQ®&rari 2007) havebeen
establishedwell in agricultural practice. To medt a r memnssaints bigreparations
must be easily accessiblaredictablyeffective easyto handleand reliable in operatign
consistent in quality, and finally cesfficient (HerreraEstrella and Chet2004;
Selvamukila et al, 2006). The biological potential for developing such improvements in
crop management strategi clearly exists. To reach thessteria, the biceffectorsin
guestion havdo be characterizedy screening and efficacy testing in greenhouse and
laboratory studies but also in field trials, exposed to the complexity of diverse
environmental conditions (Salktlakha and Glick2007; Whipps and Gerhardsd007).

In this processa better understanding needs to be worked out how purposeful changes in
the physiological response of plants in interaction with soils mntroorganisms can be
induced by certain measures with respect to the intricacies of cropping prabigis of
particular concern when crops are grown undefavorableenvironmental contions

with constraints from poor soils, water deficits, nutrient deficiencies, pathageinsther
stresses (Neumann and Romheld, 20D8nkwater and Snapp, 20D7The latterare
increasingly importanissuesin a world of declimg resourcesand expanding demangs

all the moretaking into account the possible impact of global warming on local climates
and agriculture (Desanker et al., 2001; Feddema and Freire, 2001; Vance, 2001; Yohe e
al., 2007).

The present studgssumedhat the integrigon of thusachievednnovativeknowledgeon
biological processes and mechanismihin overall strategies of agmcosystem
management is a perquisite to achieve better plant growth, improved nutrient acquisition
and enhanced resistance to biotic and abittess conditions with the appdition of bie
effectors Farmers, scientists, and producefsbio-preparationmeed to be prepared to
make optimal benefit and to avoid possible disadvantages that could arise in the future
from such methods (Martinez Vieaad Dibut Alvarez2006). According to Romheld and
Neumann(2006, it is anticipatedhat facingtighteningresource constrainendgrowing
environmental concerns the potential merits of bieffectors will become more

demanding than ever to sustain food security in th& &htury. It will be a great
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challenge to support farmers worldwide, particularly those onfeeasableland with
adverse soil factorand weather conditiong theoptimizationof soil fertility to achieve

everincreasing productivity with less input of precarious agrochemicals.

1.2 General objectives and scientific approaches of the present study

This study aimed to improve the state of empirical and conceptual understanding
concerning the utilizationof biological methods supportingnproved soil fertility and
healthy crop growth in agricultural practi@art A) Focus was set on the application of
commercially availablebio-preparationsbased onbio-effectors including microbial
inoculants and active natural compounds following the conceptual principles of (1) plant
growth stimulation, (2) bidertilization and (3) biecontrol via direct and indirect

mechanismgsee Fig. 1.1).
The work wagrganizedn successive operations with specific objectives:

1. To structureexisting knowledge and deftions dealing withvariousbio-preparations

in view of specific agricultural application areas basetiterature reviews;

2. The development of fast screening nuoeth for the pretinary assessment of bio
effectorsrelying on the expression of specific mechanismdetermine their potential

uses,;

3. To investigate the opation of functional mechanisms of selected-éifectorsin

target oriented soil, plant and pagfem systems under controlled ditions

4. To characterizehe effetiveness of promising bieffectorsunder field conditions to

collect reliable d&a for practical implementation;

5. To develop further research perspectives facilitating the design oh@etvaio-

preparationgnd adequate application techniques.

Bio-preparationsreoften supposed to invigorate plants more generally rather than being
exclusively tageted on specific purposes and may notche&gorized within strictly
defined groups according their various organic, inorganic and microbial components.

To structure the work in aapplicatiororientedway, t hat meet s f ar m
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investigations were conducted in concrete case studies regarding prevailing problems of
current agricultral practces (Part Bi C). Based on theesults obtained, principle
prerequisites for the effectiveness and successfuicapion of specific biepreparations

were derived in order to evaluate their prospective economical and ecological benefit.
This knowledge should make a contribution towards the development of resource efficient
crop management strategies for safe food production within moreswsbtiient agro
ecosystems. Since the investigated approaches were particularly concerned on gener
biological mechanismsthe represented case studies sarve as exemplary systems to

provide new relevance for the comprehension of similar problems.

Experimental studies were performed to address the following major aspects:

Part B. Plant growth stimulation and bidertilization with emphasis on improved

phosphorus acquisition efficiency

Solil fertility depends omhysical, clemical and biological processes providimgfrients

for crop growth. Knowledge othese processas critical to maintainsoil quality and
productivity (Havlin 2005 Roy et al. 2006,43 Plant roots respond dynamically to their
specific soil environment and play an active role in the spatial or chemical acquisition of
nutrients and water (Marschner 1998; Neumann and Romheld Zag#)ermoreplants
nourish mutual interactions with a wigariety of soilmicroorganisms, whiclmay assist

or hamper the functions of the root (Hinsinger et al. 2005; Gregory 2006). Bhyiwies

and other signaling compounds are involved with the intra and interspecific
communication between roots, shoots amdroorganism (Dakora 2003; Kulaeva and
Prokoptseva 2004; Bouwmeester 2007; Pierson and Pierson 2007). Phytostimulation anc
bio-fertilization are approaches to manage this complex network of interactions for
optimized microbial activity, adequate nutriemvailability, improved root and shoot
growth, and finally enhanced crop yielthe effectiveness to achietieese resultsvas
tested with selected bieffectorsdescribed inChapter4. This part ofthe study was
directed particularly towards the improvema of phosphorusacquisition efficiency in

crop plants from sparingly available phosphate pdwtsugh microbial associations.
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Part C.  Biological cortrol with emphasis on soil borne pathogens

Soil health as biological component of soil gtyais vital to both healthy crop growth in
agronomic production systenand the ecological functionalityof soils (Doran 2002;
Harris and Romig2005). Healthy soils represent living buffeystems that provide
adequatesupply of mineral nutrientdo growing plantsand limit the establishment of
pathogens (Primaves?006; Robertson and Grand®006). Crop rotations are used to
manage soilfertility and health by improving thaise efficiency andavailability of
nutrientsand avoiding the builedup of dsease problemshereby loweringthe need for
fertilizers and pesticide@arlen et al., 1994Finck, 1998. On the contrary, soil sickness
due to monocultures and poorly designed crop rotations has feéemed tothe
accumulation of toxinsynbalancedmineral nutrition, and soil degradationncluding the
loss of functionalbiodiversity, particularly concerning themicroorganism (Hoestra
1994 Polityckg 2005 Donn et al., 20165 The increased incidence obils borne
pathogens in replafttiseasedsoils is seen as a sign of biological imbalance within the
soil ecosystem where the natural antagonists are impaned pathogens become
prevalent (Kloepper, 1993;Pankhurst and Lyn¢h2005). Contrariwise, agricultural
strategieso optimize the supplyfomineral nutrientsand/or topromote beneficiakoil
microorganismsare regarded apromising approache® enhance the resistance of crop
plants andmaintain the microbial balance of pathogen infested ,siiissmimicking the
effect of crop rotations (Bchenauerl998;Romheld and Neumann, 20QEnvieret al,
2007). This maybe achievedby enhancement of specific soil indigenous microbial
communities throughan adapted rhizosphere managemenby addition of isolated
microbial strains as seed or soilaoulants and/or by the application of distinct mineral
nutrients(Pankhurst and Lyn¢t2005 Romheld and Neumann, 2006 he present study
investigated the feasibility of such approach in the -pagtogen system of wheat and
Gaeumannomyces gramir(iSacc.) v. Arx& Olivier, thefungus causing takall root rot

disease
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2 Review on definitions and properties of various bio-agents

Theterms i b-p o e p a r a thiilmeagend aee nsed forproducts based on a wide
variety of living organsms andactive natwal compoundsapplied for improved crop
performance and yieldAccording to their supposdakneficial effects, bio-preparations

may becomeclassified asi b-f er t i, 0 1 z @dstcided a hiaconirol agents
following the paradigm ofhe two types of supplemerfts agriculture, namely fertilizer

and pesticids (Banerjee et al., 2006 A third group may be referred tas fibio-
stimulant® accounting forthose, whichenhanceplant performance by variougrowth
stimulatory mechanismqChen et al., 2002 SalehLakha and Glick, 2007 It can be
generallyassumed that h e p r eduggestsh® bresenge of somethingifig or the
implemertation of a biologicamode of actioff r om Gr e e k : Baoddahbi
| ogpsason, s p e €.Bayond wis, te darentificiiteraturedand commercial
produ@rs have filledhese expressionsith manifold but inconsistenhterpretationsin

April 2015 the internationalbibliographic database CAB AbstraqiSAB International,
formerly Commonwealth Agricultural BureauXVallingford, Oxfordshire, UKindicated

more than 1.3002.10Q 8.30Q and4.000 citations related to biagents bio-stimulants,
bio-fertilizers and biepesticides respectivelyvhen searching for these terms in different
variations of spellingSearchingthe worldwide-web with the search engir@oogleé
resulted in45.000hits fortre i t em fAbi oagent o0, 106000 0 f
Abi of e, randi302000€ o @ A b i @ phese tnimbérdhee been increasing
rapidly during the recent yeanglodern dictionaries, however, dmt contain definitions

for anyne of these novel word combinations(see Vessey, 2003) To avoid
misunderstanding it ishereforenecessary to determir@eciselytheir meanng before

they are useds technical termis scientific essaysas well as by companies and retailers
This is paticularly important when complex problems adescused interdisciplinary
among scientisfdut also wherthe same vocabulary igsedin nonscientific branches
referring to sciencdt can be prsumed thaproperdefinitions should be reasonabénd
clearly distinguish between that which is included and that which is excluded to set out

unmistakably the character of the things defined
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2.1 Definitions and properties of bio-pesticides and bio-control agents

The terminology has beemost elaborateth the case ofibiological pesticidesor bio-
pesticides) which are subject togovernmentapesticide regulationsovering risk and
efficacy assessmenits numerouscountries During a survey on data requirements for the
registration of biological pesiides conducted by the Organization for Ecanomic
Cooperation and Development (OECD, Paris, FradéeECD nmember countriesthe
European Community (EGnd Hurmgary were asked to list categories of products they
identified as bigpesticides QECD, 1996).The results showedhstconformityto identify
microorganism as biepesticidesand the majority of countrieslso listed macre
organisms. 8veaal countries mentioned thatpesicide must be a living organisto be
Abi ol ogical o, but onl y tams EBughermaraubiotogidgle s |
derivedchemicals (biochemicals) includingemiochemicalss{gnalingcompounds like
pheromones growth reguléors as well aplantand animalextracts were designated as
bio-pesticides(see alsdHamer 2004). An overviewon the spectruno f  -pdsticid®

definitions used in different countriesgiven in Giapter 2.1.1 of this work.

More scientifically coined, than according to administrative purposes, is the terminology
o f bioldgical control (biecontrol)o ,  wbiotonmtrolfagent® consi der ed a
used to achieve biological control. The roots of biological control go back to ancient times
when growers started to account for the beneficial work of predaceous insects or to
practice crop rotation (Doutt, 1964; Goand Baker, 1983). Already Julii&ihn (1825
1910),regarded by Wilhelm and Tietz (1978) as a founder of scientific plant pathology,
noted that the natural enemiexf animd parasites represent a helpkiement of pst
control in crops|In this regardKiihn emphaged the suppression gfarasiticsugar beet
nematodedy an antagmistic fungus, whichhe namedTraychium auxiliarium(Kuhn,

1877; Hallmann, 2002)n an article about fungal diseases, Carl von Tubeuf (1®61)

i ntroduced thegesphes 8B8iekd mpBuongo [ Eoagl i
microbial plant pathology, which at that time was already in common use regarding the
method to control insect pests by their natural enemies (von Tubeuf, 1914). However, von
Tubeuf 6s at tCeonapitm ribicolurnceusirtg blistér rust of Weymouthirie

(Pinus strobud..) by the hyperparasitic funguBuberculina maximalid not fulfill his
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expectations. Subsequent scholars largely neglected tlogyibad control of microbial
pathogens, which reainred an undevelopedsubjectfor a long time, in favo of that of
insects, mites and weedachieving highly successful practical results in that field
(DeBach, 1964; Baker and Cook, 1974; Maloy and Lang, 200&hanging scope and
perspective under whicbosticli @indi hace dieé e m

literature by different ahors is reviewed in Rapter 2.1.2.

211 Definitiopesbfcfides0o according to governit
authorities

As fibe 2t i c brah@ spéctruaof cropprotection agents derived from natural
sources such asf micro- and macreorganismsbiogenic materials and their synthetic
analoguescertain minerals as well @®nes used to transform crops to express rasista
have beerabeled(Copping and Menn, 2000; Sudakin, 2003; Jo2806). The targebf
bio-pesticide apgications encompasseall kinds of pest problems (insecgtdungal,
bacterial and viral diseases, e@ds, nematodes and molluscs eitt.agriculture(Rodgers

1993) Therefore,bio-pe st i ci des ¢ a no-inbeeticidgd ,0 u-leid g ii ;i die
Ab-her bici deso, and ,4999. Referringho the Botive mgrealiants H a
among othersnicrobial and viralbio-pesticidesas well asphytochemical bigpesticides
(botanicals)based on plant extractsave been describe@Kurstak and Tijssen 1982;
Isman, 2001Koul and Dhaliwal 2002)

Even thoughrepresenting little more than % of the total crop protectiomarket, he
worldwide demand fordifferent types of bigesticides has been growirggeadily in
recent yearfMenn and Hall, 1999; Thakore, 2Q00Ison, 2015 MarketsandMarkets,
2019. Driving forces behind this development athe growing sensitivity to
environmental and heal risks, the rise of organic food sales, atioe pressure of
consumers environmental activistsfood traders and goveaments © produce food
commoditiesfree from pesticide residudsut also free from pest damag@&/anjama,
2004; Wilson and Otsuki, 200Fhakore, 20086 Further,theinterestin bio-pesticides has
been gaining attentionsince pests havebeen increasingly acquiringresistanceto
conventional pesticides (Butt et @999. North America (40%), Europe (206) andthe
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Oceanic Countries (2%) have been reported tmnsume abou®0 % of the global bie
pesticideproducton (Thakore, 2006; Aneja et al., 2016). Yet, global andareaimarkets
for bio-pecticides have been growing rapidly in recents ydRest{cide Action Network
2003;0lson, 2015) The European bipesticidemarketis predicted to bamongthe most
fast growing, more thandoubling from about $834million in 2015to aproximately
$2100million within the nextyearsuntil 2020 (Qson, 2015 Micromarketmonitor, 2016
This would be still less thad0 % of the total Europeanmarket for crop protection
pesticideswhichamounted to $19.6illion in 2015 and is expected to reac® billion
in the year 2020(Market Data Forecast, 2046 Nevertheless, the subjeof bio-
pesticides is receivingrowing attentionnot onlyin Asian (Grzywacz, 200&Keswani et
al., 2016, African (Cherry, 2004 Giller et al. 2013 and Latin American caries
(Rosset and Moore, 1990Ison, 2015 Moreover, also thglobal players of thehemical
industry that are dominating theankets for chemical pesticideppear to recognize bio
pesticides as a lucrative option for investme(idsrriss, 2015 Market Data Forecast,
2016b; AgraEurope, 201). To facilitateand controkthe marketuthorzationand use of
bio-pesticidesgovernments &ve beendrawing upregulation and registratioguidelines

paying particularattentionto theactive irgredients.

Classification of biepesticides in théJnited States of AmericJSA)

In the USA bio-pesticides must be approved the Environmental Protection Agency
(EPA; Washington, D.Q. before marketing and us& practice According to their

definition bio-pesticidedall into three major classes:

1) fimicrobial pestctidesconsist ofa microorganism(e.g., a bacterium, fungus, virus
or protozoanastheactive ingredient;

2) fplant-incorporated protectants (PIPskare pesticidal substances that plants
produce from genetic material that has been added to thedpkmd

3) fibiochemical pesticidesre naturdly occurring substances that control pests by
nontoxic mechanisms(U.S.EPA 201ab).

In spite of thisclassification the effectivenesf different typesof bio-pesticidesmight

be based on the same intringitompounds For exanple, the pesticidal activity of



Chapter 2  Reviewon definitions and properties of various agents 15

microbial pesticidescontainng strainsof the soitborne bacteriunBacillus thuringiensis
(BYt) spp.is based on thearmation ofcrystal proteinghat aretoxic againsspecific insect
pestsafteringestionby the larvagCrickmore 2006) In transgenidt-cropsthe expressd
Bt-proteinsand the encoding genes, but not the plants themselves, alatedgs PIPs.
And, even thoughbiochemical pesticides are supposed not to be directly ttvagrystal

Bt-toxinsare listedas active ingredientsf bio-pesticidesas well(U.S. EFA 2017c).

Pesticide regulation in the European Union and Germany

The European Union (EU) aims to uniform the rules concerning the authorization of plant
protection products. The main iteof regulatory legislation concerning plant protection
products that applies @l EU member countries is tigiropean CommissioRegulation

(EC) N0 1107/2009 In Germany the evaluation, markatithorizationand use of plant
protection products are regulated by Hexleral Office of Consumer Protection and Food
Safety (BVL, Braunschweig, Germanyased on the German Plant Prtéitat Law
(PfISchGnew, 2012 The European Union (EU) and the Germagidiation do not
classify plant protection products concerning the natut@ef ingredientsand te term
Ab-pesticideo | applied otliere. Midraorganisna dndl yadive natural
compoundsw i t dgenerél or specific action against harmful organisms or {damre

rather put on a par with chemicapesticidesa s ARactive Ssubstan
A Wi r k s tAtidef 2@ @f Regulation (EC) No 1107/200% 41,1 PfISchGnew).
Basically, this implies that for the approval of microorganisms asdmrol agents the
samerequirements concerning sufficient effectiveness and safety for human and animal
health or the environmemhust be fulfilled as for the approval of chemical tpeédes
(Article 4; 7; and 8 of Regulation (EC) No 1107/20091 n t hi s cont e x
organi smso have bee n-celfblarfmicroobgicalentittee dapabld a r
of replication or transferring genetic material. This applies, but is noeliimio bacteria,

fungi, protozoa, viruses and viroids (Article 3,15 of Regulation (EC) No 1107/2009).

With respect to the experiendbat microorganism differ from chemicalsin safety
relevant issuesthe former EuropeanCouncil Directive 91/414/EECfor the market
authorization of plant protection products hdeen amended byhe European

Commission Directive 2001/36/EC to introduce more precision concernthg
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requirements forthar registration (Hamer 2004) Yet, when the new European
Commission Regation (EC) No 1107/2009 entered into foneet only the Directive
91/414/EEC, but also the Directive 2001/36/EC to differentiate requirements for the legal
approval ofmicroorganisms or chemicglesticides wasepealed. In consequence of the
increasingly sict regulatory policyfor the registration of plant protection produtcs in the
European Uni on, the numbers of factive s
1000 to 250 in recent years (Chapman, 20Ngverthelesstaking account to the
possibilties of cultural and biological control in plant protection is emphasizeasia
principle of fAgood agdrding to the EUddgislatdAitiader8,18 r a c
of Regulation (EC) No 1107/20D9lt is furthermore mentioned in Article 77 of
Regulation (EC) No 1107/2009 that the Comission may adopt or amend guidance

documents concerning micarganisms and other biological products.

The German Plant Protection Law RfiSchGnew, 2012) distinguishes between
fiPflanzenschutzmittel [ E npahtpratdtion agents  a Pfldnzefistarkungsmitted
[Englisht plant strengtae ni ng agents] . R recdodniaedbg pesticsdeshnu t z r
the stricter sensare substancefprotecing plants or plant productsagainst harmful
organismsor prevening the action of harmful organisms ( Arti cl e 2, la
(EC) No 1107/2009)They alsoinclude herbrides andplant growth regulatorsAfticle

2,1b-e of Regulation (EC) No 1107/200% 1-2 PfiSchGnew, 2012. As #fA Pf-| an z
st 2 r k u n,goslynpraduds degistered ina list of the BVL are pemitted to be
marketed (8 45,PfISchGnew). Thosearedefined asubstanceand mixtures inclusive
microorganismsvhich areintended (a) exclusivelywp maintain the healthiness of plaimts
general termsbutwi t hou't bei ng 0 Pdnd() nozpeotect pldnts frammi t
nonparasitic  impairment (8 2,10 PflSch@ew). This implies that
APfl anzenst ® nk wcrmognd miatstte | too  farfe supppsed ® mave h u
neither direct toxic nor any othereffects protecting plants against harmful organisms
Coherently several preparations containirgirains of Bacillus thuringiensis ssp. or
certain members dhe Bacillus subtilisCohn (1872 group (Priest et al., 198 have been

listed for yearsa s fizZPd 1 sacnh u regandingthieie dir@ct insecticidatespectively
fungicidal effect (BMELV, 2007a; BVL, 20173. Other microbial productand active

natural compounds whi ¢ h had been | i st e doefoeesthe A P f
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European Commission Regulation (EC) No 1107/2009 was transposed into national law
with the novel Plant Protection Law (PfISchGw, 2012)of Germany,havenot besn

further approvedunder this more stringent regulatory regime. The repeal of the former
Plant Protection Law (PflSché@ld, 1998) which still allowed that

APf Il anzenst mprava thg sesistance ef Iplants against harmful organisms,
through thenovel Plant Protection Law (PflISch@&w, 2012), thus, was associated with a
decrease in the nuralr o f l i sted #APf Il anz e3B80in the yiear n g s
2007(BMELYV, 2007b)to 244 in the year 201(BVL, 2017).

Basically, three groups of active ingredients ©fPf | anzenst2r keangs
distinguishedPflISchGnew, 2012, FiBL, 2016)

1) Microorganisms. Microbial preparfions that had beerregistered in thdist of
APf Il anzenst {BMELYN 20687imibefdree thed novel Plant Protection Law
(PfISchGnew, 2012) entered legal forcentaired among other thingstrains ofBacillus
spp., Pseudomonasspp., and Trichoderma spp. (JKI, 2008. Yet, in those genera
mechanisms oflirectantibiosishave been assumed to play a key folethe suppression

of pathogenss well(Fravel 1988 Raaijmalers, Vlami and de Souza002; Viterbo et
al, 2002 Chen et al. 2006. However, the restrictionof the definition that
APfl anzenst 2r khavwe q\a protdctivee éffect againsttharmful organisms,
virtually led to the situation thgbroducts containingiable microorgarams as active
ingrediens are not anymore indexeth the current list ofi Pf | anzenst 2r Kkt
(BMELV, 2007b;BVL, 2017b)

2) Abiotic compounds Beside microorganisms, a wide variety of inorganic (e.g.
silicates(SixOy), chalk (CaCQ), alumina (AbOs), baking soda (NaHC£)) and organic
(e.g.humic acids, extracts from alggaants and animals substancesf, in most cases,
natural origin have been described as active <coc
(BMELV, 2007b; BVL, 2017b) Neverthelessalso sich compounds canakie direct or
indirect effects against pathogens and pests. Sili¢B&anger et al., 2003and baking
soda(Horst et al., 199Pas well as extracts from field horsetddquisetum arvensk.;
Bélanger et al., 199%r garlic @llium sativumL.; Singh etal., 1999, for instance, are

known for their effectiveness to protect plants against powdery mijdedsced by
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pathogenic fungi in the order Erysiphales (GwyMaighan, 1922)and other microbial
diseasesDespitelegal definitions even inthe casefo abi ot i ¢ APfl anze
it seems to be difficult to attribute their possible modes of action exclusively to general

plant strengthening functions, which protect plants only fromperasitic impairments.

)y il nformati ono 0 n: Regamding their mateaidl ehlmaracerisgics
homeomt hi ¢ and A e naeangticanprdhensigely to dlassiBiecause their
proposecefficacy has been associated witle transmission diinformatiord contained in
indifferentcarrier materialéike water or Epsom salt (MgSQ'H.0O) (Hahnemann1921,8
269; Vithoulkas 1980 Maddox, Randi and Stewarti988;Kunz, 1995;BioAktiv, 2010.
The importance ofiomeopathicsnust not be underestimated, as thegouneéd for more
than 30% of all listedA Pf | anz e nst {UKIk2009)sfore thenowdl Blant
Protection Law (PflISchGnew, 2012) came into effect In the current list of
APfl anzenst 2r kun g)Orfromt 244 praductfl&y than 4 26D daid be
identified as homeopathicén contrast to former lists (e.g. BMELV, 2007b), however,
only the product designations, but not the ingredients and application pugresesw
described (BVL, 2017b). Thust is more difficult for consultants and users tod

suitable products and tmmpare them with other products of similar or same ingredients.

A point of practical relevanceisthat i n contr ast t owhishPEedtwn z e
proof sufficient effectiveness before approyBuropean Commission Regulation (EC)

No 1107/20098 33PfISchGnew),f o r feRfslt & mnrzk u ibanly muistbetassured

that an intendednd appropriate application causes harmful effect on the health of
humans and animals, the groundwater, &hd ecosystem(8 45 PfISchGnew).
Consequentlyalso no dicial recommendationsoncerning thgurposefulapplication of

APf Il anzenst 2arekmade gy ithe tBVle bro other authorities Impartial
information is usally rareanduserso f APf |l anzen sfteifhavie torelg@ami t t
the manufactures instrudionsonly. As a remedy to improve the market transparency, an
internet database facilitating the access on available information collected from the
literature and diverse sourchad been established ca webpageof the former Feded
Biological Research Centifer Agriculture and ForestryBiologische Bundesanstdiir

Land und Forstwirtschaft BBA i.e. now Julius Kuhnlnstitut, JKI; Braunschweig,
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Germany under the domain dAhtt p: MarxpKihna and e ns
Jahn, 2005; JKI, 2008). Arawback wastill that most of thevailabledata didnot origin
from scientifically rigorous tests and efficiency stamidawerenot guaranteeddowever,
in consequence of thestrictions imposed by the novel Plant Protection (BASchG
new,2012bn t he regi strati on theinterinePdathbadeasbeens t 2 |

detained for the time being.

This decline in public information together with the far-reaching loss of
APf Il anzenst 2r kefientigemass dgairegthtibogensi ahdhpests, due to the
increasingly stringent regulatory regimespecially hits organic farming and the
cultivation of minore cropsvith fairly limited market potential compared the costly
registration of s pe Chapnamg 2004p. & drgamczfamingtbeh u t z
use of APf |l anz eestsctedh wot & rMewt activd Substanséesides
miroorganisms as definedin Article 16 of the EuropeanCouncil Regulation(EC) No
834/2007 andlists in Annex Il of the European Commission RegulatigiC) No
889/2008A Pf | an z e n s t,bycknirastgre enentpt frenbeing listed thereand
thus,generallyallowed to be used in organic farming according tordgpilationsof the
European CommissioifEuropean Commission Regulation (EC) No 889/2008jBL,

2016) Before the novel Plant Protection Law (PflISeh@&wv, 2012) entered legal force
APf |l anzenst Werektactigestordedpdratel fabmers as unprohibited alternative
to APf Il anz e asgheyould helmto protect céop plantmder the restrictions

of organic production systemiglany active natural compunds and microbial agents, such
asviruses, bactga and fungiwhich could be used as bimontrol agentsgainst specific
pathogen problemsequiring targeted remedial actigrese not available furthermore as
commercial products,unless they have beenegi st er ed as AP I e
(European Commission Regulation (EC) No 1107/2009)

Conclusion onprevailing definitions of fibio-pesticidso

Bio-pesticides argaining increasing momentufor the control ofpests andliseasesn
agriculture. This development disposed governments to drawguplelines for the
regulationand market authorization of thesew productsThereby even though in most

cases remarkably differerihe conception of bipesticideshasbeenlogically developed
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from the paradigm othemical pestides which are toxic materials usually not found in
nature but applied occasionallgs the need arisethis might have been the reason why
Cook (1993)e st eemed t-hes ttieaimd eidb i adabel @ahos referrihgor t u r
Garrett (1965) that biological contraeedswhole systermapproaches, whichventually
involve a complete knowledge of thpathogen andhost ecology.lt can be sen as
indicative in that connection, that the reaveditions of the bookpreviously published as
AThe Bi oPesti ci d,el99 hashbean launcied with @ineawg titkes
AManual of Bi ocont r q201)Agbe moresinclusfveEal fhepaigantg |,

it describes.

2.1.2 Scientific conceptions and definitions of biological control

Bio-control based on antagonistic organisms

The first broadly recocnised scientific definition of thee r bivlogical controb wa s
given by Harry Scott Smith (1919;cited in Wilson and Huffaker, 1976Garcia et al.,
1988 as the use of natural or introduced enantee control insect pest3raditionally,
three main approaches of kontrol have been differentiated (1) importdion and
establishmenbf nonnative natural enemy populatigr{) augmentation afiativenatural
enemiesthroughlaboratoryrearedculture and periodic releasand (3) conservation of
resident natural enemies e.g. by use of selective pesticides that spazaeficial
organisms to allow them torealize their potential to control undesirable organisms
(Gnanamanickam et al., 2002This classical categorizationof biological control
originates fromentomology where ihas been devaped with emphasis dfithe action of
parasites predadors, or pathayens in maintairng anot her opopukaioni s mo
density, in particularinsect pestand weedsfat lower average than would occur in their
absencé (DeBach, 1964)Neverthelessalso for the control omicrobial pthogenghe
application ofantagonistiamicroorganism asinoculans or the management of resident
populations areghe basic methodgplied to make maxnum use ofbiocontrol agents
(Baker and Cook, 1974; Cook, 1993h this regard, hree principle mechanisms of
antagonismbetween microorganismsave been describedl) antibiosis, which means

production oftoxic metabolitesoy one organisnmhibitory or destructive to anothe(2)
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competition for nutrients and space; af® hypemparasitismand predation where the
antagonistdirectly feeds on theathogen(Park, 1960 Tronsmq 1993 Agrios, 2005.
Because all living organisms are subject to predation, parasitism or competition from
other organisms, antagonistic interactions between living organisms at virtually all trophic
levels mightbe explored for their biecontrol potential (Rogers, 1993; Liagpa and
Hegde, 2001). So, for example, hymarasitic fungudungus, fungusnsect and fungus
weed elationships have been describ@k Beest et al., 1992 het, 187; Butt and
Copping, 2000; Shah and Pell, 2003).

Importance ofpopulation dynamics fortie bio-control of microbial pathogens

Understanding thecology and dynamics dieneficial and deleteriousopulationshas
been recocnised as k@yerequisiteto develop effectivecontrol strategiesn microbial
plant pathologylikewise as in entomologyoo. The importance of population dynamics
for the suppression of microbial diseases becomes obviqastioular,when the delicate
ecological balance of a system is disturbed, whichatanng others béhe case when
broadspectrum pesticides are appli€Evans, 1999). To that effect, the outbreak of
epidemic root diseases after reintroductainpathogens has been accountedhe ©-

destruction of the beneficiaticroflora in fumigated soils (Hiltner, 1904; Ebbels, 1969).

An intensively studiegxampé isthe phenomenon déke-all decline(TAD), which has
been attributed to thbuildup of antagonistianicrobial communities in soils becoming
suppressive to théungal pathogen Gaeumannomyces gramin{§acc.) von Arx &
Olivier var. tritici Walker (Ggt) with continuous wheatropping (Cook and Rovira,
1976. Changes in the population structure flforescentpseudomoads which area
group of bateria commonly foundn the rhiosphere of whegElsherif and Grossmann,
1990; Mittal and Johri, 200)f have beenshownto play a major rolen this naturally
occurring form of biological contrglAndrade, 1994; Cook, 2003Jhe specific disease
suppression that operatesTAD soils has beenrargely attributedto the production of
antibiotics e.g. phenazind-carboxylateand 2,4-diacetylphloroglucinol (2, DAPG), by
certainstrains ofPseudomonaspecieThomashow and Weller, 198&Raaijmalers and
Weller, 1998) Recently, it has been demonstrated that thedsgikitydependent control

of gene expression (quorusensing) in biocontrol strains dPseudomonasspp. Is
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employed in regulating root colonization and production of the respective antibiotics (Wei
and Zhag, 2006; Maddula et al., 2008; Zhang et al., 20@8)as been further suggested

by Fajardo and Martinez (2008) that antibiotics, beside their function as competitive
inhibitors, may have an important role signalingmolecules in quorum sensing as they
modulate gene transcription in bacterial cells atishibitory concentrations (Goh et al.,
2002; Yim et al., 2007). Vice versa, Molina et al. (2003) demonstrated the degradation of
pathogen own quorum sensing moleculesa@ylhomoserine lactones, AHLY)y a
transgenid®seudomonasp. carrying a gene froBacillussp. that encodes an appropriate
enzyme (lactonase) as a possible biocontrol mechanism against potato soft rot caused b

Erwinia carotovoraand crown gall of tomato caused Agrobacterium tumefaens

As auch findings make clearthe prevalence and severity of microbiadehises is partly
controlled by adynamicbalance betweemteractng microbial populationscompeting

for growth limiting resourceswithin the ecologcal nichesthat they occupy The
ecological nichein this regarddescribesot onlythe environmentdiactorsof the habitat

but also all the pro- and reactive adaptationsvhich an organism use® survive and
reprodue (Hutchinson, 1957; RBnka, 2000 Lomolino et al., 2006 Consistently,
Campbd (1989,2) concluded that similar effects, which are classically studied the
level of higherplant and animal ecology, alsapply to microbial populations both
natural and agrecosystemdn this sense, Shurtleff and Averf#997)encompassethe
control of virtually all kind of undesirable organisms (e.g. rodents, insects, mites,
nematodes, bacteria, fungi, weeds, etictpugh counterbalance oamicroorganism and
other components of the environment under the broad umlatlkaological control.
Agrios (2005), in his widely used standard textbook of plant pathology, simply described
bi ol ogi cal ctotal tor paltial mhsbition lore desfiuction of pathogen

populations by other organisims the widest sense.

Host resstanceas a mechanism of bigontrol

Plant pathologists indlly adopted from entomologists theoncept of population
dynamicsin biological control, but also stressed on major differences between biological
control of microbial pathogens and macngansms like insects and weeds. With regard

to the control strategies of microbial antagonists, Baker and Cook (1974) argued that the
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principle of population ecology, that repressive environmental factors intensify as the
population increases and relax asdtlhes, might only partially explain tteippression

of plant pathogensAccording to the opinion of these authors, biological control is the
control of one organism by another (Beirne, 1967; citec€Cook, 1989). Yet, this refers

not only to the decrease of the inoculum (population) density of a pathogen due to direct
antagonisms (DeBach, 1964), but also includes the restriction or prevention of disease
producing activityas due to various typed crop resistance, without regard to tize of

the pest population (Cook and Baker, 1983).

In general, improved resistance of plants can be either achieved by conventional breeding
and gene technology. In this case, the plant itself becomes the agenogichiccontrol.
Beyond this, the expression of hgsant resistance can be stimulated by other osgasi
(Cook and Baker, 1983Yhe mechanisms involved in such indirect-bantrol activity
include the impoved acquisition ofnutritional elementswith specific roles in host
resistancge.g. Si, Mn, Cu, Zn; Graham and Webb, 1991; Dordas, 2@@8)pensation
for pathogen damagas due to morphological changes of the root system or generally
erhancedgrowth, and, more specifically, forms of induced resistapredisposing the
plant to parryfuture attack§AzconAguilar and Barea, 1997Dn basis ofthe elicitors
(signalingc o mpounds) and regul atory patdéfensey s
mechanisms are activated two forms of induced resistancebesvedifferenated: (1)
systemic acquired resistance (SARyhich is induced by necrotizing pathogens and
associatd with salicylic acid (SA) as a possiblesignaling molecule activating the
expression opathogenesiselated PR) genes in notinfectedplant parts; and (2nhduced
systemic resistance (ISRyhich is activated upon root colonization by certain -non
pathogenic rhizobaeria (especiallyPseudomonaspp.) independent from SAand PR
gene expressiobut dependent on jasmonic a¢lth) andethyleneassignalingmolecules
(Kloepper et al.1992; Pieterse et al., 1996; reviewedvan Loon, 1997 Sticher et al.,
1997; MauckhMani and Métraux, 199&ieterse anglan Loon, 200% Investigations with
resistancalefective plant mutants have shown ttia protein NPR1, which is encoded
by the finon-expressor of pathogeneseatedgenesd (NPR]) gene seems toplay a
central regulatorole in both, SA and JAmediated signalingpathways(Cao et al., 1994;
Pieterse et a11998) In contrast to SAR, @wvnstream of NPR1n the cascade afefense
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responsedSR is commonly not associated with thecumulation opathogenesiselated
(PR) proteins while different defensive compoundsvolved with ISRremain to be
identified (Pieterse et al., 199&allad andGoodman, 2004van Loon and Bakker, 2006)

As theseillustrations revealbiological controlcan be seen as a continudinat ranges

from direct antagonistic suppression owedirect agencyhrough induced resistands
associated pathogenic and rmathayenic organismaintil the preresistantplant acting

alone This percepion led Cook and Baker (1983 o def i ne bi olthegi c
reduction of the amount of inoculum or disepseducing activity of a pathogen
accomplished by orhtough one or mar organisms other than manThe organisms
included hereby as intacting components of biologicabntrol systemsarethe pathogen

itself, the host plant manipulated towards enhanced resistamcd antagonistghat

directly or indirectly impair thactivities of the pathogen

Bio-control based orbiological processesand products

Today biological control of plant pathogens and pests emerges as a broad concept, whos
scope has been expanded over decades with respect to an increasing understanding of tl
mechanisms of bigontrol, involving the genetic basis of pathogenesis, antagoand
resistanceln particular the advent of molelar technologies including the transformation

of microorganism and plantdo express gens for the production of novel compoinads

led theUnited States National Academy of Scien(d&S) to propose a redefinitions of

t he term fbi o fhthegdeofadturatoo madified brganisagenes or gene
productsto reduce the effects of undesirable organisms (pests) afaloo desirable
organisms such as crops, trees, animalsl deneficial insects andicroorganismg

(NAS, 198757). It was further outlined in the same repothat in addition to natural
antagonistas the classic agentbe host as well as thpestagainstitself can beusedas
componentgagents)in threemajor strategies of biological ctval: (1) regulation of the

pest population(2) systems of protection that exclude infection or deter pest attack; and
(3) seltdefenseof the host due to enhanced resistad@eording to this broad definition
cultural pactices (e.g. crop rotatioar tillage to maximize the effect of indigenous
agent$, genetic manipulation resulting in host resistancenocapable pest genotypes to

replace capable oness well as the application of biochemical compourids.
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pheromons) areconsidered as approaches to achieve biological caoindb, 1987,59)

As an example that demonstrates all thregesfiias of biological contrpthe NAS report

cited B. thuringiensisand its toxiis (see Chapter 2.1.1) Thus, the bacillusused as a
natural enemyegulating the pest population would fit wittrategy 1 the toxin gene
expressed in transgenic rhizosphere bacteria colonizing the host roots as a living barrier
against pest attack corpemds to sategy 2, and foduction of tke toxicprotein as a self

defensesystem by transgenic crgpfinally, is consistent withtategy 3(NAS, 1987,59)

The NAS-definition, which broadened the scopd fbi ol ogi cal contr
living organisms provokedconsiderableontroversybetween proponenendthose who
advocated a restrictioof the meaningo the useof natural enemies contrast toother
biologicaly basedmethodg(Gabriel and Cook, 1990; Garcia et al., 19885.\Congress,

1995; Pal and McSpadden Gardener, 20063his regard,Garcia et al. 1988 criticized

that theB. thuringiensistoxin would protect the plant from pest attack in the same manner
as would any chemical pesticide dahus theyconsidered its use merely as a
fibiotechnique. Similarly the release fosterile males othe use of pheromones to control
insect pestplant breeding and cultural contnolethodsh ave been deseri b
based forms of pest Cc Q n tarnodic dfienmoiinb & b &lle © m
accounted to be differenfrom classical biological control by divers authapgan
Driesche and Bellows, 199@immonds et al.,, 1976; Wilson and Huffaker, 19716
contrast Gabriel and Cook (1990imply separated the manifold methods oftpand
disease controin chemical, physical and biological, proposing that biological control
should include all of its aspectSultural methods, as for example crop tiotas, these
authorsregarded as one means to achieve biological control insofar as the suppression of
pathogens and pests is facilitated for biological reaséosordingly, Cook (1993) argued

that gene products such as endotoxinsBatillus thuringiensisdelivered by living
microorganisnor within the transgenic host plant, becoming thus resistant agasest i

pests would bebiological control. But, theB. thuringiensigoxin extracted from the
organisms and applied directly as a biochemical compound would fit more logically with

the concept of chemical control.
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However, as emphasized by Hardy (1993) tila@sitions between biological, chemical,
and physical/cultural approaches can be smooth like in the case of synthetic analogs of
naturally occurring toxins or mixed cropping systems for the control of weeds by
allelopathy and competitiortiy. Chou et al.1987; Vandermeer, 1989Correspondingly
more reent conceptions of biological contrbave tended to reconsidére agency of
living organisms tantamount with the use liblogical mechanismsprocessesand
products (Campbell, 1989Wilson, 1997. By this means, Wilsn (1997) proposed to
define biological controla s The @ontrolof a plant disease with a natural biological
process or the product of a natural biological procesk order to facilitate the
multisided search for effective alternatives synthetic pesticideshis would include
biological chemicals regardless whether they debvered by or extracteéfom living

organsms as well as any form abst resiance(Wilson andel Ghaouth, 1993)

Bio-control based on thénplementation of knowledge ohiotic systems

In spite of all things considered so,fdre agency omanhimselfin biological controhas
beeneitherexplicitly excludedor neglected in prevalent definitions of biological control
(cp. DeBach, 1964Cook and Baker, 1983NAS, 1987; Wilson, 1997)So,if huma n 6 s
activity or managemerns not implicitly implied the question arises wtibe controllers.

In this connectionBarbosa and Braxtof1993) made clear thaall the processesvhich
determinethe survival and abundance of poptiteas unaided by human interventipare
natural contra. Biological control, h contrasti s based on humanos
living organismswhich isimplemented for thpurposéul management afatural controls

or the direct limitation ofpests gndesirable organismsand their negative impact his
concepion comes closest tthec o mmon meani ng of Abi ol ogy
organisms and their vital processes (Biology, 20b8fause the awareness and intension

of humansgs regarded as the motive force behimalogical control

As one can control only the known and understood, the successful realization of
biological controleventually necessitates a qalete understandingf the biology and
epidemiology ofa disease and of the ecology of the host plant (Gak®89. Thus, the
best knowledge on each of the three categories of control mdthotixyical, chemical,

physical) should be used and combined into integrated management systems to realize
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planthealh care in the most effective, economical, satesd sustainable way (Cook,
1989 Hardy, 1993)Yet, to encompass the complex interactions between crop, pathogens
and antagonists, that occur in biological control systems and become apparent upon
thorough nvestigation, requires a broad perspective that goes beyond the narrow limits of
traditional bio-control definitions focusing on the direct action of antagonists versus

parasitic organismar the derivation of the products ug@tlilson, 1997).

Conclusion an conceptions and definitions of biological control

With respect to the changing scope and perspective under which definitions have been
proposed in the literature by different authors, it is concluded here that biological control
refers to the purposeful implementatioh effective strategies basedf the knowledge

how to manage biotic processes fionprovedplant healthcarerespectively to limit the
undesirableeffect of pests (weeds, insects, nematodes, pathogeni ¢he)widessense.

To realizethis aim, biological controlfavors the use of livingorganisms and natural
compounds (bieffectors) as well asphysicaltutural methods instead of chemo

synthetic pesticides.

2.2 Definitions and properties of bio-stimulants and bio-fertilizers

According toa definition ofthe International Fertilizer Industissociation (IFRA), fibio-
fertilizersd areproduct based on microbial inoculants (eRhizobiunspecies) or organic
growth stimulants, which affect the soil bialty, chemically or physicallyIFA, 2005)

This is in close agreement with termankFertilization Law (DungG, 2009, § 2,bthat
describe i Bo d e n h i I(Ehgish:t soiff guxliary suppliesps substances without
substantial nutrient conterdgs well as microorganismsvhich affect the soibiotically,
chamicdly or physically to improve thgrowth conditiors for crop plantsor to promote

the biological nitrogen fixationT he r ange of imd canprisehmicrobia t o f
inoculants, soil conditioners, soil stabilizers, rock powders and even substances with
significant content of mineral narients when thg are used in restricted quantities
(DuMV, 2012. Not wi t hstandi Agertihezeeomi 8bwodel
meaningregardless of the mineral nutrient content of its active ingredient, ieselthe

purposeof their applications not only to ensure the adequate supplynoferal nutrients
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to the plant, butlao to maintain oimprove the fertility of soils by biologicahodes of
action(DungG, 2009, § 1;2; du Jardin, 2016

2.2.1 Principle modes of action of different bio-stimulants and bio-fertilizers

In the recentscientific literatureand political debatéhere has beemcited to separate
Ab-sbi mulabsmrefaréd to asi b-ea han digrhsg/d ,os o framui lxind s
f er t i foiindieate preparationswhich enhance crop growth and vyields due to
immediatestimulatory effecton plantsthemselves The i ntension- i s
s t i mu frannagemtsthat improve the fertility of soils directly enhancethe plant
availability of mineral nutrientand espcially from thosewhich havedirect effects
against pathogenic organisrifBloemberg and Lugtenberg, 200Qhyama 2006;Saleh

Lakha and Glick, 20Q7 du Jardin, 2015; EBIC, 20)6 Likewise the term

APf |l anz e n[Bnglishf plant Helpireg bagentdjas been defineth the German
Fertilization Law (DingG, 2009, § 2,@ssubstances without substantial nutrient content
that are supposed taffect plants biologically or chemically in oder to achieve benefits in
plant productionor application technology i nsof ar as they -are
gmittdd according to the German Plant Protection Laggee Chapter 2.1.1)
Nevertheless while ddailed definitiors vary, t h e t ersmisi mMGbApPph®Yt o
sti mulaatdo4ffidd) toi | i zer 0 h ahamegeablbferdhe same land of i n t
materialsas for example in the case pifiytohormone rich algaextracts or certain root
associatedbacteria(Crouch and van Staden 1994; Zodape, 200ak and Singh, 2002;

El Zemrany, 2006 In any casgeit can be statedrom a practtal perspectivehat an
adequateuptakeof essential nutrientby the plantis an indispensable prerequisite for
substantial growth gain€oncerning plant nutrient acquisitiohowever,two groups of

active compoundsan be distinguished whidiffer prinapally by their mode of action:

|. Preparationsproviding pre-containedmineral nutrients

The one groupf compoundsdentified ashbio-fertilizersd is likely to increaseahe supply
of nutrients to the plamhost nothly by mineral elementalreadypresent in them. Those

include for instanceanimal manureg¢Abdel Magid et al., 1995)earthwormcomposted
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organic waste(Mba, 1997; Beniteet al., 200Q andgreen manurefom nitrogen fixing

legumegqBecker et al., 1988; Kalidurai and Kannaiya@91).

lI. Preparations enhancing th@lant accessibility of mineral nutrients

The second groygomprisng variousmicroorganism (Subba Rao, 2002iafeez et al.,
2006) and substancewith plant growth regulative activity (e.g. phytohormone rich
seaweed extragtZodape, 2001)unlike fertilizers in the common senseerely cariies
the ability toimprove plant nutrient acquisitiorfrom other sourcedn principle, his can
happeneitherdirectly via increasd delivery of nutrients tahe plantbut alsoindirectly
via stimulation of plantown nutrient acquigsion strategies,conprising aspects of

chemical and spial nutrient availabilityin bothcase (Marschner, 1989; Jungk, 2002)

Direct mechanisms failitating plant nutrient acquisition

In this regardbiological nitrogen fixationby diazotrophic bacteriand solubilization of
nutrierts from recalcitrant soil poolse(g. by phosphate solubilisingnicroorganisrs
(PSM) are mechanisms which directly improve the chemical availability of nutrients to
the host plant (Graham and Vance, 2008han et al., 200/ An example for directly
improved spatial nutrient availability is arbuscular mycorrhiza (AMg widespread
rhizosghere associatiorbetween terrestrial plagtincluding manycrop speciesand
obligate symbioticfungi (Smith and Read, 1997Arbuscular mycorrhizal fungi (AM
fungi) spread their hyphae from the root surface intarger soil volume than do roots
alone(see 3.2.1)Thus theycanamplify the surfaceareato absorlphosphorus and other
nutrientswith low mobility in soils whereagher ability to chemicallymobilize insduble
or strongly adsorbed soil phosphatgsguite limited, as it has been shown earlier and
recentstudies(Mosse, 1986Marschner and Dell, 1998Bagyaraj, 2002Antunes et al.,
2007).

Indirect mechanismdacilitating plant nutrient acquisition

Indirect effectson the nutrient acquisitio of plants areassociated with corresponding
alterations inroot morphologyand physiology Enlargement of the root surface by

increasing the number of lateral roots and root hargd thereby also of their spatial



Chapter 2  Reviewon definitions and properties of various agents 30

uptake capacityare typical plantown responsedo specific nutrient limitatioa (more
preciselyN, P, sulfur (S) and iron(Fe)) which can be mimickedue tomicrobial in situ
productionas well as external supplgf ready prepareghytohormone (Forde and
Lorenzo, 2001Dobbelaereet al.2003 LopezBucio et al., 2003)Becauseaots hairsand
apical root zoneare preferred sites for the release of exudates with nutrient mobilizing
properties (e.g. carboxylates, phytosiderophoralsp plant own chemical meahisms

for nutrient acquisition carbe addressed by thesmeans(Marscher et al.,, 1987;
Hoffland et al., 1989;Jones, 1998aylichael, 2001) Furthermore microbial activity in

the rhizosphere maystimulate root exudation by a number of mechanisms (e.g.
degradationof root exudatesrelease of microbial ntabolites,generallyimproved root
activity), but also counteraathemicalnutrient acquisibn of plants due to continuous
consumpin of root releasedrganic solventsas a carbon sourcd&#grber and Lynch,
1977;Meharg and Killham, 1998/atanabe and Wada, 1988leverthelessplants have
developedways to prevent microbial degradation of root exuddeeg. temporal and
spatial variatiorin root exudationreleag of phenolicawith antibiotic activitieg. The net
result of their interactionwith microorganism dependson the plant genotype anid
influenced byenvironmental faors such as temperaturdight intensity andvarnous
chemical and physical soil propertié¥akagi et al, 1984; von Wirén et al., 1993;
Dinkelacker et al., 1999Neumann, 2007

2.2.2 Critical appraisal of currenti b isd i mul ant of earntdi défibdiems o

Accentuating the above describgdalitativdy different principleshow thegrowth and
mineralnutrient status of plants can be improvwsdapplication ofappropriate substances,
andmicroorganisrs, controversialattempts to define the team ftdti iomu | dimt @ a

fertilizero can be foundn the literature

Bio-fertilizer versus organic fertilizer

In this contextVessey(2003)suggestedo distinguishii b-f e r t i | i ang kinsl@af f r ¢
organic fertilizersa n d not to use t he term interc
Amanur @ion taadother tepnalready usedor manifold organic materialsvhich

immediatelyor after their decay deliverutrientsalreadycortaining in them In contrast
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to this argumentationwhichr e s t r i-fertilizersofi bti co t hgroupsdesarilmed d
above,waterfern of the genusAzolla Lamarck(1783 cited in: Bergman et al., 200§
commonly referred tossafi b-f er t i | i zer 0 wh icenturieb t sncrdasee n
the fertility of rice fields §hi and Hall, 1988Peters and Meeks, 198@aishampayan et
al., 2001) Azolla living in symbiosis with the N-fixing cyanobacteriumAnabaena
azollaeStrasburge(1873; cited inBergman et al., 2007¢an addmore than 6&g N per
hectare and seasevhenapplied byincorpaationinto the soil as a green manure before
planting or grown as an intercropanmong the target cropBut in any case,he fixed
nitrogen isreleasedn the mainonly whenAzolladecomposesasit is the casavith any
other green manurglto and Watanabe, 1983;em and Glick, 1985 Ventura and
Watanabe, 1993

Replacement of nutrients versus improved availability

Okon and Labander&onzalez (1994)ar gu e d t hat -ftelre i hrome r @
apprriate if the application of amicrobial inoculumonly improves the utilization of
fertilizers, respectivelyof nutrientspresent in the soilput does not replace timelike
ordinary fertilizers doThis understanding, based on twmprehension that fertilization

Is identcal with addingnutrientsto the system concl usi vely c-onf
fertil i zer sfigingtmeroocaganisim@oattary to Migposition Vessey (2003)
defined fibio-fertilizero as:fiia s ubst ance wh micrdorgacismswhieh, n s
when applied to seed, plant surfaces, or soil, colonizes the rhizosphere or the interior of
the plant and promotes growth by increasing the supply or availability of primary
nutrients to the hogilanto. Hence, independent whether soil nutrients are replaced or just
made more available by any of tdgect and indirectnechanisms described Chapter

2.2.1 micrabial preparations would beonsi der€@ér sl iidbe rdsep as
enhance the nutrient status of plafdfis i s conception of Abof of e
the preparationswhich other authorsd e s cr i b e-gt iansu,|ah it & their
immediate growth promoting actiy has been chiefly attributed to ptertained or
microbially produced phytohoromes such as auxins, cytokiniusd gibberellins (Beckett

and van Staden, 1989; Dobbelaere et al., 1999; Paczgndkbobrzanski, 2004yvhich

areknown to be involved withhe induction of lateral roots, root elaigpn and root hair
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formation (Ridge and Kesumi 2002; Aloni et al., 2006). Coherentlin many studies
improvednutrient upake and water status of plants duedot interception of a greater
soil volume hasbeen assumed to be theain factor enhancingrop yields in response to
the applicati onl laotfed alisDI8BFinnie and van Staden, 1985;
Steenhoudt andanderleyden, 2000).

Plant nutrient status versusverall soil fertility

As mentioned byRoy et al. (2006,130%he wordfi b-few i | i zc#yrspeakind is a
misnomer when it is used under the following premises:tifg@)suffix A f er t i | i z
understood in the common sense, equivalent teerairertilizer, dung or manuregvhich

are substance pre-containing essentiahineral elements for plangrowth, but (2) 1 b-i o

f er t iisl used ¢or dénotenicrobial inoculants which are supposed to improve the
nutrient status of the host plant through-gmng processes while living in association
with the plant instead of providing nuents present in them in advan@p. Okon and
LabanderaGonzalez, 1994; Vegy, 2003)Interpreted withrespectto the conventional
meani ng of ffher tfierinziwddiitemos acurately with egumes

or Azollawater fernused as greemanure, which provide biologically fixed nitrogen and
other nutrientpreviouslybio-accumulated in their biomaséet, soil fertility [from Latin:
fertilis, O6bearing in abundance, fruitfu
chemical, physa and biological properties beyoride pure nutrient effect. e useof
Ab-fertilizersd may h tages likesirereasingathecorfteantrof h e r
organic matter in salor improvingthe physicakoil structure, whickcan promote plant
growth without necesarily affectingthe nutrient status othe soil (Singh and Singh,
1987;Wagner, 1997)As an examplgbacteria of the genughizobiumFrank (1889 cited

in: Young et al., 200Lland related genera, wddhown for ther ability to form nodules

and fix nitrogen in legumedst roots, magerve.For centuries legume cropping has been
used as a principal biological method to improve and maintain soil fertility in many
agricultural systems. Long time before the bacteria responsible for nitrogen fixation in
legume nodules were identified (Beijerindd@88; Hellriegel and Willfarth, 1888; cited

in: Mikola, 1986) and became available as soil inoculants (Nobbe and Hiltner, 1893; cited
in: Hartmann et al., 2007), the ancient Greek writer Theophrastus2/B.C.)
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reporéet ach:e bean b dhe soil. Baamnsmare hogaoburdensense crop to the
ground: they even seem to manure it, because the plant is of loose growth and rots easily
eo (Fred et al ., 1932; cited in: van Ke:¢
has been proven to be troet only due to the ability of beans and other legumes to fix
nitrogen, but also with respect to their further advantages in crop rotations. Sulsh non
effects can account for more than @0of the rotational benefit of legume crops and are
attributable ® the breaking of pathogen and pest cycles, soil structure improvement or the
efficient use of nutrients from recalcitrant pools and deep solil Ig{#mshikawa, 1991;
Stevenson and van Kess&R96; Lupwayi et al., 2005 Among the most widespread
limitations to N-fixation by legumes beside adverse climate factors are nutritional
problems, mainly deficiencies of N, P and molybdenum (Ma)marginal soils (Gibson,
1976; Hafner et al., 1992; Bagayoko et al.,, 26800 O6 Har a, 2001; Ul
2002).In soils poor of available nitrogen, legume seedlings may not be able to establish
an effective N-fixing symbiosis without supply of additional nitrogen fertilizer as a
starter dose (Schomberg and Weaver, 1980lis, although selected strains of rhizobia
applied as microbial inoculants to legume crops belong to the most prominent group of
mi croorgani sms-fdescltibedoa¢sBibhmaprakash
2003; Zahran, 2006)it is rather the whole process of growing legumes than the
apdication of rhizobia inoculantper sewhich can make a soil more fertil®hizobial
nitrogen fixation is a dynamic process, performed together with the legume host plant and
determined by various environmental conditions (Schultze and Kondorosi, 1964;d2er

al.,, 2000; Vance and Lamb, 2001). The performance of the wholglaontbacteria
system is of importance in order that rhizobia inoculants can become an efficient source

of fixed nitrogen for the plant (Ddbereiner, 1977; Slattery et al., 2001).

Living microorganismversusthe management adbiological processes

As argued byessey (2003)m accordance with Subba Rao (198ited in: Banerjee et

al., 2009, fbio-fertilizersdb must contain living (or at lest viable) microorganisrs, in
particularwhen t he fteertml|l ibeoodo i s itiont o€ thep terent e d
Abi ol fogr tciddbweree B Lology is the study of living things, but also of their

vital processes with all the physicochemical aspects of (B®logy, 200§, it is
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reasonableas well thatanymat er i al applied mightrthasi zel
long as itseffectiveness isachievedbased on thé&nowledge how toengineerbiotic
processeswhich casually improveplant productivity or soil fertility. This is of
considerable relevanceecausealmost every rhizospherprocess involves a response
cascadef interdependergoil-plantmicrobereactionsand very little is known about the
sum of factors that lead to reliable applicatiohsnicrobial preparationéloepper et al.,
1989; Lugtenberg et al., 20Q01Pinton, 2004 An illustrative example for this can be
derived fromthe requirement of Mdor symbiotic nitrogen fixation inegume root
nodulesbecause of its specific role in their nitrogenase enzyme sy@@#wmorth and
Loneragan, 1991006 Ha r a , Ex@@lnents)with diverse leguminous speciesve
shown thatnoculation wth rhizobia didnot improvethe nitrogennutrition of the plants
on molybdenumdeficient sois even thougha highernumber of nodles mightbe formed
under theseonditions In contrast smallamountsof molybdenum appliewith the seeds
(19 ppm)or on the leaf¢40 g ha') improved the effedivenessof inoculatedas well as
soil indigenousrhizobiain terms ofnitrogen fixation raésand crop yieldgMulder, 1954;
Gurley and Giddens, 1969Yjieira et al., 1998,b,¢ Hafner et al., 1992Kaiser et al.,
2005. Theseresults demonstrated thatder certain soil conditionsather the biological
effect of an abiotic compound, namely Ma@as necessary to replade fertilizer by
biological N-fixation than the application ofliving microorganisms. Therefore with
respect tothe complexity of biologicabystems sufficient knowledge of the biological
mechanismsnvolved and of the prerequisites for their appropriate functionmmht be
consideredas the most critical factor for the successful implementation of biological
approaches to improve the feityil of soils beyond all material conceptio(isloepperet
al., 1989;Brimecombe et al., 2007)

2.3 Multi-functional and multi-partite soil-plant-microbe interactions

As presented abovadseffectors are used for phytostimulation, 4béotilization and bie
control But, from a functionalview, clear boundariebetween these categoride not
exist In fact, theresponse of plants on treatment with miscellaneousfbextors results
largely from complexand multifunctional interactions between the associated crop,

introduced organisms and otherseady pesentin the habiat. Eachof these interactions
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is affected by countlessenvironmental variablesuch asclimate andsoil factors
(Kloepper et al., 1989; Requena et al., 19BIbemberg and Lugtenberg, 2Q04hipps,
2001, 2004 Khan et al., 2014 Among the most versatikmown microbial bio-effectors,
are plant growttpromoting rhizobacteria (PGPR)haterogeneougroup ofnon-infective
microorganisrm colonizing the root system amchproving plant performance by various
mechanisms(Schroth and Hancock, 198XKloepper, 1993) In that field twvo main
research directionsave been followe@reviewed in Bashan and Holguin, 1998). One of
them is the direct growthpromoting effectof free living diazotrophs likeAzospirillum
spp. Tarrand et al. 1978) and Azotobacterspp. Beijerinck 1901) which has been
attributed to several mechanims including biological Mfixation and even more
important,the production of growth stimulatpisubstancesuch as phytohormones and
vitamins (D6bereiner and Day, 197@ashan and Levanonyl990; Steenhoudt and
Vanderleyden, 20Q@obbelaere et al., 20D3Anotherresearchareais the suppressioaf
soil borne pathogenby use of biocontrol PGPRor exampleantagonistic strains of
Pseudomonaspp. andBacillus spp. as the be&inown generato enhance plant growth
indirectly by the suppression of pathoggifdoepper and Schroth, 197Bjoepper et al.,
2004; Weller, 2007) Further, n recent essaymsteadof PGPRalso the abbreviation
PGPM for plant growtipromotingmicroorganismhas been usetb indude fungal root
colonizers such asrichodermaspp. and arbuscular mycorrhizal fungider one roofor
beneficial rhizosphere associatiof&vis et al., 2008 Gravel et al, 2007. Single
microbial species aneéven strainsfrom all these PGPMgroupshave beershown to
possessa number of beneficial effects which may result in enhanced plant growth,
nutrient acquisition and healthiness at the siime (Yao et al., 2006Avis et al., 2008)
An overview on exemplary literature repor@ccounting forthe multiplicity of plant
growth-promotingpropertiesof sdected groups ofrhizospheremicroorganism based on
bilateral relations with their host or the direct suppression of pathaggngen in Table
2.1 andthe subsequer@haptes 2.3.1to 2.3.4 Beyond these oren-one interactions with
pathogens or their host, certain strains of PGPMs also intesgittother beneficial
microorganism andmaythus improve plant growtlynergisticallyin tri- or multi-partite
interactions (Banerjee et al., 2006; Saxena et al., 2006), which is briefigagkd in
Chapter 2.3.5
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2.3.1 Multi-functionality of beneficial Bacillus species

Taxonomy and description dBacillus species

Bacillus speciegCohn, 1872)are characterized afacultative or obligateerobic, gram
positive rodsubiquitous in nature and primarifgund in soils(Harwood, 1989Madigan
et al., 2003 Theirability to forma dormant, highly resistant cell type, naneealospore
to survive periods of environmental stressand starvation,makes them appealing
canddates to be formutad as longterm viable bieprepaations (Weller, 1988 Dirks,
2004). Many Bacillus spp. are known for the production of extracellular enzymoes
perform a wide range of chemical transformatjoastibiotics as well asprobiotic
compoundgHarwood, 1989; Hong et al., 20083mong them,Bacillus subtilisis not
only one ofthe mostintensively studied prokaryotebut alsowidely used in traditional
and industrialfermentationprocessesas well as in agricultur¢Fritze, 2004) Closely
related Bacillus species are not easy to distinguish on the phenotypic level. Thus,
increasing numbers @fdditional speciebave been identifiedy genotypic analysjsuch
asBacillus amyloliquefacienswhich has been described as a strairBosubtilis in prior
studies(Priest et al., 198Krebs et al., 1998driss et al., 2002Fritze, 2004 Borriss et
al., 201). B. subtilislike strains, however, havgeen foundo improve plant healthand
production by a variety of mech@msupon root and shoot colonizatigRytter et al.,
1989;Sharga, 1997Krebs et al., 1998VicSpadderGardener 2004 Blom et al., 201p
Although this is nota character of taxonomic use in this genm®stBacillus species
including B. amyloliquefacienand other members of tli& subtilisgroup (Priest et al.,
1987) are motile by means of peritrichous flagella ¢laus and Berkeley, 188

Chemotaxisn B. subtilishas been reviewed [{drdal and Nettleton, 1985

Direct growth promotion and bidertilization effects of Bacillus species

Major activities of direct plant growthpromotion and bidertilization performed by
strains of theB. subtilis group include phytohormone (e.g. auxin and cytokkike
actions (Idris et al., 2004; Arkhipova et al., 2005) as wethasolubilization ofnorganic
and organic phosphates increasing the availability and uptake of phosphorus in the

rhizosphereof host plantgldriss et al., 2002; Yao et al., 2QQ8ariprasad and Niranjana,
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2008. While dazotrophydoes not seem to appeartype strains othe B. subtilisgroup
(Achouak, 1999)Rennie et al. (1983) showelat up to 3246 of N in wheat plantsvas
derived from the atmosphere faNng inoculation withBacillus polymyxa which has

been identified as B>-fixing speciedy some strainsHino andwWilson,1958)

Bio-control effects of Bacillus species

Bio-control of B. subtilisis mediated by direct antagonism, promotion of host nutrition
and stimulation of plant owndefenses(McSpadden Gardener, 2004Reported
mechanismsof direct pathogen suppressiamvolve the production of antifungand
antibacterial metabolitesuch as peptide antibioticthe secretion of Iytienzymede.g.
chitinases whichcan degrade the cell wall of fungal pathoggnandthe competitive
colonization of plant surfacegAsakaand Shoda, 199@ais et al., 2004Nalisha et al.,
2006 TrotelAziz et al., 2008 The literature on the potential &. subtilisand other
Bacillus spp. as inducers of host resistance against a broad range of microbial, viral and
other parasitewas recently reviewed by Kloepper et al. (20@4)nain conclusion drawn
from this papers thatBacillus species elicit systemic resistarared growthpromdion by
multiple mechanismsStudies on thepecific signal transduction patays suggest that
dependent on the strain, the host plant and the pathBgeitius spp. arenot onlyable to
induce jasmonic acid and ethylenalependentiSR (e.g. againstate blight in tomato
caused byPhytophthora infestanfMont.) de Bary); Yan et al., 2002As it is the case
with SAR, specific Bacillusstrainsalso havéoeen shown to elicgalicylic acd-dependent
defenseresponsesn plants leading to the accumulan of PRproteins in some cases
(e.g. againstPseudomonas syringagathovartabaci in tobacco;Park and Kloepper,
2000) Investgations by Ryu and assoates demonstratedhat volatile organic
compoundgi.e. 2,3-butanediol)produced bya Bacillus subtilis straininducedresistance
(Ryu et al., 2004)and also promotd plant growth (Ryu et al., 2003h Arabidopsis
thaliana But, theelicited ethylenadependensignaling pathway for systemic resice
againsta soft rootcausing fungug¢Erwinia caraovora) appeared to be different from the
cytokinin-dependentpathway for growth promotionln a recent review publication,
Borriss @015 argued based on results obtained witbubtypes of theBacillus

amybliquefaciencggroup that the effectiveness of these bacteria asdntrol agents is
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critically due to the induction of systemic resistance in plants, whereas direct effects from
the production of diverse metabolites with antimicrobial actiabuld be of minor

importance for the suppression of root associated pathogens.

2.3.2 Multi-functionality of beneficial Pseudomonas species

Taxonomy and description d?’seudomonas species

The genuPseudomonagMigula, 1894; cited inPalleroni, 2008)pelongs to the larger
ubiquitousgroup of pseudomonadswhich are able to use a broad spectrunsiofple
organicmaterials such as mangoot exudatecompoundsfor their respiratory metabolism
(Lugtenberg et al., 199%adigan et al., 2003BesideBacillus spp., pseudomonads are
among the most abundant bacterial populations inhabit the rhizosphere and
phyllosphere of diverse crops (Lambert, 1990; Duineveld et al., 2001; Yang et al., 2001;
Behrendt et al., 2003; Mittal and Johri, 200Qurrent phenotyijs characterization of
Pseudomoraspp. as Gramnegative, aerobic, nesporulating rods that are mobile by
polar flagella does not allow a clear distinction from otbgesups of Gram-negatve
bacteria Palleroni, 1984 Palleroni, 2008)Recent pylogenetic revisios of the genus
Pseudomonabased orl6S rRNAgenesequence analysigvealed the close relationship
to the nitrogen fixing genusAzotobacter(Anzai et al., 2000; Young and Park, 2007)
Other strains previousldescribed asseudomonasave beerreclassfied in different
generasuch as Burkholderia and Ralstonia which are welknown for their human
animal and plampathogenic member@Anzai et al., 2000Genin and Boucher, 2004,
Compant et al.,, 2008Pellegrino, 2008 However, when characterized by phenotypic
methods the currently recogniz€seudomonaspecies can be distinguished in tiae
groups of those whichespecially whengrown under iron linted conditions form
pigments that fluoresce under ultraviolet (UWht of around 260 nm wavelength and
others which do nado not fluorescéGaribaldi, 1967; Palleroni, 2008).

Fluorescent pseudomonads, in particuldazosphere competent strains Réeudomonas
fluorescensand P. putidg have been recognized for their lgrowthpromoting effects
in the presence and absence of patho¢gBos et al., 1978; Suslow et al., 1978; Suslow
and Schroth, 1982 Garcia de Salamone et al., 20@Gtavel et al., 200). Otherstrains of
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fluorescentPseudomonaspp.were identified as deleterious rhizobactdidRB), which

as minor pathogexare detrimentato overall plant vigowithout causing obvious disease
symptoms but magnhanceanfection bypathogenic fung{Suslow and Schroth, 198R2
Similarly P. aeruginosaa human pathogen commygrfound in soils, attacks rootand
foliar tissues of weakened plards occasior{Elrod and Braun, 1942; Schroth et al, 1981,
Walker et al., 2004), wheregmthovars ofP. syringaeare known asggressivangor
pathogens, causindights, leaf spots ahgalls in a wide range of host plar{@ingh,
1989; Bender et al.1999). Beneficial Pseudomonaspp. have beemttracting much
attentionto be commercialized as bagents because they can be propagated in fermenter
culture and subsequentlye reintroduced into the rhizosphere by seed bacterization
(Savithiry and Gnanamanickam, 198¥Veller, 1988;Dekkers et al., 1998 shnaeiet al.,
2008. A difficulty in the preparation of pseudomonads inoculasftpractical valuas
their inability to form dormanspores, whicltomplicates the development of preservable
products (Weller, 2007 Nevetheless, the ascendance of research on PGPR conesntra
on fluorescent pseudomonadsd their many traits that can be exploited for improved
crop production(Chin-A-Woeng, 2003 Kloepper et al., 2004MercadeBlanco and
Bakker, 2007.

Direct growth promotion and bidertilization effects of Pseudomonas spes

Direct growth promotiorby strains ofPseudomonaspp.canbe ascribedo the synthesis

of auxins especially indacetic acid (IAA) stimulating the development of the host plant
root system when present in adequate concentraf®asizri 1998;Patten and Glick,
2002).Garcia de Salamone et al. (2001), characterized the production of three cytokinins
by a strain ofP. fluorescensnd proposed meaningfulrole of rhizobacterially produced
cytokinins to enhance yield and quality of crof&arca de Salamone et al., 2006)
Another possible mechanismeported for P. putidg is the degradationof 1-
aminocyclopropand-carboxylate ACC) through itsACC deaminasectivity. Because
ACC is the immediate precursor ethylene this action may prevent thesynthesis of
plant growth inhibiting concentrations of this phytohoma in roots(Glick et al., 1997;
Penrose et al., 2001)
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Prospects for usinfseudomonaspp. to improve the availability of nutrients for plants
have been linkd to their ability to molize various forms of precipitated phosphates
(Richardson, 2001)A major compound used blyseudomonaspp. and other Gram
negativebacteriato solve inorganic phosphates seems to be gluconic acid produced from
extracellular glucosélimer and Shinner, 1992; Buch et al., 2008; Trivadd Sa2008)
Phosphohydrolaseare largely involved with the mineralization of organically bound
phosphges in soils (Binemann and Condron, 2007he microbial excretion of such
enzymes(i.e. phosphtases) which has been shown fdé?. fluorescensand P. putida
(Gugi et al., 1991; Richardson anddééas, 1997)may phay an important role for the-P
acquisitionof plants(Richardson et al., 2001Eorrespondinglyincreased growth and-P
uptake after inoculation with phosphatelubilizingPseudomonaspp. has been observed
in pot and field experimen{§harma and Prasad, 20@yamberdiyeva, 2007/Nitrogen
fixation was generally not considered as a traiPséudoranasspp. until the property
was detectedn someP. stutzerirelated strains (Lalucat et al., 2Q08alleroni, 2008
Furthermore first results obtained by Mirza et al. (2006) indicétat nitrogerfixing
Pseudomonastrainsare worthwhile to be invesgfated aggrowth-promotinginoculants
for rice. The fluorescent pigments released by respeé&ssidomonaspp. in response to
nutritional iron deficiency are namedyqverdines (Greek: pyo@pusd and ver (
@reerd, or synonymouslypseudobactingElliott, 1958; Visca et al.,2007). A primary
role of theselow molecular weighttompounds(LMWCSs) is to act asferric ion (F€&)
chdating ligands, calld siderophores (Greek: siderirond glmotk caie, to make
iron available to the microbialetl as part of an iron uptake system that also inclukles
formation ofmembrane bound receptsystems Neilands 1981Neilands, 1995; Leach
and Lewis, 2006)Both, pyoverdinsand corresponding membrareceptos aretypically
very specificand a giverstrain may only incorporate its own fepyoverdinecomplexes
(Hohnadel and Meyerl988 Meyer, 2000. NeverthelessBar-Ness et al. (1991have
shown that siderophores produced by a straiR.qfutidacan serve as an iron soarfor
diverse crop specie8ut, the mechanisms by which plantgy acquire iron from feri
pyoverdines remain to Herther elucidatedwith respect tdheir ferro-ion (Fe*) specific
respectively phytosiderophore mediatgutake system@varschner and Rémheld, 1994;
von Wirén et al., 1995; Curie, 20Qlemanceau et al., 2007; Vansuyt et al., 2007)
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Bio-control effects of Pseudnonas species

Kloepper et al. (1980a,lpresented evidendbat the sugpression ofungal and bacterial
soil bornediseasege.g.takeall in wheaf Fusariumwilt in flax, potato soft rot caused by
Erwinia carotovorg by fluorescentPseudomonasspp. is partially caused by the
production ofpyoverdinesdue to their highaffinity for ferric iron, making it unavailable
to pathogenicmicroorganisms which lack uptake specificities for fefpyoverdine
conplexes This hypothesis has not only been further supported by subsequent research
(Misaghi et al., 1982Buyer and Leong, 1986; Hofte, 1991; Ambresial., 2002) but
also controversial results have been repotteduchway, Ahl et al. (198% reasoned that
siderophores produced by a strainRoffluorescensrather than depleting iroseem to
Increaseits concentréion to highly toxic concentrationsBecausge as shown instudies
with Thielaviopsis basicolaron-free siderophes did not shovinhibitory effects on the
growth of this fungal pathogen, whereas siderophores complexed withweare more
toxic than norchelated ironFurther investigations with mutants &f. fluorescenseither
defective in the production gfyoverdineor antibiotics (e.gphenazinel-carboxylic acid
(PCA), 2,4DAPG), indicatel the overriding importance of the antibiotics for the
suppression ofakeall in wheatand othersoil bornediseaseqHamdan et al., 1991
Fenton et al., 1992; Keel et al., 1992; Schnideel et al., 200D Besides, there are a
number of reporton the involvement ohydrogen cyaniddHCN) and diverse other
antibiotics(e.g. pyocyanine pyoluteorin,pyrrolnitrin, viscosinamidgin pathogen control
by Pseudmonasspp.(Howell and Stipanovic, 1978 assan and Fridovigii980; Howell
and Stipanovic, 1980voisard et al., 1989Thrane et al., 20Q0However, siderophores
and anibiotics seem to play more complex roldggn previously suspected, astibhave
been recognizea@s elicitors of systemic resistance in several ghatihogen relations
(Bakker et al., 2007Rhizosphere coloniag Pseudomonsspp.strainshave been shown
to inducedefenseresponses against pathogen attatich ashe accumulation ofplant
own antibiotics phytoalexins e.g. fungitoxic phenolic compouts), in above ground
plant parts {an Peer et al., 1991; Wei et al., 1981strom, 1999 or spatially sparated
parts of the root system&Hou and Paulitz, 1994; Leeman et al., )9%F®or systemic
resistance inducedy PGPRstrains of Pseudomonasspp. the jasmonate/etlhgne

inducible defens pathway of ISRBeems tde predominant, \wereasthe activation oSA-
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dependent SAR bwvirulentP. syringaestrainsis accompanied by thgynthesis of PR
proteins(Hoffland et al., 199; van Wees et al., 200®Ran et al., 2004. Like SAR, ISR
induced by rhizosphere coloniziltgeudomonaspp.can be effective against pathogenic
strains ofP. syringaeand multiple fungal pathogengUknes et al., 1992; Hoffland et al.,
1996; Pieterse et al, 1996; Bakker et al., 200/ involvement bbacterial siderophores
(i.e. pseudobactinh ISR has beenlearly demonstratedor derivates of &. putidastrain

in the suppression of bacterial wilt in eucalyptus cause®algtonia solanacearuifiRan
et al., 2008) and Botrytis cinereain tomato (Meziane et al.,, 2005)In these host
pathogensystems,siderophoregoostive gnotypesas well as the purified siderophore
induced resistance, wheredhe respective siderophorenegative mutantsdid not
However, defectiveness in siderophore productiid not compromise resistance
inductionagainstB. cinera in beanandP. syringaein tomato Similarly in comparative
studies withP. fluorescensll, the parental strain, th@derophore mutant, as well tee
purified siderophorewere effective in suppression &. solanacearunin eucalyptus.
These observations indicate tliaé importance of siderophoras determinants for the
inductions of resistance depends on BPsgeudomonastrain, the host plant and the
pathogen involvedin addition, beside sideroplres, also other fasrs maytrigger the
iImmune response of plantehich becomes apparent when knockout strains still show
effectiveness in pathogen control. To that effédw, antibiotic 2,4DAPG (lavicoli et al.,
2003; Weller et al, 2004 cell surface compoundgi.e. flagellar proteins
lipopolysacchades van Peer and Schipper$992; Meziane et al.2005, N-acylL-
homoserine letone (Schuhegger et al., 200@nd more determinantf Pseudomonas
spp. have been discovered as potential elicitors of [§RrcadeBlanco and Bakker,

2007;Van Wees et al., 2008)\hich could be extensively discussed in more details

Indeed, it is concluded here thBseudomoranot only producemanifold bioactive
metaboliteswith plant growth promoting and biocontrploperties Single compounds
have beershown to perfornmultiple functionsand he beneficial effect oindividual
Pseudomonaspp. most likelyresultsfrom the combined effec of more than one mode
of action(Avis et al., 2008)Recent reiews and the literature cited theredocument that

this largely appliesdown to the level ofinglestrairs of Pseudomonas fluoresceasdP.
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putida (Ownley, 2002;Martins dos Santos et al., 20Q04per et al.2007 Subashri et al.,
2013.

2.3.3 Multi-functionality of Trichoderma species

Taxonomy and descriptionf Trichoderma fungi

Theanamorphidasexual or imperfectungal genudrichoderma introduced byPersoon

(1794 cited in: Druzhinina and Kubicek, 2005 classified in the hyphomycetes the
imperfect fungi Deutromoycetgs Most Trichodermaspp. can be readily assigned to the
genus by some general characteristics that include rapid growth and abundant formatior
of green or less frequently white conidia on repetitively branched, but otherwise highly
variable, conidiophores (Samuels, 1996; Gaand Bissett, 1998; Samuels, 2006¢t,

close similarities hinder thelear morphologicaldentification of Trichodermaspecies

and over the years an increasing number of new species has been described (Samuel
2006).Rifai (1969 cited in Samuels, 208) differentiated nindi s peci es ,sughg r e ¢
as for instanceTrichoderma viride(Persoon, 1794; Fried 829 cited in Gams and
Bissett, 1998andT. harzianunRifai (1969). Later it habeen shown byse ofmolecuar
taxononic methodsthat thesefungal taxacomprise two or more genetically different
species or biotyped.ieckfeldt et al., 1999Kullnig et al., 2000 Kullnig-Gradinger et al.,

2002) AnotherimportantspeciesGliocladium virens had beerxcluded from the genus
Trichodermain early works because of its morphological similarities witlngi of the
genusGliocladium such as conidia held in drops of watery liq(fifai, 1969;cited in
Samuels2006).Neverthelesdaterstudiesrevealed thathe genussliocladiumconprises
severalphylogeneitally distinct groups, whilé. virens henceforthconsidereddentical

with Trichoderma virengMiller et al., 1957; von Arx, 1987cited in Gams and Bissett,
1998) proved to bea species ofrichodermaandnot Gliocladium(Rehner andcamuels,

1994 Lieckfeldt et al, 1998Samuels2006. Associated sexual states, or teleomorphs, of
Trichodemaspp. have been found among tHgpocreaand closely related genera in the
order Hypocrealesof the Ascomycete§Gams and Bissett, 1998Fhaverriet al. (2001)

for instanceintroduced the new speciéb/pocreavirensas telemorph of T. virensand
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T. harzianumwas connected tddypocrea lixii Patouillard (891 by Chaverri and

Samuels (2002pased on morphological and molecular analyses

Trichodermafungi are cosmopolitanin widely varying habitatsand among the most
prevalent saprophytes in sokd all climatic zones This may be attribable to their
minimal nutritional requirementsjery versatilemetaolic capabilitiesand aggressively
competitive naturdGams and Bissett, 199&lein and Eveleigh 1998)The ability of
someTrichodermaspp. to produca broad range agnzymesand to suppress other fungi
has led to their commercial exploitation for intigd purposesand bio-control
applications in crop productiofsamuels, 1996; Azin et al., 2007). But, thego cause
epidemicinfectionsin mushroomcultivation and have been identified as opportunistic
human pathogen&Samuel, 1996Samuels et al., 2002The interacbnsof Trichoderma
spp. with plants have been widely showm result inbenefcial effects ongrowth and
development(Harman, 20086) although there are several repottat certain isolates
caused plant diseases under conduaiwvaronmentatonditions(Hjeljord and Tronsmo,
1998. It has been showby Yedidia et al. (1999) in axenic culturéisatroot inoculation

of cucumber Cucumis sativud..) seedling with a biocontrol strain offrichoderma
harzianuminitiated a series of morphological and biocheshchanges in the planthich
were partly corsidered as initial defense responses In consequengethe fungl
colonization was mainly restricted to the root epidermis and outer cortex, but ingress into
the vascular stele waapparently prevented by tHermation of callose barriersy the
plant During the subsequent course of the interaction, howeestain typicalplant
defenseresponseqi.e. increased chitinase and peroxidase activity in root and shoot
tissues)were systemicallysuppressed after éir transientappearanceEnhanced plant
growth furthermore indicated that the interaction with #rechodermastrainresulted in
the establishment of a beneficial rather than a parasitic associbiierefore although
Trichodermaspecies virtually havan inherent abilit to attack plants, theysuallyseem
to function asopportunisti¢ avirulent symbiontgHarman et al., 20@). Different strains
may thereby varyonsiderablyin their abilty to colonize the rhizospher@hmad and
Baker, 1987)It hasbeen amply documented by Harman (2000) telcsedrhizosphere
competent Trichoderma strains proved to competitively establish and persist on

developing rootdor several months or the life span of annual crops after apiplcto
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soil or seedunderdiversefield conditions Somestrains ofTrichodermaalso persisbn

leaf surface$Elad and Kirshner, 19920 et al.,1998, andrecently severalrichoderma
species living agndophytesn stem tissues of certain plant species have been isolated
(Evanset al., 2003Samuels et al., 2006; Zhang et al., 2007

As they arehighly interactive inhabitants of root and shoot environmeptsticular
strainsof T. harzianumand T. virens(G. vireng have been studied fdhe versatile
advantages, whickhey may providan crop production(Hjeljord and Tronsmo, 1998;
Harman et al., 20@&4 Druzhinina and Kubicek, 2005Primary activitiesfor which
Trichodermafungi are used are those of their broad basehgmism againstoot and
shoot pathogen8ut, they also have been shown to stimulate plant growth in the absence
of pathogens and to confer tolerance agamestyadverse environmentabnditionssuch

as nutritional stresses, drought and water logging (Harman et al.a28@imann and
Laing, 2006).Due to the multiple beneficial effects exerted on the colonized plant
increases in crop productivity up to 3@have been reportedoin greenhouse and field
experimentswith diverse plant species, which indicates that the host specificity of
beneficial Trichodermaspp. is not distinct (Vinale et al. 2004; cited Winale et al.,
2008).However, extensive trialsuggestat least for maizea genotype specifity of the
plant growth promoting effecteis far asthe same strain of. harzianumincreasedhe
growth of some maize breeds whileadversely affectedthers(Harman, 2006)This in
turn would offerthe opportunity tosdect combinations of host plants afidichoderma
strainswith maximum compatibility, also taking into consideratiine influerce of the
many uncontrollablevariablesthat operatainder field conditiongHarman et al., 20@4
Haman, 2006)So far, Trichodermaspeciesare among thenost thoroughly investigated
fungalbio-effectorsand commercially marketed ag-stimulants, biefertilizers andbio-
pesticidefMoralesPayanandStall, 2004.Vinale et al.,2008)

Direct growth promotion and bidertilization effects of Trichoderma species

Apart from their inhibitory effets on potential pathogens, tipeoduction of growth
regulating compoundand improved mineral nutrition through enhancedolubilization
and/oruptake of minerahutrients(e.g.N, P, Fe, Mn, Zn, Cupre knownasthe main

mechanisms that account for tp&ant growth promoting #ect of Trichodermafungi



Chapter 2  Reviewon definitions and properties of various agents 47

(Harman, 2000Yedidia et al.,2001; Avis et al., 2008)Studies performed under axenic
growth conditions demonstrated that certéarnchodermastrains exert direct stimulation
of plant developmentAmong thereportedeffects areimproved seelling emergence,
increased rooength stimulatedformation oflateral roos and root hairsenhanceahoot
elongation and leaf area, cagreaterdry weightproduction(Lindsey and Baker, 1967
Windham et al., 1986Yedidia etal., 2001 Neumann and Laing, 2006Zontreras
Cornejo, 2009 Few reprts have elucidatel the signéing mechanisms by which
Trichodermaspecies affegblant growth(Vinale et al., 2008 Evidenceindicates aole of
phytohormonal signals inmediating the developmental alterdions induced by
Trichodermainoculation in plantsThe production of auxi gibberelin-, and cytokinin
like compounds by isolates dfichodermahas beerdetected by means bioassayor
analytical toolgKampert and Strzelczyk, 9; Kampert et al., 1979 savkelova et al.,
20006. In a screening of 27 different seed borne fungi of matsa (mayd..) that were
incubated in liquid culture medium for 16 dayeddy and Reddy (1987) found tHat
viride produced maxnum amounts ofuxin (IAA). However, the effects of auxirend
other growth regulatorsn plant development are@plendent on their concentratiofthile
low concentratios may be stimulatoryhigh concentrg@ons caninhibit plant growth
(Frankenberger and Arshad, 1995;ail et al., 2006)For examplethe synthesisf high
amounts of IAA byan overprodutng mutant strain oPseudomonas putidhas been
shownto retardthe root growth of gaola Brassica campestrjsseedlings rather than to
increaset (Xie et al., 1996). This findingvas probably due to thetimulatory effect of
IAA on the synthesis 0ACC, the precursor of the growth inhibiting hormone ethylene
(Kende, 1993 The beneficial influence of certaifirichodermastrains on plants is
therefae likely to result from a fine tuned balance betwegmowth inhibitory and
promotng effectsassuggested by Ousley et al. (1993@pnsistent with this assumption,
Gravel et al. (2007)eportedthat Trichoderma atroviridgKarsten 1892 cited in Gams
and Bissett, 1998, which has been often confused wikh harzianumin the literature
(Gams and Meyer, 199&odd et al., 2008 is not only able to produce but also to
degrade IAAin-vitro. Further, T. atroviride may lower the concentration of ethylene
within the plantbecauseof its ACC deaminase activitfGravel et al., 2007)Thus, a

combinedregulativeeffect of T. atroviride on phytohormoneactivities could have been
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the cause for an optized development of the root system aedhanced fruit yieldf

tomatoplantsobserved in the same study

Through the stimulation of root growtfrichodermaspedes areable toimprovep | ant s €
tolerance againstutrient deficient and toxic soil conditiofeumann and Laing, 2006).
Yedidia et al. (2001) characteed the effect of al. harzianumstrain on the root
morphology and nutrient uptake of cucumb@ugumis sativuk.) plants that were grown
in hydroponic or soil cultureUnder both cultivation systemeoculated plants showed
significant incrases in theaumber of root tipstotal root lengthand biomass production
as well as enhancexncentrationsf P and other nutritional elementsroots andshoos.

As phosphate was readily available in the hydropmuotution it was concluded that
increased uptakeatesrather thanP-solubilization werethe main factor that led tthe
higher P-statusof Trichodermatreated plantsHowever,the relative increases in growth
and tissue concentrations of P in responsE toarzianumappeared to be more distinct in
soil than in hydroponic grown plant§he ability of severalTrichodermaspecies to
solubilize calcium phgshates has been demonstrated bge ofin-vitro tests Anusuya
and Jayarajaril999. FurthermoreAltomare et al. (1999) characterizéee importance of
differentmechanisms for thehemicalmobilization of diversesparingly soluble minerals
by a strain ofT. harzianumIn an invitro assay, the utilization of rock phosphate by the
fungus could only be indirectly detecteloy an increase fosoluble calcium while the
corresponding phosphate ions were obviously sequestered in the fungal myaetum
therefore immediately removed from the culture mediBacauseacidification of the
medium and production of organic acidd dot seem to plag major rolejt wasassumed
by the authors in accordance with Halvorson et al. (188p continuous disturbance of
the equilibrium betweennsolved and solve® due to uptake by the fungus led ttee
subsequent delivergf P from the solid formby dissociationunder slightly acidic or
alkaline conditionsBy contrast,Benitez et al(2004; citing previous work by Gomez
Alarcon and de la Torre, 1994)ludedthat most straimof Trichodermareleaseorganic
acid anions€.g.carboxylatesuch agjluconatecitrate, fumarateinto their surroundings
which may contribute tahe solubiliation of sparingly availableCaphosphates in
calcareous soiland Fe/Alphosphates acidic soilsby mechanisms of ligand exchange,

dissolution, andoccupation b P sorption sitesbut also mobilize Mn, Zrand Cuby
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complexationof the respectivemetal cations (Altomare et al., 1999; Neumann and
Romheld, 2002Neumann and Rémheld, 200A concomitant extrusion of Hions as
the counter ion could further contribute to theobilization of acidsoluble mineral
nutrients such as P, Fe, Mn, Zn, Si, andiB calcareous soilfNeumann and Rémheld,
2002. In addition, Altomare et al(1999)found that thesame strain off. harzianum
produced Fe**-chelating compoundand reduced=e(lll) and Cu(ll) oxides tcsoluble
plant available=e’* and Cu ions Unknown eductive metabolites were alsoggestedo
account for thalissolutionof MnO, to Mn?*, whereasthe solubilization of metallic zinc

was probably performed by its oxidation to?Zrwhich are thdorms usable by plants.

The effect of Trichodermaspp. on plant growth and uptakef mineral elements also
makes the interestingagentso enhance the efficiency of plants used forristoration
of problem sites(Harman, 2006) Thus, it has been shown that inoculation with
Trichodermastrainsincreasd thebiomass production anaccumulation of toxic metals
such asCd andNi, in above gound parts ofvillow (Salix fragilis andBrassicaspecies
grown on contaminated soils for remediation purposes (Adams et al., @867et al.,
2008; Wang et al., 2009Moreover, Trichodermafungi are resistantor tolerantto high
levels ofa range oftoxic compoundssuch asanthropogenic pollutants, pesticidasd
antimicrobialmetabolitesproduced byplants and other microorganisridarman et al.,
1996; Harman et al., 2004d)his robustness has beassociatedvith the expression of
active efflux sygems that prevent theintracellular accumulatiorof toxic compounds
and/or withthe catabolic degradation ebme of thesenaterials(Ezzi and Lynch, 2002;
Lanzuise et al., 20024arman et al., 2003). Beyond the development of remediation
strategies for serious pollutants such as cyanitie, ability of plant associated
Trichodermaspp.to withstand drersetoxicitiesalso makes themmompetitive antagonists
for biocontrol applicationsinder adverse emenmental conditiongBenitez et al., 2004;
Harman et al., 2004 uocco et al., 2009)

Bio-control effects of Trichoderma species

The biocontrol efficacy ofTrichodermaisolates has been attributpdmarily to direct
antagmistic interactionsincluding competition for resources and spdogerparasitism

and antibiosis. Bualsg mechanisms of indirecffect topathogensuch assystemic or
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localizedinducedresistance, enhanced nutrition and growth of the host psntsell as
changes n the composition of microbiacommunities on rootdhave been recently

described foifrichodermaspeciegHarman, 2000Harman, 2006)

Reported instances suggest that the suppression of single pathggdeichodermafungi

is likely to result fromthe simultaneous operation ofare than one mechanisfdeger et
al., 2009) Thus,control of the grey moultungusBotrytis cinereaan important preand
postharvest pathogen of fruits and vegetabless been supposed itovolve competitive
colonization offloral debris,necrott tissuesand wound siteg the case oapplication
on respective shoot par{®ubos, 1987;0'Neill et al., 1996;Hjeljord and Tronsmo,
1998. Trichodermafungi may furtherdestroythe mycelium,sclerotia and conidiophores
of B. cinereain a hyperparsitic way, thereby inhibiting dissemination of the pathogen
(Dubos, 1987; ENaggar et al., 2008)Y.he parasitism on other fungi (mycoparasitism) b
Trichodermaspecies is a phenomendmat involves several consecutive steps, starting
with chemotrophic growth towards the target fungus, followedebotin-mediated host
recognitionand attachment to its hyphae, and finally attack and lysis of the prey cells
(Barak et al., 1985Chet, 1987. Experimental evidence suggests thydrolytic enzymes
(chitinases, f1,3-glucanases, proteasesdhibitingfungalcell wall degrading activitand
peptide antibioics released by Trichoderma isolates may act synergisticallyin this
procesgSchirmbock et al., 1994 Lorito et al., 1996Zaldivar etal., 2001 Vinale et al.,
2008. At the same timeJrichodermafungi are able to protect their own cell walls from
enzymatic breakdowrwhich islikely due toadistinctcell wdl proteinthatis co-induced
with chitinolytic enzymes andcts as a locahhibitor of chitinase activityLora et al.,
1994;Lorito, 1998).Becausdlifferentenzymes released Ayichodermafungi may work
synergisticallyat concentrationbelow those where the single enzymes are effedfiee
specific inhibitionof akey activty such as chitinolysisn the cell wallshould alsdreak
the synergistic impacof the other enzymeglorito et al., 1993; Lorito, 1998)This
selective mechanism has been proposed to enable the hyphaehafdermafungi to
perforate the cell wallsfgorey fungi without suffering damage to their own cell walls
(Elad et al., 1983Lorito, 1999. Inoculation of beanRhaseolus vulgarik.) leaves vith a

strain of T. harzianumalsohas been reported to lowttre activity of pectolytic enzymes
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produced byB. cinerea which play an important role in fungal pathogenesis as they

disrupt the structure of plant cell walls (Zimand et al., 1996).

The bio-control effect ofinducedresistancen diverse crolants againsB. cinereahas
been demonstratl by suppression of grew mould disease after applicatioa ©f
harzianum strain to roots and leafs spatially separated frdahe site of pathogen
inoculation (De Meyer et al., 1998%tudies with mutants ofrabidopsis thalianal.,
impaired eithelin salicylic acid (SA) or ethylene/jasmonic acid (ethylene/JA) dependent
signalingpathwaysindicated that the type dfrichodermamediated systemic resistance
againstB. cinerearesembleghat of ethylene/JA regulated ISR caused by rhizobacteria
(Korolev etal., 2008. Neverthelessn anotherinvestigationroot-inoculationwith a strain

of T. harzianuminduced enhancedactivity of PR proteirs (i.e.chitinase angeroxdase

in leavesof cucumber Cucumis sativud..) seedlings (Yedidia et al., 1999), which is
indicative of SA-dependenSAR responsegvan Loon and Strien, 1999; Harman, 2000).
As elicitors of Trichodermainduced resistanc@roteins with enzymatic activityand
peptides l(otan and Fluhr, 1990Hanson and Howell, 2004 avirulencelike gene
productssimilar to those found in avirulepathogens\Woo et al., 200 anddegradation
products of low moleculaweight released from fungal @lant cell walls through the
actionof Trichodermaenzymes have beercognizedHarman et al., 20@)}. Beside the
induction ofdefenserelated reactions in the plangrse of these lownolecular weight
compounds (LMWCsYeleased from the cell wall of fungal pagfemsare sugosedto
stimulatethe expression of mycoparassimn-related genes iirichodermaspeciegWoo et

al., 2006,Vinale et al, 2008).

Trichodermaspecies not only exert different suppressive mechanisms against a single
diseasethese fungalsofunction asversatile agents fahe biocontrolof a wide range of
important air and soitbornefungal pathogensn diverse cropgPapavizas, 1985; Chet,
1987) Furthermore phytopathogenic nematodes (Spiegel and Chet, 1998), bacteria
(Yedidia et al., 2003; Harman et al., 2@8) and even viral diseasé€ko et al., 2000;
Jakubikova et al.2006) are reportedly suppressed by theect or indirectaction of
certainTrichodermaspeciesElad (2000 attributed the control gfowdery(Sphaerotheca

fuscgd and downy mildewRseudoperonospora cubensis cucumker (Cucumis sativus
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L.) by an isolate off. harzianum (T39) to the combined effeaf several mechanissn
The same isolat&ras commercialized for the control Botrytisincited diseases aralso
suppressed the severity of downy mildeRlaSmopara viticol in grape vines \(itis
vinifera; Perazzolli et al., 2008Higher propagule numbers of individu@l harzianum
species in soildrom organic farming systemiBave been shown tbe related with
suppressiveness faclerotium rolfsiiSacc, a fungal pathogenf many agronomic crops
andcausative agent of Southern blight of tomdtgcpopersicon esculentuiill. ; Liu et
al., 2008. But also for the control oRhizoctoniasolani(Elad et al., 181, Howell et al.,
2000) Fusariumspp. (Sivan and Chet986;Sivan et al.1987), Pythium ultimun{Lynch

et al., 1991), andhorespecies ofoot infectingfungal parasiteghe application ofliverse
Trichodermainoculants hageceived considerable attenti¢8cala et al., 2007 Many
reportshaveshown a suppressiveffect of Trichodermaisolateson the takeall fungus
Gaeumannomyces graminar. tritici, which wasin the mainattributed toantibiosis and
mycoparasitismunlop et al., 1989¢Ghisalberti et al., 199Kic¢uk and Kivang, 2004;
Vinale et al., 2006Zafari et al., 2008)Another antagonisticmechanismof particular
relevancefor the suppression of tal@l disesase mighbe the solubilization ofMn by
Trichodermafungi, by reason that the Maxidizing (immobilizing) capacity of G.
graminis var. tritici (Ggt) isolates has been identified as an important virulence factor
(Pedler et al., 199@Rengel,1997a). Considering the physiologicéky role of Mn inthe
synthesis ofdefenserelated compoundsuch as phenols and lignim, plants, it can be
further assumed thafrichodermacolonization may contribute tthe development of
resistance against broad spectrumoot and foliar pathogendue to an enhanced Mn
status of the hogGraham and Webb, 199Ajtomare et al., 1999Dordas, 2008 In the
action of Trichodermaspeciesother @mponents of the soil microfloraay play a role
too. Thus,Simon and Sivasithamparam (1988a;binpared the composition of microbial
communitiesin soils suppressiveor conductive tothe takeall pathogen Ggf). In the
suppressive sqitheyfound moreTrichodermaspp., which were in the main identified as
strains ofTrichoderma koningjiandmorebacteridisolatesthat wereantagonistido Ggt
Furthermore, ratabolites produceth vitro by bacteria isolated from the suppressive soil
were less inhibitory to the growth oF. koningii At the same timethe bacterid

community of the suppressive soil was characterized by a lower percentaydats
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that showed growtimhibition in respons to metabolites fromTl. koningii These results
suggesthe involvement offrichodermaspp.in mutual selection processtsatresult in

the buildup of anadaptedantagonistic microflora in takall suppressive soils.

In conclusionof the above considerationisis apparent thathe mechanisms by which
Trichoderma spp. accomplish beneficialinfluences on plants are complex and
multifaceted What is observed asrichodermamediated plant growth or heal#ffect
may be the cumulativeesult of multiple interactionswith environmental factorandthe
native sd microflora. Because singldrichodermastrains havea number ofdifferent
capabilities, it is very likely that under conditions wereertain mechanism gioyed
provesineffedive other mechaniseicome into play and compensatdarman, 2000;
Howell, 2003).

2.3.4 Multi-functionality of arbuscular mycorrhizal fungi

Mycorrhiza (Greek € g s, dngkes,dungu® n d } rhizallroot) is the symbiotic
associatiorbetween soiborne fungiand plans forming amorphologicalunit with root

like functiors (Frank, 1885a). The fungus provides plantwith mineral nutriens and

water from the soil versushe deliveryof photosynthate¢Frank, 18856). Plant species

that support mycorrhizal colonization, even though their dependency on mycorrhiza for
nutrient acquisition is not distinct, may still benefit in other ways (Newsham et al., 1995;
Tawaraya, 2003Finlay, 200%. Such seandary functions of myarrhizal fungi include

the assistance for plants to stave off harmful organisms, their role in soil conservation,
and the cooperation with other benefic@iganisms Duchesne, 1994Cardoso and
Kuyper, 2006) Mycorrhizal fungi are thought to play a keyean the rhizospherayhich

they extend to the mycorrhizospheas,they mediate the transfer of carbon from roots to
the soil as a source of energy for microbial life as well as the uptake of mineral nutrients
and water by the plant, thus serving as aker between plants and the soil that they
inhabit (Rémheld and Neumann, 20ddmonen and Marschner, 2006

Descriptionof arbuscular mycorrhizal fungi

Depending orthe fungal associates and tlebaracteristic structurabey form different

types of mycorrhizdnavebeen distinguished (Read, 2002). Among th#m arbuscular
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mycorrhiza(AM) representsthe mostrelevantgroup for agricuture (Smith and Read,
1997). Arbuscular mycorrhizal fungi{AM-fungi) have been classified in the erd
Glomalesof the phylumZygomyota (Morton and Benny, 199Q@)ntil the Glomaleswere

raisedto the rank of a separapdylum GlomeromycotaValker and Schuessl¢Bchiuldler
et al., 2001)which probablyderived from arancestocommon withthe Ascomycotand

Basidiomycota(Redecker and Raab, 200@#M-infections arise fromasexual spores
residual mycelium or existin@yphal systemsin the soil (Carling and Brown, 1982).

Spores, as well asoonseptate hyphae, appdarbemultinucleate (Cooke et al., 1987

On the basis of spore wall characteristics currently only about 200 morphological species
of the Glomeromycotdnave been described (Redecker and Raab, 2006). But, the range of
plant hosts that form root symbioses walM-fungi seems to be extremely widand
ubiquitous in terrestrial ecosystems, though only a relatively small fraction of plants and
fungi has been examined so far (Smith and Read, 1997; Bever et al., 26@ihgthe

most intensively investigated Alfungi are strains of the speci€slomus nosseae
(Nicolson and Gerdemann, 1968)d Glomus intraradice{Schenck and Smith, 1982),
probably beausethey aregenuinehost generalist¢Koide and Mosse, 2004; Parniske,
2008. Recent studieshowever,indicate agreater diversity of AMungal specieshan
previously recognizedScheublin et al., 2004&antos et al., 2006fossiland molecular
evidencethat arbuscular mycorrhiza was instrumental to ancient plants invading the land
more than 400 million years aganderlines the close relationship beéneAM-fungi and
plants(Simon et al., 1993; Remy et al., 1994; Taylor et al., 1995). Hosted by almost all
temperate and tropical croggM-fungi could be the outstanding resource for nutrient
acquisition and healthy plant growth in agriculture (Winter, 195&rdemann, 1968;
Norman et al.,, 1995). Even among tlerassicaceae(e.g. Brassica napusL.),
Chenopodiaceaée.g.Beta vulgarisL.) and in the genukupinusof the Fabaceae often
thought to be nomycorrhizal, AM establishment was inconsistently foufdinick,

1977; Harley and Harley, 1987; Smith et al., 2003).

During root internal colonizatia the hyphae oAM-fungi establish an intimate contact
with cortical cells. Characteristic is the formation of highly branched haustoria, called

fiarbuscules from the Latin word for little treeinside plant ce#,, thought tofacilitate the
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exchange okignals,mineral nutrientsand carbohydrate@Parniske, 2008)lt has been
estimated that AMungi, rgresenting a considerab&nk for photosynthates, receive
about 10% of the carbon transported to the root (Fitter, 199he arbuscules are
enveloped by a plastterived periarbuscular membrane that excludes the fungus from the
plant cytoplasnand harbas different transport syems Bucking and Shachdalill, 2005;
Chalot et al., 2006tJehlein et al., 2007)In ectomycorrhizas, by contrast, the fungus
builds complex intercellular hyphal systems, the Hartig rmetf without or little
intracellular pentation. Typical etomycorrhizal synbioses areformed by certain
basidiec and ascomycetesolonizingthe roots ofcertaintree species growing o humus
rich soils d boreal and temperate forest ecosyst€amith et al., 2003)Especially in the
later stage®f the symbiosissome, butnot all AM-fungi, also form small bladdersr
fivesicle® within the root tissue that seem to function as fungal storage organs as they
contain lipids (Carling and Brown, 1982; van Aarle and Olsson, 2003).pRatas
depogted in vesicles mightbe used byhe plant duringP-deficient growthphases
(Srivastaveet al, 1996).The formation of AM leads tehanges irroot morphology and
physiology of thewhole plant that are likely to be controlled by specific expression
patterns bhost genes (Wulf et al., 20p3Examples araltered tissue concentrations
growth regulating compounds such as auxins, cytokinins and gibbei@linuse et al.,
2007) enhanced photosynthesis ra{@sith and Gianinaz#Pearson1988) decreased
ratios of root toshoot biomass allocatiofiTaylor et al., 2008 and increased root
branching (Berta et al., 1995

By their external myceliumAM-fungi explore agreatsoil volume and tremendously
increase the absorptive surface area of the mycorrhizedimoatyay thatcan be more
carbon cost efficient than the investment in root biomeste(, 199): (i) the etraradical
hyphae carextendseveral centimeteifrom the root surfacand thuseyond thenutrient
depletedzonethatdevelo around rootas a consequenod their own uptakeprocesses
(Mosse, 1986Li et al., 199)); (ii) hyphal length densies may exceed 100 m per cubic
centimetre of soil (Miller et al., 1995and (iii) the low diameterof AM-hyphae(1.2 to
18.0um; Dodd et al., 2000enables thenmo entersoil poressmaller than thosaccessible
to root hairs (5 tol17 um in diameter; 8 to 1,500 um in length; Dittmer, 1949. In

addition, external mycorrhizal mycelia can link together the roots of different hosts by
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establishing symbioses with divergkant species growing in the same aaal by means

of anastomosis, the fusion process that connects hyphal branches of the same or differer
origin (Newman et al., 1994; Giovannetti et al., 2001; Southworth et al., 2005). It is
discussed controversiallhether the resulting networks of interconnected hyphae may
facilitate the direct exchange of photosynthetatasiaeralnutrients such as nitrogen and

phosphorus from one plant to another (He et al., 2003).

Bio-fertilization effects of arbuscular mycornza

Due to its generally low conn&ation andlow diffusion rate in the soil solutionni
particularthe uptake ofphoghateis largely determined by the size of the absorptive
surface areaf the root(Newman and Andrews, 19Y.3Therefore the ability of AM to
increase P supply to the plavia hyphal translocatiohas been regarded #sar most
important function from an agronomic perspectiiMosse, 1986)In severalstudies he
effect of mycorrhiza to improvéhe P status andyrowth of diverse cropswas most
pronounced 0 soils with moderatephosphous availability whereas xcessive P
fertilization not only lowered mycorrhizal effciency, but also decrease the
mycorrhizationof the root(Stribley et al., 1980; Bolan et al., 198Amijee et al., 1989;
Hayman, 1982Branzanti et al., 1992The degredo which plants depend odM is also
largely deéermined bythe specificity of the own facilities for nutrient acquisitioRlants
specier genotypes with roots that are finely braed and form many root hairs tend to
be less responsive to mycorrhizal colonization than those with comparatively course root
systems(Baylis, 1970; Hetrick, 1991; Wilson and Hartnett, 1998; Tawar&@D3.
Mengeetal. (1978)comparedmycorrhizal with noamycorrhizal citrus seedlinggrowing

at varying P-fertilization levels From the result®f this experimentMenge (1985) later
edimated thatdepending on the citrus genotylee activity of mycorrhizal fungi could

savethe applicabn of more thari00 to500 kg P per hectare

Similar to phosphorusmycorrhizaalso contributes considerabliy the plant acquisition
of ammonium (NH*) and other nutrients, such amc (Zn), copper (Cu), iron (Fe), and
potasium (K), that move througthe soil manly by diffusion(Marschner and Dell, 1994
Caris et al., 1998Rengeland Marschner2005. Nitrate (NQ) and suphate (S@) are

usuallynotassumed to beptake limited by theichemicalmobility and maymove faster
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through the soil tharthrough hyphagSrivastava et al., 1996But, under conditions
where mass flow and diffusicim the rootareinhibited, as for example under drought
stresshyphd translocation camalsobe animportant factor in increasing nitraéad sultir
uptake by tk plant(Rhodes and Gerdemanh97&; Tobar et al., 1994)Under field
conditions high nitrate even more than phosphatirtilization levels & closely
correlated withsuppressed AMestablishment(Azcon et al.,, 1982;Hayman, 1982)
Furthermore the higher droughaind salinitytolerance ofmycorrhizal plantshasbeen
attributedto improved water relations andcreased acquisition afutritional elements
(Ruiz-Lozano et al., 1996Augé, 2001;Neumann and George, 2Q04n addition, AM
may selectively inhibitthe sodium (Na)uptake of plants under salt strggd-Karaki,
2000 Colla et al., 200 Somestudies indicate thafpscific species or ecotypes AM
fungi are particularly adapted to dry or salieevironmentsand that the selectioof
effective strains couldffer a great potentialb advance crop production under such stress
conditions (RuizLozarno et al., 19954ildebrandt et al., 2001;,andwehr et al., 2002).
Also for calcium (Ca) andhagnesium (MY the latter in the case of attomycorrhizal
fungus, a certainuptake and translocatiotapacly of the externaimycelium has been
shown (Rhodes and Gerdemann, 190&mtschke et al., 20R0n particular @ acid solls,
where these baseations are depleted, ANungi were observed tamprove the plant
uptake of Ca and MdJlark and Zeto1996;Alloush and Clark, 2001)

Hyphal translocation may be inhibited when plants are exposed to harmful eleiments
soils containing high levels of heavy rakstlike manganese (Mn), (Zrgnd cadmium
(Cd), AM-fungi colonizing the rootan decrease thgtakeof these elementsito plant
cells, thus alleviating toxicityo some degre€Gildon and Tinker, 1983Heggo et al.,
199Q Quilambo, 2008 It has been assumed ttiae high sorptiorcapacity ofthe AM-
mycelium plag a role in plant protection againskcessiveheavy metal uptake, bittis
not clearwhich mechanismsegulatethe sekctive retention of only undesiredlements
(Li et al., 1991;Joner et al., 20@) Lee and George, 2009n expeaiments with different
hosts, howeverAM-fungi maintained theiconductibility for heavy metal uptake, when
plants were exposed to high Zn, Cu, nickel (Ni) and lead (Pb) sutiplgenforcing
adverseeffect (Killham and Firestone, 1983 ymeonidis, 1990 More specificis the

mitigation of Mntoxicity by AM-fungi, which has been explained bghanges in
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microbial populatios of the rhizosphere with a possible impacttbe balance between
Mn-reducing (mobilizingg and Mn-oxidizing (immobilzing) bacteria(Kothari et al.,
1991 Posta et al.,, 1994Besidea generallyinhibitory effed¢ of AM on Mn-uptake,
results from Bethlenfalvay and Franson (19899wed a positive correlation between
increasing AMfungal colonization rates and Mn concentrations in roots and stajots
soybean Glycine max(L.) Merr.). These findings suggest the cexistenceof suchAM -
mediated mechanisms that protect the planinftoxic Mn in the soil and others that
Improveacquisition vihen theMn-availability is low. Further,AM-fungi may alsoenable
their host to tolerate higher Mroncentrations in the plant tissuBhis assumption is
supported by studies thhive shown th@reventon of Mn-toxicity in leavesby silicon
(Si) supply (Horst and Marschner, 19&8 Rogalla and Romheld, 200Dr agi ¢gi |
Mak si movi | )aedthe po$sibleontdibditibribf AM to the uptakef Siin some
plant specis (Yost and Fox, 1982K5imilarly, on add soils a lower uptakebut also a
higher tissue dlerance of mycorrhizal plamtagainsttoxic aluminum (Al) specieshas
been reportedRufyikiri et al., 2000,Lux and Cumming, 20010 what extent the use of
AM -fungi could be helpful forthe clean upd.g. byphytoremediation) and +eultivation
of contaminated soils is a matter of current debate that requires fumthestigation
(Joner and LeyvaR003; Regvar et al., 2003; Hildebrandt et al., 3007

In contrastto ectomycorrhizal fungi,iere is only little evidence foAM-fungi that they
contribute actively tahe chemical mobiliation ofnutriens in soils(Marschner and Dell,
1994 Northup et al., 1995; Hodge, 2001t is questionable to what extepH changes
induced by AMhyphaeobservedin root organ cultwes that were established acagar
media amended with pH indicatoBdgo et al.,199%), or the hyphal production of
extracellular phosphatas demonstrated under axenic conditions(Tarafdar and
Marschner, 1994Koide and Kabir 2000, may lead toan increased aubilization
respectively mineralization of sparingly awdile P sources for uptake by field grown
plants In comparison taother soil microbes andutolysis,the phosphatasactivity of
AM-fungi is relatively small (Joner et al., 20§)0Although recenteportshave shown an
enhancedhcquisition of nitrogen fronpatches oforganic matterin soil via AM-fungal
hyphae this wasprobablydue to an enhanced mineralizatiohthese materialby other

microorganismsn the hyphal environmer{Hodge et al., 2001 \WhetherAM-fungi are
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able to actively decompose complasganiccompounds or talirectly capture organic N
sources remains controversigdodge 2001) Severalplant speciegshat areadapted to
growth onsoils with extremky low phosphatesolubility have developedwn strategies
for enhanced Rcquisition TheProteaceadhat inhabit nutriertmpoverished landscapes
in Western Australiafor instanceas well as some members of {igperaceadsedges)
are typically nonrmycarhizal and formdenseclusters of lateral rootsespectivelyroot
hairs for intensechemical mining of confined soil patches(Dinkelaker et al., 1995;
Neumann and Martinoia, 2002; Shane and Lambers,; ZBltdne et al., 2006

Bio-control effects ofarbuscular mycorrhiza

Many records attest thsuppression of solborne root diseases caused by fungal
pathogens including specieskdisarium(Caron et al., 1985; Akkopri and Demir, 2005
Phytophthora (Norman et al., 1996 Pythium (Larsen et al., 2003)Rhizoctmia
(Kasiamdari et al., 2002pand Verticilium (Karagiannidis et al., 2002 Also the
deleterious effect of root parasitic nematode like species that formrootcysts
(Heteroderasp.; Francl and Dropkin, 1985; Todd et al., 2p0bot-knots Meloidogyne
sp.; Li et al., 2006, or rootlesions Pratylenchussp.; Talavera et al., 20Q1was often
found to be lessevere on myorrhizal plants But, AM-fungi do not alwaysrovide
consistent pathogen contrdllost notable is the enhancedsceptibity to viral diseases
which has been attributed the enhanced development and physiological activity of
mycorrhizal plants (Dehne, 19820 higher infestation by certain shoot and foliage
pathoges, such as powdery mildew and rushfl, has been observed in some catas
(Schénbeck and Dehne, 19ernns et al., 2001; Whipps, 2004

Biological control conferred by AMungi could be seen as the outcome of the
simultaneous operation of several mechaniims contribute to the protecticof plants

with varying success (Pozo and AzeAguilar, 2007) Dense cocoon like hyphal
structuresencapsulang the root like théi ma nt | e o of t haee neéformed my c ¢
by AM-fungi. Their progctive function for the root is therefore natcomplishedoy
constructing a mechanical barriéDuchesne, 1994)Also direct forms of antagonism
through antibiosis or mycoparasitism have not been shown foifukigi (Harrier and
Watson, 2004)The plant health promotingffect of AM is rather achievedhdirectly by
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physiologicalchanges othe host or due tothe induction of microbial changes in the

rhizosphere (Linderman, 1994)

Nutrition-mediated effects of arbuscular mycorrhiza on plant health

An improved nutritional status of mycorrhizal plants magrease their resistance, but
also make them more attractive for pathogens (Dehne, 1882igheruptakeof P and
possibly othemineral nutrientsvia AM was related witha lower incdence of takall
disease in wheatGraham and Menge, 1983nd of a root rot diseasecaused by
Phytophthora parasitic®ast.in Citrus sp.(Davis and Mengel980) Contrarily, Davis et

al. (1979)described amore severeoccurrenceof Verticillium wilt (Verticillium dahliae
Kleb.) dueto the improved Fhutrition of mycorrhzed cottonGossypium hirsuturh.). In

all threestudies,the same AMungal speciesGlomus fasciculatugThaxter) Gerd. and
Trappe) was used as inoculunihe role of mineral nutrients in resistance varies
depending on the pathogen involved and nutritional effects can not solely explain the
benefit of AM for plant health (Huber and Graham, 1999; Harrier and Watson, 2004).

Arbuscular mycorrhiza induced retasice

Many protective processestivatedwithin the plantoy AM-fungi follow the principleof
inducedresistage, but theelucidation of theunderlying mechanismsak only begun
(Pozo and Azcomquilar, 2007) Split-root experiments, where mycorrhizal andn
mycorrhizalparts of the root system were physically separated, confirmed localized and
sydemic AM-effects (Cordier et al., 1998; Pozo et al.,, 2002; Zhu and Yao, 2004;
Khaosaad et al., 2007t has been showim this contexthat AM formation triggersthe
accumulation oeveral plant defeegelated compounds either before or in response to
pathogen attackEnhanced synthesis of phdice and lignification ofroot ard stem
tissues for instance caprovide a mechanical and chemical barrier iagh pathogen
invasion (Daft and Okusanya, 1973; Dehne and Schonbeck, 1G7éigal for the
understanding afuchprocessesouldbe thatthere are some similarities in plant response
to AM-fungi with thosefound in plartpathogemassociationgGuimil et al., 2005. SA-
dependentsignaling pathwayselicited in root cellsas a first reaction toAM -fungal

invasionseemto be modified in order to achieve a compatihlgeraction(Blilou et al.,
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200(b; GarciaGarrido and Ocampo, 20P2Coincidently local and only weak defense
responseave been observed host plantsduring early stages of AMolonization
which were then subsequenthgpressed(Kapulnik et al. 1996;Liu et al.,, 2003)
Accordngly, transient ehancements of enzyme activiti¢s.g. peroxidases, catalases,
chitinases) thatre generally involved inplant defens have been observed in AM
inoculated root¢Lambais and Mehdy, 1998jilou et al., 2000a)Later, duringarbuscule
formation and mutualistic interactippasmonatedependent sighiag pathways are likely
to be associated with the functioning of thily establishedsymbiosis To thateffect,
Hause et al. (2002) have shottyatcolonizdion of barlkey (Hordeum vulgard..) roots by
Glomus intraradiceded to elevated levels of endogenous dAd JA-isoleucine These
findings were accompanied bythe specific expression of genesinvolved in JA-
biosyntresis and responsivengssthin root cellsthat containe@rbusculesFurthermore,
in and aroundarbusculecontaining cellsthe local expression of genes (mMRNA
accumulation) encoding an acidic ewodhitinase,a b-1,3-endoglucanase and other
defenseaelated enzymethat are probably involved in thhegulation of AM development,
has beemletectedLambads and Mehdy 1995 Blee and Anderson, 1998zcénAguilar
andBarea, 1996)In summary, i has been assuméy Pozo and Azén-Aquilar (2007)
that AM-colonizationresuls in the suppression of SAlependent ionses, which is
partially compensated ke priming of JAdependentefensemechanismsallowing the
plant to respond faster in the case mdthayen attack This hypothesis is inline with
resultsof Cordieret al. (1998) and Pozo et al. (200&ho demonstrated tha&&M-induced
resistanceagainstPhytophthora parasiticaarosefrom localized and systemidefense
responses itomato Lycopersicon esculentuMill.) roots. Local resistance mechiams
compiised the induction okenzymes (chitinase; chitosana$el,3-glucanase}hat can
hydrolyse pathogecell wallsandthe formation othostcell wall reinforcements (callose
deposits) by arbuscule containing cells in reactioimteicellular growth ofP. parasitica
The pathogerihus was never found in cells that were already colonized by arbuscules.
Systemic effects were characterized tne formation of calloseich encasemestaround
hyphae ofP. parasiticathat were penetrating root celsid by cell wall thickenng with
pectinsand PRproteins in response to intercellular pathogen grolmtierestindy, in this

researchonly a strain ofG. mosseadut not of G. intraradicesconferredsignificant
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protectionagainstP. parasitica (Pozo et al., 2002)Furthemore the observations of
different mechanisms that were made studies wih other host plants, pathogens and
AM-fungi indicate the specificity of mycorrhizahteractions (Zhu and Yao, 2004;
Khaosaad et al., 2007).

Arbuscular mycorrhizanduced changes in soil microbial populations

Enhanced mineral nutritignaltered carbon allocation gtterns and highemetaolic
activity reported fomycorrhizalplantsmay lead toquanttative and qualiative changes

in materialsreleasedby the root(Jones et al., 200ANeumann, 2007 Becausdoss of
organic materials from plant roots provides endiygrowth and activityof microbial
populationsin soils this in turn can be decisive for the balance between beneficial and
deleterous microorganisms in thehizosphere (Hiltner, 1904; Linderman, 1988).
Colonizationby AM-fungi has been shown tesult in a decreasd releaseof sugars and
total amount omino acids by the ropbutincreased exudation of pholics, gibberellins
and specificamino acids that were not found in root exudates ofmgeorrhizalplants
(Graham et al.,, 1981Mada and Bagpraj, 1993. Comespondinginfluencesof AM-
establishmenton the composition of microbial communities in the rhizosphere,
stimulating some microbial groups whildecreasing othershave beenreported
congruently Paulitz and Lindermaril989 Kothari et al.1991 Marschner et al., 2001
More seldomin the literature igvidence thalAM -inducedshifts in microbial populations

of therhizosphere reswdtdin effective pathogesuppressionSecilia and Bagyaraj (1987)
studied the effect of AM ondeteria and actinomycetes associated with pot cultures of
guinea grassRanicum maximundacg.) Theyfound that different AMfungi selectively
stimulated differentactinomycetesthat showedspecific antagonistic activity tewards
diverse pathogens.Waschkis et al. (1994) observed lower numbers of probably
deleterious pseudomonads on the root surface of grapeVitie §p.) cuttings after

inoculation of replant diseased soil wiBlomus mosseae

Further bio-control mechanisms of arbuscular mycorrhiza

In addition,also the following modes of action have been discussed with respect to plant

health effect of AM-fungi in several reviews(i) compensation ofoot damagedy the
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functions ofthe external AMmyceliun (ii) competition with pathogens for nurits,
infection sites or photosyntlest; and (iii) phytohormonal induced chgesin the root
systemresulting inaltered root architecture and longevityinderman, 1994 Azcon
Aguilar and Barea, 1996Harrier and Watson, 2004Demir and Akkopru, 2007
However, theseaspectscan be recognized aside effectsof the main AMfunctions
already degtibed above in thislapter also(Schénbeck et al., 19944 recently studied
topic is theinfluence of AM on the release of secondary plant compounds that are
important signals in several symbiotic and pathogenic irtierec(Steinkellner et al.,
2007) Strigolactonegor example aresignalingcompounds that mediate host location
AM -fungi andparasitic plants of the genestrigaandOrobancheg(Akiyama et al., 2005;
LopezRaez et al., 2008Flavonoidsact as signalsfor rhizabia and AM-fungi, but also
for fungal pathogens including species Rifiytophthoraand Fusarium (Chabot et al.,
1992; Morris and Ward, 1992; Ruan et al., 199Rlantsexudng lower amountsor
altered patterns of theshemeoattractantsipon mycorrhizal colonizatiooould therefore

belessattractive tarespectiveparasitegBouwmeester et al., 2007; Carlsen et al., 2008

The effectof arbuscular mycorrhizaon soil structure

A third important role of AMfungi is their contribution to the process of creating and
maintaining afavorablesoil structure Miller and Jastrow, 1992; Cardoso and Kuyper,
2006. The arrangement of solid soil parts in aggregatestla@dore spaces between
them havea major influence on physical, chemical and biatagiprocesses that
determinesoil fertility (Marshall et al. 1996 Gobat et al. 2004 Conditions of low
density and adequate porosity in aggregated soils allow water amd\a@ment, support
root growth, enhance the accessibility of nutrieptsvide shelter to soil organisms, and
confer stability against soil erosion (Bronick and Lal, 2008 -fungi affect soil
structure viatheir influence on plants ooy effects that are mediated throutjte fungal
mycelium itself(Rillig and Mummey, 2006)The waterstability of aggregates in many
soils largely depends on organic matter as a biochemical cementing agent (Tisdall and
Oades, 1982)AM-fungi directly move cabon resources fronthe plantinto the soill
through hyphal turnover and exuma (Staddon et al.,, 2003; Tawaraya et al. 2006),

which in cooperation with other soil organisms contributes to the organic stabilip&tion
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soils (Miller and Jastrow, 2090 Growing through the soil, external hyphae enmesh soill
particles and hold them together in larger units, what makes a mechanical contribution to
the stability of soil aggregates (Rillig et al., 2008)addition, it was discovered that AM
hyphae produce largemounts of a hydrophobglycop r ot ei n, call ed nc
may serve a highly persistent bindiagent to soil aggregate®/(ight and Upadhyaya,

1996; Cardoso and Kuyper, 200&he improvement of soil agregate stabilityhas been
recognized as a majdactor determining the response of plattsAM-fungi under field

conditions(Hamel et al., 1997).

Prospects for the application of mycorrhizal technologies in agriculture

The manifoldpotential benefits of arbuscular mycorrhiaa plant performance suggest
the possibility ofremarkable applicationis agriculture (Menge, 1983Y.here are some
considerations, whicbhanbe taken into accouim this connectionBecauséAM-fungi are
ubiquitous soil inhabitanist can be assumedahtheir unique plangrowth-promoting
abilities are already being utilized by most crop plamsealthy soilsAdvantages from
measureghat aim at thgoromotion of mycorrhizton by the use oAM-inoculantscan
therefore be eected insituations wherethe natural populations of ANungi are
destroyedr diminishedsuch as in fumigated soisddisturbed ecosysteni&entili and
Jumpponen, 2006 But, also whenthe abundance of autochthonod$/-propaguless
high, adverse environmentdhctors may suppress tlestablisiment orfunctioning of the
symbiasis (Waschkies et al., 1994In such casewrgetorientedmanagement practicés
remediate the individual blockagewhich probablyrequire a profound understanding of
the particularcause and efct relationshipscould be more demanded thiwe supply of
additional AMinoculum It is noteworthythat he greatest benefit to the hasas often
achieved withsoil indigenousand not introducedsolatesof AM-fungi, which indicates
the importance ofecotypicaladapation to the local environmentRequena et al., 1997;
Cumming and Ning, 2003; Davies et al., 2Q0aertschi et al. (199Ireportedthat an
unidentified mixedpopulationof naturally occurring AMfungi wasconsiderably more
effective in suppressing pathogen development than a pure cult@e mbsseaeAs a
generalrule, it can be recognized in several studieat AM symbioses need to be well
established before they confer their beneficial effeBraljam and Menge, 1988zcon
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Aguilar and Barea 1996; Cordier et al.,, 1998Khaosaad et al., 2007). According to
Feldmann and Boyle (1998) only a high degree of arbuscular mycorrhizal root
colonization correlated with enhanced resistanceBefonialeaves against powdery
mildew, whereas a low degree of root colonization was associated with enhanced
susceptibility to theaespectivepathogen Qidium begoniaePutt.). Furthermore, distinct
specificities in host response to different straash&M-fungi have been describgdhich
demonstrate the need for selection of desirable-faogius ©mbinations in case AM
inoculants should bapplied(Bethlenfalvay, 1989)The sameéA\M -fungalstrain can cause
oppositegrowth effects in diffeent plant species. Divee responsealso occur wheithe
same plant species is colonized thyferent AM-fungi (Feldmannet al, 1996). The
outcome of theAM-symbiosislargely dependson the gentypes ofboth partners and is
further affected by mvironmental influence (Feldmann,1997. Reliable prediton of

AM -effects isthereforeonly possible when the combination of plant and fungus has been
tested undea set of similarconditionsin advance(Feldmann and Boyle, 199Dehne,
1982).

Nevertheless, imecent yeargrowing enmphass has been put on the selection of effective
and adapted isolated AM-fungi to addresspecific problems in agricultuilgy replacing

or reinforcing the nativenycorrhiza(Gianinazzi and Vosatka, 2004 major constraint

to the commerciaproductionof AM-inoculantsis still seen in the obligate biotrophy of
AM-fungi, which are usually propagated in costly cultures with living host plants
(Hildebrandt et al., 20Q6Raja, 2006Barbosa da Silva et al., 200Buch basigroblems

of inoculum productiorseem to beovercome by aecently discoveredoot-colonizing
basidiomygete Piriformospora indica(Verma, 1998) which mimics thecapabilitiesof a
typical arbuscular mycorrhizal fungus and perfosmsilar muti-beneficialtasks(Varma

et al., 1999Singhet al., 200). P. indicahas been first isolated fromdian desert plants
and can be easily grown osimple substrateswhere itforms durablevegetativespores
(Verma, 1998) The host range of this endophytic fungieems to be even broader than
thatof AMF as it also colonizes the rootstgpical nonmycorrhizal plant¢Kumari et al.,
2003; Pham et al., 2004 Root colonization byP. indica has been shown to result in
tremendous growth enhancement of important crop plants (Varma et al.,, 1999) and to

provide protection against biotic and abiotic stresstiagh et al., 2000; Waller et al.,
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2005; Deshmukh and Kogel, 200Disease esistance s conferred not only to the roots
but also to the shoo(®Valler et al., 2008)However,on the cellular level theteraction
of P. indicawith the host plant is entirely diffent from the mutualism of AMF with
living root cells. AlthoughP. indicacolonizes large areas of the root without provoking
visual tissuenecrotization, Deshmukh et al. (2Q0éiscovered that this fungusquires
deadhost cellsfor successful proliferatiomnd seems tainterfere with thecell death
programof plants P. indicais reladed to the phytopathogenkhizoctonia solangroup
(Verma et al., 1998)and the outcome afs interaction with plants couldevert from
mutualistic to antagonistidepending on the cultal conditions,its behaviorcan alter
drasticallyand the fugus starts to grow parasiticallyn roots andaerial plant parts
(Kaldorf et al., 200h It also needscritical appraisal that there itle or noinformation
corcerning thanteractionof P. indicawith AM-fungi (Pham et al., 2004). Regarditite
similar niche that these fungi occugymight be speculatetthat their relationship is rather
compettive than commensalistic. In vitregtshave shown thaP. indicacan conpletely
block thegrowth of somemould fungi (Pham et al., 2004but otherresearchndicated a
synergistic interaction witifrichoderma virideand Pseudomonas fluorescenms plant

growth promotion (Margode et al., 2003)

As a conclusive remarit can bestatedthat thereareno simple shodutsto better harness

the beneficial effects of mycorrhizal fungi for agricultupalrposesThe changes brought
about by mycorrhizatolonization of roots amplify the functional space of the rhizosphere
in terms of a mycorrhizospherm which manyprocesses take place (Lindermann, 1988;
Johansson et al., 2004avorable influences of AMungi on crops arise from highly
complex interations with the plant, the soil and other organisms, whereby several
mechanisms can be operative at the same time (Timonen and Marschner, 2005).
Successful application of mycorrhizal technologies in agriculture, therefore require a
thorough understanding the mycorrhizal ecology (Whipps, 200Bxtensive screening
programs may enable tlselecion of effective AM-fungi with respect tegpecifichost and
environmemal factors but it is unlikely that a limited number of mycorrhizal strains
contained in commercial inoculants will confer egtadéranceto all the stresses, which
plants encounter undéeld conditions(Abbott et al., 1992)And, even when the st

effective fungal prtnes for one host carbe found, thosemust not necessarilpe
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beneficial forother cropsthat follow in a rotation.Assumed that effective AMungi
already occur naturallyin the soil it seems to be more promisingnder most
circumstanceso adust the cropping pradices in a way thatoptimally utilizes the

infection potentiabf the indigenous mycorrhizal populatiodsbpott and Robson, 1982

2.3.5 Multi-partite interactions, synergistic effects and feedback loops

In many laboratory and greenhous@estigationsthe interaction of a single inoculant
organism with a single pathogen or host plea$beenconcernedvhile other organisms

tha exist in the phytsphere haveften beenignored.However,multiple plantmicrobe
microbe interactions are conumunder natural and field conditions and resulting effects
can prove very divers@.eggett et al., 2001)Recent attempts not only aim at a better
understanding of the mechanisms involved in such complex operations, but also to
enhance the effectiveness of microbial agents by combined application, in particular if
they exhibit complementary modes of actiondRena et al., 1997; Whipps, 20(Baxena

et al., 2006)

Multi -partite interactions

Some of the best known instanaa® nodulation promoting rhizobacte(idPR) which
support rhizobia to establish a nitrogen fixing symbiosis with legume (Botenenko et
al., 1987, and mycorrhiza helper bacteria (MHB}sistingnot only theformation (i.e.
mycorrhization promoting bacteridjut also thefunctioning (i.e. mycorrhiza helping
bacteria)of the plant fungabymbiosis(Meyer and Linderma, 198&; Garbaye, 1994
FreyKlett et al., 200y. NPR andMHB have been indentified from differemgroups of
microorganisms including species @&zospirillum Azotobacter Pseudomonasand
Bacillusin both case¢Bagyaraj and Menge, 1978; Burns et al., 1981; Subba Rao et al.,
198%; Meyer and Linderman, 1986Halverson and Handelsman, 1991; von Alten et al.,
1993; Burdman et al., 1997; Villaciere$ al., 2003) While someMHB show a certain
degree of fungaspecificity (Duponnois et al., 1993; Bending, 2007diverse
Pseudomonaand Bacillus spp. interact beneficiallywith different ectc and arbuscular
mycorrhizal fungi(Duponnois, 2006FreyKlett et al., 2007)By contrast strainsof P.

fluorescensaandP. putidasuppressethe growth of the mycorrhizike fungusP. indica
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It is, howevernot known if the samBseudomonastrains acted as helpbacteria to real
AM-fungi (Pham et al., 2004)Because bderia are easieand faster to propagate in
commercial quantities than arbuscular mycorrhizal fungi, helper bect@rovide
additional perspectives to improviee performancef fungal inoculants with lowextra
cost (FreyKlett et al.,, 2007pr to make enhanced profit of thadigenous, well adapted

mycorrhizal populationalreadypresent in soil¢seeChapter2.3.7).

The mechanisms mb commonly implicated with th@re-symbiotic action of helper
bacteria are phytohormonal stimulation of root growth resulting in mégetion sites for
the plantmicrobe symbioses, but also teehancegrodudion of plant derivedsignaling
compoundgi.e. flavonoids)hat act as chemattractants ancegulators of geneasvolved
with the initiation of rhizobial and mycorrhizal symbiosé&zcén et al., 1978Mayo et
al., 1986; Gryndler, 200MHirsch and Kapulnik1998; Parmar and Darwal, 1999 On
the functional level, thesynergisticcooperation beveen MHB and already established
mycorrhizaeincludesaspects of improveglant developmentnutrient acquisition and

biological control of pathoger(Barea et al., 200F:rey-Klett etal., 2007)

Synergistic effects

Toro et al. (1997) found that dual inoculati@f onion @Allium cepalL.) with the AM
fungusGlomus intraradiceand B. subtilis acting as MHBnot only promoted the AM
establishment, but also increas@dmass and N and R@mulation in plant tissueghen
compared to single applicatianhe effect onnutrient uptakeobserved in this studwas
attributed to the exploitation of an extended soil volu@ P and N uptake by
mycorrhizal hyphae andto the solubilizationof otherwise lessavailable phosphate
sources byB. subtilisin the mycorrhizospherethus completing the function of the
external myceliumSimilar results of otheauthorsapprovedthe beneficial cooperation
between different phosphate solubilizing basia (e.g. Enterobacter agglomerans
Bacillus circulans Pseudomonasp.)and mycorrhizal fungin experiments with diverse
plant speciegKim et al, 1998; Singh and Kapoor, 1998Nidada et al., 2007 The
compatibility of mycorrhizal fungiwith biocortrol strains ofBacillus Pseudomonaand
Trichoderma even thosantagonistic to fungal pathogerss been proven in respective
studies(Paulitz and Linderman, 1989; Schelkle and Peterson, 1996; Barea et al., 1998;
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Mar Vasquez et al., 20004aggag et al2001). In fact, there is strong evidence that
changes in theomposition of resident microbial soil populatidrnggered by mycorrhiza
formationfacilitate those components thaan be antagonistic to root pathogégecilia
and Bagyaraj, 198 FreyKlett et al., 2005; Barea et al., 2005

Mycorrhizal fungi also interacsynergistically withsymbiotic andfreeliving nitrogen
fixing bacteria (Barea et .al20023). As shown by using nitrogen isotopédracer
technigues N»-fixation ratesin legumesnodulated byRhizobiumsp. were higher in
mycorrhizal than in nomycorrhizal plants particularlyin soils with limited N and P
availability (Kucey and Paul, 198Barea et aJ.1987 Toro et al., 1998 Taking into
account the importance of P supply foiological N-fixation, such effect has been
partially explainedoy animproved P acquisition via mycorrhizagmith and Draft, 1977
Fitter and Garbaye, 1994Yloreover the AM effect on M-fixation by rhizobiacould be
further improved by canoculation with phosphatesolubilizing rhizobacteria, as
demonstrated in pot and field experingef(Barea et al., 2002byimilarly, the growth of
nonlegume crops likenaize Zea mayd..; Barea et al., 1983parley Hordeum vulgare
L.; Subba Racet al.,, 1985ajpnd wheat {riticum aestivumL.; Singh et al., 1990yas
increased byhe combined application @&zospirillumbacteriaand AM-fungi, thoughthe

effect on nitrogefiixation was rot pronounced in these studies.

Feedback loops

The interaction betweenplants, hizosphere inhabitantasnd the soil involve feedback
loops driven by the transfer of organic carla@nenergy sourdeom the root to associated
organisms. Plant growth can be amplified if the investment of assimilates into the
rhizosphere results in impred nutrient acquisition and in feedback enhanced
photosynthetic activity itself (DeAngelis et,a986 Gobran et al., 1998To that effect,
protozoa and nematodes grazing on bacterial populations in the rhizosphevé are
importanceto unlock and increase the plant availability of nutrients, in particular N,
otherwise sequestered in bacteria (Clarholm 1985; Bonkowski et al., 2000; Bonkowski,
2004).Where nitrogen and phosphorus aneiting, the positive back couplingetween P
mobilizing and N-fixing microorganisms may overcome many of the limitations or low

fertile soils and thus provide a useful basis for the functionality ofihput systems
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(Barea et al., 2005For example, if ioreased Ruptake via mycorrhizal fundienefitsN»-
fixing bacterial symbiontstheimproved N statu®f the plantin turn may promote root
growth and mycorrhizal develogent(Fitter and Garbaye, 199Ruppi et al., 1994)AM -
fungi act as integral mediators in plasbil systems because they transporheral
nutrients to the plant and carbon compounds tethieand its living organismsiealthier
and more vigorous mycorrhizal plants represent an upgraded carbon sowchdoced
microbial activity and soil aggregation which again may result in swestasoil fertility

(Bethlenfalvay and Linderman, 1992)

2.4 Synopsis on definitions and activities of various bio-preparations

The previous sections have reviewaefinitions and propertieof bio-stimulants, bie
fertilizers and biepesticideswith respect toregulatory and applied aspects became
clear that there ardistinct discrepancies betwedhe definitions ofdifferent authors
saying which materials and objectdhey included respectivelyexcludedfrom being
consideredasactive bio-agents As summarized irm simplified form inTable 2.2, mach

of this controversy can be ascribed dssentinginterpretatios of the prefix i b i. 0 0
Transl at i o mlivilgd conSdmuentiallyreatrictsthe range of possible active
agents to living organism¥Vhenin additionmaterials derived from living organisraad
genesar e r egar de évergldnd éf metrmadr applicdtienrht relies on biotic
processes can lecluded in the biaconcept Themost comprehensive ppachcertainly

is that one whiclkaims to integrat¢éhe most advanceinowledge on living organisms and
their vital pocesses into theealizationof optimized crop management system3his
broad bio-logical i ncl udi ng meani ngs t hbm-tationalaand b e
res 0 n a; Pdredm@an1979;Chapter B) perspectire isinclusive ofall aspectsegarding

the comple nature ofplant interactions with their environment
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Tale 2.2: Interpretations ofthe prefixi bd® oand corr es p o teadngtg thec o n c
derivationof diverse definitions what is regarded as active agentsogbreparations

Interpretation Basic concept Included active agents Examplegnot exclusive
Bio = living  Activity of living organisALiving organisms AAMfungi, PGPR
Bio =biotic Mechanisms, processeALiving organisms AAMfungi, PGPR
and products related tcAGenes and ggmoducts AResistance genes
living organisms AMlaterials derived from AExtracts froplans, algae
organisms or microbes
Bio = biologiciRational amdasonable ALiving organisms AAMfungi PGPR

use of knowledge on AGenes and ggmoducts AResistance genes

living organisms and  ABiotic and abiotic materiAExtracts fronrganisms,

their vital processes resistancenhancinmineral
AHuman beings as initiatAFarmers;ompaniescientisi

The interdependency of microbial processes in the rhizosphergekagsmphasized by
the examples ofPseudomonaspp., Bacillus spp., Trichodermaspp. and AMfungi.
Indeed these organisms exert multiple actions that can result in benbkiitialso in
adverse effects on plant performance. Therefore, particularly in the case of
microorganisms, which are always miptayers, but also for other naal compounds
that affect plants in sophisticated ways, a categorization kbmestimulants, bio-
fertilizers or bio-pesticidesmay hamper a holistic view of plant ecology agdaultural
problemsolving. With respect to thetate of knowledggit appears to be more appropriate
and scientifically correct o0 u s e hichefectorce r dmBndgd in Chapter 1,when

theactive agenand not the purpose of a specific applicat®meant

From an applied perspective, thenderstanding of the mesl of action of certain
organisms or materiglis surely more interesting thamlefinitions, whichare finally
meaninglesgor the effectivenesgper se But, during the developmental phaséa new
biological method, prevailingdefinitions constitute minitheories, whicheventually
become pamigms thatencapsula&ideas andlired thethinking of investigatorgWilson,
1997) In scientificresearchworks, sich patterns may influendbe questions asked, the

hypotheses formulated, the exjpeents conductedthe results obtainecénd finally the
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conclusions drawnThis, in consequence, will limit the search for effective biological
methodsto the a priori expected frameworkWilson and Ghaouth, 1993 herdore,
instead of beingrestricted bypresentdefinitions, those might rather be regared as
pr el i mi n a rdegfinitii oviotnak areogen br revisionas new insights become
available and theinderstanding of biological systems increasésok, 1993;Wilson,
1997)

Knowledge of the multiple ecologicaiteractias taking place in agriculturalystems has
been recognized abd keyto predict the conditiongnder whichsuccessful, reproducible
resultscan be achiead with biological methods (Whipps, 200Welbaum et al., 2004
But, an often occurring problem is thaith increasinginformation on complex systems
initially some questions can lamsweredbut simultaneously otheknowledgegapsarise
that were prewausly notrecognized This experience may lead to frustoatior to the
conclusion thateven if all the conditions that are effectively operating to control the
course of eventsould be understogdt might still be necessary to find ways that allow
the application or management af iemendousiumber of site plant, and pathogen
specific entities, beforeadvancedpractices can be implemented (Garrett, 1965; Cook,
1993).Yet, despite allprogress madescience is still far from having an-&@hcompassing
theory of everythig. Nevertheless, for proceedimyestigationson biological systemst
might be helpful to structure th@mnenomenon ofomplexty as well & thecorresponding
research workRegarding the ecology of croppisgstemsthree conceptual levels can be
exposedfor that purpose (1) single factorcomponets including the soil, plant and
microorganisms, (2) dual or mujpiartite interactions between single entities that may
antagonizesach other or cooperate synergistically for a final outcome, and (3) feedback
loops which mayamplify the efect of small intial eventsby selfreinforcing circuits
(Willy, 2003; Dhurjati and Mahadevan, 200&8robablythe undestanding of suclkey
functional conceptsnmay offer access tohe control and management of agricultural
ecosystemsvithout gettingbogged dowrnn details In natural ecosystems, sustained plant
growth occurs becaus® the balance that has developed between associatetérious
andbeneficial organisméHairston et al., 1960 In frequentlydisturbedhabitats such as
agricultural fields, considable inputs and management efforts are necessary to

compensate for theffect of disturbance ani shift the balancef functionally distinct
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populationgowardsthose, whictsupportplant health and productivity (Linderman, 1992;
Avis et al.,, 2008) Innovative bio-logical approachesthat make betteg use of the
synergistic interplay between cultivated plants egldted organisms in their sigpecific
environmens are a promising tool to optimize the production of crops as yields can be
increased whileghe dependency oagrochemicks is decreasedBut, the great variation
between expemental results and their reproducibility in practioelicates that more
studies areneeckd to explore the multifunctionality of singlebio-effectorsand their
multi-factorial interactiors (Vestberg et al., 2004Barea et al. 2005R6mheld and
Neumann, 2006
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B CASE STUDIES ON PLANT GROWTH STIMULATION AND
Bl1O-FERTILIZ ATION WITH EMPHASIS ON | MPROVED

PHOSPHORUSACQUISITION IN CROPS

3 Introduction to the issue of phosphate in agriculture

3.1 Theimportance and problems of phosphorus in agriculture

Phosphorus: a key mineral nutrient determining thegauctivity of crops

Without anthropogenic inputs, nitrogen (N) and phosphorus (P) are the most common
growth limiting mineral nutrients in natural as well as agricultural ecosystems and
essential to all known forms of life (Vitousek and Howarth, 1991; @gwét al., 2002;

Hart et al., 2004). Abundant as dinitrogen)(ldas in the atmosphere not the element
nitrogen is scarce. The availability of N is limited by the ability to perform the highly
energy demanding conversion of nonreactive iNto biologically active nitrogen
compounds which can be assimilated by living organisms (Galloway et al., 2008).
Phosphorus, by contrast, is predominately found as compounds of the phosphate ion
(PQ*) in both living organisms and global cycles (Goldwhite, 1981). W4olme plant
species in mutualistic association with diazotrophic bacteria have developed sophisticated
methods to acquire N from the atmosphere through biologigdixation, the primary
source of P for plants and microorganisms are phosphates origiftatimgninerals of the
earthos crust (Richardson, 2001, @)oandd r o n
sulphate (S@), phosphate is not reduced in plants but phosphorus remains in its highest
oxidation state as'R(Marschner, 1995). In many terraéatrand aquatic environments the
productivity of N-fixing organisms and hence the net primary production of the whole
system is ultimately limited by the amount of available phosphate (Smith, 1984; Smith,
1992; Kitayama et al., 2000; Vitousek et al., 2002
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The pivotal role of phosphate in life processes results from its ability to provide ester
linkages in organic molecules that are of fundamental biological importance, such as
nucleic acids (DNA, RNA) carrying the genetic information, energy transferring
nucleotides (ADP, ATP), and phospholipids that are constituents of cellular membranes
(Goldwhite, 1981; Marschner, 1995). The reversible addition of phosphate groups to
organic molecules (phosphorylatidndephosphorylation) within the primary cellular
metabolism is further an important regulatory mechanism controlling the activity of
cellular proteinsand part of intricate sighag pathways (Graves and Krebs, 1999;
Raghothama, 2005). Due to its basic biochemical functions, phosphate is required by
plants in relatively large amounts (about 3 to 5 g Plkplant dry matter) for
photosynthesis, respiration, and other processes critically involved in growth and
reproduction (Marschner, 1995; Bundy et al., 2005).

Trends and issues related tofertilizer consumption

The industrial production of nitrogen fertilizers, predominantly through the energy
intensive HabeBosch process (Galloway et al., 2002; Smil, 2004) and the exploitation of
phosphate deposits for use in agriculture (Stewart et al., 2005),gneatty advanced

crop productivity in the past, and continuous delivery maintains high vyield levels.
However, limited natural resources, especially of energy and phosphate reserves, but alst
adverse environmental impacts as well as increasing costs lofidrigizer input rates,
necessitate alternative strategies for an efficient and ressavagy management of
nitrogen and phosphorus in agricultural production (Vance, 2001). As shown in Fig. 3.1
on a global scale the consumption of &d Rbased fertizers in agriculture has been
increasing more than eightespectively threéold during the last 50 years. But, the
global production of grains as the major source of food has grown only by the factor 2.5
within the same time frame. This indicates a dase in the use efficiency of both
fertilizer types, which is particularly distinct regarding the widening discrepancy between
nitrogen input and corresponding yields. On average, the production ofedrie tonof

grain appears to require an uptake lobat 4 kg phosphorus by the plant, with rice (1.8

4.8 kg P t grain; Dobermann, 1996) having a similar yield specific phosphate demand
than maize (2.8 3.3 kg P t grain; Tang et al., 2008) or wheat (4.@.4 kg P t grain;
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Tang et al., 2008). Nitgen is required at amounts of 1220 kg by rice (Mae, 1997;
Swain et al., 2006), 20 25 kg by maize (Presterl et al., 2002) andi 220 kg by wheat
(Sharma, 1992) to produce 1 t of grain. Assuming a moderately high yield of 4 to 5t per
hectare, the P tigke by the plant would be around 18 kg P had the N uptake about

100 kg N ha (Goswami et al., 1990). However, low use efficiencies of applied nutrients
during a single season (< 1B0 % for P, < 30 50 % for N) necessitate proportionately
higher fertilizer input rates in agricultural production (Ouyang et al., 1999; Raun and
Johnson, 1999; Fageria et al., 2008).

900 - ——N-fertilizer consumption

800 A —e—P-fertilizer consumption
700 —=Grain production
600 -
500 A
400 +
300 A

Relativevalues
(base year 1961 set equal to 100)

200 A
100 +#

0 T T T T
1961 1971 1981 1991 2001

Fig. 3.1: Trends of worldwide consumption of nitrogen (N) and phosphorus (P) fertilizers and
grain production of the years 19&D06. Total weight values of each year were
calculated relative to the base year 1961 set equal to 100. Dashed lines indicate
missing values. Data sources: IFA (2006a,b); USDA (2006; cited in: Earth Policy
Institute, 2006).

The main raw material used in the puotdon of phosphate fertilizers are rock phosphates
mined from sedimentary and igneous deposits to an amount of currently 150 million
metric tonsper year to meet the annual consumption of worldwide 17 mithetric tons
phosphorus (Stewart et al., 20@ickert, 2008). Rock phosphates are minerals rich in

sparingly soluble calcium phosphates that need to be chemically processes to produce
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water soluble Rertilizers (Leikam and Achorn, 2005). Finely ground rock phosphates
can also be used directly as aveirelease fertilizer in agricultural production, but have a
low effectiveness due their low solubility in many soils, beside some strongly acidic soils
(Barea et al., 2002b). Depending on the assumed development of future patterns of
consumption and econoc conditions for their exploitation, estimates of the duration of
global phosphate reserves range from less than 50 to more than 500 years. Nevertheless,
Is widely acknowledged that the quality of remaining phosphate stocks is decreasing
whereas thedrtilizer production costs are increasing (Stewart et al., 2005; Cordell et al.,
2009). Major criteria for the quality of rock phosphate are the concentration of
phosphorus in it, but also the load of undesired contaminants such as toxic cadmium,
given tha the processing of lower grade raw material causes significantly higher expenses
(Bickert, 2008; Cordell, 2008). Another reason for the tremendous increase of the price of
rock phosphate in the recent past is seen in the growing demand of fertilizéhe for
production of food and fuel crops together with a limited hauling capacity of existing
phosphate mines (Bickert, 2008; Cordell and White, 2008).

Beside economic considerations, environmental issues necessitate an optimized
management of Rertilizer inputs in agricultural systems, too, so as to minimize any loss

of phosphate from soil to water bodies regarding its role in eutrophication. Phosphate
discharged into surface water is known to accelerate the growth of algae and hydrophytes
which may lead tcoxygen shortages due to their subsequent decomposition. For this
reason, phosphate entry can cause severe damages of aquatic ecosystems (Sharpley a
Rekolainen, 1997; Tiessen, 2008). According to Tiessen (2008), approximatéyol0

the export of phosmhus from land occurs by leaching and ground water transport, while
90 % of the losses result from surface runoff and erosion, which can be explained by the
relative immobility of phosphates in most soils (Sims et al., 1998). In contrast to water
and othemajor elements such as carbon, nitrogensarfdir in global cycles, phosphorus

has no gaseous phase that enters the atmosphere but rather becomes incorporated in oce

sediments over geological periods of time (Begon et al., 2006).

Sustainable phosph@umanagement also is an integral component of agricultural low

input systems to ensure adequate P availability for crop production. In particular, many



Chapter 3 Introduction to the issue of phosphate in agriculture 78

highly weathered, acidic soils of the tropics are notoriously deficient in plant available
phosphorus (Berkert et al., 2001; Singh and Lal, 2005). Mineréé&Rilizers are not only
financially or logistically unavailable to many farmers in tropical regions, but also often
show limited effectiveness due to the strong sorption of phosphate in these siisqBa
and Buerkert, 2001; Turner et al., 2006). However, everfavorable soils of the
temperate regions insufficient external inputs of organic or mifefaidtilizers combined

with negative nutrient balances at the farm or field level may lead t@teurrence of
P-deficiency situations in modern cropping systems due to the continuous depletion of

previously supplied ®ertilizer surplus (Fig. 3.2; Condron, 2004).

Fig. 3.2: Visual symptoms of phosphorus deficiency (i.e. stunted growth andtijp@ang,
darkish bluegreen or pirple color of older leaves, yellowing of leaves that senesce
prematurely, and rigid erect appearance of the plants; Bergmann, 1992) in spring
barley (Hordeum vulgare L. var. Braemar). The plants were grown on a field with
sandy loam soil near Worms, RhinelaRdlatinate, Germany after several years
without application of phosphate fertilizers. The picture was taken Biviay 20009.
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3.2 Prospects to improve the efficiency of phosphorus acquisition in crops

by the use of bio-effectors

Phosphorus in soils and its availability to plants

Though most soils contain abundant amounts of phosphorus, with total concentrations
ranging from 200 to 2000 mg P kglry soil and equivalent total contents amounting from
400 to 4000 kg P hain the top 20 cm soil layer, the bulk of this nutrient is present in
forms not readily available to plants (Jarvis and Oenema, 2000; Mengel and Kirkby,
2001; Tiessen, 2008RPhosphorus is taken up by plants almost exclusively from the soil
solution as inorgaic phosphate ions, with the-dH2-PQs) and monehydrogen phosphate
(HPO?) anions being the major forms for plant uptake (Richardson, 2001; Raghothama,
2005). In alkaline soils the divalent anion HPQs predominant, whereas high proton
(H") concentations shift the equilibrium to the monovalent aniofP&s in acidic soll,
according to the equation HFO+ H* D H.PQr (Mengel and Kirkby, 2001; Brady and
Weil, 2008). Even in the case of fertile arable land the concentration of phosphate in the
soil solution is typically only in the range betweertdl10 pmoll* (Mengel and Kirkby,

2001; Richardson, 2001). These values equate to 0.03 to 0.3 mgoP léss than
approximately 20 to 200 g P han the top 20 cm soil layer, assuming a water content of
200 ml kg' soil and a soil density of 1.3 g cm(Loomis and Connor, 1992;
Schachtschabel et al., 1992; Or and Wraith, 1999; Chan, 2006). To meet the total
phosphorus requirement of higfelding aops, which can amount to more than 40 kg per
hectare and season, the quantity of phosphorus directly present in the soil solution is muck
too low (Mengel and Kirkby, 2001). Mass flow driven by transpiration would supply on
the average only 1 % of phospbaised by the plant (Barber, 1980) and due to their
strong affinity to the solid soil phase phosphate ions may diffuse less than a half mm in
ten days (Jungk, 2001). Thus, the phosphate depletion zone is constricted to a distance c
few mm (ca. I 4 mm)from the root surface and only about 20 % of the top soil volume
contributes phosphate to the plant in one season (Jungk and Claasen, 1986), as the roots
annual crops have a volume that is usually less than 1 % of the soil volume (Barber,
1963). Plantgherefore depend on the continuous replenishment of the soil solution with
phosphate from solid pools existing in the soil (Marschner, 1995; Kirkby and Rémheld,
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2006). This phosphorus, comprising native soil phosphates as well as phosphate that ha
accumuhted as a consequence of previous fertilizer applications, is retained in organic
(Porg) and inorganic () phosphate forms of varying accessibility to plant roots or
microorganisms (Bieleski, 1973). Due to the continuous immobilization of phosphates in
sdls by adsorption and precipitation processes usually orH$01% of the phosphorus
supplied as watesoluble Pfertilizers is utilized by the crop in the year of application
(Bolland and Gilkes, 1998).

Organic phosphate in soils

Organic phosphate compais) originating from plant remains or synthesized by soil
organisms, typically account for between 30 and@®6f the total phosphorus existing in
soils (Condron et al., 2005). Included in this fraction are to a small part relatively easily
decomposable mspholipids and nucleic acids, whereas a large proportion is comprised
by more resistant inositol phosphates and uncharacterized high molecular weight
substances (Richardson, 2001; Brady and Weil, 2008). In particular derivates of inositol
hexaphosphate Kytic acid), which is an important storage form of phosphorus in plant
tissues, can account for 10 to 50 of the total organic phosphorus content in soils
(Richardson, 2001; Grotz and Guerinot, 2002). However, once released into soil from
decomposing orgac matter, plants are largely unable to access phosphate from inositol
phosphates as they become strongly adsorbed to the soil matrix or rapidly stabilized in
binding forms that are highly recalcitrant to mineralization, such as sparingly soluble
phytatesalts formed with iron andlumirum in acidic soils or with calcium in alkaline
soils (Tisdale et al., 1990Another important storage pool of phosphate in soils is the
microbial biomass, which can hold a share of the total amount of organically bound
phasphate exceeding 25 % in arable, 50 % in grassland, and 80 % in forest soils, as

reported by Khan and Joergensen (2012).

Inorganic phosphate in soils

The concentration of inorganic phosphate in the soil solution is largely determined by
sorptiordesorption reactions on the surface of soil constituents, and by the pH dependent

solubility of defined phosphate minerals in soils (Tisdale et al., 1990; Brmadyweil,
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2008). In neutral to alkaline calcareous soils the dominant form of inorganic phosphate
are various Gghosphates, which become more soluble as the pH and the calcium
concentration of the soil solution decreases. Under alkaline conditig?®Hanions in

the soil solution rapidly react with €acations to form a sequence of -Blaosphates
decreasing in solubility with aging time, and ending up in the formation of least soluble
apatites (Mengel and Kirkby, 2001; Brady and Weil, 2008). In vernji@esnpils with pH

values below 4, Y contrast, the iron and alumim phosphates strengite (Fef&bi,0)

and variscite (AIP@QRH.O) are stable and become more soluble as the pH increases
(Larsen, 1967; cited in: Mengel, 1991). The concentration of inorgdaasphorus in the

soil solution of most acidic to neutral soils is largely governed by the adsorption of
phosphate to the surfaces of iron or aluminum (Fe/Al) hydrous oxides, clay minerals, or
humic materials by exchange with other anions such as thexyydoas (OH). Because

this type of adsorption is reversible it is obvious that the solubility of phosphate in acidic
soils can be increased by raising the soil pH or adding other anions such as carboxylate
(R-COQ) or silicate ions in particular (Mengahd Kirkby, 2001; Brady and Weil, 2008).

Like Caphosphates, also, phosphate adsorbed on the surface of iron and aluminum oxides
may undergo sequential reactions, which decrease the solubility of the aging phosphate
compounds to extremely low levels. Thian either happen by the establishment of
chemical bonds to adjacent Fe or Al atoms or due to the additional precipitation of Fe/Al
hydrous oxides, which occlude previously adsorbed phosphate as an overlying layer
(Brady and Weil, 2008). Reversely, condits leading to the reduction of ferric iron
(Fé"), as it is contained in Fe hydrous oxides anepResphates, to soluble Fecan

result in the concomitant release of phosphate (Welp et al., 1983; Reddy and DelLaune,
2008).

The concept of labile and néabile phosphate factions in soils

With respect to the phosphorus acquisition by plants, the capacity ofpbalss
phosphorus in soils can be roughly divided in a labile and daimie fraction, although

the transitions between these fractions are sm@arsen, 1964; Olsen and Khasawneh,
1980).The labile phosphate fraction in soils, amounting to between 150 and 500 Kg P ha

in the top 20 cm soil layer, is in a rapid equilibrium with the soil solution that buffers the
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phosphate concentration bygesorption and adsorption processes and can hence be
regarded as potentially plant available (Mengel and Kirkby, 2001). Major labile
constituents of soil phosphate are easily solublel@sphates, exchangeably adsorbed
phosphate ions, easily mineralizabkganic phosphate compounds, and phosphate that is
occluded by reducible Fexides (Clarholm, 1993; Mengel and Kirkby, 2001). The-non
labile phosphate fraction, including strongly adsorbed and tightly bound organic and
mineral phosphates, can account foore than 90% of the total soil phosphorus,
amounting from about 400 to 4000 kg P!ha the top 20 cm soil layer (Mengel and
Kirkby, 2001; Jarvis and Oenema, 2000; Binemann and Condron, 2007). Even some
highly weathered tropical soils, where severe phate deficiency is a major constraint

on agricultural productivity, have been reported to contain large amounts of phosphorus in
recalcitrant forms (Nziguheba and Blinemann, 2005; Turner et al., 2006; Oberson et al.,
2006). By complex reactions in the sod significant proportion of phosphate from
fertilizers can become incorporated in the +alnile fraction, which limits the use
efficiency of P fertilizer applications. Nevertheless, the-ladmle pool also is a source of
slow phosphate release, in peutar when more soluble phosphate forms in the soil are
becoming depleted. But, as the rate of phosphate mobilization from tHamlenfraction

Is generally far too low to meet the demand of rapidly absorbing roots, it can be regarded
as virtually inacessible to plants (Olsen and Khasawneh, 1980; Tisdale, 1990). In view of
the increasing need to develop morefficient agricultural systems, it is therefore an
important question how phosphate from #labile pools can be made more accessible to

crops (Jakobsen et al., 2005).

Biological mechanisms and strategies to improve the acquisition of phosphate by plants

As most phosphate in soils is strongly adsorbed or bound to the soil matrix, the
concentration of phosphate in the soil solution is generally V@v. Thus, only a
relatively small amount of phosphate is directly available at the root surface or supplied
with the flow of water (mass flow) to the root for uptake by the plant (Barber, 1980).
Furthermore, the mobility of phosphate ions is impairedhgyr high interactivity with

the soil matrix and hence low diffusion coefficient in most soils (Cullimore, 1966; Jungk,

2001; Lambers et al., 1998). Active uptake mechanisms enable plants to accumulate
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phosphate ions more rapidly than the movement ofiate in soils even against a step
concentration gradient, which can result in the formation of a zone depleted in the
concentration of phosphate ions in the soil solution around the roots (Hase et al., 2004;
Raghothama, 2005). Physiadiemical soil faars, such as moisture, temperature, pH
and redox potential, determine the buffering of phosphate concentrations in the soil
solution (Barber, 1980; Pierzynski et al., 2005). In most soils, however, abiotic soll
processes alone do not replenish phosphatketaepleted soil solution around roots at
rates that are adequate for optimal plant growth (Richardson, 2001). Therefore, plants
have developed a range of mechanisms either to economize the internal use of scarcel
absorbed phosphate or to improve theguagition of sparingly available external
phosphate sources (Fbhse et al., 1988). The latter include the induction of chemical
changes in the rhizosphere and/or adapted root growth characteristics such as the
formation of root hairs and arbuscular mycazes to enhance the spatial acquisition of
phosphorus (Jungk, 2002; Kirkby and Rémheld, 2006). Although the combination of low
internal requirement and high phosphate acquisition efficiency appears to be a desirable
goal in crop breeding programs in orderdchieve maximum yields under phosphate
limited conditions, none of seven crop species studied by Fohse et al. (1988) showed a
simultaneous pursuit of both adaptation strategies. Rather species with the lowest interna
phosphate requirement, i.e. oniondabean, were the least efficient in phosphate
acquisition. Furthermore, species efficient in the acquisition of phosphate, such as wheat
and rape, were not only able to accumulate higher P concentrations in their shoot biomas:
but also were less suppressedheir shoot growth in treatments with a low phosphate
supply in the soil solutionVery different findings, however, have been made for wild
plants, such as many species of fteaceae These plants, which are adapted to
extremely phosphorus impovehed soils, combine efficient chemical mobilization of
recalcitrant phosphate forms by a timely and spatially concentrated release of organic
chelators from their specialized cluster roots with a high internal phosphorus use
efficiency (Neumann and Martna, 2002; Neumann, 2010)lthough the sophisticated
specialization of these plant species is coupled with slow growth rates, as they take up anc

store phosphorus mainly during the rainy winter season to be used for shoot growth
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during spring andummer Jeschke and Pate, 1995), this example shbaigndividual

plants can express versatile modeaddptatiorfor phosphorus efficiency

Biological factors affecting the spatial availability of phosphate to plants

Plant adaptations towards an improved uetak sparingly available phosphate include
morphological changes such as enhanced root growth, formation of lateral roots and root
hair development to increase the surface area of roots for phosphate absorption (Drew
1975; Schmidt and Linke, 2007). In atiloh, the association of many major crop plants
with arbuscular mycorrhizal (AM) fungi, growing their hyphae several centimeters
beyond the phosphattepleted zone surrounding the roots, allows the absorption of
phosphate from considerably larger soiluroks (Tinker, 1984; Li et al., 1991). The extra
phosphate taken up via arbuscular mycorrhizas, however, comes in the main from pools
of similar chemical availability than accessible to fmoycorrhizal roots. There is little
evidence that AMungi contribuée directly to the chemical mobilization of recalcitrant

soil phosphates in a range that would be significant for plant growth (Mosse, 1986; Hodge
et al., 2001; Richardson, 2001). Furthermore, Schweiger et al. (1995) have shown that the
importance of AMfungi in phosphate uptake of different pasture species was inversely
related to the root hair length of these host plants, as root hairs and exterhgipAlt

may provide alternative ways of bypassing the phosphate depletion zone around the root
The kineticcharacterization of the phosphate uptake activity of plant cells indicated the
presence of two different transporter systems to take up phosphate at lower respectively
higher concentrations. The leaffinity transporters are expressed constitutively anfd
whereas the expression of higffinity transporters in root tissues is regulated by the
availability of phosphate (Barber, 1972; Furihata et al., 1992; Raghothama et al., 2005). In
this regard, molecular studies confirmed that genes encodingaffighy phosphate
transporters are preferentially expressed in roots under phosphate deficient conditions tc
accelerate the uptake of phosphate from the soil solution (Leggewie et al., 1997; Liu et al.,
1998a; Hase et al., 2004). Also arbuscular mycorrhizadi have been shown to express
transporters for the uptake of phosphate in external hyphae, whereas the expression o
root own transporters for the direct uptake of phosphate from the environment seems to be

suppressed upon mycorrhizal infection (Hamisand van Buuren, 1995; Liu et al.,
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1998b). However, strategies for increasing the acquisition of phosphate by intensive
spatial exploitation of the soil or enhanced influx rates due to the function eaffigty
transporters are likely to be successfal situations where reasonable phosphate
concentrations can be maintained in the soil solution (Jungk, 2001). As the maintenance
of such concentrations is often the ultimate constraint affecting the spatial availability of
phosphate in deficient soils, @hmsis is on strategies to improve the solubility and
movement of readily available phosphate ions to the root surface, respectively

mycorrhizal sites of phosphate uptake (Jungk, 2001; SR60R).

Biological factors affecting the chemical availabilitypsfosphate to plants

To increase the concentration of phosphate in the soil solution that is available for
immediate uptake, plants, but also soil microorganisms, may use five major chemical
forms of phosphate mobilization (Whitelaw, 2000; Richardson, 208umann and
Romheld, 2007; Marschner, 2008):

1) The exudation of organic acid anions (i.e. carboxylates) can be effective to mobilize

phosphate adsorbed to Fe/#ides through ligand exchange reactions (Jones, 1998a).

2) Carboxylates may also increase theubtity of Ca, Fe and Alphosphates by
chelating the respective metal ions (i.e?’C&e**, andAF*), thus releasing phosphate
anions into the soil solution (Ryan et al., 2001). Similarly, the chelation of iron by
siderophores or phenolic compounds casult in the solubilization of phosphate, too
(R6mheld, 1987; Jayachandran et al., 1989; Dakora and Phillips, 2002).

3) The release of protons {H lowering the soil pH, may contribute to the solubilization

of precipitated Cghosphates in neutral and alkal soils (Hedley et al., 1982).

4) Soil acidification, the exudation of carboxylates or phenolics, and the consumption of
oxygen by plant roots or microorganisms may further enhance the reductiof of Fe
and thus the solubility of irebound phosphate (Diekaker, 1995; Jones, 1998a;
Neumann and Romheld, 2002).

5) To liberate phosphate from organic materials by hydrolysis the production and

secretion of extracellular enzymes (i.e. phosphatases) is of particular importance, as it
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is generally assumed that orgamphosphate compounds need to be mineralized in
order to become available for uptake by plants (Tarafdar and Claassen, 1988;
Raghothama, 2005).

By these various mechanisms, the activity of plant roots and associated microorganisms
can shift the equilibriunfrom nonlabile and labile phosphates fractions in soils towards a
higher concentration of phosphate ions in the soil solution of the rhizosphere as

schematically summarized in Fig. 3.2.

- ~..

Improved chemical availability \

I

“\
/Improved spatial availability )/

1+ stimulated root growth
1+ formation of root hairs
1+ arbuscular mycorrhiza

< desorption of P, by ligand exchange
< chelation of metal ions (e.g. by carboxylates)
< pH effects through release of protons

. < reduction of Fe'l-oxides
N~ | < mineralization of P, by phosphatases

* weakly adsorbed
» easily soluble
* easy to mineralize

* strongly adsorbed
* sparingly soluble
« difficult to mineralize

Available phosphate
in the soil solution

0.02-0.2 kg P ha"'
(< 1% of total demand)

Labile phosphate
fraction

150 — 500 kg P ha*!

Non-labile phosphate
fraction

400 - 4000 kg P ha"'

Fig.3.3: Schematic il lustrati on aodfprinpigleonsephansmseto ( A
increase the plant availability of phosphate. Phosphate is generally taken up from the
relatively small pool of soluble inorganic phosphate ions in the immediate
surroundings of roots. Enhanced root growth, formation of roatshar mycorrhizas
can increase the absorptive surface (blue color). However, the main factor affecting
the spatial availability of phosphate is often the phosphate concentration in the soil
solution controlled by the buffering capacity of the soil arouhé roots or
mycorrhizal sites of uptake. Therefore, plants and in particular soil microorganisms
have developed a range of chemical mechanisms (red color) to shift the equilibrium
(D) from the much larger pools of ndabile and labile phosphates in theizosphere
soils towards a higher concentration of phosphate ions in the soil solution of the
rhizospherdadapted from: Mengel and Kirkby, 2001; Richardson, 2001).
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Although the relative importance of plants or microorganisms in enhancing the chemical
avalability of soil phosphate in the rhizosphere might be difficult to determine, it is
generally accepted that the amount and composition of root exudates as carbon anc
energy source selectively affect the activity and composition of associated microbial
populations in a host plant specific way (Richardson, 2001; Hartmann et al., 2009;
Marschner, 2008). Reversely, microorganisms can influence the conditions in the
rhizosphere by enhancing the release of root exudates (Meharg and Killham, 1995) or
producing pltohormonal compounds that modify the growth patterns of roots
(Wittenmayer and Merbach, 2005). Different plant species and even varieties of the same
species can vary widely in their ability to grow on soils with low phosphate concentration
in the soil stution (Ray and van Diest, 1979; Fohse et al., 1988; Jemo et al., 2006;
Corrales et al., 2007). But, for the nutrition of most crops, the direct effect of root
exudates on the chemical mobilization of soil phosphates appears to be of limited

significance.

Model experiments with different soils and a range of organic compounds have
demonstrated the phosphate mobilizing effect of organic acids. Thereby tricarboxylic
acids (e.g. citric) proved to be more effective than dicarboxylic acids (e.g. malic, oxalic),
whereas monocarboxylic (e.g. acetic, formic, lactic) acids were weaker still, due to the
decreasing stability of their complexes formed with metal ions (i.&, A&, C&*) in

this order (Amann and Amberger, 1988; Bolan et al., 1994; Jones, 1998a;2R04,

Yet, even though enhanced release of carboxylates from roots is a common response to
deficiency in many plant species, particularly dicotyledonous ones, it is questionable
whether this can be generally regarded as an effective mechanism focahgmaisphate
acquisition in soils (Neumann and Rémheld, 1999; Gerke et al., 2000; Neumann and
Romheld, 2007). In dependence from the-yatue and a complexity of other soil
properties significant phosphate desorption typically requires carboxylate aatiosst

of at leastlQumol g soil for citrate and even more for less efficient carboxylates (Jones,
1998a; Gerke et al., 2000). While such high concentratied® umolg? soil) have been
reported to be reached in the rhizosphere of highly specialamdclusters formed by
white lupine Lupinus albud..; Dinkelaker et al., 1989; Gerke et al., 1994) and members

of the Proteaceagfor most other plant species carboxylate concentrations found in their
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rhizospheres are far too low to effectuate signifiggrosphate mobilization (Dinkelaker,
1995; Jones et al., 1998a). Carboxylates exuded from roots are further susceptible to rapic
decomposition by microorganisms proliferating in the rhizosphere (Matsumoto et al.,
1979). Therefore, the localized and tengdigrcontrolled release of carboxylates in apical
root zones, where the density of microbial populations is still lower than in older root
parts, has been discussed as an adaptive strategy of plants to limit the microbial
degradation of carboxylates (Ha&fld et al., 1992; Schonwitz and Ziegler, 1986;
Romheld, 1991; Zhang et al., 1997; Neumann and Romheld, 2002). In cluster roots of
white lupines, additionally, a drastic decrease in pH and the release of antagonistic
compounds (e.g. phenolics, fungal cedlliadegrading enzymes) has been attributed to the
suppressed development of microorganisms, and thus enhanced phosphate mobilizing
effectiveness of carboxylates (Kania et al., 2003; Weisskopf et al., 2006; Marschner,
2008).

Plants also encounter severetriesons to enhance the availability of organically bound
phosphate in soils. The low solubility of resgcretory phosphatases (i.e. acid
phosphatase; Tarafdar and Claassen, 1988) in soils, which are in the main bound to cel
walls of the root (Ridge andRovira, 1971; Barrett et al.,, 1998) or inactivated by
adsorption to soil mineral and organic components (Kandeler, 1990; Rao et al., 2000),
largely restricts their mineralizing activity to those organic soil phosphates that are in
contact with or mobilerugh to reach the root surface (Adams and Pate, 1992; Firsching
and Claassen, 1996). Yet, in particular inositol phosphates, which account for the
dominant form of organic soil phosphates, are strongly adsorbed or precipitated as
sparingly soluble phytaseand hence very immobile in soils, too (Richardson et al., 2007).

A further constraint is the low specific activity of extracellular root phosphatases (i.e.
phytases) to hydrolyze phytates, as it has been found in several plant species (Hubel an
Beck, 196; Hayes et al., 2000; Phillippy, 2002; Konietzny and Greiner, 2004). A major
function for the phosphate deficientyduced release of phosphatases by roots, therefore,
seems to lie in the hydrolysis of organic phosphate compounds that are permanently los
into the rhizosphere from sloughetf and damaged root cells in order to permit the rapid

retrieval of phosphate in competition with rhizosphere microorganisms (Lefebvre, 1990).



Chapter 3 Introduction to the issue of phosphate in agriculture 89

Apart from the limited ability of plants to chemically mobilize phosphatesoils,
rhizosphere microorganisms are considered to play an important role in the transformation
of phosphate from recalcitrant pools into forms available to plants (Gerretsen, 1948;
Whitelaw, 2000; Marschner, 2008). The capacity to mobilize phosphaiee® in soils

by solubilization of inorganic and/or mineralization of organic phosphate forms appears to
be widespread among soil and rhizosphere microorganisms. Most predominant
phosphateanobilizing bacteria belong to the geneBacillus Pseudomonas and
Rhizobium(Kucey et al., 1989; Rodriguez and Fraga, 1999), and phosmiodiézing

fungi were often found within the geneRenicillium Aspergillus and Trichoderma
(Kucey et al., 1989; Anusuya and Jayarajan, 1998; Whitelaw, 2000; Tarafdar et&)., 200

Many studies have demonstrated that a high proportion (up &)46f the microflora
isolated from diverse soils or rhizosphere samples and tested on the basis of laboratory
screening assays is capable of solubilizing sparingly soluble phosphatey @uak,

1989). While there is little evidence for any specific promotion of phosdudidilizing
microorganisms in the rhizosphere (Kucey et al., 1989; Richardson, 2001), the vitamin
producing activity of phosphatlubilizing bacteria isolated fronhé rhizospheres of
different plant species has been observed to be higher than of those isolated from contro
soil when determined by use of agar plate tests (Baya et al., 1981). Such rhizosphere
effect probably also applies to the microbial production ezldase of carboxylates
improving the solubility of inorganic phosphates in soils, which has been suggested to be
an important mechanism of plant growth promotion by root associated microorganisms
(Richardson, 2001). Diverse strainsBcillus spp. andPseudomonaspp., for instance,

have been shown to produce organic acids (e.g. citric, gluconic), to solubilize Ca
phosphate, and to improve the growth and phosphate acquisition of plants grown under
greenhouse conditions (Zhong and Huang, 2004; Haripeasddliranjana, 2008; Trivedi

and Sa, 2008). Several in vitro studies have further attributed the solubilizatior of Ca
phosphates to decreases in pH of the culture media during microbial growth, as reviewed
by Whitelaw (2000). This effect, however, migleg btrongly influenced by the nutrient
composition and buffering capacity of the culture media. Thus, ammoniunt)(Mktead

of nitrate (NQ) nutrition, is known to favor the release of protons’)(lh both

microorganisms as well as plants and may hemnggerave the solubilization of Ca



