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A GENERAL PART  

1 General background and objectives 

1.1 Aims and challenges in modern agricultural production 

A global challenge for agriculture is to ensure safe nutrition for the growing world 

population. To meet additional food demand by enhanced productivity necessitates 

innovative cropping technologies for a more efficient management of the limited natural 

resources, including fertile land, non-renewable reserves of mineral nutrients, energy and 

water. There is a common understanding that the establishment of sustainable agro-

ecosystems for the environmentally friendly and profitable production of healthy food 

plays a key role for the sound conjunction of socio-economic growth and ecological 

integrity on local and global scales (McCalla, 2001; Roy et al., 2006; Turkson, 2014). 

Issues of agricultural sustainability 

The innovations of the 20th century, spread over the world as technologies of the ñGreen 

Revolutionò, were mainly based on progress in agricultural chemistry combined with 

genetically improved crop varieties. But beside exceeding achievements in productivity 

the widespread use of chemical fertilizers and chemo-synthetic pesticides turned out to be 

accompanied by massive problems related to the environment and public health, such as 

contaminations of food, pollutions of air and water bodies, degradation of soil fertility and 

loss of biodiversity, calling long-term sustainability into question (Matson et al., 1997; 

Swaminathan, 2006). At the same time, the closure of nutrient cycles and biological 

processes retaining soil fertility have tended to be neglected since the former dependence 

on sustainable utilization of internal resources has been overridden by the use of industrial 

inputs in agricultural production, becoming increasingly reliant upon the support of agro-

chemistry (Welbaum et al., 2004). 
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Nevertheless, to alleviate persistent human undernourishment, mostly in Africa and South 

Asia, and to keep pace with current population projections, further raises in agricultural 

productivity will be required in the years ahead at an accelerated environmental impact 

(Rosegrant et al., 2001; Tilman et al., 2002). Data from the FAO (Food and Agriculture 

Organization of the United Nations) indicate, however, that annual yield growth rates for 

the major cereal crops, as paddy rice, wheat and maize, have been slowing down globally 

in recent years, even in many of the worldôs most fertile areas, despite high agrochemical 

input intensity (Gruhn et al., 2000; Heisey, 2002; Wiebe, 2003; Swaminathan, 2004). This 

slowdown, caused by a combination of factors, is notably associated with little or missing 

progress in increasing the genetic yield potential and with the degradation of agro-

ecosystems (Cassmann et al., 2003). The latter includes 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 Toenniessen, 1999; Wiebe, 2003). With intensive management in some of 

the worldôs most productive regions farm yields reach about 80 % of existing yield 

ceilings (Cassman, 1999), but it has been estimated that on average 65 % to 87 % of the 

potential yield of major crops is not realized due to biotic and in particular abiotic stresses 

(Boyer, 1982; Bray et al., 2000). These findings suggest that not only plants need better 

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 systems have the potential to feed todayôs world 

population, concerns are growing because they threaten previous productivity gains and 

further growth by deterioration of the prerequisites that make agriculture possible (Wiebe, 

2003; Gliessman, 2007). 

Scientific approaches towards sustainable agriculture 

Regarding the throwbacks of the past, recent scientific approaches focus on a better 

understanding of biological processes supporting soil fertility, healthy plant growth and 

resource efficiency (Uphoff et al., 2006). This includes the complex interaction between 

plants and microorganisms in their environment, either catalyzing or hampering the 

working of the whole system (Artursson et al., 2006; Watt et al., 2006; Nadeem et al., 
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2013), as well as the formation of plant own adaptations and defense reactions under 

various abiotic and biotic stresses (Römheld and Neumann, 2006). 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 to a profitable and sustained 

food production at high quality and yield levels while maintaining the natural resource 

base (Altieri and Rosset, 1995; Roy et al., 2006). 

A key functional domain in this regard is the ñrhizosphereò, first mentioned by the 

phytopathologist Lorenz Hiltner as the soil compartment influenced by the root (Hiltner, 

1904; cited in: Hartmann et al., 2007) and further described as the narrow zone in the 

vicinity of living roots, manifested by their release of materials and determined by an 

interacting trinity of the soil, plant and associated organisms (Curl and Truelove, 1986; 

Lynch, 1990; Lavelle, 2002). Already a century ago, Hiltner envisioned the application of 

rhizosphere management practices comprising the use of bacterial inoculants for 

improved soil fertility and sustained agricultural production, based on his observation that 

both the mineral nutrition of plants and their resistance towards pathogenesis are 

dependent on the composition of the root microflora (Sen, 2005; Hartmann et al., 2007). 

Nowadays, the application of biotechnological measures as alternatives or at least partial 

substitutes to chemo-synthetic pesticides and chemical fertilizers is regarded as an 

attractive but controversially discussed policy which may help to realize integrated and 

resource efficient cropping concepts in practice (Persley, 2000). Beside genetic 

engineering for enhanced plant breeding (Swaminathan, 2000; FAO, 2004) there is an 

increasing attention for biotechnology applications based on living organisms or active 

natural compounds, which are as ñbio-stimulantsò and ñbio-fertilizersò designed to 

improve plant growth and nutrient acquisition, or as ñbio-pesticidesò and ñbio-control 

agentsò to protect the healthiness of crops (Dent, 2000; Banerjee et al., 2006; Martinez 

Viera and Dibut Alvarez, 2006; Selvamukilan et al., 2006). Such commercially 

manufactured or otherwise produced bio-preparations, also more generally referred to as 

ñbio-agentsò and by various other names, may contain a wide range of micro- and macro-

organisms, microbial metabolites, plant and algae extracts, rock powders and other 

naturally occurring inorganic and organic materials (Hall and Sullivan, 2001; Wheeler, 
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2002; Montesinos, 2003; Hamer, 2004). However, the definitions of these terms are not 

obvious and vary depending on the view and interest of the definer, as discussed explicitly 

in Chapter 2. 

On the one, there is a lack of clarity because single microbial strains and abiotic 

compounds may comprise multifunctional properties to affect growth, nutrient acquisition 

and healthiness of plants at the same time. Moreover, individual preparations often 

contain several active components in combined formulations together with supportive 

carrier materials, which are likely to affect the outcome interactively. If so, it becomes 

evident that the terms ñbio-stimulantò, ñbio-fertilizerò and ñbio-pesticide/bio-control 

agentò can be used appropriately with respect to the intended effect in case of specific 

applications, but will often be too constrict regarding the diverse nature of 

microorganisms and other ingredients (see Kloepper, 1993). 

Likewise, material criteria are of limited usefulness for the definition of bio-preparations. 

More than on their physicochemical properties, their assumed effects are expected to be 

based on the activity of biological mechanisms. These include growth promotion by 

microbial-produced phytohormones, diazotrophic dinitrogen (N2) fixation, microbial 

solubilization of soil minerals for enhanced availability of plant nutrients (e.g. phosphorus 

(P), iron (Fe)) and the suppression of pathogens by antibiosis, predation, parasitism and 

antagonistic competition or induction of systemic resistance in plants (Dent, 2000; 

Banerjee et al., 2006). Application quantities are typically but not necessarily small. A 

further characteristic is that direct substrate or nutritional effects are negligible, whereas 

the beneficial interference with biological processes, particularly those involved with 

direct and indirect soil-plant-microbe interactions, seems to be essential for the 

functioning of bio-preparations. 

Introduction of the term ñbio-effectorò 

Taking into account the considerations outlined above, the generic term ñbio-effectorò, 

invented by Römheld and Neumann (2006), is defined as follows to emphasize the 

essential attributes of living (or at least viable) organisms and natural compounds as 

active ingredients in bio-preparations, which are used as supplements for crop production: 
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ñBio-effectorsò are viable organisms or active natural compounds whose direct or indirect 

effects on plant performance are based on the functional implementation or activation of 

biological mechanisms, in particular those interfering with soil-plant-microbe 

interactions. In contrast to conventional fertilizers and pesticides, the effectiveness of bio-

effectors is essentially not based on the substantial direct input of mineral plant nutrients, 

neither in inorganic nor organic forms, nor of a-priori toxic compounds. 

ñBio-preparations (bio-agents)ò, as ready formulated products, applied with the purpose 

of stimulated plant growth (bio-stimulants), improved plant nutrient acquisition (bio-

fertilizers), to protect plants from pathogens and pests (bio-pesticides/bio-control agents) 

or generally to advance cropping efficiency, can contain one or more bio-effectors as 

active agents along with other additive materials (Fig. 1.1). 

 

Fig. 1.1:  A concept of bio-effectors as active ingredients of various groups of bio-preparations 

and their integrated action in soil-plant-microbe relationships 

Present use of bio-effectors in agricultural practice 

The successful application of bio-effectors might be worthwhile particularly in organic 

farming systems and developing countries where agrochemicals are legally and 

economically restricted or simply not available. But they may also alleviate negative 
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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; Gentili and Jumpponen, 2006). 

Indeed, there is advanced knowledge on the potential mechanisms of selected 

microorganisms and specific natural compounds which are often contained in bio-

preparations and there is objective evidence for their beneficial properties derived from 

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 phosphates (Richardson, 

2001; Rodriguez et al., 2006), associative N2-fixation (Bashan et al., 2004), and also 

pathogen control via improved resistance or antagonistic suppression (Harman et al., 

2004a; Kloepper et al., 2004; Ma, 2004; Weller, 2007) have been discussed in detail. But, 

this knowledge is insufficiently exploited in agricultural practice and reliable data from 

field experiments are often missing for practical advice or application. The various 

individual aspects of single measures have not been integrated into a whole system 

approach and the complexity of multi factorial interactions in real cropping situations is 

only poorly understood. Consequently, unknown factors often retard the successful 

application of innovative products under variable environmental conditions (Alabouvette 

et al., 2006; Martinez Viera and Dibut Alvarez, 2006). Nevertheless, during last years, the 

number of commercially available bio-agents increased rapidly on the worldwide market, 

in developing as well as in industrialized countries, while sufficient effectiveness is 

usually not strictly required for their legal approval, as, for instance, according to the 

German Plant Protection Law ï PflSchG-new, 2012, §§ 45,1-6 (Selvamukilan et al., 2006; 

Whipps and Gerhardson, 2007). 

Novel research needs on bio-effectors for agricultural practice 

Biological methods are commonly seen as environmentally friendly and preferable to 

agrochemicals in public opinion. Nevertheless, among farmers, being exposed to the risk 

of crop failure, an atmosphere of distrust towards bio-preparations exists (Martinez Viera 

and Dibut Alvarez, 2006). Only a few products like bio-fertilizers based on rhizobia 

inoculants to establish symbiotic nitrogen fixation in leguminous plants (Catroux et al., 
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2001), biological insecticides based on Bacillus thuringiensis Berliner (1915; cited in: 

Milner, 1994) ssp. (Cannon, 1993; Thakore, 2006), or the use of pheromones for the 

control of insect pests by mating disruption (Jones, 1998b; Harari, 2007) have been 

established well in agricultural practice. To meet farmersô constraints bio-preparations 

must be easily accessible, predictably effective, easy to handle and reliable in operation, 

consistent in quality, and finally cost-efficient (Herrera-Estrella and Chet, 2004; 

Selvamukilan et al., 2006). The biological potential for developing such improvements in 

crop management strategies clearly exists. To reach these criteria, the bio-effectors in 

question have to be characterized by screening and efficacy testing in greenhouse and 

laboratory studies but also in field trials, exposed to the complexity of diverse 

environmental conditions (Saleh-Lakha and Glick, 2007; Whipps and Gerhardson, 2007). 

In this process, a better understanding needs to be worked out how purposeful changes in 

the physiological response of plants in interaction with soils and microorganisms can be 

induced by certain measures with respect to the intricacies of cropping practice. This is of 

particular concern when crops are grown under unfavorable environmental conditions 

with constraints from poor soils, water deficits, nutrient deficiencies, pathogens and other 

stresses (Neumann and Römheld, 2002; Drinkwater and Snapp, 2007). The latter are 

increasingly important issues in a world of declining resources and expanding demands, 

all the more taking into account the possible impact of global warming on local climates 

and agriculture (Desanker et al., 2001; Feddema and Freire, 2001; Vance, 2001; Yohe et 

al., 2007). 

The present study assumed that the integration of thus achieved innovative knowledge on 

biological processes and mechanisms within overall strategies of agro-ecosystem 

management is a perquisite to achieve better plant growth, improved nutrient acquisition 

and enhanced resistance to biotic and abiotic stress conditions with the application of bio-

effectors. Farmers, scientists, and producers of bio-preparations need to be prepared to 

make optimal benefit and to avoid possible disadvantages that could arise in the future 

from such methods (Martinez Viera and Dibut Alvarez, 2006). According to Römheld and 

Neumann (2006), it is anticipated that, facing tightening resource constraints and growing 

environmental concerns, the potential merits of bio-effectors will become more 

demanding than ever to sustain food security in the 21st century. It will be a great 
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challenge to support farmers worldwide, particularly those on less favorable land with 

adverse soil factors and weather conditions, in the optimization of soil fertility to achieve 

ever-increasing 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 utilization of biological methods supporting improved soil fertility and 

healthy crop growth in agricultural practice (Part A). Focus was set on the application of 

commercially available bio-preparations based on bio-effectors including microbial 

inoculants and active natural compounds following the conceptual principles of (1) plant 

growth stimulation, (2) bio-fertilization and (3) bio-control via direct and indirect 

mechanisms (see Fig. 1.1). 

The work was organized in successive operations with specific objectives: 

1. To structure existing knowledge and definitions dealing with various bio-preparations 

in view of specific agricultural application areas based on literature reviews; 

2. The development of fast screening methods for the preliminary assessment of bio-

effectors relying on the expression of specific mechanisms to determine their potential 

uses; 

3. To investigate the operation of functional mechanisms of selected bio-effectors in 

target oriented soil, plant and pathogen systems under controlled conditions; 

4. To characterize the effectiveness of promising bio-effectors under field conditions to 

collect reliable data for practical implementation; 

5. To develop further research perspectives facilitating the design of advanced bio-

preparations and adequate application techniques. 

Bio-preparations are often supposed to invigorate plants more generally rather than being 

exclusively targeted on specific purposes and may not be categorized within strictly 

defined groups according to their various organic, inorganic and microbial components. 

To structure the work in an application-oriented way, that meets farmersô constraints, the 
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investigations were conducted in concrete case studies regarding prevailing problems of 

current agricultural practices (Part B ï C). Based on the results obtained, principle 

prerequisites for the effectiveness and successful application of specific bio-preparations 

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 more self-sufficient agro-

ecosystems. Since the investigated approaches were particularly concerned on general 

biological mechanisms, the represented case studies can serve 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 bio-fertilization with emphasis on improved 

phosphorus acquisition efficiency 

Soil fertility depends on physical, chemical and biological processes providing nutrients 

for crop growth. Knowledge of these processes is critical to maintain soil 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 Römheld 2002). Furthermore, plants 

nourish mutual interactions with a wide variety of soil microorganisms, which may assist 

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

and other signaling compounds are involved with the intra- and interspecific 

communication between roots, shoots and microorganisms (Dakora 2003; Kulaeva and 

Prokoptseva 2004; Bouwmeester 2007; Pierson and Pierson 2007). Phytostimulation and 

bio-fertilization are approaches to manage this complex network of interactions for 

optimized microbial activity, adequate nutrient availability, improved root and shoot 

growth, and finally enhanced crop yield. The effectiveness to achieve these results was 

tested with selected bio-effectors described in Chapter 4. This part of the study was 

directed particularly towards the improvement of phosphorus acquisition efficiency in 

crop plants from sparingly available phosphate pools through microbial associations. 
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Part C:  Biological control with emphasis on soil borne pathogens 

Soil health as biological component of soil quality is vital to both healthy crop growth in 

agronomic production systems and the ecological functionality of soils (Doran, 2002; 

Harris and Romig, 2005). Healthy soils represent living buffer systems that provide 

adequate supply of mineral nutrients to growing plants and limit the establishment of 

pathogens (Primavesi, 2006; Robertson and Grandy, 2006). Crop rotations are used to 

manage soil fertility and health by improving the use efficiency and availability of 

nutrients and avoiding the build-up of disease problems, thereby lowering the need for 

fertilizers and pesticides (Karlen et al., 1994; Finck, 1998). On the contrary, soil sickness 

due to monocultures and poorly designed crop rotations has been referred to the 

accumulation of toxins, unbalanced mineral nutrition, and soil degradation including the 

loss of functional biodiversity, particularly concerning the microorganisms (Hoestra, 

1994; Politycka, 2005; Donn et al., 2015). The increased incidence of soil borne 

pathogens in replant-diseased soils is seen as a sign of biological imbalance within the 

soil ecosystem where the natural antagonists are impaired and pathogens become 

prevalent (Kloepper, 1993; Pankhurst and Lynch, 2005). Contrariwise, agricultural 

strategies to optimize the supply of mineral nutrients and/or to promote beneficial soil 

microorganisms are regarded as promising approaches to enhance the resistance of crop 

plants and maintain the microbial balance of pathogen infested soils, thus mimicking the 

effect of crop rotations (Buchenauer, 1998; Römheld and Neumann, 2006; Janvier et al., 

2007). This may be achieved by enhancement of specific soil indigenous microbial 

communities through an adapted rhizosphere management, by addition of isolated 

microbial strains as seed or soil inoculants, and/or by the application of distinct mineral 

nutrients (Pankhurst and Lynch, 2005; Römheld and Neumann, 2006). The present study 

investigated the feasibility of such approach in the host-pathogen system of wheat and 

Gaeumannomyces graminis (Sacc.) v. Arx & Olivier, the fungus causing take-all root rot 

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

The terms ñbio-preparationò and ñbio-agentò are used for products based on a wide 

variety of living organisms and active natural compounds applied for improved crop 

performance and yield. According to their supposed beneficial effects, bio-preparations 

may become classified as ñbio-fertilizersò, or ñbio-pesticidesò and ñbio-control agentsò 

following the paradigm of the two types of supplements for agriculture, namely fertilizers 

and pesticides (Banerjee et al., 2006). A third group may be referred to as ñbio-

stimulantsò accounting for those, which enhance plant performance by various growth 

stimulatory mechanisms (Chen et al., 2002; Saleh-Lakha and Glick, 2007). It can be 

generally assumed that the prefix ñbioò suggests the presence of something living or the 

implementation of a biological mode of action [from Greek: ɓɑɞɠ, bios, ólifeô and ɚɧɔɞɠ, 

logos, óreason, speech, study, wordô]. Beyond this, the scientific literature and commercial 

producers have filled these expressions with manifold but inconsistent interpretations. In 

April 2015 the international bibliographic database CAB Abstracts (CAB International, 

formerly Commonwealth Agricultural Bureaux, Wallingford, Oxfordshire, UK) indicated 

more than 1.300, 2.100, 8.300, and 4.000 citations related to bio-agents, bio-stimulants, 

bio-fertilizers and bio-pesticides respectively, when searching for these terms in different 

variations of spelling. Searching the world-wide-web with the search engine GoogleÊ 

resulted in 45.000 hits for the item ñbioagentò, 106.000 for ñbiostimulantò, 347.000 for 

ñbiofertilizerò, and 302.000 for ñbiopesticideò. These numbers have been increasing 

rapidly during the recent years. Modern dictionaries, however, do not contain definitions 

for anyone of these novel word combinations (see Vessey, 2003). To avoid 

misunderstanding it is therefore necessary to determine precisely their meaning before 

they are used as technical terms in scientific essays, as well as by companies and retailers. 

This is particularly important when complex problems are discussed interdisciplinary 

among scientists, but also when the same vocabulary is used in non-scientific branches 

referring to science. It can be presumed that proper definitions should be reasonable and 

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 been most elaborated in the case of ñbiological pesticides (or bio-

pesticides)ò which are subject to governmental pesticide regulations, covering risk and 

efficacy assessments in numerous countries. During a survey on data requirements for the 

registration of biological pesticides conducted by the Organization for Economic 

Cooperation and Development (OECD, Paris, France) 16 OECD member countries, the 

European Community (EC) and Hungary were asked to list categories of products they 

identified as bio-pesticides (OECD, 1996). The results showed vast conformity to identify 

microorganisms as bio-pesticides and the majority of countries also listed macro-

organisms. Several countries mentioned that a pesticide must be a living organism to be 

ñbiologicalò, but only three countries listed transgenic plants. Furthermore biologically 

derived chemicals (biochemicals) including, semiochemicals (signaling compounds like 

pheromones), growth regulators as well as plant and animal extracts were designated as 

bio-pesticides (see also Hamer, 2004). An overview on the spectrum of ñbio-pesticideò 

definitions used in different countries is given in Chapter 2.1.1 of this work. 

More scientifically coined, than according to administrative purposes, is the terminology 

of ñbiological control (bio-control)ò, with ñbio-control agentsò considered as the media 

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; Cook and Baker, 1983). Already Julius Kühn (1825-

1910), regarded by Wilhelm and Tietz (1978) as a founder of scientific plant pathology, 

noted that the natural enemies of animal parasites represent a helpful element of pest 

control in crops. In this regard, Kühn emphasized the suppression of parasitic sugar beet 

nematodes by an antagonistic fungus, which he named Traychium auxiliarium (Kühn, 

1877; Hallmann, 2002). In an article about fungal diseases, Carl von Tubeuf (1862-1941) 

introduced the expression ñBiologische Bekªmpfungò [English: biological combat] to 

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 

Tubeufôs attempt to control Cronartium ribicolum causing blister rust of Weymouth Pine 

(Pinus strobus L.) by the hyperparasitic fungus Tuberculina maxima did not fulfill  his 



Chapter 2  Review on definitions and properties of various bio-agents  13 

expectations. Subsequent scholars largely neglected the biological control of microbial 

pathogens, which remained an undeveloped subject for a long time, in favor of that of 

insects, mites and weeds, achieving highly successful practical results in that field 

(DeBach, 1964; Baker and Cook, 1974; Maloy and Lang, 2003). A changing scope and 

perspective under which scientific definitions of ñbio-controlò have been proposed in the 

literature by different authors is reviewed in Chapter 2.1.2. 

2.1.1 Definitions of ñbio-pesticidesò according to governmental registration 

authorities 

As ñbio-pesticidesò a broad spectrum of crop-protection agents derived from natural 

sources such as of micro- and macro-organisms, biogenic materials and their synthetic 

analogues, certain minerals as well as genes used to transform crops to express resistance 

have been labeled (Copping and Menn, 2000; Sudakin, 2003; Joshi, 2006). The target of 

bio-pesticide applications encompasses all kinds of pest problems (insects, fungal, 

bacterial and viral diseases, weeds, nematodes and molluscs etc.) in agriculture (Rodgers, 

1993). Therefore, bio-pesticides can be grouped in ñbio-insecticidesò, ñbio-fungicidesò 

ñbio-herbicidesò, and so forth (Menn and Hall, 1999). Referring to their active ingredients 

among others microbial and viral bio-pesticides as well as phytochemical bio-pesticides 

(botanicals) based on plant extracts have been described (Kurstak and Tijssen, 1982; 

Isman, 2001; Koul and Dhaliwal, 2002). 

Even though representing little more than 5 % of the total crop protection market, the 

worldwide demand for different types of bio-pesticides has been growing steadily in 

recent years (Menn and Hall, 1999; Thakore, 2006; Olson, 2015; MarketsandMarkets, 

2016). Driving forces behind this development are the growing sensitivity to 

environmental and health risks, the rise of organic food sales, and the pressure of 

consumers, environmental activists, food traders and governments to produce food 

commodities free from pesticide residues but also free from pest damage (Wanjama, 

2004; Wilson and Otsuki, 2004; Thakore, 2006). Further, the interest in bio-pesticides has 

been gaining attention since pests have been increasingly acquiring resistance to 

conventional pesticides (Butt et al., 1999). North America (40 %), Europe (20 %) and the 
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Oceanic Countries (20 %) have been reported to consume about 90 % of the global bio-

pesticide production (Thakore, 2006; Aneja et al., 2016). Yet, global and regional markets 

for bio-pecticides have been growing rapidly in recents years (Pesticide Action Network 

2003; Olson, 2015). The European bio-pesticide market is predicted to be among the most 

fast growing, more than doubling from about $834 million in 2015 to approximately 

$2100 million within the next years until 2020 (Olson, 2015; Micromarketmonitor, 2016). 

This would be still less than 10 % of the total European market for crop protection 

pesticides, which amounted to $19.6 billion in 2015 and is expected to reach $24.9 billion 

in the year 2020 (Market Data Forecast, 2016a). Nevertheless, the subject of bio-

pesticides is receiving growing attention not only in Asian (Grzywacz, 2004; Keswani et 

al., 2016), African (Cherry, 2004; Giller et al. 2013) and Latin American countries 

(Rosset and Moore, 1997; Olson, 2015). Moreover, also the global players of the chemical 

industry that are dominating the markets for chemical pesticides appear to recognize bio-

pesticides as a lucrative option for investments (Borriss, 2015; Market Data Forecast, 

2016b; Agra-Europe, 2017). To facilitate and control the market authorization and use of 

bio-pesticides, governments have been drawing up regulation and registration guidelines 

paying particular attention to the active ingredients. 

Classification of bio-pesticides in the United States of America (USA) 

In the USA, bio-pesticides must be approved by the Environmental Protection Agency 

(EPA; Washington, D.C.) before marketing and use in practice. According to their 

definition bio-pesticides fall into three major classes:  

1) ñmicrobial pesticides consist of a microorganism (e.g., a bacterium, fungus, virus 

or protozoan) as the active ingredientò; 

2) ñplant-incorporated protectants (PIPs) are pesticidal substances that plants 

produce from genetic material that has been added to the plantò; and  

3) ñbiochemical pesticides are naturally occurring substances that control pests by 

non-toxic mechanismsò (U.S. EPA 2017a;b). 

In spite of this classification, the effectiveness of different types of bio-pesticides might 

be based on the same intrinsic compounds. For example, the pesticidal activity of 
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microbial pesticides containing strains of the soil-borne bacterium Bacillus thuringiensis 

(Bt) spp. is based on the formation of crystal proteins that are toxic against specific insect-

pests after ingestion by the larvae (Crickmore, 2006). In transgenic Bt-crops the expressed 

Bt-proteins and the encoding genes, but not the plants themselves, are regulated as PIPs. 

And, even though biochemical pesticides are supposed not to be directly toxic, the crystal 

Bt-toxins are listed as active ingredients of bio-pesticides as well (U.S. EPA 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 item of regulatory legislation concerning plant protection 

products that applies to all EU member countries is the European Commission Regulation 

(EC) No 1107/2009. In Germany the evaluation, market authorization and use of plant 

protection products are regulated by the Federal Office of Consumer Protection and Food 

Safety (BVL, Braunschweig, Germany) based on the German Plant Protection Law 

(PflSchG-new, 2012). The European Union (EU) and the German legislation do not 

classify plant protection products concerning the nature of their ingredients and the term 

ñbio-pesticideò is not officially applied there. Microorganisms and active natural 

compounds with ñgeneral or specific action against harmful organisms or plantsò are 

rather put on a par with chemical pesticides as ñactive substancesò respectively 

ñWirkstoffeò (Article 2,2 of Regulation (EC) No 1107/2009; § 41,1 PflSchG-new). 

Basically, this implies that for the approval of microorganisms as bio-control agents the 

same requirements concerning sufficient effectiveness and safety for human and animal 

health or the environment must be fulfilled as for the approval of chemical pesticides 

(Article 4; 7; and 8 of Regulation (EC) No 1107/2009). In this context, ñmicro-

organismsò have been defined as cellular or non-cellular microbiological entities capable 

of replication or transferring genetic material. This applies, but is not limited, to bacteria, 

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

With respect to the experience that microorganisms differ from chemicals in safety 

relevant issues, the former European Council Directive 91/414/EEC for the market 

authorization of plant protection products had been amended by the European 

Commission Directive 2001/36/EC to introduce more precision concerning the 
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requirements for their registration (Hamer, 2004). Yet, when the new European 

Commission Regulation (EC) No 1107/2009 entered into force not only the Directive 

91/414/EEC, but also the Directive 2001/36/EC to differentiate requirements for the legal 

approval of microorganisms or chemical pesticides was repealed. In consequence of the 

increasingly strict regulatory policy for the registration of plant protection produtcs in the 

European Union, the numbers of ñactive substancesò on the market shrinked from about 

1000 to 250 in recent years (Chapman, 2014). Nevertheless, taking account to the 

possibilities of cultural and biological control in plant protection is emphasized as a basic 

principle of ñgood plant protection practiceò according to the EU legislaton (Article 3,18 

of Regulation (EC) No 1107/2009). It is furthermore mentioned in Article 77 of 

Regulation (EC) No 1107/2009 that the Comission may adopt or amend guidance 

documents concerning micro-organisms and other biological products. 

The German Plant Protection Law (PflSchG-new, 2012) distinguishes between 

ñPflanzenschutzmittelò [English: plant protection agents] and ñPflanzenstärkungsmittelò 

[English: plant strengthening agents]. ñPflanzenschutzmittelò, recognized as pesticides in 

the stricter sense, are substances ñprotecting plants or plant products against harmful 

organisms or preventing the action of harmful organismsò (Article 2,1a of Regulation 

(EC) No 1107/2009). They also include herbicides and plant growth regulators (Article 

2,1b-e of Regulation (EC) No 1107/2009; § 1-2 PflSchG-new, 2012). As ñPflanzen-

stªrkungsmittelò, only products registered in a list of the BVL are permitted to be 

marketed (§ 45,3 PflSchG-new). Those are defined as substances and mixtures inclusive 

microorganisms which are intended (a) exclusively to maintain the healthiness of plants in 

general terms, but without being ñPflanzenschutzmittelò, and (b) to protect plants from 

non-parasitic impairment (§ 2,10 PflSchG-new). This implies that 

ñPflanzenstªrkungsmittelò in contrast to ñPflanzenschutzmittelò are supposed to have 

neither direct toxic nor any other effects protecting plants against harmful organisms. 

Coherently, several preparations containing strains of Bacillus thuringiensis ssp. or 

certain members of the Bacillus subtilis Cohn (1872) group (Priest et al., 1987) have been 

listed for years as ñPflanzenschutzmittelò regarding their direct insecticidal respectively 

fungicidal effect (BMELV, 2007a; BVL, 2017a). Other microbial products and active 

natural compounds, which had been listed as ñPflanzenstªrkungsmittelò before the 



Chapter 2  Review on definitions and properties of various bio-agents  17 

European Commission Regulation (EC) No 1107/2009 was transposed into national law 

with the novel Plant Protection Law (PflSchG-new, 2012) of Germany, have not been 

further approved under this more stringent regulatory regime. The repeal of the former 

Plant Protection Law (PflSchG-old, 1998), which still allowed that 

ñPflanzenstªrkungsmittelò improve the resistance of plants against harmful organisms, 

through the novel Plant Protection Law (PflSchG-new, 2012), thus, was associated with a 

decrease in the number of listed ñPflanzenstªrkungsmittelò from about 380 in the year 

2007 (BMELV, 2007b) to 244 in the year 2017 (BVL, 2017b). 

Basically, three groups of active ingredients of ñPflanzenstªrkungsmittelò can be 

distinguished (PflSchG-new, 2012, FiBL, 2016): 

1)  Microorganisms: Microbial preparations that had been registered in the list of 

ñPflanzenstªrkungsmittelò (BMELV, 2007b) before the novel Plant Protection Law 

(PflSchG-new, 2012) entered legal force contained among other things strains of Bacillus 

spp., Pseudomonas spp., and Trichoderma spp. (JKI, 2008). Yet, in those genera 

mechanisms of direct antibiosis have been assumed to play a key role for the suppression 

of pathogens as well (Fravel, 1988; Raaijmakers, Vlami and de Souza, 2002; Viterbo et 

al., 2002; Chen et al., 2006). However, the restriction of the definition that 

ñPflanzenstªrkungsmittelò must have no protective effect against harmful organisms, 

virtually led to the situation that products containing viable microorganisms as active 

ingredients are not anymore indexed in the current list of ñPflanzenstªrkungsmittelò 

(BMELV, 2007b; BVL, 2017b). 

2)  Abiotic compounds: Beside microorganisms, a wide variety of inorganic (e.g. 

silicates (SixOy), chalk (CaCO3), alumina (Al2O3), baking soda (NaHCO3)) and organic 

(e.g. humic acids, extracts from algae, plants and animals) substances of, in most cases, 

natural origin, have been described as active components of ñPflanzenstªrkungsmittelò 

(BMELV, 2007b; BVL, 2017b). Nevertheless, also such compounds can have direct or 

indirect effects against pathogens and pests. Silicates (Bélanger et al., 2003) and baking 

soda (Horst et al., 1992) as well as extracts from field horsetail (Equisetum arvense L.; 

Bélanger et al., 1995) or garlic (Allium sativum L.; Singh et al., 1995), for instance, are 

known for their effectiveness to protect plants against powdery mildews, induced by 
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pathogenic fungi in the order Erysiphales (Gwynne-Vaughan, 1922), and other microbial 

diseases. Despite legal definitions, even in the case of abiotic ñPflanzenstªrkungsmittelò, 

it seems to be difficult to attribute their possible modes of action exclusively to general 

plant strengthening functions, which protect plants only from non-parasitic impairments. 

3)  ñInformationò on carrier materials: Regarding their material characteristics, 

homeopathic and ñenergizedò products are not comprehensively to classify, because their 

proposed efficacy has been associated with the transmission of ñinformationò contained in 

indifferent carrier materials like water or Epsom salt (MgSO4·7H2O) (Hahnemann, 1921,§ 

269; Vithoulkas, 1980; Maddox, Randi and Steward, 1988; Kunz, 1995; BioAktiv , 2010). 

The importance of homeopathics must not be underestimated, as they accounted for more 

than 30 % of all listed ñPflanzenstªrkungsmittelò (JKI, 2009) before the novel Plant 

Protection Law (PflSchG-new, 2012) came into effect. In the current list of 

ñPflanzenstªrkungsmittelò (BVL, 2017b) 9 from 244 products (less than 4 %) can be 

identified as homeopathics. In contrast to former lists (e.g. BMELV, 2007b), however, 

only the product designations, but not the ingredients and application purposes are now 

described (BVL, 2017b). Thus, it is more difficult for consultants and users to find 

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

A point of practical relevance is that, in contrast to ñPflanzenschutzmittelò which need to 

proof sufficient effectiveness before approval (European Commission Regulation (EC) 

No 1107/2009; § 33 PflSchG-new), for ñPflanzenstªrkungsmittelò it only must be assured 

that an intended and appropriate application causes no harmful effect on the health of 

humans and animals, the groundwater, and the ecosystem (§ 45 PflSchG-new). 

Consequently, also no official  recommendations concerning the purposeful application of 

ñPflanzenstªrkungsmittelò are made by the BVL or other authorities. Impartial 

information is usually rare and users of ñPflanzenstªrkungsmittelò often have to rely on 

the manufacturers' instructions only. As a remedy to improve the market transparency, an 

internet database facilitating the access on available information collected from the 

literature and diverse sources had been established on a webpage of the former Federal 

Biological Research Centre for Agriculture and Forestry (Biologische Bundesanstalt für 

Land- und Forstwirtschaft, BBA i.e. now Julius Kühn-Institut, JKI; Braunschweig, 
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Germany) under the domain ñhttp://pflanzenstaerkungsmittel.bba.deò (Marx, Kühne and 

Jahn, 2005; JKI, 2008). A drawback was still that most of the available data did not origin 

from scientifically rigorous tests and efficiency standards were not guaranteed. However, 

in consequence of the restrictions imposed by the novel Plant Protection Law (PflSchG-

new, 2012) on the registration of ñPflanzenstªrkungsmittelò the internet database has been 

detained for the time being. 

This decline in public information together with the far-reaching loss of 

ñPflanzenstªrkungsmittelò with effectiveness against pathogens and pests, due to the 

increasingly stringent regulatory regime, especially hits organic farming and the 

cultivation of minore crops with fairly limited market potential compared to the costly 

registration of specific ñPflanzenschutzmittelò (Chapman, 2014). In organic farming, the 

use of ñPflanzenschutzmittelò is restricted to a few active substances besides 

miroorganisms, as defined in Article 16 of the European Council Regulation (EC) No 

834/2007 and lists in Annex II of the European Commission Regulation (EC) No 

889/2008. ñPflanzenstªrkungsmittelò, by contrast, are exempt from being listed there and, 

thus, generally allowed to be used in organic farming according to the regulations of the 

European Commission (European Commission Regulation (EC) No 889/2008; FiBL, 

2016). Before the novel Plant Protection Law (PflSchG-new, 2012) entered legal force, 

ñPflanzenstªrkungsmittelò were attractive to desperate farmers as unprohibited alternative 

to ñPflanzenschutzmittelò, as they could help to protect crop plants under the restrictions 

of organic production systems. Many active natural compunds and microbial agents, such 

as viruses, bacteria and fungi, which could be used as bio-control agents against specific 

pathogen problems requiring targeted remedial actions, are not available furthermore as 

commercial products, unless they have been registered as ñPflanzenschutzmittelò 

(European Commission Regulation (EC) No 1107/2009). 

Conclusion on prevailing definitions of ñbio-pesticidesò 

Bio-pesticides are gaining increasing momentum for the control of pests and diseases in 

agriculture. This development disposed governments to draw up guidelines for the 

regulation and market authorization of these new products. Thereby, even though in most 

cases remarkably different, the conception of bio-pesticides has been logically developed 
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from the paradigm of chemical pesticides, which are toxic materials usually not found in 

nature, but applied occasionally as the need arises. This might have been the reason why 

Cook (1993) esteemed the term ñbio-pesticideò as an unfortunate label, thus referring to 

Garrett (1965) that biological control needs whole system approaches, which eventually 

involve a complete knowledge of the pathogen and host ecology. It can be seen as 

indicative in that connection, that the newer editions of the book previously published as 

ñThe BioPesticide Manualò (Copping, 1998) has been launched with a new title as 

ñManual of Biocontrol Agentsò (Copping, 2004, 2011) to be more inclusive of the agents 

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 the term ñbiological controlò was 

given by Harry Scott Smith (1919; cited in: Wilson and Huffaker, 1976; Garcia et al., 

1988) as the use of natural or introduced enemies to control insect pests. Traditionally, 

three main approaches of bio-control have been differentiated: (1) importation and 

establishment of non-native natural enemy populations; (2) augmentation of native natural 

enemies through laboratory-reared culture and periodic release; and (3) conservation of 

resident natural enemies, e.g. by use of selective pesticides that spare beneficial 

organisms, to allow them to realize their potential to control undesirable organisms 

(Gnanamanickam et al., 2002). This classical categorization of biological control 

originates from entomology where it has been developed with emphasis on ñthe action of 

parasites, predators, or pathogens in maintaining another organismôs population 

densityò, in particular insect pests and weeds, ñat lower average than would occur in their 

absenceò (DeBach, 1964). Nevertheless, also for the control of microbial pathogens the 

application of antagonistic microorganisms as inoculants or the management of resident 

populations are the basic methods applied to make maximum use of biocontrol agents 

(Baker and Cook, 1974; Cook, 1993). In this regard, three principle mechanisms of 

antagonism between microorganisms have been described: (1) antibiosis, which means 

production of toxic metabolites by one organism inhibitory or destructive to another; (2) 



Chapter 2  Review on definitions and properties of various bio-agents  21 

competition for nutrients and space; and (3) hyperparasitism and predation, where the 

antagonist directly feeds on the pathogen (Park, 1960; Tronsmo, 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 might be explored for their bio-control potential (Rogers, 1993; Lingappa and 

Hegde, 2001). So, for example, hyper-parasitic fungus-fungus, fungus-insect and fungus-

weed relationships have been described (Te Beest et al., 1992; Chet, 1987; Butt and 

Copping, 2000; Shah and Pell, 2003). 

Importance of population dynamics for the bio-control of microbial pathogens 

Understanding the ecology and dynamics of beneficial and deleterious populations has 

been recocnised as key prerequisite to develop effective control strategies in microbial 

plant pathology, likewise as in entomology, too. The importance of population dynamics 

for the suppression of microbial diseases becomes obvious in particular, when the delicate 

ecological balance of a system is disturbed, which can among others be the case when 

broad-spectrum pesticides are applied (Evans, 1999). To that effect, the outbreak of 

epidemic root diseases after reintroduction of pathogens has been accounted to the co-

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

An intensively studied example is the phenomenon of take-all decline (TAD), which has 

been attributed to the buildup of antagonistic microbial communities in soils becoming 

suppressive to the fungal pathogen (Gaeumannomyces graminis (Sacc.) von Arx & 

Olivier var. tritici Walker (Ggt)) with continuous wheat cropping (Cook and Rovira, 

1976). Changes in the population structure of fluorescent pseudomonads, which are a 

group of bacteria commonly found in the rhizosphere of wheat (Elsherif and Grossmann, 

1990; Mittal and Johri, 2007), have been shown to play a major role in this naturally 

occurring form of biological control (Andrade, 1994; Cook, 2003). The specific disease 

suppression that operates in TAD soils has been largely attributed to the production of 

antibiotics, e.g. phenazine-l-carboxylate and 2,4-diacetylphloroglucinol (2,4-DAPG), by 

certain strains of Pseudomonas species (Thomashow and Weller, 1988;  Raaijmakers and 

Weller, 1998). Recently, it has been demonstrated that the cell-density-dependent control 

of gene expression (quorum-sensing) in biocontrol strains of Pseudomonas spp. is 
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employed in regulating root colonization and production of the respective antibiotics (Wei 

and Zhang, 2006; Maddula et al., 2008; Zhang et al., 2008). It has been further suggested 

by Fajardo and Martínez (2008) that antibiotics, beside their function as competitive 

inhibitors, may have an important role as signaling molecules in quorum sensing as they 

modulate gene transcription in bacterial cells at sub-inhibitory concentrations (Goh et al., 

2002; Yim et al., 2007). Vice versa, Molina et al. (2003) demonstrated the degradation of 

pathogen own quorum sensing molecules (N-acyl-homoserine lactones, AHLs) by a 

transgenic Pseudomonas sp. carrying a gene from Bacillus sp. that encodes an appropriate 

enzyme (lactonase) as a possible biocontrol mechanism against potato soft rot caused by 

Erwinia carotovora and crown gall of tomato caused by Agrobacterium tumefaciens. 

As such findings make clear, the prevalence and severity of microbial diseases is partly 

controlled by a dynamic balance between interacting microbial populations, competing 

for growth limiting resources within the ecological niches that they occupy. The 

ecological niche, in this regard, describes not only the environmental factors of the habitat 

but also all the pro- and re-active adaptations which an organism uses to survive and 

reproduce (Hutchinson, 1957; Pianka, 2000; Lomolino et al., 2006). Consistently, 

Campbell (1989,2) concluded, that similar effects, which are classically studied on the 

level of higher plant and animal ecology, also apply to microbial populations in both 

natural and agro-ecosystems. In this sense, Shurtleff and Averre (1997) encompassed the 

control of virtually all kind of undesirable organisms (e.g. rodents, insects, mites, 

nematodes, bacteria, fungi, weeds, etc.) through counterbalance of microorganisms and 

other components of the environment under the broad umbrella of biological control. 

Agrios (2005), in his widely used standard textbook of plant pathology, simply described 

biological control as the ñtotal or partial inhibition or destruction of pathogen 

populations by other organismsò in the widest sense. 

Host resistance as a mechanism of bio-control 

Plant pathologists initially adopted from entomologists the concept of population 

dynamics in biological control, but also stressed on major differences between biological 

control of microbial pathogens and macro-organisms 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 as it declines, might only partially explain the suppression 

of plant pathogens. According to the opinion of these authors, biological control is the 

control of one organism by another (Beirne, 1967; cited in: 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 activity, as due to various types of crop resistance, without regard to the size 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 agent of biological control. 

Beyond this, the expression of host-plant resistance can be stimulated by other organisms 

(Cook and Baker, 1983). The mechanisms involved in such indirect bio-control activity 

include the improved acquisition of nutritional elements with specific roles in host 

resistance (e.g. Si, Mn, Cu, Zn; Graham and Webb, 1991; Dordas, 2008), compensation 

for pathogen damage as due to morphological changes of the root system or generally 

enhanced growth, and, more specifically, forms of induced resistance, predisposing the 

plant to parry future attacks (Azcón-Aguilar and Barea, 1997). On basis of the elicitors 

(signaling compounds) and regulatory pathways by which the plantôs intrinsic defense 

mechanisms are activated two forms of induced resistance have been differentiated: (1) 

systemic acquired resistance (SAR), which is induced by necrotizing pathogens and 

associated with salicylic acid (SA) as a possible signaling molecule activating the 

expression of pathogenesis-related (PR) genes in non-infected plant parts; and (2) induced 

systemic resistance (ISR), which is activated upon root colonization by certain non-

pathogenic rhizobacteria (especially Pseudomonas spp.) independent from SA and PR 

gene expression but dependent on jasmonic acid (JA) and ethylene as signaling molecules 

(Kloepper et al., 1992; Pieterse et al., 1996; reviewed in: van Loon, 1997; Sticher et al., 

1997; Mauch-Mani and Métraux, 1998; Pieterse and van Loon, 2004). Investigations with 

resistance-defective plant mutants have shown that the protein NPR1, which is encoded 

by the ñnon-expressor of pathogenesis-related genes1ò (NPR1) gene, seems to play a 

central regulator role in both, SA and JA mediated, signaling pathways (Cao et al., 1994; 

Pieterse et al., 1998). In contrast to SAR, downstream of NPR1 in the cascade of defense 
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responses, ISR is commonly not associated with the accumulation of pathogenesis-related 

(PR) proteins, while dif ferent defensive compounds involved with ISR remain to be 

identified (Pieterse et al., 1998; Vallad and Goodman, 2004; van Loon and Bakker, 2006). 

As these illustrations reveal, biological control can be seen as a continuum that ranges 

from direct antagonistic suppression over indirect agency through induced resistance by 

associated pathogenic and non-pathogenic organisms until the pre-resistant plant acting 

alone. This perception led Cook and Baker (1983) to define biological control as ñthe 

reduction of the amount of inoculum or disease-producing activity of a pathogen 

accomplished by or through one or more organisms other than manò. The organisms 

included hereby as interacting components of biological control systems are the pathogen 

itself, the host plant manipulated towards enhanced resistance and antagonists that 

directly or indirectly impair the activities of the pathogen. 

Bio-control based on biological processes and products 

Today biological control of plant pathogens and pests emerges as a broad concept, whose 

scope has been expanded over decades with respect to an increasing understanding of the 

mechanisms of bio-control, involving the genetic basis of pathogenesis, antagonism and 

resistance. In particular the advent of molecular technologies including the transformation 

of microorganisms and plants to express gens for the production of novel compounds has 

led the United States National Academy of Sciences (NAS) to propose a redefinitions of 

the term ñbiological controlò as ñthe use of natural or modified organisms, genes or gene 

products to reduce the effects of undesirable organisms (pests) and to favor desirable 

organisms such as crops, trees, animals and beneficial insects and microorganismsò 

(NAS, 1987,57). It was further outlined in the same report, that in addition to natural 

antagonists as the classic agents, the host as well as the pest against itself can be used as 

components (agents) in three major strategies of biological control: (1) regulation of the 

pest population; (2) systems of protection that exclude infection or deter pest attack; and 

(3) self-defense of the host due to enhanced resistance. According to this broad definition 

cultural practices (e.g. crop rotation or tillage to maximize the effect of indigenous 

agents), genetic manipulation resulting in host resistance or incapable pest genotypes to 

replace capable ones, as well as the application of biochemical compounds (e.g. 
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pheromones) are considered as approaches to achieve biological control (NAS, 1987,59). 

As an example that demonstrates all three strategies of biological control, the NAS report 

cited B. thuringiensis and its toxins (see Chapter 2.1.1).  Thus, the bacillus used as a 

natural enemy regulating the pest population would fit with strategy 1, the toxin gene 

expressed in transgenic rhizosphere bacteria colonizing the host roots as a living barrier 

against pest attack corresponds to strategy 2, and production of the toxic protein as a self-

defense system by transgenic crops, finally, is consistent with strategy 3 (NAS, 1987,59). 

The NAS-definition, which broadened the scope of ñbiological controlò beyond the use of 

living organisms, provoked considerable controversy between proponents and those who 

advocated a restriction of the meaning to the use of natural enemies in contrast to other 

biologically based methods (Gabriel and Cook, 1990; Garcia et al., 1988; U.S. Congress, 

1995; Pal and McSpadden Gardener, 2006). In this regard, Garcia et al. (1988) criticized 

that the B. thuringiensis-toxin would protect the plant from pest attack in the same manner 

as would any chemical pesticide do, thus they considered its use merely as a 

ñbiotechniqueò. Similarly the release of sterile males or the use of pheromones to control 

insect pest, plant breeding and cultural control methods have been described as ñbiology-

based forms of pest controlò, ñbiotechnical controlò, and ñnon-chemical controlò, all 

accounted to be different from classical biological control by divers authors (Van 

Driesche and Bellows, 1996; Simmonds et al., 1976; Wilson and Huffaker, 1976). In 

contrast, Gabriel and Cook (1990) simply separated the manifold methods of pest and 

disease control in chemical, physical and biological, proposing that biological control 

should include all of its aspects. Cultural methods, as for example crop rotations, these 

authors regarded as one means to achieve biological control insofar as the suppression of 

pathogens and pests is facilitated for biological reasons. Accordingly, Cook (1993) argued 

that gene products such as endotoxins of Bacillus thuringiensis delivered by living 

microorganism or within the transgenic host plant, becoming thus resistant against insect 

pests would be biological control. But, the B. thuringiensis-toxin extracted from the 

organisms and applied directly as a biochemical compound would fit more logically with 

the concept of chemical control. 



Chapter 2  Review on definitions and properties of various bio-agents  26 

However, as emphasized by Hardy (1993) the transitions 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 competition (cp. Chou et al., 1987; Vandermeer, 1989). Correspondingly, 

more recent conceptions of biological control have tended to reconsider the agency of 

living organisms tantamount with the use of biological mechanisms, processes and 

products (Campbell, 1989; Wilson, 1997). By this means, Wilson (1997) proposed to 

define biological control as: ñThe control of a plant disease with a natural biological 

process or the product of a natural biological process.ò In order to facilitate the 

multisided search for effective alternatives to synthetic pesticides, this would include 

biological chemicals regardless whether they are delivered by or extracted from living 

organisms as well as any form of host resistance (Wilson and El Ghaouth, 1993). 

Bio-control based on the implementation of knowledge on biotic systems 

In spite of all things considered so far, the agency of man himself in biological control has 

been either explicitly excluded or neglected in prevalent definitions of biological control 

(cp. DeBach, 1964; Cook and Baker, 1983; NAS, 1987; Wilson, 1997). So, if humanôs 

activity or management is not implicitly implied, the question arises who the controller is. 

In this connection, Barbosa and Braxton (1993) made clear that all the processes, which 

determine the survival and abundance of populations unaided by human intervention, are 

natural controls. Biological control, in contrast, is based on humanôs understanding of 

living organisms which is implemented for the purposeful management of natural controls 

or the direct limitation of pests (undesirable organisms) and their negative impact. This 

conception comes closest to the common meaning of ñbiologyò as the study of living 

organisms and their vital processes (Biology, 2008), because the awareness and intension 

of humans is regarded as the motive force behind biological control. 

As one can control only the known and understood, the successful realization of 

biological control eventually necessitates a complete understanding of the biology and 

epidemiology of a disease and of the ecology of the host plant (Garrett, 1965). Thus, the 

best knowledge on each of the three categories of control methods (biological, chemical, 

physical) should be used and combined into integrated management systems to realize 
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plant-health care in the most effective, economical, safest and 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 investigation, requires a broad perspective that goes beyond the narrow limits of 

traditional bio-control definitions focusing on the direct action of antagonists versus 

parasitic organisms or the derivation of the products used (Wilson, 1997). 

Conclusion on 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 implementation of effective strategies based of the knowledge 

how to manage biotic processes for improved plant health-care respectively to limit the 

undesirable effect of pests (weeds, insects, nematodes, pathogens etc.) in the widest sense. 

To realize this aim, biological control favors the use of living organisms and natural 

compounds (bio-effectors) as well as physical/cultural methods instead of chemo-

synthetic pesticides. 

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

According to a definition of the International Fertilizer Industry Association (IFA), ñbio-

fertilizersò are products based on microbial inoculants (e.g. Rhizobium species) or organic 

growth stimulants, which affect the soil biotically, chemically or physically (IFA, 2005). 

This is in close agreement with the German Fertilization Law (DüngG, 2009, § 2,6) that 

describes ñBodenhilfsstoffeò (English: soil auxiliary supplies) as substances without 

substantial nutrient content as well as microorganisms, which affect the soil biotically, 

chemically or physically to improve the growth conditions for crop plants or to promote 

the biological nitrogen fixation. The range of ñBodenhilfstoffeò may comprise microbial 

inoculants, soil conditioners, soil stabilizers, rock powders and even substances with 

significant content of mineral nutrients when they are used in restricted quantities 

(DüMV, 2012). Notwithstanding, the term ñbio-fertilizerò is widely used with a broad 

meaning regardless of the mineral nutrient content of its active ingredient itself, as the 

purpose of their application is not only to ensure the adequate supply of mineral nutrients 
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to the plant, but also to maintain or improve the fertility of soils by biological modes of 

action (DüngG, 2009, § 1,1-2; du Jardin, 2015). 

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

In the recent scientific literature and political debate there has been incited to separate 

ñbio-stimulantsò (also referred to as ñbio-enhancersò, ñphytostimulantsò) from ñbio-

fertilizersò to indicate preparations which enhance crop growth and yields due to 

immediate stimulatory effects on plants themselves. The intension is to distinguish ñbio-

stimulantsò from agents that improve the fertility of soils, directly enhance the plant 

availability of mineral nutrient, and especially from those which have direct effects 

against pathogenic organisms (Bloemberg and Lugtenberg, 2001; Ohyama, 2006; Saleh-

Lakha and Glick, 2007; du Jardin, 2015; EBIC, 2016). Likewise the term 

ñPflanzenhilfstoffeò [English: plant helping agents] has been defined in the German 

Fertilization Law (DüngG, 2009, § 2,7) as substances without substantial nutrient content 

that are supposed to affect plants biologically or chemically in oder to achieve benefits in 

plant production or application technology, insofar as they are not ñPflanzenstªrkuns-

gmittelò according to the German Plant Protection Law (see Chapter 2.1.1). 

Nevertheless, while detailed definitions vary, the terms ñbio-stimulantò (ñphyto-

stimulatorò) and ñbio-fertilizerò haven been used interchangeably for the same kind of 

materials as for example in the case of phytohormone rich algae extracts or certain root 

associated bacteria (Crouch and van Staden 1994; Zodape, 2001; Tilak and Singh, 2002; 

El Zemrany, 2006). In any case, it can be stated from a practical perspective that an 

adequate uptake of essential nutrients by the plant is an indispensable prerequisite for 

substantial growth gains. Concerning plant nutrient acquisition, however, two groups of 

active compounds can be distinguished which differ principally by their mode of action: 

I.  Preparations providing pre-contained mineral nutrients 

The one group of compounds identified as ñbio-fertilizersò is likely to increase the supply 

of nutrients to the plant most notably by mineral elements already present in them. Those 

include for instance animal manures (Abdel Magid et al., 1995), earthworm composted 



Chapter 2  Review on definitions and properties of various bio-agents  29 

organic wastes (Mba, 1997; Benítez et al., 2000) and green manures from nitrogen fixing 

legumes (Becker et al., 1988; Kalidurai and Kannaiyan, 1991).  

II.   Preparations enhancing the plant accessibility of mineral nutrients 

The second group, comprising various microorganisms (Subba Rao, 2002; Hafeez et al., 

2006) and substances with plant growth regulative activity (e.g. phytohormone rich 

seaweed extracts; Zodape, 2001), unlike fertilizers in the common sense merely carries 

the ability to improve plant nutrient acquisition from other sources. In principle, this can 

happen either directly via increased delivery of nutrients to the plant but also indirectly 

via stimulation of plant own nutrient acquisition strategies, comprising aspects of 

chemical and spatial nutrient availability in both cases (Marschner, 1989; Jungk, 2002). 

Direct mechanisms facilitating plant nutrient acquisition 

In this regard, biological nitrogen fixation by diazotrophic bacteria and solubilization of 

nutrients from recalcitrant soil pools (e.g. by phosphate solubilising microorganisms 

(PSM)) are mechanisms which directly improve the chemical availability of nutrients to 

the host plant (Graham and Vance, 2000; Khan et al., 2007). An example for directly 

improved spatial nutrient availability is arbuscular mycorrhiza (AM), the widespread 

rhizosphere association between terrestrial plants, including many crop species, and 

obligate symbiotic fungi (Smith and Read, 1997). Arbuscular mycorrhizal fungi (AM-

fungi) spread their hyphae from the root surface into a larger soil volume than do roots 

alone (see 3.2.1). Thus, they can amplify the surface area to absorb phosphorus and other 

nutrients with low mobility in soils, whereas their ability to chemically mobilize insoluble 

or strongly adsorbed soil phosphates is quite limited, as it has been shown in earlier and 

recent studies (Mosse, 1986; Marschner and Dell, 1994; Bagyaraj, 2002; Antunes et al., 

2007). 

Indirect mechanisms facilitating plant nutrient acquisition 

Indirect effects on the nutrient acquisition of plants are associated with corresponding 

alterations in root morphology and physiology. Enlargement of the root surface by 

increasing the number of lateral roots and root hairs and thereby also of their spatial 
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uptake capacity are typical plant own responses to specific nutrient limitations (more 

precisely N, P, sulfur (S) and iron (Fe)) which can be mimicked due to microbial in situ 

production as well as external supply of ready prepared phytohormones (Forde and 

Lorenzo, 2001; Dobbelaere et al. 2003; López-Bucio et al., 2003). Because roots hairs and 

apical root zones are preferred sites for the release of exudates with nutrient mobilizing 

properties (e.g. carboxylates, phytosiderophores), also plant own chemical mechanisms 

for nutrient acquisition can be addressed by these means (Marschner et al., 1987; 

Hoffland et al., 1989; Jones, 1998a; Michael, 2001). Furthermore, microbial activity in 

the rhizosphere may stimulate root exudation by a number of mechanisms (e.g. 

degradation of root exudates, release of microbial metabolites, generally improved root 

activity), but also counteract chemical nutrient acquisition of plants due to continuous 

consumption of root released organic solvents as a carbon source (Barber and Lynch, 

1977; Meharg and Killham, 1995; Watanabe and Wada, 1989). Nevertheless, plants have 

developed ways to prevent microbial degradation of root exudates (e.g. temporal and 

spatial variation in root exudation, release of phenolics with antibiotic activities). The net 

result of their interaction with microorganisms depends on the plant genotype and is 

influenced by environmental factors such as temperature, light intensity and various 

chemical and physical soil properties (Takagi et al., 1984; von Wirén et al., 1993; 

Dinkelacker et al., 1995; Neumann, 2007). 

2.2.2 Critical appraisal of current ñbio-stimulantò and ñbio-fertilizerò definitions 

Accentuating the above described qualitatively different principles how the growth and 

mineral nutrient status of plants can be improved by application of appropriate substances, 

and microorganisms, controversial attempts to define the terms ñbio-stimulantò and ñbio-

fertilizerò can be found in the literature. 

Bio-fertilizer versus organic fertilizer 

In this context Vessey (2003) suggested to distinguish ñbio-fertilizersò from any kind of 

organic fertilizers and not to use the term interchangeably with ñgreen manureò, 

ñmanureò, ñintercropò, and other terms already used for manifold organic materials which 

immediately or after their decay deliver nutrients already containing in them. In contrast 
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to this argumentation, which restricts ñbio-fertilizersò to the second group described 

above, water-fern of the genus Azolla Lamarck (1783; cited in: Bergman et al., 2007) is 

commonly referred to as a ñbio-fertilizerò which has been used for centuries to increase 

the fertility of rice fields (Shi and Hall, 1988; Peters and Meeks, 1989; Vaishampayan et 

al., 2001). Azolla, living in symbiosis with the N2-fixing cyanobacterium Anabaena 

azollae Strasburger (1873; cited in: Bergman et al., 2007), can add more than 60 kg N per 

hectare and season when applied by incorporation into the soil as a green manure before 

planting or grown as an intercrop among the target crop. But in any case, the fixed 

nitrogen is released in the main only when Azolla decomposes, as it is the case with any 

other green manure (Ito and Watanabe, 1985; Lem and Glick, 1985; Ventura and 

Watanabe, 1993). 

Replacement of nutrients versus improved availability 

Okon and Labandera-Gonzalez (1994) argued that the name ñbio-fertilizerò is not 

appropriate if the application of a microbial inoculum only improves the utilization of 

fertilizers, respectively of nutrients present in the soil, but does not replace them like 

ordinary fertilizers do. This understanding, based on the comprehension that fertilization 

is identical with adding nutrients to the system, conclusively confines microbial ñbio-

fertilizersò to actively N2-fixing microorganism. Contrary to this position, Vessey (2003) 

defined ñbio-fertilizerò as: ña substance which contains living microorganisms which, 

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 host plantò. Hence, independent whether soil nutrients are replaced or just 

made more available by any of the direct and indirect mechanisms described in Chapter 

2.2.1, microbial preparations would be considered as ñbio-fertilizersò as long as they 

enhance the nutrient status of plants. This conception of ñbiofertilizersò includes most of 

the preparations which other authors described as ñbio-stimulantsò, as far as their 

immediate growth promoting activity has been chiefly attributed to pre-contained or 

microbially produced phytohormones such as auxins, cytokinins and gibberellins (Beckett 

and van Staden, 1989; Dobbelaere et al., 1999; Paczynski and Dobrzanski, 2004), which 

are known to be involved with the induction of lateral roots, root elongation and root hair 
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formation (Ridge and Katsumi, 2002; Aloni et al., 2006). Coherently, in many studies 

improved nutrient uptake and water status of plants due to root interception of a greater 

soil volume has been assumed to be the main factor enhancing crop yields in response to 

the application of ñbio-stimulatorsò (Lin et al., 1983; Finnie and van Staden, 1985; 

Steenhoudt and Vanderleyden, 2000). 

Plant nutrient status versus overall soil fertility 

As mentioned by Roy et al. (2006,130), the word ñbio-fertilizerò strictly speaking is a 

misnomer when it is used under the following premises: (1) the suffix ñfertilizerò is 

understood in the common sense, equivalent to mineral fertilizer, dung or manure, which 

are substances pre-containing essential mineral elements for plant growth, but (2) ñbio-

fertilizerò is used to denote microbial inoculants which are supposed to improve the 

nutrient status of the host plant through on-going processes while living in association 

with the plant, instead of providing nutrients present in them in advance (cp. Okon and 

Labandera-Gonzalez, 1994; Vessey, 2003). Interpreted with respect to the conventional 

meaning of ñfertilizerò, the term ñbio-fertilizerò would fit most accurately with legumes 

or Azolla water fern used as green manure, which provide biologically fixed nitrogen and 

other nutrients previously bio-accumulated in their biomass. Yet, soil fertility [from Latin: 

fertilis, óbearing in abundance, fruitful, productiveô] as a whole comprises a complexity of 

chemical, physical and biological properties beyond the pure nutrient effect. The use of 

ñbio-fertilizersò may have several further advantages like increasing the content of 

organic matter in soils or improving the physical soil structure, which can promote plant 

growth without necessarily affecting the nutrient status of the soil (Singh and Singh, 

1987; Wagner, 1997). As an example, bacteria of the genus Rhizobium Frank (1889; cited 

in: Young et al., 2001) and related genera, well known for their ability to form nodules 

and fix nitrogen in legume host roots, may serve. 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 (Beijerinck, 1888; 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 Theophrastus (370-285 B.C.) 
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reported: ñé the bean best reinvigorates the soil. Beans are not a burdensome crop to the 

ground: they even seem to manure it, because the plant is of loose growth and rots easily 

éò (Fred et al., 1932; cited in: van Kessel and Hartley, 2000). This historical quotation 

has been proven to be true not only due to the ability of beans and other legumes to fix 

nitrogen, but also with respect to their further advantages in crop rotations. Such non-N 

effects can account for more than 90 % of the rotational benefit of legume crops and are 

attributable to the breaking of pathogen and pest cycles, soil structure improvement or the 

efficient use of nutrients from recalcitrant pools and deep soil layers (Hoshikawa, 1991; 

Stevenson and van Kessel, 1996; Lupwayi et al., 2005). Among the most widespread 

limitations to N2-fixation by legumes, beside adverse climate factors are nutritional 

problems, mainly deficiencies of N, P and molybdenum (Mo), on marginal soils (Gibson, 

1976; Hafner et al., 1992; Bagayoko et al., 2000a; OôHara, 2001; Uliassi and Ruess, 

2002). In soils poor of available nitrogen, legume seedlings may not be able to establish 

an effective N2-fixing symbiosis without supply of additional nitrogen fertilizer as a 

starter dose (Schomberg and Weaver, 1990). Thus, although selected strains of rhizobia 

applied as microbial inoculants to legume crops belong to the most prominent group of 

microorganisms described as ñbio-fertilizerò (Brahmaprakash and Hegde, 2002; Cocking, 

2003; Zahran, 2006), it is rather the whole process of growing legumes than the 

application of rhizobia inoculants per se which can make a soil more fertile. Rhizobial 

nitrogen fixation is a dynamic process, performed together with the legume host plant and 

determined by various environmental conditions (Schultze and Kondorosi, 1998; Perret et 

al., 2000; Vance and Lamb, 2001). The performance of the whole soil-plant-bacteria 

system is of importance in order that rhizobia inoculants can become an efficient source 

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

Living microorganism versus the management of biological processes 

As argued by Vessey (2003) in accordance with Subba Rao (1981; cited in: Banerjee et 

al., 2006), ñbio-fertilizersò must contain living (or at least viable) microorganisms, in 

particular when the term ñbio-fertilizerò is interpreted as a contraction of the term 

ñbiological fertilizerò. However, as biology is the study of living things, but also of their 

vital processes with all the physicochemical aspects of life (Biology, 2008), it is 
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reasonable as well that any material applied might be referred to as a ñbio-fertilizerò, as 

long as its effectiveness is achieved based on the knowledge how to engineer biotic 

processes which casually improve plant productivity or soil fertility. This is of 

considerable relevance because almost every rhizosphere process involves a response 

cascade of interdependent soil-plant-microbe reactions and very little is known about the 

sum of factors that lead to reliable applications of microbial preparations (Kloepper et al., 

1989; Lugtenberg et al., 2001; Pinton, 2004). An illustrative example for this can be 

derived from the requirement of Mo for symbiotic nitrogen fixation in legume root 

nodules because of its specific role in their nitrogenase enzyme system (Dilworth and 

Loneragan, 1991; OôHara, 2001). Experiments with diverse leguminous species have 

shown that inoculation with rhizobia did not improve the nitrogen nutrition of the plants 

on molybdenum deficient soils even though a higher number of nodules might be formed 

under these conditions. In contrast, small amounts of molybdenum applied with the seeds 

(19 ppm) or on the leafs (40 g ha-1) improved the effectiveness of inoculated as well as 

soil indigenous rhizobia in terms of nitrogen fixation rates and crop yields (Mulder, 1954; 

Gurley and Giddens, 1969; Vieira et al., 1998a,b,c; Hafner et al., 1992; Kaiser et al., 

2005). These results demonstrated that, under certain soil conditions, rather the biological 

effect of an abiotic compound, namely Mo, was necessary to replace N fertilizer by 

biological N2-fixation than the application of living microorganisms. Therefore, with 

respect to the complexity of biological systems, sufficient knowledge of the biological 

mechanisms involved and of the prerequisites for their appropriate functioning might be 

considered as the most critical factor for the successful implementation of biological 

approaches to improve the fertility of soils beyond all material conceptions (Kloepper et 

al., 1989; Brimecombe et al., 2007). 

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

As presented above bio-effectors are used for phytostimulation, bio-fertilization and bio-

control. But, from a functional view, clear boundaries between these categories do not 

exist. In fact, the response of plants on treatment with miscellaneous bio-effectors results 

largely from complex and multi-functional interactions between the associated crop, 

introduced organisms and others already present in the habitat. Each of these interactions 
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is affected by countless environmental variables such as climate and soil factors 

(Kloepper et al., 1989; Requena et al., 1997; Bloemberg and Lugtenberg, 2001; Whipps, 

2001, 2004; Khan et al., 2014). Among the most versatile known microbial bio-effectors, 

are plant growth-promoting rhizobacteria (PGPR), a heterogeneous group of non-infective 

microorganisms colonizing the root system and improving plant performance by various 

mechanisms (Schroth and Hancock, 1981; Kloepper, 1993). In that field two main 

research directions have been followed (reviewed in Bashan and Holguin, 1998). One of 

them is the direct growth-promoting effect of free living diazotrophs like Azospirillum 

spp. (Tarrand et al., 1978) and Azotobacter spp. (Beijerinck, 1901) which has been 

attributed to several mechanisms including biological N2-fixation and, even more 

important, the production of growth stimulatory substances such as phytohormones and 

vitamins (Döbereiner and Day, 1976; Bashan and Levanony, 1990; Steenhoudt and 

Vanderleyden, 2000; Dobbelaere et al., 2003). Another research area is the suppression of 

soil borne pathogens by use of biocontrol PGPR, for example antagonistic strains of 

Pseudomonas spp. and Bacillus spp. as the best-known genera, to enhance plant growth 

indirectly by the suppression of pathogens (Kloepper and Schroth, 1978; Kloepper et al., 

2004; Weller, 2007). Further, in recent essays instead of PGPR also the abbreviation 

PGPM for plant growth-promoting microorganism has been used to include fungal root 

colonizers such as Trichoderma spp. and arbuscular mycorrhizal fungi under one roof for 

beneficial rhizosphere associations (Avis et al., 2008; Gravel et al., 2007). Single 

microbial species and even strains from all these PGPM-groups have been shown to 

possess a number of beneficial effects which may result in enhanced plant growth, 

nutrient acquisition and healthiness at the same time (Yao et al., 2006; Avis et al., 2008). 

An overview on exemplary literature reports accounting for the multiplicity of plant 

growth-promoting properties of selected groups of rhizosphere microorganisms based on 

bilateral relations with their host or the direct suppression of pathogens is given in Table 

2.1 and the subsequent Chapters 2.3.1 to 2.3.4. Beyond these one-on-one interactions with 

pathogens or their host, certain strains of PGPMs also interact with other beneficial 

microorganisms and may thus improve plant growth synergistically in tri- or multi-partite 

interactions (Banerjee et al., 2006; Saxena et al., 2006), which is briefly elucidated in 

Chapter 2.3.5. 
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2.3.1 Multi-functionality of beneficial Bacillus species 

Taxonomy and description of Bacillus species 

Bacillus species (Cohn, 1872) are characterized as facultative or obligate aerobic, gram-

positive rods, ubiquitous in nature and primarily found in soils (Harwood, 1989; Madigan 

et al., 2003). Their ability to form a dormant, highly resistant cell type, named endospore, 

to survive periods of environmental stresses and starvation, makes them appealing 

candidates to be formulated as long-term viable bio-preparations (Weller, 1988; Dirks, 

2004). Many Bacillus spp. are known for the production of extracellular enzymes to 

perform a wide range of chemical transformations, antibiotics as well as probiotic 

compounds (Harwood, 1989; Hong et al., 2008). Among them, Bacillus subtilis is not 

only one of the most intensively studied prokaryotes, but also widely used in traditional 

and industrial fermentation processes as well as in agriculture (Fritze, 2004). Closely 

related Bacillus species are not easy to distinguish on the phenotypic level. Thus, 

increasing numbers of additional species have been identified by genotypic analysis, such 

as Bacillus amyloliquefaciens, which has been described as a strain of B. subtilis in prior 

studies (Priest et al., 1987; Krebs et al., 1998; Idriss et al., 2002; Fritze, 2004; Borriss et 

al., 2011). B. subtilis-like strains, however, have been found to improve plant health and 

production by a variety of mechanisms upon root and shoot colonization (Rytter et al., 

1989; Sharga, 1997; Krebs et al., 1998; McSpadden Gardener, 2004; Blom et al., 2012). 

Although this is not a character of taxonomic use in this genus, most Bacillus species 

including B. amyloliquefaciens and other members of the B. subtilis group (Priest et al., 

1987) are motile by means of peritrichous flagella (Claus and Berkeley, 1986). 

Chemotaxis in B. subtilis has been reviewed by (Ordal and Nettleton, 1985). 

Direct growth promotion and bio-fertilization effects of Bacillus species 

Major activities of direct plant growth-promotion and bio-fertilization performed by 

strains of the B. subtilis group include phytohormone (e.g. auxin and cytokinin)-like 

actions (Idris et al., 2004; Arkhipova et al., 2005) as well as the solubilization of inorganic 

and organic phosphates increasing the availability and uptake of phosphorus in the 

rhizosphere of host plants (Idriss et al., 2002; Yao et al., 2006; Hariprasad and Niranjana, 
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2008). While diazotrophy does not seem to appear in type strains of the B. subtilis group 

(Achouak, 1999), Rennie et al. (1983) showed that up to 32 % of N in wheat plants was 

derived from the atmosphere following inoculation with Bacillus polymyxa, which has 

been identified as a N2-fix ing species by some strains (Hino and Wilson, 1958). 

Bio-control effects of Bacillus species 

Bio-control of B. subtilis is mediated by direct antagonism, promotion of host nutrition 

and stimulation of plant own defenses (McSpadden Gardener, 2004). Reported 

mechanisms of direct pathogen suppression involve the production of antifungal and 

antibacterial metabolites such as peptide antibiotics, the secretion of lytic enzymes (e.g. 

chitinases which can degrade the cell wall of fungal pathogens), and the competitive 

colonization of plant surfaces (Asaka and Shoda, 1996; Bais et al., 2004; Nalisha et al., 

2006; Trotel-Aziz et al., 2008). The literature on the potential of B. subtilis and other 

Bacillus spp. as inducers of host resistance against a broad range of microbial, viral and 

other parasites was recently reviewed by Kloepper et al. (2004). A main conclusion drawn 

from this paper is that Bacillus species elicit systemic resistance and growth-promotion by 

multiple mechanisms. Studies on the specific signal transduction pathways suggest that, 

dependent on the strain, the host plant and the pathogen, Bacillus spp. are not only able to 

induce jasmonic acid- and ethylene-dependent ISR (e.g. against late blight in tomato 

caused by Phytophthora infestans (Mont.) de Bary); Yan et al., 2002). As it is the case 

with SAR, specific Bacillus strains also have been shown to elicit salicylic acid-dependent 

defense responses in plants, leading to the accumulation of PR proteins, in some cases 

(e.g. against Pseudomonas syringae pathovar tabaci in tobacco; Park and Kloepper, 

2000). Investigations by Ryu and associates demonstrated that volatile organic 

compounds (i.e. 2,3-butanediol) produced by a Bacillus subtilis strain induced resistance 

(Ryu et al., 2004) and also promoted plant growth (Ryu et al., 2003) in Arabidopsis 

thaliana. But, the elicited ethylene-dependent signaling pathway for systemic resistance 

against a soft root-causing fungus (Erwinia carotovora) appeared to be different from the 

cytokinin-dependent pathway for growth promotion. In a recent review publication, 

Borriss (2015) argued based on results obtained with subtypes of the Bacillus 

amyloliquefaciencs group that the effectiveness of these bacteria as bio-control 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 activity could be of minor 

importance for the suppression of root associated pathogens. 

2.3.2 Multi-functionality of beneficial Pseudomonas species 

Taxonomy and description of Pseudomonas species 

The genus Pseudomonas (Migula, 1894; cited in: Palleroni, 2008) belongs to the larger 

ubiquitous group of pseudomonads, which are able to use a broad spectrum of simple 

organic materials, such as many root exudate compounds, for their respiratory metabolism 

(Lugtenberg et al., 1999; Madigan et al., 2003). Beside Bacillus spp., pseudomonads are 

among the most abundant bacterial populations inhabiting the rhizosphere and 

phyllosphere of diverse crops (Lambert, 1990; Duineveld et al., 2001; Yang et al., 2001; 

Behrendt et al., 2003; Mittal and Johri, 2007). Current phenotypic characterization of 

Pseudomonas spp. as Gram-negative, aerobic, non-sporulating rods that are mobile by 

polar flagella does not allow a clear distinction from other groups of Gram-negative 

bacteria (Palleroni, 1984; Palleroni, 2008). Recent phylogenetic revisions of the genus 

Pseudomonas based on 16S rRNA gene sequence analysis revealed the close relationship 

to the nitrogen fixing genus Azotobacter (Anzai et al., 2000; Young and Park, 2007). 

Other strains previously described as Pseudomonas have been reclassified in different 

genera such as Burkholderia and Ralstonia, which are well-known for their human-, 

animal- and plant-pathogenic members (Anzai et al., 2000; Genin and Boucher, 2004; 

Compant et al., 2008; Pellegrino, 2008). However, when characterized by phenotypic 

methods the currently recognized Pseudomonas species can be distinguished in the two 

groups of those which, especially when grown under iron limited conditions, form 

pigments that fluoresce under ultraviolet (UV) light of around 260 nm wavelength and 

others which do not do not fluoresce (Garibaldi, 1967; Palleroni, 2008). 

Fluorescent pseudomonads, in particular rhizosphere competent strains of Pseudomonas 

fluorescens and P. putida, have been recognized for their plant growth-promoting effects 

in the presence and absence of pathogens (Burr et al., 1978; Suslow et al., 1978; Suslow 

and Schroth, 1982b; García de Salamone et al., 2001; Gravel et al., 2007). Other strains of 
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fluorescent Pseudomonas spp. were identified as deleterious rhizobacteria (DRB), which 

as minor pathogens are detrimental to overall plant vigor without causing obvious disease 

symptoms but may enhance infection by pathogenic fungi (Suslow and Schroth, 1982a). 

Similarly P. aeruginosa, a human pathogen commonly found in soils, attacks root and 

foliar tissues of weakened plants on occasion (Elrod and Braun, 1942; Schroth et al, 1981; 

Walker et al., 2004), whereas pathovars of P. syringae are known as aggressive major 

pathogens, causing blights, leaf spots and galls in a wide range of host plants (Singh, 

1989; Bender et al., 1999). Beneficial Pseudomonas spp. have been attracting much 

attention to be commercialized as bio-agents because they can be propagated in fermenter 

culture and subsequently be reintroduced into the rhizosphere by seed bacterization 

(Savithiry and Gnanamanickam, 1987; Weller, 1988; Dekkers et al., 1998; Ashnaei et al., 

2008). A difficulty in the preparation of pseudomonads inoculants of practical value is 

their inability to form dormant spores, which complicates the development of preservable 

products (Weller, 2007). Nevertheless, the ascendance of research on PGPR concentrates 

on fluorescent pseudomonads and their many traits that can be exploited for improved 

crop production (Chin-A-Woeng, 2003; Kloepper et al., 2004; Mercado-Blanco and 

Bakker, 2007). 

Direct growth promotion and bio-fertilization effects of Pseudomonas species 

Direct growth promotion by strains of Pseudomonas spp. can be ascribed to the synthesis 

of auxins, especially indolacetic acid (IAA), stimulating the development of the host plant 

root system when present in adequate concentrations (Benizri 1998; Patten and Glick, 

2002). García de Salamone et al. (2001), characterized the production of three cytokinins 

by a strain of P. fluorescens and proposed a meaningful role of rhizobacterially produced 

cytokinins to enhance yield and quality of crops (García de Salamone et al., 2006). 

Another possible mechanism reported for P. putida, is the degradation of 1-

aminocyclopropane-1-carboxylate (ACC) through its ACC deaminase activity. Because 

ACC is the immediate precursor of ethylene, this action may prevent the synthesis of 

plant growth inhibiting concentrations of this phytohormone in roots (Glick et al., 1997; 

Penrose et al., 2001). 
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Prospects for using Pseudomonas spp. to improve the availability of nutrients for plants 

have been linked to their ability to mobilize various forms of precipitated phosphates 

(Richardson, 2001). A major compound used by Pseudomonas spp. and other Gram-

negative bacteria to solve inorganic phosphates seems to be gluconic acid produced from 

extracellular glucose (Illmer and Shinner, 1992; Buch et al., 2008; Trivedi and Sa, 2008). 

Phosphohydrolases are largely involved with the mineralization of organically bound 

phosphates in soils (Bünemann and Condron, 2007). The microbial excretion of such 

enzymes (i.e. phosphatases), which has been shown for P. fluorescens and P. putida 

(Gügi et al., 1991; Richardson and Hadobas, 1997), may play an important role for the P-

acquisition of plants (Richardson et al., 2001). Correspondingly, increased growth and P-

uptake after inoculation with phosphate-solubilizing Pseudomonas spp. has been observed 

in pot and field experiments (Sharma and Prasad, 2003; Egamberdiyeva, 2007). Nitrogen-

fixation was generally not considered as a trait of Pseudomonas spp. until the property 

was detected in some P. stutzeri related strains (Lalucat et al., 2006; Palleroni, 2008). 

Furthermore, first results obtained by Mirza et al. (2006) indicate that nitrogen-fixing 

Pseudomonas strains are worthwhile to be investigated as growth-promoting inoculants 

for rice. The fluorescent pigments released by respective Pseudomonas spp. in response to 

nutritional iron deficiency are named pyoverdines (Greek: pyo, ópusô and verdine, 

ógreenô), or synonymously pseudobactins (Elliott, 1958; Visca et al., 2007). A primary 

role of these low molecular weight compounds (LMWCs) is to act as ferric ion (Fe3+) 

chelating ligands, called siderophores (Greek: sidero, óironô and phore, ócarrierô), to make 

iron available to the microbial cell as part of an iron uptake system that also includes the 

formation of membrane bound receptor systems (Neilands 1981; Neilands, 1995; Leach 

and Lewis, 2006). Both, pyoverdines and corresponding membrane-receptors are typically 

very specific and a given strain may only incorporate its own ferri-pyoverdine complexes 

(Hohnadel and Meyer, 1988; Meyer, 2000). Nevertheless, Bar-Ness et al. (1991) have 

shown that siderophores produced by a strain of P. putida can serve as an iron source for 

diverse crop species. But, the mechanisms by which plants may acquire iron from ferri-

pyoverdines remain to be further elucidated with respect to their ferro-ion (Fe2+) specific 

respectively phytosiderophore mediated uptake systems (Marschner and Römheld, 1994; 

von Wirén et al., 1995; Curie, 2001; Lemanceau et al., 2007; Vansuyt et al., 2007). 
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Bio-control effects of Pseudomonas species 

Kloepper et al. (1980a,b) presented evidence that the suppression of fungal and bacterial 

soil borne diseases (e.g. take-all in wheat, Fusarium wilt in flax, potato soft rot caused by 

Erwinia carotovora) by fluorescent Pseudomonas spp. is partially caused by the 

production of pyoverdines due to their high affinity for ferric iron, making it unavailable 

to pathogenic microorganisms which lack uptake specificities for ferri-pyoverdine 

complexes. This hypothesis has not only been further supported by subsequent research 

(Misaghi et al., 1982; Buyer and Leong, 1986; Höfte, 1991; Ambrosi et al., 2002), but 

also controversial results have been reported. In such way, Ahl et al. (1986) reasoned that 

siderophores produced by a strain of P. fluorescens, rather than depleting iron, seem to 

increase its concentration to highly toxic concentrations. Because, as shown in studies 

with Thielaviopsis basicola, iron-free siderophores did not show inhibitory effects on the 

growth of this fungal pathogen, whereas siderophores complexed with Fe3+ were more 

toxic than non-chelated iron. Further, investigations with mutants of P. fluorescens, either 

defective in the production of pyoverdine or antibiotics (e.g. phenazine-1-carboxylic acid 

(PCA); 2,4-DAPG), indicated the overriding importance of the antibiotics for the 

suppression of take-all in wheat and other soil borne diseases (Hamdan et al., 1991; 

Fenton et al., 1992; Keel et al., 1992; Schnider-Keel et al., 2000). Besides, there are a 

number of reports on the involvement of hydrogen cyanide (HCN) and diverse other 

antibiotics (e.g. pyocyanine, pyoluteorin, pyrrolnitrin, viscosinamide) in pathogen control 

by Pseudomonas spp. (Howell and Stipanovic, 1978; Hassan and Fridovich, 1980; Howell 

and Stipanovic, 1980; Voisard et al., 1989; Thrane et al., 2000). However, siderophores 

and antibiotics seem to play more complex roles than previously suspected, as both have 

been recognized as elicitors of systemic resistance in several plant-pathogen relations 

(Bakker et al., 2007). Rhizosphere colonizing Pseudomonas spp. strains have been shown 

to induce defense responses against pathogen attack, such as the accumulation of plant 

own antibiotics (phytoalexins, e.g. fungitoxic phenolic compounds), in above ground 

plant parts (van Peer et al., 1991; Wei et al., 1991; Alström, 1995) or spatially separated 

parts of the root systems (Zhou and Paulitz, 1994; Leeman et al., 1995). For systemic 

resistance induced by PGPR-strains of Pseudomonas spp. the jasmonate/ethylene-

inducible defense pathway of ISR seems to be predominant, whereas the activation of SA-
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dependent SAR by avirulent P. syringae strains is accompanied by the synthesis of PR 

proteins (Hoffland et al., 1995; van Wees et al., 2000; Ran et al., 2005a). Like SAR, ISR 

induced by rhizosphere colonizing Pseudomonas spp. can be effective against pathogenic 

strains of P. syringae and multiple fungal pathogens (Uknes et al., 1992; Hoffland et al., 

1996; Pieterse et al, 1996; Bakker et al., 2007). The involvement of bacterial siderophores 

(i.e. pseudobactin) in ISR has been clearly demonstrated for derivates of a P. putida strain 

in the suppression of bacterial wilt in eucalyptus caused by Ralstonia solanacearum (Ran 

et al., 2005a) and Botrytis cinerea in tomato (Meziane et al., 2005). In these host-

pathogen systems, siderophore-postive genotypes as well as the purified siderophore 

induced resistance, whereas the respective siderophore-negative mutants did not. 

However, defectiveness in siderophore production did not compromise resistance 

induction against B. cinerea in bean and P. syringae in tomato. Similarly in comparative 

studies with P. fluorescens all, the parental strain, the siderophore mutant, as well as the 

purified siderophore, were effective in suppression of R. solanacearum in eucalyptus. 

These observations indicate that the importance of siderophores as determinants for the 

inductions of resistance depends on the Pseudomonas strain, the host plant and the 

pathogen involved. In addition, beside siderophores, also other factors may trigger the 

immune response of plants, which becomes apparent when knockout strains still show 

effectiveness in pathogen control. To that effect, the antibiotic 2,4-DAPG (Iavicoli et al., 

2003; Weller et al, 2004), cell surface compounds (i.e. flagellar proteins, 

lipopolysaccharides; van Peer and Schippers, 1992; Meziane et al., 2005), N-acyl-L-

homoserine lactone (Schuhegger et al., 2006), and more determinants of Pseudomonas 

spp. have been discovered as potential elicitors of ISR (Mercado-Blanco and Bakker, 

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

Indeed, it is concluded here that Pseudomonas not only produce manifold bioactive 

metabolites with plant growth promoting and biocontrol properties. Single compounds 

have been shown to perform multiple functions and the beneficial effect of individual 

Pseudomonas spp. most likely results from the combined effects of more than one mode 

of action (Avis et al., 2008). Recent reviews and the literature cited therein document that 

this largely applies down to the level of single strains of Pseudomonas fluorescens and P. 
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putida (Ownley, 2002; Martins dos Santos et al., 2004; Loper et al., 2007; Subashri et al., 

2013). 

2.3.3 Multi-functionality of Trichoderma species 

Taxonomy and description of Trichoderma fungi 

The anamorphic (asexual or imperfect) fungal genus Trichoderma, introduced by Persoon 

(1794; cited in: Druzhinina and Kubicek, 2005), is classified in the hyphomycetes of the 

imperfect fungi (Deutromoycetes). Most Trichoderma spp. can be readily assigned to the 

genus by some general characteristics that include rapid growth and abundant formation 

of green or less frequently white conidia on repetitively branched, but otherwise highly 

variable, conidiophores (Samuels, 1996; Gams and Bissett, 1998; Samuels, 2006). Yet, 

close similarities hinder the clear morphological identification of Trichoderma species 

and over the years an increasing number of new species has been described (Samuels, 

2006). Rifai (1969; cited in: Samuels, 2006) differentiated nine ñspecies aggregatesò, such 

as for instance Trichoderma viride (Persoon, 1794; Fries, 1829; cited in: Gams and 

Bissett, 1998) and T. harzianum Rifai (1969). Later it has been shown by use of molecular 

taxonomic methods that these fungal taxa comprise two or more genetically different 

species or biotypes (Lieckfeldt et al., 1999; Kullnig et al., 2000; Kullnig-Gradinger et al., 

2002). Another important species, Gliocladium virens, had been excluded from the genus 

Trichoderma in early works because of its morphological similarities with fungi of the 

genus Gliocladium, such as conidia held in drops of watery liquid (Rifai, 1969; cited in: 

Samuels, 2006). Nevertheless, later studies revealed that the genus Gliocladium comprises 

several phylogenetically distinct groups, while G. virens, henceforth considered identical 

with Trichoderma virens (Miller et al., 1957; von Arx, 1987; cited in: Gams and Bissett, 

1998), proved to be a species of Trichoderma and not Gliocladium (Rehner and Samuels, 

1994; Lieckfeldt et al, 1998; Samuels, 2006). Associated sexual states, or teleomorphs, of 

Trichodema spp. have been found among the Hypocrea and closely related genera in the 

order Hypocreales of the Ascomycetes (Gams and Bissett, 1998). Chaverri et al. (2001), 

for instance, introduced the new species Hypocrea virens as teleomorph of T. virens and 
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T. harzianum was connected to Hypocrea lixii Patouillard (1891) by Chaverri and 

Samuels (2002), based on morphological and molecular analyses. 

Trichoderma fungi are cosmopolitan in widely varying habitats and among the most 

prevalent saprophytes in soils of all climatic zones. This may be attributable to their 

minimal nutritional requirements, very versatile metabolic capabilities and aggressively 

competitive nature (Gams and Bissett, 1998; Klein and Eveleigh 1998). The ability of 

some Trichoderma spp. to produce a broad range of enzymes and to suppress other fungi 

has led to their commercial exploitation for industrial purposes and bio-control 

applications in crop production (Samuels, 1996; Azin et al., 2007). But, they also cause 

epidemic infections in mushroom cultivation and have been identified as opportunistic 

human pathogens (Samuel, 1996; Samuels et al., 2002). The interactions of Trichoderma 

spp. with plants have been widely shown to result in beneficial effects on growth and 

development (Harman, 2006), although there are several reports that certain isolates 

caused plant diseases under conductive environmental conditions (Hjeljord and Tronsmo, 

1998). It has been shown by Yedidia et al. (1999) in axenic cultures, that root inoculation 

of cucumber (Cucumis sativus L.) seedlings with a biocontrol strain of Trichoderma 

harzianum initiated a series of morphological and biochemical changes in the plant, which 

were partly considered as initial defense responses. In consequence, the fungal 

colonization was mainly restricted to the root epidermis and outer cortex, but ingress into 

the vascular stele was apparently prevented by the formation of callose barriers by the 

plant. During the subsequent course of the interaction, however, certain typical plant 

defense responses (i.e. increased chitinase and peroxidase activity in root and shoot 

tissues) were systemically suppressed after their transient appearance. Enhanced plant 

growth furthermore indicated that the interaction with the Trichoderma strain resulted in 

the establishment of a beneficial rather than a parasitic association. Therefore, although 

Trichoderma species virtually have an inherent ability to attack plants, they usually seem 

to function as opportunistic, avirulent symbionts (Harman et al., 2004a). Different strains 

may thereby vary considerably in their ability to colonize the rhizosphere (Ahmad and 

Baker, 1987). It has been amply documented by Harman (2000) that selected rhizosphere 

competent Trichoderma strains proved to competitively establish and persist on 

developing roots for several months or the life span of annual crops after application to 
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soil or seed under diverse field conditions. Some strains of Trichoderma also persist on 

leaf surfaces (Elad and Kirshner, 1992; Lo et al., 1998), and recently several Trichoderma 

species living as endophytes in stem tissues of certain plant species have been isolated 

(Evans et al., 2003; Samuels et al., 2006; Zhang et al., 2007). 

As they are highly interactive inhabitants of root and shoot environments, particular 

strains of T. harzianum and T. virens (G. virens) have been studied for the versatile 

advantages, which they may provide in crop production (Hjeljord and Tronsmo, 1998; 

Harman et al., 2004a; Druzhinina and Kubicek, 2005). Primary activities for which 

Trichoderma fungi are used are those of their broad based antagonism against root and 

shoot pathogens. But, they also have been shown to stimulate plant growth in the absence 

of pathogens and to confer tolerance against many adverse environmental conditions such 

as nutritional stresses, drought and water logging (Harman et al., 2004a; Neumann and 

Laing, 2006). Due to the multiple beneficial effects exerted on the colonized plant, 

increases in crop productivity up to 300 % have been reported from greenhouse and field 

experiments with diverse plant species, which indicates that the host specificity of 

beneficial Trichoderma spp. is not distinct (Vinale et al. 2004; cited in: Vinale et al., 

2008). However, extensive trials suggest at least for maize a genotype specificity of the 

plant growth promoting effect, as far as the same strain of T. harzianum increased the 

growth of some maize breeds while it adversely affected others (Harman, 2006). This in 

turn would offer the opportunity to select combinations of host plants and Trichoderma 

strains with maximum compatibility, also taking into consideration the influence of the 

many uncontrollable variables that operate under field conditions (Harman et al., 2004c; 

Harman, 2006). So far, Trichoderma species are among the most thoroughly investigated 

fungal bio-effectors and commercially marketed as bio-stimulants, bio-fertilizers and bio-

pesticides (Morales-Payan and Stall, 2004; Vinale et al., 2008). 

Direct growth promotion and bio-fertilization effects of Trichoderma species 

Apart from their inhibitory effects on potential pathogens, the production of growth 

regulating compounds and improved mineral nutrition through enhanced solubilization 

and/or uptake of mineral nutrients (e.g. N, P, Fe, Mn, Zn, Cu) are known as the main 

mechanisms that account for the plant growth promoting effect of Trichoderma fungi 
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(Harman, 2000; Yedidia et al., 2001; Avis et al., 2008). Studies performed under axenic 

growth conditions demonstrated that certain Trichoderma strains exert direct stimulation 

of plant development. Among the reported effects are: improved seedling emergence, 

increased root length, stimulated formation of lateral roots and root hairs, enhanced shoot 

elongation and leaf area, and greater dry weight production (Lindsey and Baker, 1967; 

Windham et al., 1986; Yedidia et al., 2001; Neumann and Laing, 2006; Contreras-

Cornejo, 2009). Few reports have elucidated the signaling mechanisms by which 

Trichoderma species affect plant growth (Vinale et al., 2008). Evidence indicates a role of 

phytohormonal signals in mediating the developmental alterations induced by 

Trichoderma inoculation in plants. The production of auxin-, gibberellin-, and cytokinin-

like compounds by isolates of Trichoderma has been detected by means of bioassays or 

analytical tools (Kampert and Strzelczyk, 1975; Kampert et al., 1975; Tsavkelova et al., 

2006). In a screening of 27 different seed borne fungi of maize (Zea mays L.) that were 

incubated in liquid culture medium for 16 days, Reddy and Reddy (1987) found that T. 

viride produced maximum amounts of auxin (IAA). However, the effects of auxins and 

other growth regulators on plant development are dependent on their concentration. While 

low concentrations may be stimulatory, high concentrations can inhibit plant growth 

(Frankenberger and Arshad, 1995; Khalid et al., 2006). For example, the synthesis of high 

amounts of IAA by an overproducing mutant strain of Pseudomonas putida has been 

shown to retard the root growth of canola (Brassica campestris) seedlings rather than to 

increase it (Xie et al., 1996). This finding was probably due to the stimulatory effect of 

IAA  on the synthesis of ACC, the precursor of the growth inhibiting hormone ethylene 

(Kende, 1993). The beneficial influence of certain Trichoderma strains on plants is 

therefore likely to result from a fine tuned balance between growth inhibitory and 

promoting effects, as suggested by Ousley et al. (1993). Consistent with this assumption, 

Gravel et al. (2007) reported that Trichoderma atroviride (Karsten, 1892; cited in: Gams 

and Bissett, 1998), which has been often confused with T. harzianum in the literature 

(Gams and Meyer, 1998; Dodd et al., 2003), is not only able to produce, but also to 

degrade IAA in-vitro. Further, T. atroviride may lower the concentration of ethylene 

within the plant because of its ACC deaminase activity (Gravel et al., 2007). Thus, a 

combined regulative effect of T. atroviride on phytohormone activities could have been 
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the cause for an optimized development of the root system and enhanced fruit yield of 

tomato plants observed in the same study. 

Through the stimulation of root growth, Trichoderma species are able to improve plantsô 

tolerance against nutrient deficient and toxic soil conditions (Neumann and Laing, 2006). 

Yedidia et al. (2001) characterized the effect of a T. harzianum strain on the root 

morphology and nutrient uptake of cucumber (Cucumis sativus L.) plants that were grown 

in hydroponic or soil culture. Under both cultivation systems inoculated plants showed 

significant increases in the number of root tips, total root length and biomass production 

as well as enhanced concentrations of P and other nutritional elements in roots and shoots. 

As phosphate was readily available in the hydroponic solution it was concluded that 

increased uptake rates rather than P-solubilization were the main factor that led to the 

higher P-status of Trichoderma treated plants. However, the relative increases in growth 

and tissue concentrations of P in response to T. harzianum appeared to be more distinct in 

soil than in hydroponic grown plants. The ability of several Trichoderma species to 

solubilize calcium phosphates has been demonstrated by use of in-vitro tests (Anusuya 

and Jayarajan, 1998). Furthermore, Altomare et al. (1999) characterized the importance of 

different mechanisms for the chemical mobilization of diverse sparingly soluble minerals 

by a strain of T. harzianum. In an in-vitro assay, the utilization of rock phosphate by the 

fungus could only be indirectly detected by an increase of soluble calcium, while the 

corresponding phosphate ions were obviously sequestered in the fungal mycelium and 

therefore immediately removed from the culture medium. Because acidification of the 

medium and production of organic acids did not seem to play a major role, it was assumed 

by the authors in accordance with Halvorson et al. (1990) that a continuous disturbance of 

the equilibrium between unsolved and solved P due to uptake by the fungus led to the 

subsequent delivery of P from the solid form by dissociation under slightly acidic or 

alkaline conditions. By contrast, Benítez et al. (2004; citing previous work by Gómez-

Alarcón and de la Torre, 1994) alluded that most strains of Trichoderma release organic 

acid anions (e.g. carboxylates such as gluconate, citrate, fumarate) into their surroundings, 

which may contribute to the solubilization of sparingly available Ca-phosphates in 

calcareous soils and Fe/Al-phosphates in acidic soils by mechanisms of ligand exchange, 

dissolution, and occupation of P sorption sites, but also mobilize Mn, Zn and Cu by 
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complexation of the respective metal cations (Altomare et al., 1999; Neumann and 

Römheld, 2002; Neumann and Römheld, 2007). A concomitant extrusion of H+ ions as 

the counter ion could further contribute to the mobilization of acid-soluble mineral 

nutrients, such as P, Fe, Mn, Zn, Si, and B, in calcareous soils (Neumann and Römheld, 

2002). In addition, Altomare et al. (1999) found that the same strain of T. harzianum 

produced Fe3+-chelating compounds and reduced Fe(III) and Cu(II) oxides to soluble, 

plant available Fe2+ and Cu+ ions. Unknown reductive metabolites were also suggested to 

account for the dissolution of MnO2 to Mn2+, whereas the solubilization of metallic zinc 

was probably performed by its oxidation to Zn2+, which are the forms usable by plants. 

The effect of Trichoderma spp. on plant growth and uptake of mineral elements also 

makes them interesting agents to enhance the efficiency of plants used for the restoration 

of problem sites (Harman, 2006). Thus, it has been shown that inoculation with 

Trichoderma strains increased the biomass production and accumulation of toxic metals, 

such as Cd and Ni, in above ground parts of willow (Salix fragilis) and Brassica species 

grown on contaminated soils for remediation purposes (Adams et al., 2007; Cao et al., 

2008; Wang et al., 2009). Moreover, Trichoderma fungi are resistant or tolerant to high 

levels of a range of toxic compounds such as anthropogenic pollutants, pesticides and 

antimicrobial metabolites produced by plants and other microorganisms (Harman et al., 

1996; Harman et al., 2004a). This robustness has been associated with the expression of 

active efflux systems that prevent the intracellular accumulation of toxic compounds 

and/or with the catabolic degradation of some of these materials (Ezzi and Lynch, 2002; 

Lanzuise et al., 2002; Harman et al., 2004b). Beyond the development of remediation 

strategies for serious pollutants such as cyanide, the ability of plant associated 

Trichoderma spp. to withstand diverse toxicities also makes them competitive antagonists 

for biocontrol applications under adverse environmental conditions (Benítez et al., 2004; 

Harman et al., 2004b; Ruocco et al., 2009). 

Bio-control effects of Trichoderma species 

The bio-control efficacy of Trichoderma isolates has been attributed primarily to direct 

antagonistic interactions, including competition for resources and space, hyperparasitism 

and antibiosis. But also, mechanisms of indirect effect to pathogens such as systemic or 
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localized induced resistance, enhanced nutrition and growth of the host plants, as well as 

changes in the composition of microbial communities on roots have been recently 

described for Trichoderma species (Harman, 2000; Harman, 2006). 

Reported instances suggest that the suppression of single pathogens by Trichoderma fungi 

is likely to result from the simultaneous operation of more than one mechanism (Jeger et 

al., 2009). Thus, control of the grey mould fungus Botrytis cinerea, an important pre- and 

post-harvest pathogen of fruits and vegetables, has been supposed to involve competitive 

colonization of floral debris, necrotic tissues, and wound sites in the case of application 

on respective shoot parts (Dubos, 1987; O'Neill et al., 1996; Hjeljord and Tronsmo, 

1998). Trichoderma fungi may further destroy the mycelium, sclerotia and conidiophores 

of B. cinerea in a hyperparasitic way, thereby inhibiting dissemination of the pathogen 

(Dubos, 1987; El-Naggar et al., 2008). The parasitism on other fungi (mycoparasitism) by 

Trichoderma species is a phenomenon that involves several consecutive steps, starting 

with chemotrophic growth towards the target fungus, followed by lectin-mediated host 

recognition and attachment to its hyphae, and finally attack and lysis of the prey cells 

(Barak et al., 1985; Chet, 1987). Experimental evidence suggests that hydrolytic enzymes 

(chitinases, ß-1,3-glucanases, proteases) exhibiting fungal cell wall degrading activity and 

peptide antibiotics released by Trichoderma isolates may act synergistically in this 

process (Schirmböck et al., 1994; Lorito et al., 1996; Zaldivar et al., 2001; Vinale et al., 

2008). At the same time, Trichoderma fungi are able to protect their own cell walls from 

enzymatic breakdown, which is likely due to a distinct cell wall protein that is co-induced 

with chitinolytic enzymes and acts as a local inhibitor of chitinase activity (Lora et al., 

1994; Lorito, 1998). Because different enzymes released by Trichoderma fungi may work 

synergistically at concentrations below those where the single enzymes are effective, the 

specific inhibition of a key activity such as chitinolysis on the cell walls should also break 

the synergistic impact of the other enzymes (Lorito et al., 1993; Lorito, 1998). This 

selective mechanism has been proposed to enable the hyphae of Trichoderma fungi to 

perforate the cell walls of prey fungi without suffering damage to their own cell walls 

(Elad et al., 1983; Lorito, 1998). Inoculation of bean (Phaseolus vulgaris L.) leaves with a 

strain of T. harzianum also has been reported to lower the activity of pectolytic enzymes 
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produced by B. 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 of induced resistance in diverse crop plants against B. cinerea has 

been demonstrated by suppression of grew mould disease after application of a T. 

harzianum strain to roots and leafs spatially separated from the site of pathogen 

inoculation (De Meyer et al., 1998). Studies with mutants of Arabidopsis thaliana L., 

impaired either in salicylic acid (SA) or ethylene/jasmonic acid (ethylene/JA) dependent 

signaling pathways, indicated that the type of Trichoderma-mediated systemic resistance 

against B. cinerea resembles that of ethylene/JA regulated ISR caused by rhizobacteria 

(Korolev et al., 2008). Nevertheless, in another investigation root-inoculation with a strain 

of T. harzianum induced enhanced activity of PR proteins (i.e. chitinase and peroxidase) 

in leaves of cucumber (Cucumis sativus L.) seedlings (Yedidia et al., 1999), which is 

indicative of SA-dependent SAR responses (van Loon and Strien, 1999; Harman, 2000). 

As elicitors of Trichoderma-induced resistance proteins with enzymatic activity and 

peptides (Lotan and Fluhr, 1990; Hanson and Howell, 2004), avirulence-like gene 

products similar to those found in avirulent pathogens (Woo et al., 2006), and degradation 

products of low molecular weight released from fungal or plant cell walls through the 

action of Trichoderma enzymes have been recognized (Harman et al., 2004a). Beside the 

induction of defense related reactions in the plant, some of these low-molecular weight 

compounds (LMWCs) released from the cell wall of fungal pathogens are supposed to 

stimulate the expression of mycoparasitism-related genes in Trichoderma species (Woo et 

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

Trichoderma species not only exert different suppressive mechanisms against a single 

disease, these fungi also function as versatile agents for the biocontrol of a wide range of 

important air- and soil-borne fungal pathogens in diverse crops (Papavizas, 1985; Chet, 

1987). Furthermore, phytopathogenic nematodes (Spiegel and Chet, 1998), bacteria 

(Yedidia et al., 2003; Harman et al., 2004a), and even viral diseases (Lo et al., 2000; 

Jakubíková et al., 2006) are reportedly suppressed by the direct or indirect action of 

certain Trichoderma species. Elad (2000) attributed the control of powdery (Sphaerotheca 

fusca) and downy mildew (Pseudoperonospora cubensis) in cucumber (Cucumis sativus 
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L.) by an isolate of T. harzianum (T39) to the combined effect of several mechanisms. 

The same isolate was commercialized for the control of Botrytis-incited diseases and also 

suppressed the severity of downy mildew (Plasmopara viticola) in grape vines (Vitis 

vinifera; Perazzolli et al., 2008). Higher propagule numbers of individual T. harzianum 

species in soils from organic farming systems have been shown to be related with 

suppressiveness to Sclerotium rolfsii Sacc., a fungal pathogen of many agronomic crops 

and causative agent of Southern blight of tomato (Lycopersicon esculentum Mill. ; Liu et 

al., 2008). But also for the control of Rhizoctonia solani (Elad et al., 1981; Howell et al., 

2000), Fusarium spp. (Sivan and Chet, 1986; Sivan et al., 1987), Pythium ultimum (Lynch 

et al., 1991), and more species of root infecting fungal parasites the application of diverse 

Trichoderma inoculants has received considerable attention (Scala et al., 2007). Many 

reports have shown a suppressive effect of Trichoderma isolates on the take-all fungus 

Gaeumannomyces graminis var. tritici , which was in the main attributed to antibiosis and 

mycoparasitism (Dunlop et al., 1989; Ghisalberti et al., 1990; Küçük and Kivanç, 2004; 

Vinale et al., 2006; Zafari et al., 2008). Another antagonistic mechanism of particular 

relevance for the suppression of take-all disease might be the solubilization of Mn by 

Trichoderma fungi, by reason that the Mn-oxidizing (immobilizing) capacity of G. 

graminis var. tritici  (Ggt) isolates has been identified as an important virulence factor 

(Pedler et al., 1996; Rengel, 1997a). Considering the physiological key role of Mn in the 

synthesis of defense-related compounds, such as phenols and lignin, in plants, it can be 

further assumed that Trichoderma colonization may contribute to the development of 

resistance against a broad spectrum root and foliar pathogens due to an enhanced Mn-

status of the host (Graham and Webb, 1991; Altomare et al., 1999; Dordas, 2008). In the 

action of Trichoderma species, other components of the soil microflora may play a role, 

too. Thus, Simon and Sivasithamparam (1988a,b) compared the composition of microbial 

communities in soils suppressive or conductive to the take-all pathogen (Ggt). In the 

suppressive soil, they found more Trichoderma spp., which were in the main identified as 

strains of Trichoderma koningii, and more bacterial isolates that were antagonistic to Ggt. 

Furthermore, metabolites produced in vitro by bacteria isolated from the suppressive soil 

were less inhibitory to the growth of T. koningii. At the same time, the bacterial 

community of the suppressive soil was characterized by a lower percentage of isolates 
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that showed growth inhibition in response to metabolites from T. koningii. These results 

suggest the involvement of Trichoderma spp. in mutual selection processes that result in 

the build-up of an adapted antagonistic microflora in take-all suppressive soils.  

In conclusion of the above considerations it is apparent that the mechanisms by which 

Trichoderma spp. accomplish beneficial influences on plants are complex and 

multifaceted. What is observed as Trichoderma-mediated plant growth or health effect 

may be the cumulative result of multiple interactions with environmental factors and the 

native soil microflora. Because single Trichoderma strains have a number of different 

capabilities, it is very likely that under conditions were a certain mechanism employed 

proves ineffective other mechanisms come into play and compensate (Harman, 2000; 

Howell, 2003). 

2.3.4 Multi-functionality of arbuscular mycorrhizal fungi 

Mycorrhiza (Greek: ɛɡəɖɠ, mykes, ófungusô and ɟɘɕŬ, rhiza, órootô) is the symbiotic 

association between soil-borne fungi and plants forming a morphological unit with root-

like functions (Frank, 1885a). The fungus provides the plant with mineral nutrients and 

water from the soil versus the delivery of photosynthates (Frank, 1885b). 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, 2003; Finlay, 2005). Such secondary functions of mycorrhizal fungi include 

the assistance for plants to stave off harmful organisms, their role in soil conservation, 

and the cooperation with other beneficial organisms (Duchesne, 1994; Cardoso and 

Kuyper, 2006). Mycorrhizal fungi are thought to play a key role in the rhizosphere, which 

they extend to the mycorrhizosphere, as 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 a broker between plants and the soil that they 

inhabit (Römheld and Neumann, 2006; Timonen and Marschner, 2006). 

Description of arbuscular mycorrhizal fungi 

Depending on the fungal associates and the characteristic structures they form, different 

types of mycorrhiza have been distinguished (Read, 2002). Among them, the arbuscular 
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mycorrhiza (AM) represents the most relevant group for agriculture (Smith and Read, 

1997). Arbuscular mycorrhizal fungi (AM-fungi) have been classified in the order 

Glomales of the phylum Zygomycota (Morton and Benny, 1990) until the Glomales were 

raised to the rank of a separate phylum Glomeromycota Walker and Schuessler (Schüßler 

et al., 2001), which probably derived from an ancestor common with the Ascomycota and 

Basidiomycota (Redecker and Raab, 2006). AM-infections arise from asexual spores, 

residual mycelium or existing hyphal systems in the soil (Carling and Brown, 1982). 

Spores, as well as non-septate hyphae, appear to be multinucleate (Cooke et al., 1987). 

On the basis of spore wall characteristics currently only about 200 morphological species 

of the Glomeromycota have been described (Redecker and Raab, 2006). But, the range of 

plant hosts that form root symbioses with AM-fungi seems to be extremely wide and 

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., 2001). Among the 

most intensively investigated AM-fungi are strains of the species Glomus mosseae 

(Nicolson and Gerdemann, 1968) and Glomus intraradices (Schenck and Smith, 1982), 

probably because they are genuine host generalists (Koide and Mosse, 2004; Parniske, 

2008). Recent studies, however, indicate a greater diversity of AM-fungal species than 

previously recognized (Scheublin et al., 2004; Santos et al., 2006). Fossil and molecular 

evidence that arbuscular mycorrhiza was instrumental to ancient plants invading the land 

more than 400 million years ago, underlines the close relationship between AM-fungi and 

plants (Simon et al., 1993; Remy et al., 1994; Taylor et al., 1995). Hosted by almost all 

temperate and tropical crops AM-fungi could be the outstanding resource for nutrient 

acquisition and healthy plant growth in agriculture (Winter, 1951; Gerdemann, 1968; 

Norman et al., 1995). Even among the Brassicaceae (e.g. Brassica napus L.), 

Chenopodiaceae (e.g. Beta vulgaris L.) and in the genus Lupinus of the Fabaceae, often 

thought to be non-mycorrhizal, AM establishment was inconsistently found (Trinick, 

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

During root internal colonization the hyphae of AM-fungi establish an intimate contact 

with cortical cells. Characteristic is the formation of highly branched haustoria, called 

ñarbusculesò from the Latin word for little tree, inside plant cells, thought to facilitate the 
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exchange of signals, mineral nutrients and carbohydrates (Parniske, 2008). It has been 

estimated that AM-fungi, representing a considerable sink for photosynthates, receive 

about 10 % of the carbon transported to the root (Fitter, 1991). The arbuscules are 

enveloped by a plant-derived periarbuscular membrane that excludes the fungus from the 

plant cytoplasm and harbors different transport systems (Bücking and Shachar-Hill, 2005; 

Chalot et al., 2006; Uehlein et al., 2007). In ectomycorrhizas, by contrast, the fungus 

builds complex intercellular hyphal systems, the Hartig net, but without or little 

intracellular penetration. Typical ectomycorrhizal symbioses are formed by certain 

basidio- and ascomycetes, colonizing the roots of certain tree species growing on humus 

rich soils of boreal and temperate forest ecosystems (Smith et al., 2003). Especially in the 

later stages of the symbiosis some, but not all AM-fungi, also form small bladders or 

ñvesiclesò 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). Phosphate 

deposited in vesicles might be used by the plant during P-deficient growth phases 

(Srivastava et al., 1996). The formation of AM leads to changes in root morphology and 

physiology of the whole plant that are likely to be controlled by specific expression 

patterns of host genes (Wulf et al., 2003). Examples are altered tissue concentrations of 

growth regulating compounds such as auxins, cytokinins and gibberellins (Hause et al., 

2007), enhanced photosynthesis rates (Smith and Gianinazzi-Pearson, 1988), decreased 

ratios of root to shoot biomass allocation (Taylor et al., 2008), and increased root 

branching (Berta et al., 1995). 

By their external mycelium AM-fungi explore a great soil volume and tremendously 

increase the absorptive surface area of the mycorrhized root, in a way that can be more 

carbon cost efficient than the investment in root biomass (Fitter, 1991): (i) the extraradical 

hyphae can extend several centimeters from the root surface and thus beyond the nutrient 

depleted zone that develops around roots as a consequence of their own uptake processes 

(Mosse, 1986; Li et al., 1991); (ii) hyphal length densities may exceed 100 m per cubic 

centimetre of soil (Miller et al., 1995); and (iii) the low diameter of AM-hyphae (1.2 to 

18.0 µm; Dodd et al., 2000) enables them to enter soil pores smaller than those accessible 

to root hairs (5 to 17 µm in diameter; 80 to 1,500 µm 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 diverse plant species growing in the same area, and by means 

of anastomosis, the fusion process that connects hyphal branches of the same or different 

origin (Newman et al., 1994; Giovannetti et al., 2001; Southworth et al., 2005). It is 

discussed controversially whether the resulting networks of interconnected hyphae may 

facilitate the direct exchange of photosynthetates or mineral nutrients such as nitrogen and 

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

Bio-fertilization effects of arbuscular mycorrhiza 

Due to its generally low concentration and low diffusion rate in the soil solution, in 

particular the uptake of phosphate is largely determined by the size of the absorptive 

surface area of the root (Newman and Andrews, 1973). Therefore, the ability of AM to 

increase P supply to the plant via hyphal translocation has been regarded as their most 

important function from an agronomic perspective (Mosse, 1986). In several studies the 

effect of mycorrhiza to improve the P status and growth of diverse crops was most 

pronounced on soils with moderate phosphorus availability, whereas excessive P 

fertilization not only lowered mycorrhizal efficiency, but also decreased the 

mycorrhization of the root (Stribley et al., 1980; Bolan et al., 1984; Amijee et al., 1989; 

Hayman, 1982; Branzanti et al., 1992). The degree to which plants depend on AM is also 

largely determined by the specificity of their own facilities for nutrient acquisition. Plants 

species or genotypes with roots that are finely branched 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; Tawaraya, 2003). 

Menge et al. (1978) compared mycorrhizal with non-mycorrhizal citrus seedlings growing 

at varying P-fertilization levels. From the results of this experiment, Menge (1985) later 

estimated that, depending on the citrus genotype, the activity of mycorrhizal fungi could 

save the application of more than 100 to 500 kg P per hectare. 

Similar to phosphorus, mycorrhiza also contributes considerably to the plant acquisition 

of ammonium (NH4
+) and other nutrients, such as zinc (Zn), copper (Cu), iron (Fe), and 

potassium (K), that move through the soil mainly by diffusion (Marschner and Dell, 1994; 

Caris et al., 1998; Rengel and Marschner, 2005). Nitrate (NO3
-) and sulphate (SO42-) are 

usually not assumed to be uptake limited by their chemical mobility and may move faster 
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through the soil than through hyphae (Srivastava et al., 1996). But, under conditions 

where mass flow and diffusion to the root are inhibited, as for example under drought-

stress, hyphal translocation can also be an important factor in increasing nitrate and sulfur 

uptake by the plant (Rhodes and Gerdemann, 1978a; Tobar et al., 1994). Under field 

conditions, high nitrate, even more than phosphate, fertilization levels are closely 

correlated with suppressed AM-establishment (Azcón et al., 1982; Hayman, 1982). 

Furthermore, the higher drought and salinity tolerance of mycorrhizal plants has been 

attributed to improved water relations and increased acquisition of nutritional elements 

(Ruiz-Lozano et al., 1996; Augé, 2001; Neumann and George, 2004). In addition, AM 

may selectively inhibit the sodium (Na) uptake of plants under salt stress (Al -Karaki, 

2000; Colla et al., 2007). Some studies indicate that specific species or ecotypes of AM 

fungi are particularly adapted to dry or saline environments and that the selection of 

effective strains could offer a great potential to advance crop production under such stress 

conditions (Ruiz-Lozarno et al., 1995; Hildebrandt et al., 2001; Landwehr et al., 2002). 

Also for calcium (Ca) and magnesium (Mg), the latter in the case of an ectomycorrhizal 

fungus, a certain uptake and translocation capacity of the external mycelium has been 

shown (Rhodes and Gerdemann, 1978b; Jentschke et al., 2000). In particular on acid soils, 

where these base cations are depleted, AM-fungi were observed to improve the plant 

uptake of Ca and Mg (Clark and Zeto, 1996; Alloush and Clark, 2001). 

Hyphal translocation may be inhibited when plants are exposed to harmful elements. In 

soils containing high levels of heavy metals like manganese (Mn), (Zn) and cadmium 

(Cd), AM-fungi colonizing the root can decrease the uptake of these elements into plant 

cells, thus alleviating toxicity to some degree (Gildon and Tinker, 1983; Heggo et al., 

1990; Quilambo, 2003). It has been assumed that the high sorption capacity of the AM-

mycelium plays a role in plant protection against excessive heavy metal uptake, but it is 

not clear which mechanisms regulate the selective retention of only undesired elements 

(Li et al., 1991; Joner et al., 2000a; Lee and George, 2005). In experiments with different 

hosts, however, AM-fungi maintained their conductibility for heavy metal uptake, when 

plants were exposed to high Zn, Cu, nickel (Ni) and lead (Pb) supply, thus enforcing 

adverse effects (Killham and Firestone, 1983; Symeonidis, 1990). More specific is the 

mitigation of Mn-toxicity by AM-fungi, which has been explained by changes in 



Chapter 2  Review on definitions and properties of various bio-agents  58 

microbial populations of the rhizosphere with a possible impact on the balance between 

Mn-reducing (mobilizing) and Mn-oxidizing (immobilizing) bacteria (Kothari et al., 

1991; Posta et al., 1994). Beside a generally inhibitory effect of AM on Mn-uptake, 

results from Bethlenfalvay and Franson (1989) showed a positive correlation between 

increasing AM-fungal colonization rates and Mn concentrations in roots and shoots of 

soybean (Glycine max (L.) Merr.). These findings suggest the co-existence of such AM-

mediated mechanisms that protect the plant from toxic Mn in the soil and others that 

improve acquisition when the Mn-availability is low. Further, AM-fungi may also enable 

their host to tolerate higher Mn-concentrations in the plant tissue. This assumption is 

supported by studies that have shown the prevention of Mn-toxicity in leaves by silicon 

(Si) supply (Horst and Marschner, 1978a; Rogalla and Römheld, 2002; Dragiġiĺ 

Maksimoviĺ et al., 2012) and the possible contribution of AM to the uptake of Si in some 

plant species (Yost and Fox, 1982). Similarly, on acid soils a lower uptake but also a 

higher tissue tolerance of mycorrhizal plants against toxic aluminum (Al) species has 

been reported (Rufyikiri et al., 2000; Lux and Cumming, 2001). To what extent the use of 

AM-fungi could be helpful for the clean up (e.g. by phytoremediation) and re-cultivation 

of contaminated soils is a matter of current debate that requires further investigation 

(Joner and Leyval, 2003; Regvar et al., 2003; Hildebrandt et al., 2007). 

In contrast to ectomycorrhizal fungi, there is only little evidence for AM-fungi that they 

contribute actively to the chemical mobilization of nutrients in soils (Marschner and Dell, 

1994; Northup et al., 1995; Hodge, 2001). It is questionable to what extent pH changes 

induced by AM-hyphae observed in root organ cultures that were established on agar 

media amended with pH indicator (Bago et al., 1996), or the hyphal production of 

extracellular phosphatases demonstrated under axenic conditions (Tarafdar and 

Marschner, 1994; Koide and Kabir, 2000), may lead to an increased solubilization 

respectively mineralization of sparingly available P sources for uptake by field grown 

plants. In comparison to other soil microbes and autolysis, the phosphatase activity of 

AM-fungi is relatively small (Joner et al., 2000b). Although recent reports have shown an 

enhanced acquisition of nitrogen from patches of organic matter in soil via AM-fungal 

hyphae, this was probably due to an enhanced mineralization of these materials by other 

microorganisms in the hyphal environment (Hodge et al., 2001). Whether AM-fungi are 
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able to actively decompose complex organic compounds or to directly capture organic N 

sources remains controversial (Hodge, 2001). Several plant species that are adapted to 

growth on soils with extremely low phosphate solubility have developed own strategies 

for enhanced P-acquisition. The Proteaceae that inhabit nutrient-impoverished landscapes 

in Western Australia, for instance, as well as some members of the Cyperaceae (sedges) 

are typically non-mycorrhizal and form dense clusters of lateral roots respectively root 

hairs for intense chemical mining of confined soil patches (Dinkelaker et al., 1995; 

Neumann and Martinoia, 2002; Shane and Lambers, 2005; Shane et al., 2006). 

Bio-control effects of arbuscular mycorrhiza 

Many records attest the suppression of soil-borne root diseases caused by fungal 

pathogens including species of Fusarium (Caron et al., 1985; Akköprü and Demir, 2005), 

Phytophthora (Norman et al., 1996), Pythium (Larsen et al., 2003), Rhizoctonia 

(Kasiamdari et al., 2002) and Verticillium (Karagiannidis et al., 2002). Also the 

deleterious effect of root parasitic nematodes like species that form root-cysts 

(Heterodera sp.; Francl and Dropkin, 1985; Todd et al., 2001), root-knots (Meloidogyne 

sp.; Li et al., 2006), or root-lesions (Pratylenchus sp.; Talavera et al., 2001) was often 

found to be less severe on mycorrhizal plants. But, AM-fungi do not always provide 

consistent pathogen control. Most notable is the enhanced susceptibili ty to viral diseases, 

which has been attributed to the enhanced development and physiological activity of 

mycorrhizal plants (Dehne, 1982). A higher infestation by certain shoot and foliage 

pathogens, such as powdery mildew and rust fungi, has been observed in some cases, too 

(Schönbeck and Dehne, 1979; Gernns et al., 2001; Whipps, 2004). 

Biological control conferred by AM-fungi could be seen as the outcome of the 

simultaneous operation of several mechanisms that contribute to the protection of plants 

with varying success (Pozo and Azcón-Aguilar, 2007). Dense cocoon like hyphal 

structures, encapsulating the root like the ñmantleò of the ectomycorrhizas, are not formed 

by AM-fungi. Their protective function for the root is therefore not accomplished by 

constructing a mechanical barrier (Duchesne, 1994). Also direct forms of antagonism 

through antibiosis or mycoparasitism have not been shown for AM-fungi (Harrier and 

Watson, 2004). The plant health promoting effect of AM is rather achieved indirectly by 
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physiological changes of the host or due to the 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 may increase their resistance, but 

also make them more attractive for pathogens (Dehne, 1982). A higher uptake of P and 

possibly other mineral nutrients via AM was related with a lower incidence of take-all 

disease in wheat (Graham and Menge, 1982) and of a root rot disease caused by 

Phytophthora parasitica Dast. in Citrus sp. (Davis and Menge, 1980). Contrarily, Davis et 

al. (1979) described a more severe occurrence of Verticillium wilt (Verticillium dahliae 

Kleb.) due to the improved P-nutrition of mycorrhized cotton (Gossypium hirsutum L.). In 

all three studies, the same AM-fungal species (Glomus fasciculatus (Thaxter) Gerd. and 

Trappe) was used as inoculum. The 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 resistance 

Many protective processes activated within the plant by AM-fungi follow the principle of 

induced resistance, but the elucidation of the underlying mechanisms has only begun 

(Pozo and Azcón-Aquilar, 2007). Split-root experiments, where mycorrhizal and non-

mycorrhizal parts of the root system were physically separated, confirmed localized and 

systemic AM-effects (Cordier et al., 1998; Pozo et al., 2002; Zhu and Yao, 2004; 

Khaosaad et al., 2007). It has been shown in this context that AM formation triggers the 

accumulation of several plant defense related compounds either before or in response to 

pathogen attack. Enhanced synthesis of phenolics and lignification of root and stem 

tissues for instance can provide a mechanical and chemical barrier against pathogen 

invasion (Daft and Okusanya, 1973; Dehne and Schönbeck, 1979). Critical for the 

understanding of such processes could be that there are some similarities in plant response 

to AM-fungi with those found in plant-pathogen associations (Güimil et al., 2005). SA-

dependent signaling pathways elicited in root cells as a first reaction to AM-fungal 

invasion seem to be modified in order to achieve a compatible interaction (Blilou et al., 
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2000b; García-Garrido and Ocampo, 2002). Coincidently, local and only weak defense 

responses have been observed in host plants during early stages of AM-colonization, 

which were then subsequently repressed (Kapulnik et al. 1996; Liu et al., 2003). 

Accordingly, transient enhancements of enzyme activities (e.g. peroxidases, catalases, 

chitinases) that are generally involved in plant defense have been observed in AM-

inoculated roots (Lambais and Mehdy, 1993; Blilou et al., 2000a). Later, during arbuscule 

formation and mutualistic interaction, jasmonate-dependent signaling pathways are likely 

to be associated with the functioning of the fully established symbiosis. To that effect, 

Hause et al. (2002) have shown that colonization of barley (Hordeum vulgare L.) roots by 

Glomus intraradices led to elevated levels of endogenous JA and JA-isoleucine. These 

findings were accompanied by the specific expression of genes, involved in JA-

biosynthesis and responsiveness, within root cells that contained arbuscules. Furthermore, 

in and around arbuscule-containing cells the local expression of genes (mRNA 

accumulation), encoding an acidic endochitinase, a ɓ-1,3-endoglucanase and other 

defense related enzymes that are probably involved in the regulation of AM development, 

has been detected (Lambais and Mehdy, 1995; Blee and Anderson, 1996; Azcón-Aguilar 

and Barea, 1996). In summary, it has been assumed by Pozo and Azcón-Aquilar (2007) 

that AM-colonization results in the suppression of SA-dependent responses, which is 

partially compensated by the priming of JA-dependent defense mechanisms, allowing the 

plant to respond faster in the case of pathogen attack. This hypothesis is in line with 

results of Cordier et al. (1998) and Pozo et al. (2002), who demonstrated that AM-induced 

resistance against Phytophthora parasitica arose from localized and systemic defense 

responses in tomato (Lycopersicon esculentum Mill.) roots. Local resistance mechanisms 

comprised the induction of enzymes (chitinase; chitosanase; ɓ-1,3-glucanase) that can 

hydrolyse pathogen cell walls and the formation of host cell wall reinforcements (callose 

deposits) by arbuscule containing cells in reaction to intercellular growth of P. parasitica. 

The pathogen thus was never found in cells that were already colonized by arbuscules. 

Systemic effects were characterized by the formation of callose-rich encasements around 

hyphae of P. parasitica that were penetrating root cells and by cell wall thickening with 

pectins and PR proteins in response to intercellular pathogen growth. Interestingly, in this 

research only a strain of G. mosseae but not of G. intraradices conferred significant 
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protection against P. parasitica (Pozo et al., 2002). Furthermore, the observations of 

different mechanisms that were made in studies with other host plants, pathogens and 

AM-fungi indicate the specificity of mycorrhizal interactions (Zhu and Yao, 2004; 

Khaosaad et al., 2007). 

Arbuscular mycorrhiza-induced changes in soil microbial populations 

Enhanced mineral nutrition, altered carbon allocation patterns and higher metabolic 

activity reported for mycorrhizal plants may lead to quantitative and qualitative changes 

in materials released by the root (Jones et al., 2004; Neumann, 2007). Because loss of 

organic materials from plant roots provides energy for growth and activity of microbial 

populations in soils, this in turn can be decisive for the balance between beneficial and 

deleterious microorganisms in the rhizosphere (Hiltner, 1904; Linderman, 1988). 

Colonization by AM-fungi has been shown to result in a decreased release of sugars and 

total amount of amino acids by the root, but increased exudation of phenolics, gibberellins 

and specific amino acids that were not found in root exudates of non-mycorrhizal plants 

(Graham et al., 1981; Mada and Bagyaraj, 1993). Corresponding influences of AM-

establishment on the composition of microbial communities in the rhizosphere, 

stimulating some microbial groups while decreasing others, have been reported 

congruently (Paulitz and Linderman, 1989; Kothari et al. 1991; Marschner et al., 2001). 

More seldom in the literature is evidence that AM-induced shifts in microbial populations 

of the rhizosphere resulted in effective pathogen suppression. Secilia and Bagyaraj (1987) 

studied the effect of AM on bacteria and actinomycetes associated with pot cultures of 

guinea grass (Panicum maximum Jacq.). They found that different AM-fungi selectively 

stimulated different actinomycetes that showed specific antagonistic activity towards 

diverse pathogens. Waschkies et al. (1994) observed lower numbers of probably 

deleterious pseudomonads on the root surface of grapevine (Vitis sp.) cuttings after 

inoculation of replant diseased soil with Glomus mosseae. 

Further bio-control mechanisms of arbuscular mycorrhiza 

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

health effects of AM-fungi in several reviews: (i) compensation of root damage by the 
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functions of the external AM-mycelium; (ii) competition with pathogens for nutrients, 

infection sites or photosynthates; and (iii) phytohormonal induced changes in the root 

system resulting in altered root architecture and longevity (Linderman, 1994; Azcón-

Aguilar and Barea, 1996; Harrier and Watson, 2004; Demir and Akkopru, 2007). 

However, these aspects can be recognized as side effects of the main AM-functions 

already described above in this chapter, also (Schönbeck et al., 1994). A recently studied 

topic is the influence of AM on the release of secondary plant compounds that are 

important signals in several symbiotic and pathogenic interactions (Steinkellner et al., 

2007). Strigolactones for example are signaling compounds that mediate host location in 

AM-fungi and parasitic plants of the genera Striga and Orobanche (Akiyama et al., 2005; 

López-Ráez et al., 2008). Flavonoids act as signals for rhizobia and AM-fungi, but also 

for fungal pathogens including species of Phytophthora and Fusarium (Chabot et al., 

1992; Morris and Ward, 1992; Ruan et al., 1995). Plants exuding lower amounts or 

altered patterns of these chemo-attractants upon mycorrhizal colonization could therefore 

be less attractive to respective parasites (Bouwmeester et al., 2007; Carlsen et al., 2008). 

The effect of arbuscular mycorrhiza on soil structure 

A third important role of AM-fungi is their contribution to the process of creating and 

maintaining a favorable soil structure (Miller and Jastrow, 1992; Cardoso and Kuyper, 

2006). The arrangement of solid soil parts in aggregates and the pore spaces between 

them have a major influence on physical, chemical and biological processes that 

determine soil fertility (Marshall et al., 1996; Gobat et al. 2004). Conditions of low 

density and adequate porosity in aggregated soils allow water and air movement, support 

root growth, enhance the accessibility of nutrients, provide shelter to soil organisms, and 

confer stability against soil erosion (Bronick and Lal, 2005). AM-fungi affect soil 

structure via their influence on plants or by effects that are mediated through the fungal 

mycelium itself (Rillig and Mummey, 2006). The water-stability of aggregates in many 

soils largely depends on organic matter as a biochemical cementing agent (Tisdall and 

Oades, 1982). AM-fungi directly move carbon resources from the plant into the soil 

through hyphal turnover and exudation (Staddon et al., 2003; Tawaraya et al. 2006), 

which in cooperation with other soil organisms contributes to the organic stabilization of 
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soils (Miller and Jastrow, 2000). Growing through the soil, external hyphae enmesh soil 

particles and hold them together in larger units, what makes a mechanical contribution to 

the stability of soil aggregates (Rillig et al., 2002). In addition, it was discovered that AM-

hyphae produce large amounts of a hydrophobic glycoprotein, called ñGlomalinò, which 

may serve a highly persistent binding agent to soil aggregates (Wright and Upadhyaya, 

1996; Cardoso and Kuyper, 2006). The improvement of soil aggregate stability has been 

recognized as a major factor determining the response of plants to AM-fungi under field 

conditions (Hamel et al., 1997). 

Prospects for the application of mycorrhizal technologies in agriculture 

The manifold potential benefits of arbuscular mycorrhiza on plant performance suggest 

the possibility of remarkable applications in agriculture (Menge, 1983). There are some 

considerations, which can be taken into account in this connection. Because AM-fungi are 

ubiquitous soil inhabitants, it can be assumed that their unique plant growth-promoting 

abilities are already being utilized by most crop plants on healthy soils. Advantages from 

measures that aim at the promotion of mycorrhization by the use of AM-inoculants can 

therefore be expected in situations where the natural populations of AM-fungi are 

destroyed or diminished, such as in fumigated soils and disturbed ecosystems (Gentili and 

Jumpponen, 2006). But, also when the abundance of autochthonous AM-propagules is 

high, adverse environmental factors may suppress the establishment or functioning of the 

symbiosis (Waschkies et al., 1994). In such cases target-oriented management practices to 

remediate the individual blockages, which probably require a profound understanding of 

the particular cause and effect relationships, could be more demanded than the supply of 

additional AM-inoculum. It is noteworthy that the greatest benefit to the host was often 

achieved with soil indigenous and not introduced isolates of AM-fungi, which indicates 

the importance of ecotypical adaptation to the local environment (Requena et al., 1997; 

Cumming and Ning, 2003; Davies et al., 2005). Baertschi et al. (1981) reported that an 

unidentified mixed population of naturally occurring AM-fungi was considerably more 

effective in suppressing pathogen development than a pure culture of G. mosseae. As a 

general rule, it can be recognized in several studies that AM symbioses need to be well 

established before they confer their beneficial effects (Graham and Menge, 1982; Azcón-
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Aguilar and Barea, 1996; Cordier et al., 1998; Khaosaad et al., 2007). According to 

Feldmann and Boyle (1998) only a high degree of arbuscular mycorrhizal root 

colonization correlated with enhanced resistance of Begonia leaves against powdery 

mildew, whereas a low degree of root colonization was associated with enhanced 

susceptibility to the respective pathogen (Oidium begoniae Putt.). Furthermore, distinct 

specificities in host response to different strains of AM-fungi have been described, which 

demonstrate the need for selection of desirable host-fungus combinations in case AM-

inoculants should be applied (Bethlenfalvay, 1989). The same AM-fungal strain can cause 

opposite growth effects in different plant species. Diverse responses also occur when the 

same plant species is colonized by different AM-fungi (Feldmann et al., 1996). The 

outcome of the AM-symbiosis largely depends on the genotypes of both partners and is 

further affected by environmental influences (Feldmann, 1997). Reliable prediction of 

AM-effects is therefore only possible when the combination of plant and fungus has been 

tested under a set of similar conditions in advance (Feldmann and Boyle, 1997; Dehne, 

1982). 

Nevertheless, in recent years growing emphasis has been put on the selection of effective 

and adapted isolates of AM-fungi to address specific problems in agriculture by replacing 

or reinforcing the native mycorrhiza (Gianinazzi and Vosátka, 2004).  A major constraint 

to the commercial production of AM-inoculants is still seen in the obligate biotrophy of 

AM-fungi, which are usually propagated in costly cultures with living host plants 

(Hildebrandt et al., 2006; Raja, 2006; Barbosa da Silva et al., 2007). Such basic problems 

of inoculum production seem to be overcome by a recently discovered root-colonizing 

basidiomycete Piriformospora indica (Verma, 1998), which mimics the capabilities of a 

typical arbuscular mycorrhizal fungus and performs similar multi -beneficial tasks (Varma 

et al., 1999; Singh et al., 2000). P. indica has been first isolated from Indian desert plants 

and can be easily grown on simple substrates where it forms durable vegetative spores 

(Verma, 1998). The host range of this endophytic fungus seems to be even broader than 

that of AMF as it also colonizes the roots of typical non-mycorrhizal plants (Kumari et al., 

2003; Pham et al., 2004). Root colonization by P. 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 stresses (Singh et al., 2000; Waller et al., 
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2005; Deshmukh and Kogel, 2007). Disease resistance is conferred not only to the roots 

but also to the shoots (Waller et al., 2008). However, on the cellular level the interaction 

of P. indica with the host plant is entirely different from the mutualism of AMF with 

living root cells. Although P. indica colonizes large areas of the root without provoking 

visual tissue necrotization, Deshmukh et al. (2006) discovered that this fungus requires 

dead host cells for successful proliferation and seems to interfere with the cell death 

program of plants. P. indica is related to the phytopathogenic Rhizoctonia solani group 

(Verma et al., 1998), and the outcome of its interaction with plants could revert from 

mutualistic to antagonistic. Depending on the cultural conditions, its behavior can alter 

drastically and the fungus starts to grow parasitically on roots and aerial plant parts 

(Kaldorf et al., 2005). It also needs critical appraisal that there is little or no information 

concerning the interaction of P. indica with AM-fungi (Pham et al., 2004). Regarding the 

similar niche that these fungi occupy it might be speculated that their relationship is rather 

competitive than commensalistic. In vitro tests have shown that P. indica can completely 

block the growth of some mould fungi (Pham et al., 2004), but other research indicated a 

synergistic interaction with Trichoderma viride and Pseudomonas fluorescens in plant 

growth promotion (Margode et al., 2003). 

As a conclusive remark, it can be stated that there are no simple shortcuts to better harness 

the beneficial effects of mycorrhizal fungi for agricultural purposes. The changes brought 

about by mycorrhizal colonization of roots amplify the functional space of the rhizosphere 

in terms of a mycorrhizosphere, in which many processes take place (Lindermann, 1988; 

Johansson et al., 2004). Favorable influences of AM-fungi on crops arise from highly 

complex interactions 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 of the mycorrhizal ecology (Whipps, 2001). Extensive screening 

programs may enable the selection of effective AM-fungi with respect to specific host and 

environmental factors, but it is unlikely that a limited number of mycorrhizal strains 

contained in commercial inoculants will confer equal tolerance to all the stresses, which 

plants encounter under field conditions (Abbott et al., 1992). And, even when the most 

effective fungal partners for one host can be found, those must not necessarily be 
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beneficial for other crops that follow in a rotation. Assumed that effective AM-fungi 

already occur naturally in the soil, it seems to be more promising under most 

circumstances to adjust the cropping practices in a way that optimally utilizes the 

infection potential of the indigenous mycorrhizal populations (Abbott and Robson, 1982). 

2.3.5 Multi-partite interactions, synergistic effects and feedback loops 

In many laboratory and greenhouse investigations the interaction of a single inoculant 

organism with a single pathogen or host plant has been concerned while other organisms 

that exist in the phytosphere have often been ignored. However, multiple plant-microbe-

microbe interactions are common under natural and field conditions and resulting effects 

can prove very diverse (Leggett 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 action (Requena et al., 1997; Whipps, 2001; Saxena 

et al., 2006). 

Multi -partite interactions 

Some of the best known instances are nodulation promoting rhizobacteria (NPR) which 

support rhizobia to establish a nitrogen fixing symbiosis with legume roots (Polonenko et 

al., 1987), and mycorrhiza helper bacteria (MHB) assisting not only the formation (i.e. 

mycorrhization promoting bacteria) but also the functioning (i.e. mycorrhiza helping 

bacteria) of the plant fungal-symbiosis (Meyer and Linderman, 1986a; Garbaye, 1994; 

Frey-Klett et al., 2007). NPR and MHB have been indentified from different groups of 

microorganisms including species of Azospirillum, Azotobacter, Pseudomonas, and 

Bacillus in both cases (Bagyaraj and Menge, 1978; Burns et al., 1981; Subba Rao et al., 

1985b; Meyer and Linderman, 1986a; Halverson and Handelsman, 1991; von Alten et al., 

1993; Burdman et al., 1997; Villacieros et al., 2003). While some MHB show a certain 

degree of fungal-specificity (Duponnois et al., 1993; Bending, 2007), diverse 

Pseudomonas and Bacillus spp. interact beneficially with different ecto- and arbuscular 

mycorrhizal fungi (Duponnois, 2006; Frey-Klett et al., 2007). By contrast, strains of P. 

fluorescens and P. putida suppressed the growth of the mycorrhiza-like fungus P. indica. 
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It is, however, not known if the same Pseudomonas strains acted as helper-bacteria to real 

AM-fungi (Pham et al., 2004). Because bacteria are easier and faster to propagate in 

commercial quantities than arbuscular mycorrhizal fungi, helper bacteria provide 

additional perspectives to improve the performance of fungal inoculants with low extra 

cost (Frey-Klett et al., 2007) or to make enhanced profit of the indigenous, well adapted 

mycorrhizal populations already present in soils (see Chapter 2.3.1). 

The mechanisms most commonly implicated with the pre-symbiotic action of helper 

bacteria are phytohormonal stimulation of root growth resulting in more infection sites for 

the plant-microbe symbioses, but also the enhanced production of plant derived signaling 

compounds (i.e. flavonoids) that act as chemo-attractants and regulators of genes involved 

with the initiation of rhizobial and mycorrhizal symbioses (Azcón et al., 1978; Mayo et 

al., 1986; Gryndler, 2000; Hirsch and Kapulnik, 1998; Parmar and Dadarwal, 1999). On 

the functional level, the synergistic cooperation between MHB and already established 

mycorrhizae includes aspects of improved plant development, nutrient acquisition and 

biological control of pathogens (Barea et al., 2005; Frey-Klett et al., 2007). 

Synergistic effects 

Toro et al. (1997) found that dual inoculation of onion (Allium cepa L.) with the AM 

fungus Glomus intraradices and B. subtilis, acting as MHB, not only promoted the AM 

establishment, but also increased biomass and N and P accumulation in plant tissues when 

compared to single applications. The effect on nutrient uptake, observed in this study, was 

attributed to the exploitation of an extended soil volume for P and N uptake by 

mycorrhizal hyphae and to the solubilization of otherwise less available phosphate 

sources by B. subtilis in the mycorrhizosphere, thus completing the function of the 

external mycelium. Similar results of other authors approved the beneficial cooperation 

between different phosphate solubilizing bacteria (e.g. Enterobacter agglomerans, 

Bacillus circulans, Pseudomonas sp.) and mycorrhizal fungi in experiments with diverse 

plant species (Kim et al., 1998a; Singh and Kapoor, 1998; Widada et al., 2007). The 

compatibility of mycorrhizal fungi with biocontrol strains of Bacillus, Pseudomonas and 

Trichoderma, even those antagonistic to fungal pathogens, has been proven in respective 

studies (Paulitz and Linderman, 1989; Schelkle and Peterson, 1996; Barea et al., 1998; 
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Mar Vásquez et al., 2000; Haggag et al. 2001). In fact, there is strong evidence that 

changes in the composition of resident microbial soil populations triggered by mycorrhiza 

formation facilitate those components that can be antagonistic to root pathogens (Secilia 

and Bagyaraj, 1987; Frey-Klett et al., 2005; Barea et al., 2005). 

Mycorrhizal fungi also interact synergistically with symbiotic and free-living nitrogen 

fixing bacteria (Barea et al., 2002a). As shown by using nitrogen isotope tracer 

techniques, N2-fixation rates in legumes nodulated by Rhizobium sp. were higher in 

mycorrhizal than in non-mycorrhizal plants, particularly in soils with limited N and P 

availability (Kucey and Paul, 1982; Barea et al., 1987; Toro et al., 1998). Taking into 

account the importance of P supply for biological N2-fixation, such effect has been 

partially explained by an improved P acquisition via mycorrhiza (Smith and Draft, 1977; 

Fitter and Garbaye, 1994). Moreover, the AM effect on N2-fixation by rhizobia could be 

further improved by co-inoculation with phosphate-solubilizing rhizobacteria, as 

demonstrated in pot and field experiments (Barea et al., 2002b). Similarly, the growth of 

non-legume crops like maize (Zea mays L.; Barea et al., 1983), barley (Hordeum vulgare 

L.; Subba Rao et al., 1985a) and wheat (Triticum aestivum L.; Singh et al., 1990) was 

increased by the combined application of Azospirillum bacteria and AM-fungi, though the 

effect on nitrogen fixation was not pronounced in these studies. 

Feedback loops 

The interactions between plants, rhizosphere inhabitants and the soil involve feedback 

loops driven by the transfer of organic carbon as energy source from the root to associated 

organisms. Plant growth can be amplified if the investment of assimilates into the 

rhizosphere results in improved nutrient acquisition and in feedback enhanced 

photosynthetic activity itself (DeAngelis et al., 1986; Gobran et al., 1998). To that effect, 

protozoa and nematodes grazing on bacterial populations in the rhizosphere are of 

importance to 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 are limiting, the positive back coupling between P 

mobilizing and N2-fixing microorganisms may overcome many of the limitations on low-

fertile soils and thus provide a useful basis for the functionality of low-input systems 
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(Barea et al., 2005). For example, if increased P-uptake via mycorrhizal fungi benefits N2-

fixing bacterial symbionts, the improved N status of the plant in turn may promote root 

growth and mycorrhizal development (Fitter and Garbaye, 1994; Puppi et al., 1994). AM-

fungi act as integral mediators in plant-soil systems because they transport mineral 

nutrients to the plant and carbon compounds to the soil and its living organisms. Healthier 

and more vigorous mycorrhizal plants represent an upgraded carbon source for enhanced 

microbial activity and soil aggregation which again may result in sustained soil fertility 

(Bethlenfalvay and Linderman, 1992). 

2.4 Synopsis on definitions and activities of various bio-preparations 

The previous sections have reviewed definitions and properties of bio-stimulants, bio-

fertilizers and bio-pesticides with respect to regulatory and applied aspects. It became 

clear that there are distinct discrepancies between the definitions of different authors, 

saying which materials and objects they included respectively excluded from being 

considered as active bio-agents. As summarized in a simplified form in Table 2.2, much 

of this controversy can be ascribed to dissenting interpretations of the prefix ñbioò. 

Translation of ñbioò as ñlivingò consequentially restricts the range of possible active 

agents to living organisms. When in addition materials derived from living organisms and 

genes are regarded as ñbioò, then every kind of method or application that relies on biotic 

processes can be included in the bio-concept. The most comprehensive approach certainly 

is that one which aims to integrate the most advanced knowledge on living organisms and 

their vital processes into the realization of optimized crop management systems. This 

broad bio-logical (including meanings that can be translated as ñbio-rational and 

reasonableò; Perelman, 1979; Chapter 9.3) perspective is inclusive of all aspects regarding 

the complex nature of plant interactions with their environment. 
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Table 2.2:  Interpretations of the prefix ñbioò and corresponding conceptions leading to the 

derivation of diverse definitions what is regarded as active agents of bio-preparations 

Interpretation Basic concept Included active agents Examples (not exclusive) 

Bio = living Activity of living organisms Ā Living organisms Ā AM-fungi, PGPR 

Bio = biotic Mechanisms, processes  

and products related to  

living organisms  

Ā Living organisms 

Ā Genes and gen-products 

Ā Materials derived from 

organisms 

Ā AM-fungi, PGPR 

Ā Resistance genes 

Ā Extracts from plants, algae,  

or microbes 

Bio = biological Rational and reasonable 

use of knowledge on  

living organisms and  

their vital processes 

Ā Living organisms 

Ā Genes and gen-products 

Ā Biotic and abiotic materials 

 

Ā Human beings as initiators 

Ā AM-fungi, PGPR 

Ā Resistance genes 

Ā Extracts from organisms, 

resistance-enhancing minerals 

Ā Farmers, companies, scientists 

 

The interdependency of microbial processes in the rhizosphere has been emphasized by 

the examples of Pseudomonas spp., Bacillus spp., Trichoderma spp. and AM-fungi. 

Indeed these organisms exert multiple actions that can result in beneficial but also in 

adverse effects on plant performance. Therefore, particularly in the case of 

microorganisms, which are always multi-players, but also for other natural compounds 

that affect plants in sophisticated ways, a categorization into bio-stimulants, bio-

fertilizers  or bio-pesticides may hamper a holistic view of plant ecology and agricultural 

problem-solving. With respect to the state of knowledge, it appears to be more appropriate 

and scientifically correct to use the term ñbio-effectorò as defined in Chapter 1.1, when 

the active agent and not the purpose of a specific application is meant. 

From an applied perspective, the understanding of the modes of action of certain 

organisms or materials is surely more interesting than definitions, which are finally 

meaningless for the effectiveness per se. But, during the developmental phase of a new 

biological method, prevailing definitions constitute mini-theories, which eventually 

become paradigms that encapsulate ideas and direct the thinking of investigators (Wilson, 

1997). In scientific research works, such patterns may influence the questions asked, the 

hypotheses formulated, the experiments conducted, the results obtained and finally the 
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conclusions drawn. This, in consequence, will limit the search for effective biological 

methods to the a priori expected framework (Wilson and Ghaouth, 1993). Therefore, 

instead of being restricted by present definitions, those might rather be regarded as 

preliminary ñworking-definitionsò, that are open for revision as new insights become 

available and the understanding of biological systems increases (Cook, 1993; Wilson, 

1997). 

Knowledge of the multiple ecological interactions taking place in agricultural systems has 

been recognized as the key to predict the conditions under which successful, reproducible 

results can be achieved with biological methods (Whipps, 2001; Welbaum et al., 2004). 

But, an often occurring problem is that with increasing information on complex systems 

initially some questions can be answered, but simultaneously other knowledge-gaps arise 

that were previously not recognized. This experience may lead to frustration or to the 

conclusion that, even if all the conditions that are effectively operating to control the 

course of events could be understood, it might still be necessary to find ways that allow 

the application or management of an tremendous number of site-, plant-, and pathogen-

specific entities, before advanced practices can be implemented (Garrett, 1965; Cook, 

1993). Yet, despite all progress made, science is still far from having an all-encompassing 

theory of everything. Nevertheless, for proceeding investigations on biological systems, it 

might be helpful to structure the phenomenon of complexity as well as the corresponding 

research work. Regarding the ecology of cropping systems, three conceptual levels can be 

exposed for that purpose: (1) single factor components including the soil, plant and 

microorganisms, (2) dual or multi-partite interactions between single entities that may 

antagonize each other or cooperate synergistically for a final outcome, and (3) feedback 

loops which may amplify the effect of small initial events by self-reinforcing circuits 

(Willy, 2003; Dhurjati and Mahadevan, 2008). Probably the understanding of such key 

functional concepts may offer access to the control and management of agricultural 

ecosystems without getting bogged down in details. In natural ecosystems, sustained plant 

growth occurs because of the balance that has developed between associated deleterious 

and beneficial organisms (Hairston et al., 1960). In frequently disturbed habitats, such as 

agricultural fields, considerable inputs and management efforts are necessary to 

compensate for the effect of disturbance and to shift the balance of functionally distinct 
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populations towards those, which support plant health and productivity (Linderman, 1992; 

Avis et al., 2008). Innovative bio-logical approaches that make better use of the 

synergistic interplay between cultivated plants and related organisms in their site-specific 

environments are a promising tool to optimize the production of crops as yields can be 

increased while the dependency on agrochemicals is decreased. But, the great variation 

between experimental results and their reproducibility in practice indicates that more 

studies are needed to explore the multi-functionality of single bio-effectors and their 

multi-factorial interactions (Vestberg et al., 2004; Barea et al. 2005; Römheld and 

Neumann, 2006). 
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B CASE STUDIES ON PLANT GROWTH STIMULATION AND 

BIO-FERTILIZ ATION WITH EMPHASIS ON IMPROVED 

PHOSPHORUS ACQUISITION IN CROPS 

3 Introduction to the issue of phosphate in agriculture 

3.1 The importance and problems of phosphorus in agriculture 

Phosphorus: a key mineral nutrient determining the productivity 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; Cowling et al., 2002; 

Hart et al., 2004). Abundant as dinitrogen (N2) gas 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 N2 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 

(PO4
3-) in both living organisms and global cycles (Goldwhite, 1981). While some plant 

species in mutualistic association with diazotrophic bacteria have developed sophisticated 

methods to acquire N from the atmosphere through biological N2-fixation, the primary 

source of P for plants and microorganisms are phosphates originating from minerals of the 

earthôs crust (Richardson, 2001; Condron and Tiessen, 2005). Unlike nitrate (NO3
-) and 

sulphate (SO42-), phosphate is not reduced in plants but phosphorus remains in its highest 

oxidation state as PV (Marschner, 1995). In many terrestrial and aquatic environments the 

productivity of N2-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 (phosphorylation / dephosphorylation) within the primary cellular 

metabolism is further an important regulatory mechanism controlling the activity of 

cellular proteins and part of intricate signaling 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 P kg-1 plant dry matter) for 

photosynthesis, respiration, and other processes critically involved in growth and 

reproduction (Marschner, 1995; Bundy et al., 2005). 

Trends and issues related to P-fertilizer consumption 

The industrial production of nitrogen fertilizers, predominantly through the energy-

intensive Haber-Bosch process (Galloway et al., 2002; Smil, 2004) and the exploitation of 

phosphate deposits for use in agriculture (Stewart et al., 2005), have greatly advanced 

crop productivity in the past, and continuous delivery maintains high yield levels. 

However, limited natural resources, especially of energy and phosphate reserves, but also 

adverse environmental impacts as well as increasing costs of high fertilizer input rates, 

necessitate alternative strategies for an efficient and resource-saving management of 

nitrogen and phosphorus in agricultural production (Vance, 2001). As shown in Fig. 3.1 

on a global scale the consumption of N- and P-based fertilizers in agriculture has been 

increasing more than eight- respectively three-fold 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 decrease 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 of one metric ton of 

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

4.8 kg P t-1 grain; Dobermann, 1996) having a similar yield specific phosphate demand 

than maize (2.8 ï 3.3 kg P t-1 grain; Tang et al., 2008) or wheat (4.0 ï 4.4 kg P t-1 grain; 
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Tang et al., 2008). Nitrogen is required at amounts of 15 ï 20 kg by rice (Mae, 1997; 

Swain et al., 2006), 20 ï 25 kg by maize (Presterl et al., 2002) and 20 ï 30 kg by wheat 

(Sharma, 1992) to produce 1 t of grain. Assuming a moderately high yield of 4 to 5 t per 

hectare, the P uptake by the plant would be around 18 kg P ha-1 and the N uptake about 

100 kg N ha-1 (Goswami et al., 1990). However, low use efficiencies of applied nutrients 

during a single season (< 10 ï 30 % for P, < 30 ï 50 % for N) necessitate proportionately 

higher fertilizer input rates in agricultural production (Ouyang et al., 1999; Raun and 

Johnson, 1999; Fageria et al., 2008). 

 

Fig. 3.1:  Trends of worldwide consumption of nitrogen (N) and phosphorus (P) fertilizers and 

grain production of the years 1961-2006. 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 production of phosphate fertilizers are rock phosphates 

mined from sedimentary and igneous deposits to an amount of currently 150 million 

metric tons per year to meet the annual consumption of worldwide 17 million metric tons 

phosphorus (Stewart et al., 2005; Bickert, 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 P-fertilizers (Leikam and Achorn, 2005). Finely ground rock phosphates 

can also be used directly as a slow-release 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 economic conditions for their exploitation, estimates of the duration of 

global phosphate reserves range from less than 50 to more than 500 years. Nevertheless, it 

is widely acknowledged that the quality of remaining phosphate stocks is decreasing 

whereas the fertilizer 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 that 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 fertilizers for the 

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 P-fertilizer 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 to oxygen shortages due to their subsequent decomposition. For this 

reason, phosphate entry can cause severe damages of aquatic ecosystems (Sharpley and 

Rekolainen, 1997; Tiessen, 2008). According to Tiessen (2008), approximately 10 % of 

the export of phosphorus 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 other major elements such as carbon, nitrogen and sulfur in global cycles, phosphorus 

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

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

Sustainable phosphorus management also is an integral component of agricultural low-

input systems to ensure adequate P availability for crop production. In particular, many 
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highly weathered, acidic soils of the tropics are notoriously deficient in plant available 

phosphorus (Buerkert et al., 2001; Singh and Lal, 2005). Mineral P-fertilizers 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 soils (Bationo 

and Buerkert, 2001; Turner et al., 2006). However, even on favorable soils of the 

temperate regions insufficient external inputs of organic or mineral P-fertilizers combined 

with negative nutrient balances at the farm or field level may lead to the re-occurrence of 

P-deficiency situations in modern cropping systems due to the continuous depletion of 

previously supplied P-fertilizer surplus (Fig. 3.2; Condron, 2004). 

 

Fig. 3.2:  Visual symptoms of phosphorus deficiency (i.e. stunted growth and poor tillering, 

darkish blue-green or purple 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, Rhineland-Palatinate, Germany after several years 

without application of phosphate fertilizers. The picture was taken on 07th May 2009. 



Chapter 3  Introduction to the issue of phosphate in agriculture  79 

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 kg-1 dry soil and equivalent total contents amounting from 

400 to 4000 kg P ha-1 in 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, 2008). Phosphorus is taken up by plants almost exclusively from the soil 

solution as inorganic phosphate ions, with the di- (H2PO4
-) and mono-hydrogen phosphate 

(HPO4
2-) anions being the major forms for plant uptake (Richardson, 2001; Raghothama, 

2005). In alkaline soils the divalent anion HPO4
2- is predominant, whereas high proton 

(H+) concentrations shift the equilibrium to the monovalent anion H2PO4
- in acidic soil, 

according to the equation HPO4
2- + H+ D H2PO4

- (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 between 1 to 10 µmol l-1 (Mengel and Kirkby, 

2001; Richardson, 2001). These values equate to 0.03 to 0.3 mg P l-1 or less than 

approximately 20 to 200 g P ha-1 in the top 20 cm soil layer, assuming a water content of 

200 ml kg-1 soil and a soil density of 1.3 g cm-3 (Loomis and Connor, 1992; 

Schachtschabel et al., 1992; Or and Wraith, 1999; Chan, 2006). To meet the total 

phosphorus requirement of high-yielding crops, which can amount to more than 40 kg per 

hectare and season, the quantity of phosphorus directly present in the soil solution is much 

too low (Mengel and Kirkby, 2001). Mass flow driven by transpiration would supply on 

the average only 1 % of phosphate used 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 of 

few mm (ca. 1 ï 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 of 

annual crops have a volume that is usually less than 1 % of the soil volume (Barber, 

1963). Plants therefore depend on the continuous replenishment of the soil solution with 

phosphate from solid pools existing in the soil (Marschner, 1995; Kirkby and Römheld, 
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2006). This phosphorus, comprising native soil phosphates as well as phosphate that has 

accumulated as a consequence of previous fertilizer applications, is retained in organic 

(Porg) and inorganic (Pi) phosphate forms of varying accessibility to plant roots or 

microorganisms (Bieleski, 1973). Due to the continuous immobilization of phosphates in 

soils by adsorption and precipitation processes usually only 10-30 % of the phosphorus 

supplied as water-soluble P-fertilizers is utilized by the crop in the year of application 

(Bolland and Gilkes, 1998). 

Organic phosphate in soils 

Organic phosphate compounds, originating from plant remains or synthesized by soil 

organisms, typically account for between 30 and 65 % of the total phosphorus existing in 

soils (Condron et al., 2005). Included in this fraction are to a small part relatively easily 

decomposable phospholipids 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 (phytic 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 organic 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 

phytate salts formed with iron and aluminum in acidic soils or with calcium in alkaline 

soils (Tisdale et al., 1990). Another important storage pool of phosphate in soils is the 

microbial biomass, which can hold a share of the total amount of organically bound 

phosphate 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 

sorption-desorption reactions on the surface of soil constituents, and by the pH dependent 

solubility of defined phosphate minerals in soils (Tisdale et al., 1990; Brady and Weil, 
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2008). In neutral to alkaline calcareous soils the dominant form of inorganic phosphate 

are various Ca-phosphates, which become more soluble as the pH and the calcium 

concentration of the soil solution decreases. Under alkaline conditions H2PO4
- anions in 

the soil solution rapidly react with Ca2+ cations to form a sequence of Ca-phosphates 

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 very acidic soils with pH-

values below 4, by contrast, the iron and aluminum phosphates strengite (FePO4Ā2H2O) 

and variscite (AlPO4Ā2H2O) are stable and become more soluble as the pH increases 

(Larsen, 1967; cited in: Mengel, 1991). The concentration of inorganic phosphorus 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 the hydroxyl ions (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-COO-) or silicate ions in particular (Mengel and Kirkby, 2001; Brady and Weil, 2008). 

Like Ca-phosphates, 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. This can 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, conditions leading to the reduction of ferric iron 

(FeIII ), as it is contained in Fe hydrous oxides and Fe-phosphates, to soluble Fe2+ can 

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

2008). 

The concept of labile and non-labile phosphate factions in soils 

With respect to the phosphorus acquisition by plants, the capacity of solid-phase 

phosphorus in soils can be roughly divided in a labile and a non-labile fraction, although 

the transitions between these fractions are smooth (Larsen, 1964; Olsen and Khasawneh, 

1980). The labile phosphate fraction in soils, amounting to between 150 and 500 kg P ha-1 

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 by desorption and adsorption processes and can hence be 

regarded as potentially plant available (Mengel and Kirkby, 2001). Major labile 

constituents of soil phosphate are easily soluble Ca-phosphates, exchangeably adsorbed 

phosphate ions, easily mineralizable organic phosphate compounds, and phosphate that is 

occluded by reducible Fe-oxides (Clarholm, 1993; Mengel and Kirkby, 2001). The non-

labile phosphate fraction, including strongly adsorbed and tightly bound organic and 

mineral phosphates, can account for more than 90 % of the total soil phosphorus, 

amounting from about 400 to 4000 kg P ha-1 in the top 20 cm soil layer (Mengel and 

Kirkby, 2001; Jarvis and Oenema, 2000; Bünemann and Condron, 2007). Even some 

highly weathered tropical soils, where severe phosphate deficiency is a major constraint 

on agricultural productivity, have been reported to contain large amounts of phosphorus in 

recalcitrant forms (Nziguheba and Bünemann, 2005; Turner et al., 2006; Oberson et al., 

2006). By complex reactions in the soil, a significant proportion of phosphate from 

fertilizers can become incorporated in the non-labile fraction, which limits the use 

efficiency of P fertilizer applications. Nevertheless, the non-labile pool also is a source of 

slow phosphate release, in particular when more soluble phosphate forms in the soil are 

becoming depleted. But, as the rate of phosphate mobilization from the non-labile fraction 

is generally far too low to meet the demand of rapidly absorbing roots, it can be regarded 

as virtually inaccessible to plants (Olsen and Khasawneh, 1980; Tisdale, 1990). In view of 

the increasing need to develop more P-efficient agricultural systems, it is therefore an 

important question how phosphate from non-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 very low. 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 impaired by their 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 of phosphate 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). Physical-chemical soil factors, 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 soil 

processes alone do not replenish phosphate to the depleted 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 scarcely 

absorbed phosphate or to improve the acquisition of sparingly available external 

phosphate sources (Föhse 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 mycorrhizas to enhance the spatial acquisition of 

phosphorus (Jungk, 2002; Kirkby and Römheld, 2006). Although the combination of low 

internal requirement and high phosphate acquisition efficiency appears to be a desirable 

goal in crop breeding programs in order to achieve maximum yields under phosphate-

limited conditions, none of seven crop species studied by Föhse et al. (1988) showed a 

simultaneous pursuit of both adaptation strategies. Rather species with the lowest internal 

phosphate requirement, i.e. onion and bean, 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 biomass 

but also were less suppressed in their shoot growth in treatments with a low phosphate 

supply in the soil solution. Very different findings, however, have been made for wild 

plants, such as many species of the Proteaceae. These plants, which are adapted to 

extremely phosphorus impoverished 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 Martinoia, 2002; Neumann, 2010). Although the sophisticated 

specialization of these plant species is coupled with slow growth rates, as they take up and 

store phosphorus mainly during the rainy winter season to be used for shoot growth 



Chapter 3  Introduction to the issue of phosphate in agriculture  84 

during spring and summer (Jeschke and Pate, 1995), this example shows that individual 

plants can express versatile modes of adaptation for phosphorus efficiency. 

Biological factors affecting the spatial availability of phosphate to plants 

Plant adaptations towards an improved uptake of 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 addition, the association of many major crop plants 

with arbuscular mycorrhizal (AM) fungi, growing their hyphae several centimeters 

beyond the phosphate-depleted zone surrounding the roots, allows the absorption of 

phosphate from considerably larger soil volumes (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 non-mycorrhizal roots. There is little 

evidence that AM-fungi contribute 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 AM-fungi in phosphate uptake of different pasture species was inversely 

related to the root hair length of these host plants, as root hairs and external AM-hyphae 

may provide alternative ways of bypassing the phosphate depletion zone around the root. 

The kinetic characterization 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 low-affinity transporters are expressed constitutively in plants 

whereas the expression of high-affinity 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 encoding high-affinity phosphate 

transporters are preferentially expressed in roots under phosphate deficient conditions to 

accelerate the uptake of phosphate from the soil solution (Leggewie et al., 1997; Liu et al., 

1998a; Hase et al., 2004). Also arbuscular mycorrhizal fungi have been shown to express 

transporters for the uptake of phosphate in external hyphae, whereas the expression of 

root own transporters for the direct uptake of phosphate from the environment seems to be 

suppressed upon mycorrhizal infection (Harrison and 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 of high-affinity 

transporters are likely to be successful in 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, emphasis 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; Smith, 2002). 

Biological factors affecting the chemical availability of phosphate 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, 2001; Neumann and 

Römheld, 2007; Marschner, 2008): 

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

phosphate adsorbed to Fe/Al-oxides through ligand exchange reactions (Jones, 1998a). 

2) Carboxylates may also increase the solubility of Ca-, Fe- and Al-phosphates by 

chelating the respective metal ions (i.e. Ca2+, Fe3+, andAl3+), thus releasing phosphate 

anions into the soil solution (Ryan et al., 2001). Similarly, the chelation of iron by 

siderophores or phenolic compounds can result in the solubilization of phosphate, too 

(Römheld, 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 Ca-phosphates in neutral and alkaline 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 reduction of FeIII  

and thus the solubility of iron-bound phosphate (Dinkelaker, 1995; Jones, 1998a; 

Neumann and Römheld, 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 organic phosphate 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 equilibrium from non-labile 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. 

 

Fig. 3.3:  Schematic illustration of phosphate (Å) pools in soils and principle mechanisms to 

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 root hairs, or 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 around the 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 non-labile and labile phosphates in the rhizosphere 

soils towards a higher concentration of phosphate ions in the soil solution of the 

rhizosphere (adapted from: Mengel and Kirkby, 2001; Richardson, 2001). 
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Although the relative importance of plants or microorganisms in enhancing the chemical 

availability 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 and 

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 phytohormonal 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 solution (Ray and van Diest, 1979; Föhse 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.e. Fe3+, Al3+, Ca2+) in 

this order (Amann and Amberger, 1988; Bolan et al., 1994; Jones, 1998a; Ryan, 2001). 

Yet, even though enhanced release of carboxylates from roots is a common response to P 

deficiency in many plant species, particularly dicotyledonous ones, it is questionable 

whether this can be generally regarded as an effective mechanism for chemical phosphate 

acquisition in soils (Neumann and Römheld, 1999; Gerke et al., 2000; Neumann and 

Römheld, 2007). In dependence from the pH-value and a complexity of other soil 

properties significant phosphate desorption typically requires carboxylate concentrations 

of at least10 µmol g-1 soil for citrate and even more for less efficient carboxylates (Jones, 

1998a; Gerke et al., 2000). While such high concentrations (> 40 µmol g-1 soil) have been 

reported to be reached in the rhizosphere of highly specialized root clusters formed by 

white lupine (Lupinus albus L.; Dinkelaker et al., 1989; Gerke et al., 1994) and members 

of the Proteaceae, for most other plant species carboxylate concentrations found in their 
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rhizospheres are far too low to effectuate significant phosphate mobilization (Dinkelaker, 

1995; Jones et al., 1998a). Carboxylates exuded from roots are further susceptible to rapid 

decomposition by microorganisms proliferating in the rhizosphere (Matsumoto et al., 

1979). Therefore, the localized and temporally controlled 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 (Hoffland et al., 1992; Schönwitz and Ziegler, 1986; 

Römheld, 1991; Zhang et al., 1997; Neumann and Römheld, 2002). In cluster roots of 

white lupines, additionally, a drastic decrease in pH and the release of antagonistic 

compounds (e.g. phenolics, fungal cell wall-degrading 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 severe restrictions to enhance the availability of organically bound 

phosphate in soils. The low solubility of root-secretory phosphatases (i.e. acid 

phosphatase; Tarafdar and Claassen, 1988) in soils, which are in the main bound to cell 

walls of the root (Ridge and Rovira, 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 mobile enough 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 phytates and 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 (Hübel and 

Beck, 1996; Hayes et al., 2000; Phillippy, 2002; Konietzny and Greiner, 2004). A major 

function for the phosphate deficiency-induced release of phosphatases by roots, therefore, 

seems to lie in the hydrolysis of organic phosphate compounds that are permanently lost 

into the rhizosphere from sloughed-off and damaged root cells in order to permit the rapid 

retrieval of phosphate in competition with rhizosphere microorganisms (Lefebvre, 1990). 
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Apart from the limited ability of plants to chemically mobilize phosphate in soils, 

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 phosphate retained in soils 

by solubilization of inorganic and/or mineralization of organic phosphate forms appears to 

be widespread among soil and rhizosphere microorganisms. Most predominant 

phosphate-mobilizing bacteria belong to the genera Bacillus, Pseudomonas, and 

Rhizobium (Kucey et al., 1989; Rodríguez and Fraga, 1999), and phosphate-mobilizing 

fungi were often found within the genera Penicillium, Aspergillus, and Trichoderma 

(Kucey et al., 1989; Anusuya and Jayarajan, 1998; Whitelaw, 2000; Tarafdar et al., 2003). 

Many studies have demonstrated that a high proportion (up to 40 %) of the microflora 

isolated from diverse soils or rhizosphere samples and tested on the basis of laboratory 

screening assays is capable of solubilizing sparingly soluble phosphates (Kucey et al., 

1989). While there is little evidence for any specific promotion of phosphate-solubilizing 

microorganisms in the rhizosphere (Kucey et al., 1989; Richardson, 2001), the vitamin 

producing activity of phosphate-solubilizing bacteria isolated from the rhizospheres of 

different plant species has been observed to be higher than of those isolated from control 

soil when determined by use of agar plate tests (Baya et al., 1981). Such rhizosphere 

effect probably also applies to the microbial production and release 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 strains of Bacillus spp. and Pseudomonas spp., 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; Hariprasad and Niranjana, 2008; Trivedi 

and Sa, 2008). Several in vitro studies have further attributed the solubilization of Ca-

phosphates to decreases in pH of the culture media during microbial growth, as reviewed 

by Whitelaw (2000). This effect, however, might be strongly influenced by the nutrient 

composition and buffering capacity of the culture media. Thus, ammonium (NH4
+) instead 

of nitrate (NO3
-) nutrition, is known to favor the release of protons (H+) in both 

microorganisms as well as plants and may hence improve the solubilization of Ca-




