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Summary

1 Summary
The use of microbial consortia products (MCP) based on combinations of different strains
of plant growth-promoting microorganisms (PGPM) and frequently also on non-microbial biostimulants (BS) with complementary beneficial properties, is discussed as a strategy to increase
the efficiency and the flexibility of BS-based crop production strategies under variable
environmental conditions. Moreover, MCP application aims at the restoration of plantbeneficial, soil biological processes disturbed by soil degradation and intensive use of agrochemicals. This PhD thesis was initiated to characterize the modes of action and the potential
advantages of a representative commercial MCP formulation over selected single strain PGPM
inoculants, with documented effects on plant growth promotion and pathogen suppression. In
total, nine pot and field experiments were conducted with three crops (maize, spring wheat,
tomato) on seven different soils with three organic and inorganic fertilization regimes.
MCP interactions with mineral fertilizers: A first set of pot experiments was conducted under
controlled greenhouse conditions with maize as a model plant, to investigate MCP interactions
with mineral N and P fertilizers. Nitrate fertilization was compared with the application of
ammonium fertilizers, frequently used as N starter supply in maize cultivation systems.
Nitrification inhibitors were employed to ensure a longer-lasting ammonium effect. The
experiments were conducted on five soils with moderate to low P availability and a pH range
between 5.9 and 7.9, with native soil P, soluble CaH 2 PO 4 or sparingly soluble rock-phosphate
(Rock-P) as P sources. Generally, beneficial MCP effects on plant growth were most strongly
expressed in combination with stabilized ammonium fertilization, particularly under conditions
of moderately low mineral P availability (20-30 mg kg-1 substrate), supplied as soluble fertilizer
P or in form of native soil P (Bradáčová et al., 2019a, b). The ammonium effect was obviously
related with increased P solubility due to ammonium-induced rhizosphere acidification.
Phosphate solubilization was even detectable on a moderately acidic soil at pH 5.9 (Bradáčová
et al., 2019b). By contrast, the additional MCP effect was rather associated with root growth
promotion, which was not detectable in the ammonium treatments without MCP inoculation.
However, the expression of beneficial MCP effects on root elongation was also dependent on
the presence of ammonium and consequently on the efficiency of the nitrification inhibitor
DMPP (Bradáčová et al., 2019b). Increased root length development in the MCP variants
mediated improved spatial acquisition of P and also of other nutrients. By contrast, there was
no indication for direct P solubilization from sparingly soluble Ca-phosphates induced by the
MCP inoculant in the maize rhizosphere. Root growth was obviously stimulated by microbial
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auxin supply provided by the MCP inoculant. This was indicated by increased auxin production
of bacteria re-isolated from the rhizosphere of MCP-inoculated plants, particularly in
combination with stabilized ammonium fertilization (Bradáčová et al, 2019a) and by increased
expression of the AuxIAA5 gene in the root tissue, known to be rapidly activated by external
auxin supply. By contrast, the expression of the PIN1c auxin transporter gene, rather activated
by internal auxins during basipetal auxin transport, remained unaffected by MCP inoculation
(Bradáčová et al., 2019b). Similar effects have been reported also in previous studies for various
single strain inoculants and single strain combinations. based on fungal and bacterial genera
including Bacillus, Paenibacillus, Pseudomonas, Streptomyces, Trichoderma and Penicillium,
at least partially present also in the MCP formulation. However, a general comparison revealed
no superior performance of the MCP inoculant in terms of plant growth promotion over the
investigated single-strain inoculants. There was also no indication for MCP effects on marker
enzyme activities involved in C, N and P cycling in the maize rhizosphere, related with plant
growth promotion. This indicates a limited direct or indirect impact of the MCP inoculation on
these processes, e.g. by interactions with the soil microbiome (Bradáčová et al., 2019a, b). By
contrast, a follow-up study demonstrated improved P acquisition of tomato after MCP
inoculation combined with stabilized ammonium fertilization, in a drip-irrigated field
experiment conducted in the Negev desert in Israel. Under these conditions, significant
microbiome effects were detectable even three months after the last MCP inoculation
(Bradáčová et al., 2019c). An increased bacterial alpha-diversity at the rhizoplane was
associated with a reduced abundance of Sphingobacteriia, known as salinity indicators and an
increase in the population density of potentially plant-growth-promoting Flavobacteriia.
However, also in this case it was not clear. whether these effects must be regarded as a cause
or rather as a consequence of the improved P status of the host plants, induced by MCP
inoculation (Bradáčová et al., 2019c).
MCP interactions with organic fertilizers: Improved utilization of N-rich organic fertilizers,
such as composted manures and meat-meals, has been repeatedly demonstrated in combinations
with various single strain inoculants described above. In this thesis, a similar study was initiated
in Timisoara, Romania to compare the performance of selected single strain inoculants, and
strain combinations of fungal and bacterial origin (Penicillium sp.; Proradix: Pseudomonas sp.
DSMZ 13134; Rhizovital: Bacillus velezensis FZB42) with MCP treatments, over two years in
tomato greenhouse production trials. Applied fertilizers were based on composted cow manure
(nursery stage) and guano, hair-, and feather-meals during the production phase (Bradáčová et
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al., 2019c). The BS treatments consistently increased tomato yields compared with the noninoculated controls over two years. Beneficial effects were detectable already during early
growth in the nursery phase, followed by stimulation of flowering and higher yield and
improved fruit size distribution, even under conditions of increased pathogen pressure
(Fusarium oxysporum, Agriotes lineatus) during the first year. The cumulative yield increase
ranged between 39 and 84%, but without superior performance of the MCP or strain
combinations over the single strain inoculants. Also in a follow-up study with spring wheat on
a clay loam soil pH 5.9 with low P availability but high organic matter content, there was no
indication for improved utilization of an organic fertilizer based on poultry manure and meatmeal by MCP inoculation, both, under field conditions and in a pot experiment (5.2). In the
latter case, superior performance was recorded even for a single Bacillus simplex CH13 strain.
However, in these experiments, water limitation was included as additional stress factor.
MCP performance under stress conditions: In the experiments conducted in this thesis, plants
and inoculants were intentionally or unintentionally exposed to a range of stress factors,
including drought, (5.2; Neundorf, 2018), high temperatures and severe P limitation (Bradáčová
et al., 2019c), potential toxicities due to high manure contents of nursery substrates and soil
acidity (Bradáčová et al., 2019bc) and increased pathogen pressure (Bradáčová et al., 2019c).
Beneficial effects of MCP inoculation on plant growth and yield formation were detected in
five experiments, exclusively under conditions when plant cultivation was performed
completely or at least partially under protected greenhouse conditions, particularly during the
sensitive rhizosphere establishment phase of the inoculants. In most cases without MCP effects,
the plants were exposed to stress factors affecting root development such as extreme P
deficiency during early growth, acidic rhizosphere pH, Ca limitation, and drought stress (5.2;
Neundorf, 2018; Bradáčová 2019b). Under these conditions even multiple inoculant strains
with differences in stress tolerance will have only a limited advantage, as long as the stress
conditions affect the ability of the host plant to support the establishment of a functional MCP
interaction in the rhizosphere. Since this scenario is more likely in agricultural crops directly
sown under field conditions as compared with greenhouse or nursery cultures, it remains a
major challenge for practical applications.
Only in one out of nine experiments conducted in this thesis, clear evidence for superior MCP
performance was detectable in a drip-irrigated tomato field experiment conducted under the
challenging environmental conditions of the Negev desert in Israel (Bradáčová et al., 2019c).
This finding demonstrates that MCP inoculants can exhibit an advantage over single strain
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inoculants but not as a general feature. Selective interactions with the type and dosage of the
selected fertilizers, as well as avoidance of inhibitory effects on root growth during MCP
rhizosphere establishment, have been identified as critical factors. A further characterization of
the conditions, promoting beneficial plant-MCP interactions is mandatory for a more targeted
and reproducible MCP application.
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2 Zusammenfassung
Die Nutzung mikrobieller Konsortien (MCP) auf Basis unterschiedlicher Stämme
pflanzenwachstums-stimulierender Mikroorganismen (PGPMs), oft auch in Verbindung mit
nichtmikrobiellen Biostimulanzien (BS), mit komplementären, nützlichen Eigenschaften wird
als Ansatz diskutiert, die Effizienz BS-unterstützter Produktionssysteme im Nutzpflanzenanbau
unter variablen Umweltbedingungen zu verbessern. Darüber hinaus soll die Anwendung von
MCPs zur Regeneration gestörter bodenbiologischer Prozesse beitragen, die durch
Bodendegradation und intensive Nutzung von Agrochemikalien hervorgerufen werden können.
Die vorliegende Arbeit hatte das Ziel die Wirkmechanismen und die potenziellen Vorteile einer
repräsentativen, kommerziellen MCP Formulierung, gegenüber Einzelstamm-Inokulanzien mit
nachgewiesener pflanzenwachstums-stimulierender und pathogen-suppressiver Wirkung zu
charakterisieren. Insgesamt wurden 9 Topf-, und Feldversuche mit 3 Kulturpflanzenarten
(Mais, Sommerweizen, Tomate) auf 7 unterschiedlichen Böden und 3 organischen und
mineralischen Düngungsregimes durchgeführt.
MCP-Interaktionen mit Mineraldüngern: Zur Untersuchung von MCP-Interaktionen mit
mineralischen N-. und P-Düngern, wurden Topfversuche mit Mais als Modellpflanze
durchgeführt. Reine Nitratapplikation wurde mit Ammonium-dominierter Düngung, wie sie
verbreitet

als

Starterdüngung

im

Maisanbau

eingesetzt

wird,

verglichen.

Nitrifikationsinhibitoren wurden zur Ammoniumstabilisierung eingesetzt. Die Versuche
wurden auf 5 Böden mit moderater bis niedriger P-Verfügbarkeit, einem pH Bereich zwischen
pH 5,9 -7,9 und nativem Bodenphosphat, sowie löslichem CaH 2 PO 4 bzw. schwerlöslichem
Rohphosphat als P-Quellen, durchgeführt.
Generell waren fördernde MCP-Effekte auf das Pflanzenwachstum besonders stark in
Kombination mit stabilisierter Ammoniumdüngung unter Bedingungen mit niedriger bis
moderater P-Verfügbarkeit (20-30 mg kg-1 Substrat) ausgeprägt (Bradáčová et al., 2019a, b).
Der Ammoniumeffekt stand offensichtlich im Zusammenhang mit einer P-Mobilisierung durch
Ammonium-induzierte Ansäuerung der Rhizosphäre, die selbst auf leicht sauren Böden mit pH
5,9 noch nachweisbar war (Bradáčová et al., 2019b). Im Gegensatz dazu, war ein zusätzlicher
MCP Effekt eher durch Stimulierung des Wurzelwachstums bedingt, was ohne MCP
Inokulation

nicht

nachweisbar

war.

Andererseits

war

die

MCP-induzierte

Wurzelwachstumsförderung aber auch abhängig von der Gegenwart von Ammonium und damit
von der Wirksamkeit des eingesetzten Nitrifikationshemmstoffes DMPP (Bradáčová et al.,

5

2

Zusammenfassung

2019b). Das verbesserte Wurzelwachstum unterstützte die räumliche Aneignung von Phosphat
aber auch von anderen Nährstoffen, allerdings gab es keine Hinweise auf eine direkte MCP
Wirkung durch Mobilisierung schwerlöslicher Ca-Phosphate (Bradáčová et al., 2019b). Das
Wurzelwachstum wurde offensichtlich durch mikrobielle Auxinproduktion gefördert.
Entsprechend

zeigten

Bakterienpopulationen,

die

nach

MCP-Inokulation

aus

der

Maisrhizosphäre isoliert wurden, erhöhte Auxinproduktion besonders in Kombination mit
stabilisierter Ammoniumdüngung (Bradáčová et al, 2019a), und die Expression des AuxIAA5
Gens, die besonders durch externe Auxinapplikation gefördert wird, war nach MCPInokulation im Maiswurzelgewebe erhöht. Dagegen wurde die Expression des PIN1c
Auxintransportergens, das beim basibetalen Auxintransport eher durch endogenes Auxin
aktiviert wird, durch MCP-Inokulation nicht beeinflußt (Bradáčová et al., 2019b). Ähnliche
Effekte wurden in früheren Studien auch mit pilzlichen und bakteriellen EinzelstammInokulantien und Stamm-Kombinationen auf Basis der Gattungen Bacillus, Paenibacillus,
Pseudomonas, Streptomyces, Trichoderma und Penicillium berichtet, die zum Teil auch
Bestandteile der MCP Formulierung bilden. Ein Übersichtsvergleich ergab dabei allerdings
keine verbesserte MCP-Wirkung im Vergleich zu den Einzelstammiokulanzien (6.1). Es gab
auch keine Hinweise auf MCP Effekte in Bezug auf die Aktivität vom Markerenzymaktivitäten
für die Umsetzung von C, N und P in der Rhizosphäre im Zusammenhang mit der
pflanzenwachstums-fördernden Wirkung. Daher kann nicht von einer signifikanten direkten
oder indirektem MCP Wirkung auf die betreffenden Prozesse z.B. über Interaktionen mit dem
Bodenmikrobiom ausgegangen werden (Bradáčová et al., 2019a, b). Allerdings zeigte auch ein
Folgeexperiment zum Feldanbau von Tomate mit Tröpfchenbewässerung, in Kombination mit
stabilisierter Ammoniumsaulfatdüngung in der Negev-Wüste in Israel, verbesserte P
Aneignung und Ertragsbildung nach MCP Inokulation. Unter diesen Bedingungen waren
signifikante Mikrobiomeffekte auch noch drei Monate nach der MCP Inokulation nachweisbar
(Bradáčová et al., 2019c). Die MCP Varianten zeigten eine erhöhte Alphadiversität bakterieller
Populationen an der Wurzeloberfläche, verbunden mit einer verminderten Abundanz von
Sphingobacteriia, die z.B als Salzstressindikatoren bekannt sind und einer erhöhten Abundanz
potenziell pflanzenwachstumsfördernder Flavobacteriia. Allerdings ist in diesem Fall nicht
klar, ob die beobachteten Mikrobiomeffekte die Ursache oder eher eine Folge des verbesserten
P Ernährungsstatus der Tomatenpflanzen nach MCP Inokulation repräsentieren (Bradáčová et
al., 2019c).
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MCP-Interaktionen mit organischen Düngern: Eine verbesserte Nutzung N-reicher
organischer Dünger z.B. auf Basis Stallmistkompost oder Fleischmehlen durch die oben
beschriebenen Einzelstamminokulanzien wurde verschiedenen Vorgängerstudien belegt. Daher
wurde in der vorliegenden Arbeit eine Studie mit verschieden bakteriellen und pilzlichen
Einzelstamm-Inokulanzien

und

Stammkombinationen

(Penicillium

sp.;

Proradix:

Pseudomonas sp. DSMZ 13134; Rhizovital: Bacillus velezensis FZB42) im Vergleich zu MCP
Behandlungen in der Gewächshaustomatenproduktion in Timisoara, Rumänien durchgeführt.
Die verwendeten organischen Dünger umfassten Rindermistkompost in der Anzuchtphase und
Guano, Haar-, und Federmehle in der Hauptkultur (Bradáčová et al., 2019c). Die Inokulation
führte zu konsistenten Ertragssteigerungen über zwei Jahre im Vergleich zur unbehandelten
Kontrolle. Fördernde Effekte auf das vegetative Wachstum waren bereits in der Anzuchtphase
nachweisbar, gefolgt von stimulierter Blütenbildung, Ertragserhöhung und verbesserter
Fruchtgrößenverteilung, sogar unter einem erhöhten Krankheitsdruck (Fusarium oxysporum,
Agriotes lineatus) während des ersten Versuchsjahres. Die kumulative Ertragssteigerung lag
zwischen 39 und 84%, wobei die MCP Behandlungen keine verbesserte Wirkung gegenüber
den Einzelstämmen oder den Stammkombinationen zeigten. Auch in einem Folgeexperiment
mit Sommerweizen auf einem tonigen Lehmboden pH 5,9 mit hohen C org Gehalt, geringer P
Verfügbarkeit und organischer Düngung auf Basis von Geflügelmist und Fleischmehl, ergaben
sich keine Hinweise auf eine verbesserte MCP Wirkung sowohl im Feldversuch, als auch im
Topfexperiment (5.2). Im letzteren Fall zeigte sogar ein Einzelstammpräparat auf Basis von
Bacillus simplex CH13 die beste Wachstumswirkung. Allerdings war in diesen Versuchen
Wassermangel ein zusätzlicher Stressfaktor.
MCP-Wirkungen unter Stressbedingungen: Im Rahmen der Versuche der vorliegenden
Studie kamen beabsichtigt oder unbeabsichtigt auch verschiedene Stressfaktoren zum Tragen,
wie z.B. Wassermangel (5.2; Neundorf, 2018), hohe Temperaturen und starker P-Mangel
(Bradáčová et al., 2019c), mögliche Substrattoxizität durch hohe Stallmistgehalte und niedrige
pH-Werte (Bradáčová et al., 2019b, c), sowie erhöhter Pathogendruck (Bradáčová et al.,
2019c). Pflanzenwachstumsfördernde und ertragssteigernde MCP Wirkungen wurden in 5
Versuchen erzielt, und zwar nur dann, wenn zumindest die Vorkultur der Pflanzen während der
empfindlichen

MCP-Etablierungsphase

in

der

Rhizosphäre,

unter

geschützten

Gewächshausbedingungen durchgeführt wurde. In den meisten Fällen ohne MCP-Wirkung
waren die Pflanzen Stressfaktoren mit hemmender Wirkung auf das Wurzelwachstum, wie
extremem P Mangel während der Keimlingsentwicklung, niedrigem Boden pH und Ca-Mangel
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oder Trockenstress ausgesetzt (5.2; Neundorf, 2018; Bradáčová 2019b). Unter diesen
Bedingungen bringen auch MCP Formulierungen mit unterschiedlich stresstoleranten PGPM
Stämmen keinen entscheidenden Vorteil, sofern die vorherrschenden Stressfaktoren die
Fähigkeit der Wirtspflanze beschränken, die MCP-Etablierung in der Rhizosphäre zu
unterstützen. Dieses Szenario ist wahrscheinlicher bei Ackerbaukulturen mit direkter Aussaat
im Freiland im Vergleich zu Gewächshaus-, oder Vorkulturanzucht und stellt so eine
entscheidende Herausforderung für die praktische Anwendung dar.
Nur in einem von neun Versuchen der vorliegenden Studie gab es eindeutige Hinweise auf
eine verstärkte Ausprägung von Wachstums-, und Ertragseffekten durch MCP Inokulation beim
Feldanbau von Tomaten mit Tröpfchenbewässerung unter den verhältnismäßig ungünstigen
Umweltbedingungen in der Negev-Wüste in Israel (Bradáčová et al., 2019c). Diese
Beobachtung zeigt, dass eine generell verbesserte Wirksamkeit von MCP Formulierungen
gegenüber Einzelstamm-Inokulanzien nicht gegeben ist. Selektive Interaktionen mit der Art
und der Menge der eingesetzten Düngemittel und die Vermeidung von Stresswirkungen mit
hemmendem Einfluss auf die Wurzelentwicklung während der Etablierungsphase wurden als
kritische Faktoren identifiziert. Eine umfassendere Charakterisierung der Bedingungen, die
eine erfolgreiche MCP-Interaktion mit der Wirtspflanze begünstigen ist daher unumgänglich
für zielgerichtete und reproduzierbare MCP-Anwendungen in der Praxis.
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3 General introduction
3.1 The need for alternative sustainable agriculture
In natural ecosystems, soil fertility and healthy plant growth essentially depend on mutual
interactions with beneficial soil macro- and microbiota, supporting plant nutrition and resilience
to biotic and abiotic stresses. The ability of host plants to recruit specific communities of
beneficial soil biota via root activities is a key factor for the exploitation of ecological niches
differing in soil properties and forms of nutrient supply. Consequently, these interactions
provide a major driving force, determining soil fertility, plant performance as well as aboveand below-ground biodiversity (Roy et al., 2006; Glick 2014).
Conventional agriculture, focused on maximizing economic outputs with a narrow range
of crop varieties, systematically replaces the beneficial biodiversity interactions by external
inputs (i.e. agro-chemicals, tillage). Consequently, beneficial ecosystem functions of soil biota
governing soil fertility by their multi-faceted roles in nutrient cycling, soil structure building,
and stress resilience, are declining. This is associated with ecological risks, such as
eutrophication, greenhouse gas emissions, and excessive consumption of non-renewable natural
resources. Increasing erosion, soil salinization, drought, compaction and chemical pollution and
can further aggravate this scenario. Growing awareness of these negative side effects raises
societal and political interest in the development of alternative, more sustainable and ecoefficient production strategies (Rengel and Marschner 2005; Swaminathan 2006; Glick 2014).
However, recovering mutualistic plant-soil biota interactions can take many years (e.g. buildup of organic matter, soil structure, mutualistic soil life, pathogen-antagonist equilibria).
Moreover, alternative approaches, such as organic farming, or other concepts of regenerative
agriculture frequently trade-off against lower yields due to the more limited flexibility to adapt
fertilizer supply and plant protection to actual crop demands. Attempts to close these gaps can
further increase the land use intensity for agricultural production, thereby reducing potential
ecological benefits (Muller et al., 2017). Against this background, there is an urgent need to
develop bio-ecological strategies linking the benefits of soil bio-diversity with sustainable
agricultural soil/crop management for an ecological intensification of agriculture. To achieve
these ambitious goals, not only the augmentation of autochthonous soil life by an adapted
crop/soil management needs to be taken into consideration (Roy et al., 2006; Glick 2014).
Particularly for the regeneration of already affected soils, the introduction of appropriate
bioeffectors or biostimulants (BS: i.e. plant-beneficial microorganisms and active natural
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compounds) in strategic combination with compatible fertilizers promoting the establishment
and expression of beneficial traits may provide an additional approach, to promote the reestablishment of beneficial belowground ecosystem services into agricultural production
systems (Rengel and Marschner 2005; Richardson 2009; Bashan et al. 2014; Glick 2014).
However, stress factors affecting plant and root development (e.g. excessive use of
agrochemicals, pathogens, adverse climate and soil factors) and genotypic variation in
rhizosphere competence of introduced BS can complicate the effective expression of beneficial
BS traits, leading to variable results. Currently this scenario still represents a major challenge
for BS-assisted production strategies (Neumann et al., 2009, Bashan et al. 2014).

3.2 PGPM in general and their modes of action
So-called biostimulants (BS) are a group of living plant-growth promoting bacteria, fungi
(such as arbuscular mycorrhiza fungi) and active natural substances of inorganic (silicates,
chitosan) and organic (algae extracts, humic and fulvic acids) origin, which can demonstrate
direct or indirect positive effects on plant performance. Biostimulants do interact with plants in
various rhizosphere biological and biochemical processes and are involved in complex soilplant-microbe interactions. The biostimulants are not supposed to directly bring relevant
amounts of nutrients into the system, neither in their organic or inorganic form. The bacterial
strains adopting direct bio-control and plant disease-eliminating effects for instance due to
antibiotics production, are strictly excluded from the definition of biostimulants (Jardin, 2015).
However, the biostimulants plus the strains possessing indirect plant disease-reducing effects
are termed as so called “bio-effectors” (BEs) (BIOFECTOR Periodical Report 2012).
Generally, biostimulants adopt different functional mechanisms and different modes of
action with resoect to their ability for plant-growth promotion. For instance, the stimulation of
root and shoot plant growth and better plant establishment could be in some cases attributed to
an increased microbial phytohormone production, to the stimulation of phytohormone
production by the plant or to the production of various enzymes involved in C, N and P turnover
in the rhizosphere, or to the production of secondary metabolites by the plant itself. Moreover,
the biostimulants can induce an improvement of the plant nutritional status without having a
direct fertilization effect for example by microbial N 2 -fixation; phosphorus mineralization and
mobilization of sparingly available nutrients, for instance by the release of siderophores and
carbocylates. Additionally, the biostimulants adopt certain biocontrol strategies such as
enhancement of the plant vitality and health, tolerance to biotic stresses by the induction of
systemic plant-resistance, production of antibiotic substances, or competition for space.
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Specifically, biostimulants based on organic natural substances, such as algae extracts (mainly
based on Ascophyllum nodosum) containing different phytohormones and amino acids, having
the potential to increase plant growth via improved root growth followed by increased nutrient
solubility especially under abiotic stress conditions (Halpern et al., 2015; Van Oosten 2017).
The main biofertilizing, biostimulating and biocontrol properties of biostimulants are
summarized in Fig. 1.

3.2.1 The rhizosphere and plant-microbe interactions
The establishment of beneficial plant-microbe interactions plays a key role in nutrient
acquisition and stress resistance of higher plants. A large number of soil microorganisms is
commonly found in the rhizosphere directly attached to the plant roots but also at the root
surface (rhizoplane) and even inside root and shoot tissues (endophytes). The rhizosphere,
representing the soil volume affected by root activity as defined by Lorenz Hiltner in 1904
(Hartmann, 2008), is usually enriched in organic compounds as compared to the bulk soil. The
rhizosphere accumulation of different sugars, organic acids, amino acids and peptides, enzyme
proteins, exopolysaccharides, vitamins, phenolics and other secondary plant metabolites
originating from rhizodeposition and root exudates, serves as carbon and nitrogen source for
the microorganisms and enables them to proliferate and to be metabolically active. Therefore,
the rhizosphere represents a very attractive but also selective hot spot for a high diversity of soil
microorganisms, such as bacteria, algae, fungi and also microbial grazers, such as protozoa or
nematodes, depending on the individual composition of the rhizodeposition in different plant
species and cultivars. (Marschner 2012; Gopalakrishnan et al., 2015). The diverse group of
rhizosphere-colonizing microorganisms, having a positive impact on plant growth is termed as
plant growth-promoting microorganisms (PGPM), (Kloepper et al., 1991). Plant growthpromoting microorganisms are settled in the rhizosphere, are attached to the root or they may
occupy the interior spaces inside of the host plants as so called endo-colonizers or endophytes
(Kloepper at al., 1991; Glick 2014). Important groups of endophytes are represented by the
intracellular bacteria forming and occupying root nodules, which have the ability to fix
atmospheric nitrogen, such as the Rhizobia or Frankia group. Glomeromycota, Trichoderma
and Sebacinales species as well as ecto- and endo- mycorrhiza fungi are examples of fungal
PGPM endophytes. The main groups of different bacteria being considered as PGPMs comprise
the phyla of Bacteroidetes, Firmicutes, Actinobacteria, Cyanobacteria and Proteobacteria. The
generally known soil bacteria having plant growth-promoting properties are represented by the
genera Bacillus, Rhizobium, Bradyrhizobium, Pseudomonas, Azotobacter, Azospirillum,
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Acetobacter, Burkholderia, Serratia, Enterobacter including species such as Bacillus velezensis
(former amyloliquefaciens), Bacillus simplex, Bacillus subtilis, Bacillus pumilus, Pseudomons
fluorescens, Pseudomonas putida, Azospirillum brasilense, Paenibacillus polymyxa and
Azotobacter vinelandii and their specific strains (Glick 1995; Gopalakrishnan et al., 2015).
However, the expression of PGPM properties are frequently strain-specific traits.

3.2.2 General modes of action of PGPM
The promotion plant growth by PGPMs can be attributed to direct or more indirect effects.
Direct growth promotion can be mediated improved nutrient acquisition, such as associative
nitrogen (N) fixation of so called “diazotrophs” as well as liberation of phosphate (P) from
either organically or inorganic soil P forms by so called “P-solubilizing microorganisms
(PSMs)”. The P solubilisation may be attributed to the efflux of protons and organic anions
such as gluconates, oxalate, malate or citrate and even mineral acids, or to the release of
enzymes such as phosphatases and phytases (Richardson and Simpson, 2011; Calvo et al.,
2014). In the bulk soil, the microbes are able to mineralize organic P and contribute thus very
strongly to an increased plant-available P pool in the soil (Richardson et al., 2009). However,
the activity of phosphatases is higher in the rhizosphere as compared to the bulk soil which
refers to the higher microbial activity (rhizosphere effect) but also to the ability of plant roots
to secrete acid phosphatases to mobilize P from organic sources in case of P deficiency. PGPM
also adopt mechanisms of Fe mobilization by production of siderophores, which can increase
the availability of Fe for root-induced Fe acquisition (Neumann and Römheld, 2007). Apart
from nutrient mobilization, PGPMs can also directly stimulate plant growth by interactions with
phytohormonal balances and signalling. This involves the production of volatile organic
compounds (VOCs) with signal functions, certain quorum sensing signals and phytohormones
such as Indole Acetic Acid (IAA), cytokinis, giberillins and/ or reduction of excessive stressinduced ethylene accumulation with growth inhibitory effects on plants by ACC-deaminase
production. The direct root growth promotion (enhanced total root length, root branching,
promotion of lateral roots and root hairs, etc.) may be induced by the production of
phytohormones such as IAA (Yang et al., 2008; Saharand and Nehra, 2011; Richardson and
Simpson, 2011). However, PGPM do not always produce phytohormones themselves, in some
cases they may also influence the phytohormonal synthesis and signalling of the host plant
(Lugtenberg and Kamilova, 2009; Richardson and Simpson, 2011).
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Indirect plant growth promotion by PGPMs can be mediated by an improved tolerance to biotic
and abiotic stresses which can be among other factors attributed to an improved plant nutritional
status and improved soil water relationships by root growth stimulation. Also, stimulation of
physiological plant defense responses against abiotic and biotic stress, including detoxification
of reactive oxygen species, production of antioxidants and phytoalexins frequently with
systemic effects (stress priming) are important mechanisms of indirect plant growth promotion.
Furthermore, PGPM abilities such as the antibiotic production and suppression of well-known
pathogens such as Fusarium, Pythium or Rhizoctonia (inducing severe plant diseases) or the
competition against deleterious bacteria (inducing restricted plant growth) may contribute to
better plant tolerance against biotic stresses and improved plant performance (Whipps 2001;
Lucy et al., 2004; Yang et al., 2008). However, indirect PGPM effects are not only restricted to
plant pathogen interactions, also stimulatory effects on the establishment of symbioses with
other beneficial soil biota are documented e.g. for helper functions on mycorrhizal fungi
(Yusran et al., 2009). The interactions between different PGPMs with the host plants and their
major modes of action are summarized in Fig. 1. The list describing the most common PGPMs
and their modes of action follows in Tab. 1.

Fig. 1: Specific biofertilizing and biocontrol properties of biostimulants (modified after Vacheron et
al., 2013).
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Tab. 1: Major PGPMs with their suggested modes of action and proposed mechanisms for plant growth
promotion.

Species
Azospirillum
spp.
Azotobacter
spp.

Bacillus spp.

Penicillium spp.

Plant growth promoting properties and mechanisms
-

-

Pseudomonas
spp.

Rhizobium spp.

Trichoderma
spp.

-

N 2 -fixation
Production of phytohormone-like substances
(Bloemberg & Lugtenberg, 2001; Halpern et al., 2015)
N 2 -fixation
Phosphate solubilisation
Production of phytohormone-like substances
(Halpern et al., 2015)
Phosphate solubilisation
Production of phytohormone-like substances
Production of antibiotic substances
Successful colonization of plants
Beneficial effects on mycorrhizal symbioses
(Bloemberg & Lugtenberg, 2001; Ramirez and Kloepper 2010;
Bhattacharyya and Jha, 2012; Halpern et al., 2015)
Phosphate solubilisation
Production of antibiotics
Induction of systemic resistance in plants (ISR)
Successful root colonization
Cold-stress tolerance
(Hossain et al., 2007; Gómez-Muñoz et al. (2018)
Phosphate solubilisation
Micronutrient mobilization due to release of siderophores
Production of phytohormones and contribution to phytohormonal
balance
Production of antibiotics and anti-fungal metabolites
Induction of systemic resistance in plants (ISR)
Successful root colonization (competition for space)
Beneficial effects on mycorrhizal symbioses
(Glick et al., 1995; Bloemberg & Lugtenberg, 2001; Calvo et al.,
2014; Halpern et al., 2015)
Symbiotic N 2 -fixation
Phosphate solubilisation
Micronutrients solubilisation due to production of siderophores
Beneficial effects on mycorrhizal symbioses
(Bhattacharyya and Jha, 2012; Halpern et al., 2015)
Phosphate solubilisation
Ensuring phytohormonal balances
Micronutrients solubilisation due to production of siderophores
Production of anbitiotic substances
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Inhibition of pathogens (mycoparasitism)
Induction of ISR and localized resistance
Beneficial effects on mycorrhizal symbioses
Increase of the N-fertilizer use efficiency
Improved drought stress tolerance
(Harman, 2006; Calvo et al., 2014; Halpern et al., 2015)

3.2.3 Non-microbial biostimulants
3.2.3.1 Humic and fulvic substances
As reported in the literature, humic (HS) and fulvic (FS) substances used as biostimulants
are of a relevant importance in agricultural and horticultural context. Humic and fulvic
substances can have both direct and indirect positive effects on plant growth and improvement
of plant performance. The direct effect on plant growth and plant development in response to
HS is attributed to improved nutrient uptake. This is probably induced by the positive changes
of root architecture or induction of lateral growth promotion which enables the plants to reach
for soil nutrients from more distant sources. Additionally, HS directly interact with plant
membrane transporters which are responsible for nutrient uptake and induce thus consequently
improved growth and development of plants. Thereby, the nutrient content of HS itself is
neglectable (Canellas et al., 2015). Furthermore, HS are involved in changes of primary and
secondary metabolism of plants. For instance, plant growth can be promoted by the activation
of C and N metabolism induced by HS. (Canellas et al., 2013; Hernandez et al., 2015). It was
also shown that there was a higher accumulation of secondary metabolites such as phenolics in
plants treated with HS. In this context, it is suggested that HS with their positive effects on
secondary metabolites may also play a role in reduction of biotic and abiotic stresses. It was
shown, that plants treated with humates are less susceptible to pathogens and have higher
capacity to reduce drought and salinity stress. This may be mainly induced by the antioxidant
defense mechanisms increased in the presence of HS, such as the stimulation of catalase and
other enzymes resulting in reduction of peroxidation and scavenging of reactive oxygen species
(ROS). Thus the plants become more tolerant against abiotic stresses, such as drought or salinity
stress. HS are also able to improve plant growth and stress tolerance indirectly via the
improvement of soil physical, chemical and biological properties (Paksoy et al., 2010;
Hernandez et al., 2015; Canellas et al., 2015).
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3.2.3.2 Plant and seaweed extracts
Usage of seaweed extracts having plant-growth promoting properties, could induce higher
yields, increased uptake of nutrients and improved seed germination. Growth stimulation and
increased uptake of minerals resulting in overall improved plant fitness also under unfavourable
are the main advantages of such BS (Sharma et al, 2013; Omar et al., 2015). BS based on plant
and seaweed extracts containing mainly the extracts of the algae Ascophyllum nodosum are
known to improve especially plant tolerance against biotic and abiotic stresses. Similarly, as in
the case of HS also the seaweed extracts are able to activate the antioxidant defense mechanisms
and mitigate thus the oxidative stress on plants. Further, seaweed extracts are involved in
specific root-microbe interactions and are able to improve root growth and nutrient uptake of
plants as well as soil health. This can result in improved plant performance, enhanced plant
growth and improved yield and fruit quality of crops (Shukla et a., 2019).

3.2.3.3 Chitosan polymers, amino acids and peptides
Chitosan polymers used as BS are mainly based on the biopolymer chitosan (CHT) coming
mainly from the deacetylation of chitin. CHT seems to be an efficient BS with multiple
advantages. Its production is relatively inexpensive and it can be easily combined with other
substances to induce even better results on plant performance. Promotion of shoot growth,
overall improved plant performance as well as higher fruit yields, fruit diameter or higher
phenolic contents in fruits attributed to CHT application were observed in the literature. Apart
from the direct positive effects on plant performance, nutrient uptake and improved yields, CHT
also has the ability to reduce plant pathogens such as Fusarium solani or Rhizoctonia solani.
Therefore, the usage of CHT as BS seems to be a successful strategy (Malerba and Cerana,
2018).
The mixture of different amino acids and peptides acting as BS belong to the group of BS
called protein hydrolysates (PH). This group of BS receive an increasing attention during the
last years thanks to its positive effects on plant performance. PHs are mainly produced by the
hydrolysis of animal- or plant-derived protein materials. Increased nutrient uptake by plants as
well as better transport of amino acids and peptides into the plants was observed after
inoculation with PH. Positive effects on primary and secondary plant metabolism and increased
tolerance to abiotic stresses was detected as well. PH are able to stimulate N metabolism and
its assimilation and control thus plant growth and its development. Further, improved total yield
and increased fruit size and number as well as a positive effect on nutrient uptake, mainly of
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cationic nutrients such as K, Ca and Mg in the soil leading to the improved growth is attributed
to the application of amino acids and peptides. Still, there is a lack of knowledge on the impact
of PH on the soil microbial communities. The standardization of the PH-based products remains
challenging as well. Therefore, a further research in this field is indeed necessary (Colla et al.,
2015).

3.3 Characteristics of single component BS products, microbial combi-products
and microbial consortia
Biostimulants can be divided into three main groups, depending on the complexity of their
composition:
Single component: BS products or formulations composed of one specific bacterial, fungal, or
non-microbial active ingredient with well-described characteristics and properties, with specific
beneficial effects on plant performance. Targeted application of pre-selected strains is here a
common practice.
Microbial combi-products: products or formulations with strictly defined content, composed of
two or more bacteria, fungi or non-microbial biostimulant agents as well as the addition of stress
protective nutrients (e.g. Zn, Mn, Cu, B, Si etc.). Additional positive effects on plant growth
induced by synergistic interactions between the specific components are expected.
Microbial consortia: products or formulations based on many different, not strictly defined
species of bacteria, fungi, algae extracts, amino and humic acids, chitin residues and many
different organic substances frequently produced by fermentation or composting of various
organic materials and waste products. During the fermentation different undefined species and
strains can be proliferated and are in some cases supplemented also with selected single strain
inoculants and non-microbial biostimulants or stress protective nutrients. An increased soil
microbial diversity and broader field of usage of these products due to many different beneficial
properties coming from different compounds of the consortia is expected.
The different groups of biostimulants according to their composition and specific modes
of action are demonstrated in Fig. 2.
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3.3.1 Examples for important single component biostimulants
During the BIOFECTOR EU Project, different biostimulants based on single PGPM strains
have been chosen in order to test their effects on plant growth. The general application strategy
of such biostimulants is usually based on the selection of specific microbial strains with high
efficiency of plant growth promotion under specific conditions such as limited P availability,
restricted root growth, pathogen pressure etc. (http://www.biofector.info, 10.8. 2018). These
microbial inoculants consist always of one specific, pre-selected microbial strain with its known
and expected plant-growth promoting properties. The bacteria and fungi are cultivated
separately, then removed from the fermentation process, concentrated and formulated into the
form of final product (Calvo et al., 2014). The promising microbial biostimulants belonging to
this category various bacterial and fungal strains such as: Penicillium bilaii (P. bilaii),
Trichoderma harziaum strains T22, Pseudomonas fluorescens strain DSMZ13134 and Bacillus
velezensis strain FZB42 have been characterized within the project.
Generally, P. bilaii is claimed to be able to improve P uptake by plants by enhancing the
availability of P source for plants and increase thus plant growth. However, plant growth
promoting effects have also been observed under P sufficient conditions and cold stress
(Goméz-Muňoz et al., 2018). As reported by Gulden and Vessey (2000), P. bilaii inoculation
induces changes in root growth (influences the root hair formation and promotion of root
growth), whereas a positive effect on P uptake was not detected in this study. Sánchez-Esteva
et al. (2016) confirmed the increased shoot and root growth biomass of wheat plants when
inoculated with P. bilaii on a moderately acid soil with application of sewage sludge, whereas
on calcareous soil, the plant growth promoting effect was detected only when no additional P
fertilizer was added. Thus, the P mobilization effect seems to be very environment dependent.
Gómez-Muñoz et al. (2018) advert to the alleviation of abiotic stress after inoculation with P.
bilaii soils with high P levels. This positive effect on plants cultivated under cold stress
disappeared when tested on low P soil. Therefore, the inoculation with P. bilaii in order to
mitigate cold stress is recommended for plants grown on substrates with high soil fertility. In
another study from Gómez-Muñoz et al. (2018), the effect of available P was tested on maize
inoculated with P. bilaii. The application of available P in combination with other nutrients
resulted in an increased root growth and an improved nutrient uptake by maize plants inoculated
by P. bilaii. However, if only plant-available P with no addition of other nutrients was applied,
the shoot and root growth promoting effects of P. bilaii disappeared. Therefore, the plant
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growth promoting effects of P. bilaii in this case, could be most likely attributed to an increased
root growth under the presence of available P and other nutrients in the soil.
There is evidence for beneficial effects on root growth of plants associated with the
inoculation of the fungus Trichoderma sp. The auxin-mediated improved root growth induced
by the fungus might be a result of hormonal signalling and the production of volatile organic
compounds (VOCs) by the fungus in particular (Garnica-Vergaga et al., 2015; Lee et al., 2016).
Arabidopsis seedlings treated with Trichoderma for instance, perform stimulation of lateral root
development, which is a characteristic response on auxin-related processes (Sofo et al., 2011).
Björkman (2004) observed a successful root colonization of Trichoderma and a faster root
growth of treated maize plants, whereas the response to auxin remain unchanged. In contrast,
Sofo et al. 2011 reported a significantly increased level of IAA in both shoots and roots of plants
inoculated with Trichoderma, resulting in improved root and shoot growth of inoculated plants.
This finding is supported by the result of Saber et al. 2017. The plant growth of sorghum was
significantly improved after the inoculation of Trichoderma harzianum WKY1 and the
production of IAA on tryptophan-free medium was detected as well. Apart from improved shoot
and root growth of host plant, Trichoderma is also known to act hyperparasitically. It is able to
parasite a range of other pathogenic fungi and reduce thus the soil-born fungi diseases. One
example of this mycoparasitism is Trichoderma parasiting the hyphae of Rhizoctonia solanii
(Harman et al., 2004). Trichoderma is also known to directly solubilize phosphorous from
sparingly soluble sources. Further, it is also able to mobilize micronutrients from the soil under
specific conditions (Altomare et al., 1999).
Pseudomonas sp. strain DSMZ 13134 is claimed to colonize plant roots and stimulate both
plant growth and its pathogen-defence system, resulting in overall stronger and more stable
plants and yield improvement (www.sourcon-padena.de). A successful root colonization of
Pseudomonas sp. strain DSMZ 13134 was observed by various authors (Buddrus-Schiemann
et al., 2010; Nkebiwe et al., 2017). Furthermore, this strain is known for its biocontrol
properties, production of siderophores and mobilization of P from plant-unavailable sources
(Nkebiwe et al., 2017). Enhanced shoot growth and improved yield in Pseudomonas sp. strain
DSMZ 13134 treated barley plants were observed in pot and field experiments especially in
low nutrient systems. Pseudomonas sp. strain DSMZ 13134 causes a reduction of pH in
artificial growth media and is thus able to solubilize P from insoluble sources. The production
of siderophores is an important tool of Pseudomonas sp. strain DSMZ 13134 for micronutrient
mobilization. These mechanisms maybe of great relevance especially under low nutrient
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supply, since there the nutrient supply can be increased in greater extend (Fröhlich et al., 2012).
However, no plant growth promoting effects of DMSZ 13134 were detectable on low P soils or
after application of sparingly soluble P sources as reported by Lekfeldt et al. (2016), Thonar et
al. (2017) and Mpanga et al. (2019a) and there was no indication for P solubilisation under
rhizosphere conditions (Mpanga et al. 2019b).By contrast, if Pseudomonas sp. strain DSMZ
13134 was applied with organic fertilizers such as composted animal manures,

beneficial

effects on plant growth were detectable (Thonar et al., 2017).
The Bacillus velezensis strain FZB42 is known to have biocontrol properties by induced
systemic resistance (ISR) of the host plant induced by the release of different bacterial
metabolites but also direct pathogen suppressive potential via secretion of surfactins (Borriss,
2015). This strain is also able to colonize plant roots successfully and might thereby positively
influence plant growth and plant health. The inoculation of Bacillus velezensis FZB42 improved
for instance cotton yield under low N supply dramatically (Husseini et al., 2012). Bacillus
velezensis FZB24 increased total yield of lettuce plants as well (Shehata et al., 2016). The major
modes of action behind the beneficial effects on plant growth might be the mineral
solubilisation and the secretion of different phytohormones and enzymes (Borriss, 2015). The
production of IAA of bacterial origin could be observed in different Bacillus species (Lebuhn
et al., 1997). For instance, improved plant growth attributed to successful root colonization of
Bacillus velezensis FZB42 and its tryptophan-dependent IAA synthesis inducing promotion of
lateral roots was detected by (Idris et al., 2007, Ramirez and Kloepper 2010; Borriss et al.,
2011; Mpanga et al, 2019b). There is also a significant interaction between the soil P status and
the Bacillus inoculation. At high rate of phytate present in the soil, plant growth promotion and
an improved P uptake occurred in plants inoculated with Bacillus even under low P conditions.
The ability of Bacillus to synthetize phytase and degrade thus the phytate might ensure plant
growth promotion even under limited P conditions (Idriss et al., 2002; Ramirez and Kloepper
2010). The form of P fertilizer also seems to be a crucial factor influencing the efficiency of
this bacteria. If applied with organic fertilizers, mainly composted animal manures, the bacteria
interact beneficially with the host plant and improve the use efficacy of organic fertilizers
(Naveed et al., 2008; Thonar et al., 2017, Vinci et al. 2018 a, b, Mpanga et al., 2018). The
successful establishment of Bacillus velezensis FZB42 in the rhizosphere and its root
colonization, without having any durable impact on the rhizosphere microbial community could
be an interesting attribute of this strain for the future investigations (Chowdhury at el., 2013;
Eltlbany et al, 2019). Bacillus velezensis FZB42 also contributes to overall abiotic stress
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tolerance via auxin-related, ROS scavenging or proline synthetizing pathways as described by
Liu et al., 2017.

3.3.2 Microbial combination-products
Increasing evidence suggests superior performance of microbial combi-products based on
two or more defined inoculant strains and/or non-microbial BS and their advantage towards
single strain-based products is arising (Bashan, 1998). In some cases, the mixed inoculants
may promote combinatory or even synergistic effects induced by their components. However,
the additional synergistic effects of microbial combi-products are not achieved on a regular
base. Their success strongly depends on strain specific properties and the rhizosphere
competence and their ability for effective root colonization in competition with the indigenous
microflora (Sarma et al., 2015). Trichoderma harzianum strain OMG16 is a root-endophytic
fungus known for its plant-growth promoting properties. One of the main characteristics of
this strain is an improvement of the total root length and the enlargement of the root surface
especially in tomato and maize leading to better nutrient supply (J. Geistlinger pers.
communication). The root elongation induced by Trichoderma strains might be attributed to
the auxin-mediated processes in the plant roots (Björkman, 2004; Sofo et al., 2011). There is
various evidence for improved plant growth when OMG16 was combined with Bacillus
velezensis in a product Combifector A and Combifector B developed within the BIOFECTOR
Eu Project. As observed by Mpanga et al., 2018, there was an increased shoot and root growth
of tomato plants. The driver for the improved shoot growth was probably the improved P
supply attributed to the increased total root length. P was a limiting factor in this case and the
improvement of P supply brought an improvement of N and K supply in the OMG16 treated
plants as well. An increased activity of Mn-Superoxide-dismutates (SOD) and an improved
tolerance against oxidative stress as well as an improved cold-stress tolerance in treated plants
treated with a combination of OMG16 and selected Bacillus strains (CombifectorA) was
detected as well. Also, an increased level of anti-stress metabolites such as phenolics,
flavonoids and proline was observed (Ahmed, 2017). Trichoderma species may suppress
different plant diseases due to systemic or localized induced resistance, improved shoot and
root growth of the host plant or the changes of the microbial communities on the roots of the
host plant (Harman, 2006), which was also confirmed for the strain OMG16. The induction of
local resistance in the plant roots and an induced systemic resistance (ISR) in the whole plant
(so called bio-priming) of the immune system of the whole plant was observed and refer also
to biocontrol properties of the fungus. There is evidence for synergistic effects between certain
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species, such as the combination of: Paenibacillus mucilaginosus + Bacillus velezensis;
Bacillus spp. + Trichoderma spp. or the combination of beneficial bacteria with organic
substances such as algae extracts, humic or amino acids. Yusran et al., 2009 sees a big potential
in the usage of combi-products and suggests a further research on the effects of products based
on Pseudomonas spp., Bacillus spp. and Arbuscular Mycorhizza Fungi (AMF). Synergistic
and beneficial effects of a combination of Pseudomonas putida and Bacillus velezensis towards
a single application of these species were observed under drought stress in chickpea (Kumar
et al., 2016). An inoculation with a combi-product based on Pseudomonas putida,
Sphingomonas, Azospirillum spp. and Acinetobacter sp. increased shoot and root dry weight
of plants under drought stress more dramatically than the inoculation of single strains (Romero
et al., 2017). Improved nutrient uptake and shoot growth of common bean (Phaseolus vulgaris)
was observed after the application of Bacillus sp., Pseudomonas sp. and Rhizobium
leguminosarum (Kumar et al., 2016). A combination inoculation based on Paenibacillus
polymyxa, Pantoea agglomerans and Funneliformis mosseae (belonging to AMF) enhanced
yield of French bean (Phaseolus vulgaris) under field conditions (Chauhan and Bagyaraj
2015). An additional plant growth promoting Rhizobium-Azospirillum effect on the growth of
bean plants was confirmed by Remans et al., 2008. The combination of Bacillus megaterium,
Arthrobacter sp. and Enterobacter sp. increased the yield of wheat significantly (Kumar et al.,
2014). Couillerot et al. 2013 describes the positive effect on maize growth of a threecomponent inoculant based on Glomus, Azospirillum spp. and Pseudomonas spp., whereas
Walker et al., 2012 observed unexpectedly similar effect of this three-component combi
product on maize under field conditions as compared to the inoculation with the single strains.
The efficacy of another three-component microbial combi-product based on Pseudomonas
fluorescens, Bacillus megaterium and Azospirillum lipoferum was tested on wheat plants. The
three-component combi-product improved N and P nutrition of wheat plants significantly (ElKomy, 2005). The micronutrient uptake and yield of wheat were increased after the inoculation
with three-component microbial combi-product based on Bacillus sp., Providencia sp. and
Brevundimonas sp. under pot-experiment conditions (Rana et al., 2012). A significant increase
of antioxidants (flavonoids, ascorbic acid etc.) was observed in seeds of pea after the
inoculation with microbial combi-product based on Trichoderma harzianum, Bacillus subtilis
and Pseudomonas aeruginosa (Jain et al., 2014). An advantage of a microbial combi-product
based on Azospirillum, Azotobacter, Pseudomonas and Bacillus spp., towards single strains
tested on the plant growth of Withania somnifera was detected by Rajesakar and Elango, 2011.
However, (Borriss, 2015) is more critical about the efficacy of the products consisting of
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several microbial strains. Its variable product quality may not always ensure the same
beneficial effects on plant growth. When vegetative cells of gram-negative bacteria such as
Pseudomonades or Rhizobium are mixed with spores of gram-positive Bacilli, the plant-growth
promoting effects of such mixture are not really predictable. Therefore, further research in this
field still remains needed.

3.3.3 Microbial consortia products
There is a still growing interest in mixed inoculants based on a large number of bacterial
strains to combine different beneficial properties and increase the probability for synergistic
interactions a further benefit for plant growth. The manufacturers of such products claim the
additional positive plant growth-promoting effects mainly due to stimulated physical and
biochemical activities of the various biostimulants, which may enhance some of their beneficial
aspects such as nutrient mobilization. secretion of phytohormones or pathogen suppression
(Bashan, 1998). Since microbes in soil environments usually do not act as single species but as
members of complex interacting microbial communities, responses to ta given environmental
situation usually occur also at the population level. Thus, they are able to adapt to different
environmental conditions and initiate not only competitive but also beneficial interactions
between the specific members of the population. Different microbes of the population are able
to adopt different physiological functions which ensure the active life of the microbial
population. This cross-talk between bacteria termed as “quorum sensing” and the specific
ability to act as one organism and react efficiently to various biotic and abiotic stresses
implicates that a consortium of PGPMs may provide the plants with multiple benefits under
variable environmental conditions, performing more efficiently than a single strain-based
inoculation (Nuti and Giovannetti 2015; Sekar et al., 2016).
However, the production of MCPs based on single strain fermentations is expensive.
Therefore, the huge number of different microbial strains is frequently coming from mixedculture fermentation or composting processes based on various organic substrates. This results
in a complex mixture which may contain different aerobic and anaerobic microbes as well as
many fermentation metabolites or different organic substances (Calvo et al., 2014). According
to the so-called “auto-selection hypothesis” for these products plant growth promoting
properties are not simply determined by the applied agents but rather the host plant under the
specific rhizosphere conditions is selecting the most suitable PGPMs and BS components out
of the inoculated consortium for establishing an efficient interaction in the rhizosphere.,. Those
microbial species with inefficient performance in terms of rhizosphere colonization and plant
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growth promotion, are outcompeted by more dominant and stable populations which colonize
the rhizosphere more intensively under the given conditions. This should theoretically ensure a
broader field of usage of the MCP and extend thus its “application window”, since different
species of the whole spectrum contained in the MCP will promote their advantage under
specific conditions. This applies also to various biotic and abiotic stress conditions. Microbial
strains adopting specific stress-tolerance traits may exhibit preferential proliferation under
stress conditions and could thus ensure plant stress tolerance and improved plant growth also
under challenging environmental conditions (Lopez-Cervantes and Thorpe, 2013;
BIOFECTOR Final Report 2017.).
However, the definition and particularly the standardization of the content of these products
remains challenging, since during the fermentation process a more or less undefined consortium
of microbes is established. Since a single strain can exert one or several of the postulated
beneficial effects of the mentioned categories, no clear biological distinction is possible.
Therefore, the manufacturers of these products usually guarantee only for the presence
restricted number of microbial species. The rest remains unspecified in detail. Because of the
non-specific microbial composition of these mixed products, it is difficult for the scientist to
evaluate these products and prove their effectiveness (Bajwa 2005).
One example in this category of inoculants are represented by the “Effective
Microorganisms” (EM) were developed by a Japanese scientist Teruo Higa, who claimed a
holistic approach towards sustainable plant nutrition with so-called “friendly microorganisms”.
The content of this product was described as a mixture of more than 80 species of
microorganisms including different PGPMs, photosynthetic (Rhodopseudomonas palustris)
and lactic acid bacteria (Lactobacillus spp.), Actinomycetes, yeasts, organic acids and amino
acids as well as fermenting fungi (Aspergillus, Penicilium) in presence of organic wastes,
molasses and a range of beneficial microorganisms thriven in the mixture as products of the
fermentation process (Higa, 1994; Hu and Qi, 2013). The photosynthetic bacteria synthetize
various amino acids and sugars from the carbon present in root exudates. Lactic bacteria
produce lactic acid from sugars coming from the root exudates. Since lactic acid is known for
its sterilization properties, it could suppress different soil pathogens and accelerate the
decomposition of organic matter in soil. The bioactive substances such as hormones and
enzymes released by yeasts could promote root growth. Further, the antimicrobial substances
produced by yeasts could support plant health as well (Condor-Golec et al., 2007). Thus, various
positive effects on plant performance, increased crop yield and crop quality, enhanced plant
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health and soil fertility and tolerance against biotic stresses such as pathogens and diseases,
independent of the respective environmental conditions are to be expected. EM can also be used
as prophylactics or as a natural “soil medicine” ensuring a balanced environment in the
rhizosphere towards improved plant growth and increased yields (Higa and Par, 1994). The EM
are often applied together with organic fertilizers, mostly different organic composts (so called
Bokashi) or manure with the target of an accelerated decomposition of organic wastes due to
the EMs. The organic fertilizer is primarily fermented with the EM and then inoculated to the
plants as described in (Yamada and Xu, 2001). He further describes the positive effects of the
EM in combination with organic fertilizer depending on the quality of the fermented organic
fertilizer, addition of molasses and the influence of pH. The possible mode of action of the
microbes present in the fermented compost-bacteria mixture could be either direct, depending
on the carbon source present in the organic fraction serving as energy source for the bacteria or
indirect, as an impact of metabolites synthesized synthetized by microbes (phytohormones,
growth regulators etc.). However, a long–term field study, conducted over four years with four
crops within long term organic farming trials, claimed beneficial EM effects mainly based on
the nutrient content of the product (Mayer et al. 2010). A meta study of Megali et al. (2015)
reported species- specific differences in EM responsiveness of different crops and even negative
effects due to stimulation of insect pests in maize.
Another MCP similar to the EM developed in Taiwan is composed of 733 promising
microbial strains including P-solubilizers, cellulotic bacteria, N-fixers and many others. The
study was carried out in order to establish a promising multi-functional biostimulant with a
broad field of usage. Similar as in the case of EM, this MCP was inoculated to plants after a
prior combination with compost. The results indicated an enhancement in shoot growth of
celery and an increase in the colony forming unit (CFU) of the beneficial bacteria per gram
rhizosphere soil (Young et al., 2004).
A commercial MCP product tested in the studies within this PhD thesis is a liquid mixture
of beneficial microorganisms as well as fungi, yeasts, algae and different enzymes, polypeptides
and lactic acid arising from the fermentation processes. This MCP is produced by the company
Agrinos, USA on behalf the company EuroChem Agro, Mannheim, Germany responsible for
the European market. Most of the microbes contained in MCP, which may be responsible for
the beneficial effects on plants are derived from fertile soil samples and commercial sources.
The producer takes the guarantee only for the presence of Azotobacter vinelandii and
Clostridium pasteurianum in the product. So called secondary microorganisms such as
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Azotobacter vinelandii; Bacillus spp. (e.g. B. velezensis, B. megaterium, B. subtilis);
Clostridium spp. (e.g. Clostridium pasteurianum); Lactobacillus spp.; Nitrosomonas spp.;
Nitrobacter spp.; Pseudomonas spp. (e.g. Pseudomonas fluorescens) and Rhizobium spp. as
well as fungi with biocontrol properties such as Trichoderma harzianum or algae extracts based
on Ascophyllum nodosum and Arthrospira platensis may occur in the product as well. Water
and molasses is a carrier solution for this product. According to the (Lopez-Cervantes and
Thorpe, 2013) patent information, each component of the consortium has its specific function
to ensure the balance of the whole rhizosphere system. The “auto-selection” hypothesis arises
here as well, since according to the rhizosphere conditions, different microbial populations
should be proliferated and more active than others. Different active microorganisms such as
associative or symbiotic N-fixers are responsible for nitrogen fixation, P-solubilizers and Pdecomposers convert immobilized phosphorus into its bio-available form, while others provide
enzymes for breaking down plant residues, such as C-decomposers which release celluloses
and degrade thus complex compounds into sugars, alcohols and organic acids. Others secrete
enzymes such as peptidases and phosphatases, which are responsible for N and P turnover in
soil. Strains tolerant to different abiotic stresses occur as well. Different strains exhibit
antibiotic action and biological competition for pathogens. They also produce enzymes
downgrading cell walls of pathogens such as chitinases or lipases. Certain populations regulate
the pH in the soil while others simply serve as C source for the rest of the consortium. The
fermented yeast provides trace elements and free amino acids.
The metabolism of each group of the consortia is therefore very interdependent and a close
symbiotic association of all the components is required in order to perform successfully in terms
of plant growth promotion.
The appropriate usage of MCP is supposed to increase crop yields while reducing the
conventional fertilizer and fungicide input, improving soil fertility and soil structure and
establishing a balanced, sustainable agricultural system (Lopez-Cervantes and Thorpe, 2013).

Plant-microbial interactions and the role of the plant microbiome
The human microbiome and human gut microflora has essential metabolic functions
relevant for human health (Gilbert et al., 2016). Interestingly, the essential importance of the
soil microbiome and the rhizosphere plant-microbiome interactions for plant growth and health
shows many similarities to the functions of the human microbiome. Accordingly, similar to
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human therapeutic approaches whole microbiome transplantations have been demonstrated as
successful strategies e.g. for suppression of pathogens (Kwak et al. 2018).
The great importance of plant microbiome for plant growth and plant health and the need
for further investigations of the plant-microbe interactions in order to understand these
processes more deeply for practical applications has been recognized already by the pioneer of
rhizosphere research Lorenz Hiltner (1904). However, for the majority of rhizosphere
microorganisms and their interactions with host plants, detailed knowledge is still missing
(Berendsen et al., 2012; Mendes et al., 2013) but is expected to be largely increased due to the
availability and rapid improvement of modern sequencing, metagenomics and metabolomics
approaches
It is known that many biotic and abiotic factors such as climate and weather conditions,
agricultural management, plant pathogens, developmental stage of the plant and plant species
or soil type and soil structure crucially influence the diversity of microbial communities in the
rhizosphere (Berg and Smalla, 2009).
Different agricultural practices (fertilization, mechanization, pesticides input, pH correction
and many others) have a dramatic impact on the diversity of soil microbiome as well. It is
known that the plant fitness strongly depends on the balanced plant-microbe interactions. The
artificial decrease of microbial diversity in the rhizosphere can result in nutritional and health
disorders in plants (Andreote and Pereira e Silva, 2017). Therefore, inducing directed shifts of
microbial diversity and microbial composition correlating with enhanced plant health and
improved yields in a balanced agricultural system adopting the use of PGPMs, (Fig. 3) could
be a promising strategy in establishing a more sustainable crop production (Lupatini et al.,
2017).
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Fig. 3: Possible microbial interactions in different ecosystems (modified after Andreote et al., 2017)
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3.4 Objectives and research questions
There is plenty of literature confirming the efficacy of specific single strain-based
biostimulants and microbial combi-products. Also, information about advantages of certain
combination products toward products based on single strains is available in some specific
cases. However, the scientific literature systematically comparing the effects of microbial
consortia versus single strain-based products is scarce and the underlying modes of action
remain largely hypothetic. Further, there is a gap of scientific knowledge based mainly on the
laboratory results with strictly controlled conditions and a confirmation of these specific
beneficial effects of microbial consortia under real and practice relevant environmental
conditions, confirming their potential advantage towards single strain-based products as often
stated by the manufacturer of these products. The lack of understanding about the interrelationships between plants and inoculated microbes and the microbe-microbe interactions as
well as the difficulty in case of tracing and identification of the inoculated microbes in the
practical field conditions remain a big challenge for further research in this topic (Sruthilaxmi
and Babu, 2017). Accordingly, Bashan (1998), claimed that the relevance and significance of
the impact of this co-inoculation with microbial consortia on plant yield must be further
devised.
In the presented PhD thesis, these questions were addressed in model experiments and field
trials with three different crops (maize, spring wheat, tomato) using a range of wellcharacterized single strain PGPMs and combination products in comparison with a commercial
MCP inoculant. In a set of model experiments the MCP effects on nutrient acquisition in maize
were characterized on soils with contrasting properties with respect to pH, soil structure, P
availability, organic matter content and microbial activity and different forms and levels of N
and P supply. The comparison of single strain inoculants, combination products and the MCP
under real production conditions was performed in greenhouse and field production trials with
wheat and tomato in Germany, Romania and Israel, addressing also interactions with the soil
microbiome and the impact of environmental stress factors (P limitation, drought, heat).
The biostimulants of all three categories used in performed studies are listed in Tab. 2.
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Tab. 2: Available manufacturer information and product description of the biostimulants used in
performed studies

Product name,
manufacturer

Active ingredient

Expected effects on plants

RhizoVital®42 TB,
Abitep GmbH,
Berlin, Germany

Bacillus velezensis
strain FZB42
109 cfu g-1

-

RhizoVital®42 TB
+R41,
Abitep GmbH,
Berlin, Germany

Bacillus velezensis
strain FZB42
+ Bacillus simplex
strain R41
109 cfu g-1

-

ECAG 2920,
EuroChem Agro,
Mannheim, Germany

Bacillus subtilis
1*109 spores ml-1

-

Proradix®WG,
Sourcon Padena,
Tübingen, Germany

Pseudomonas sp.
strain DSMZ 13134
5*1010 cfu g-1

-

-

-

Biological Fertilizer
DC,
Bayer CropScience
Biologics GmbH,
Malchow/Poel,
Germany

Penicillium bilaii
1*109 spores ml-1

-

31

Shoot and root growth
stimulation and overall
enhanced plant vitality
P solubilisation
Suppression of diseases
Shoot and root growth
stimulation and overall
enhanced plant vitality
P solubilisation
Improved tolerance to
abiotic stresses (e.g. cold
stress)
tolerance against abiotic
stresses
Biocontrol properties
Shoot and root growth
stimulation and overall
enhanced plant vitality
Improved availability of
nutrients
Biocontrol properties
Suppression of pathogens
due to intensive root
colonization
Growth stimulation and
enhanced vitality
P solubilisation
Micronutrients
mobilization
Biocontrol properties
Induced systemic
resistance against
pathogens

3

Trichoderma harzianum
CombiFector B,
Anhalt University of
strain OMG16
Applied Sciences,
9*109 spores g-1
Dr. Jörg Geistlinger,
Bacillus velezensis
Bernburg, Germany
strain FZB42
(developed within the 1*1011 cfu g-1
BIOFECTOR EU
ZnSO 4 * 7 H 2 O
Project)
MnSO 4 * 1 H 2 O
Kaoline (mineral carrier matrix)

-

MCP I.
composition*
Agrinos, Davis Ca,
USA

Primary microorganisms:
Azotobacter vinelandii
1.5 * 107 cfu * ml-1
Clostridium pasteurianum
1.5* 107 cfu * ml-1
Secondary microorganisms:
Clostridium spp.,
Lactobacillus spp.,
Rhizobium japonicum,
Bacillus velezensis,
Bacillus subtilis
SILoSil BS®,
Bacillus thurigiensis
SILoSil BT®,
Pseudomonas fluorescens sp.,
Acetobacter spp.,
Enterococcus sp.,
Pediococcus sp.,
Nitrobacter spp.,
Nitrosomonas spp.,
Nitrococcus spp.,
Actinomyces, Micrococcus sp.,
Streptomyces
Fungi:
Saccharomyces sp.,
Penicillium sp.,
Monascus sp.,
Aspergillus sp.,
Trichoderma harzianum
TRICHOSIL
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Growth stimulation and
enhanced vitality
Promoted root growth
Successful root
colonization
Biocontrol properties
Pathogen suppression
Induced systemic
resistance
Tolerance to abiotic
stresses
Shoot and root growth
stimulation and overall
enhanced plant vitality
Improvement of soil
fertility
Yield improvement
Associative and symbiotic
N 2 fixation
Phosphate solubilisation
Activation of C, N and P
turnover enzymes
Regulation of soil pH
Enzyme and hormone
secretion
Specific compounds serve
as an energy source for
occurring PGPM
Fermentation of
carbohydrates
Secretion of secondary
metabolites
Successful root
colonization
Biocontrol properties
Pathogen suppression
Induced systemic
resistance
Tolerance to abiotic
stresses

3

General introduction

Algae:
Acophyllum nodosum,
Arthrospira platensis
MCP II.
composition**
Agrinos, USA;
EuroChem Agro,
Mannheim, Germany

Microbial composition:
Azotobacter vinelandii,
Acetobacter pasteurianus,
Bacillus sp.,
Bacillus velezensis,
Bacillus flexus,
Bacillus licheniformis,
Bacillus megaterium,
Bacillus subtilis,
Clostridium beijerinckii,
Clostridium pasteurianum,
Lactobacillus casei/paracasei,
Lactobacillus buchneri,
Lactobacillus delbrueckii,
Lactobacillus vini,
Oceanobacillus oncorhynchi,
Paenibacillus chibensis,
Paenibacillus cookie,
Paenibacillus lautus,
Pseudomonas sp.,
Pseudomonas putida,
Streptomyces griseus,
Virgibacillus halophilus

*MCP I. composition defined according to the Agrinos Patent Application (Lopez-Cervantes
and Thorpe, 2013).
**MCP II. composition defined according to Agrinos / Eurochem Agro.
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The following working hypotheses with the objective to further examine of the effects of MCP,
identifying its modes of action and comparing the effects of MCP versus single strain-based
products and combi products were addressed in this PhD. thesis:
1. Compared with single strain inoculants the microbial consortium product (MCP)
provides higher flexibility under different environmental conditions and consequently
exhibit a superior potential for plant growth promotion and increased yield.
2. The MCP induces direct P mobilization from sparingly soluble P sources.
3. The MCP is able to increase the availability of soil nutrients via increased enzymatic C,
N and P turnover in the rhizosphere.
4. Improved spatial nutrient availability via improved root growth attributed to hormonal
interactions with host plant is ensured by MCP.
5. The most suitable microbial populations of MCP will be activated and proliferated in
the rhizosphere under specific conditions, while the less appropriate ones will be
outcompeted. MCP inoculation can thus ensure improved plant growth and
reproducibility of the effects under variable environmental conditions (auto selection
hypothesis).
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4 Functional characterization of nutrient acquisition in maize inoculated
with microbial consortia product (MCP)

4.1 Microbial Consortia Stimulate Early Growth of Maize Depending on N and P
Supply

Klára Bradáčová1*, Ellen Kandeler2, Nils Berger3, Uwe Ludewig1, Günter Neumann1
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Abstract:
Adoption of microbial consortia as plant growth-promoting microorganisms (PGPMs)
instead of single-strain inoculants is discussed as an approach to increase the eﬃciency and
ﬂexibility of PGPM-assisted production strategies. This study provides the functional
characterisation of a commercial microbial consortia product (MCP) in a series of greenhouse
experiments with maize on a silty-loam ﬁeld soil (pH 5.9). A 60%-increased abundance of
bacteria that could be cultivated after rhizosphere extraction was measured after MCP
inoculation at the end of the 42-days culture period. MCP inoculation did not stimulate shoot
biomass production of maize fertilised with nitrate, but growth improvement was recorded in
combination with stabilised ammonium, especially with reduced phosphorus (P) supply. The
MCP inoculant improved the acquisition of ammonium-N but also increased shoot-P. MCP
inoculation stimulated root length development under reduced P supply with stabilised
ammonium by 52%. This was accompanied by the increased auxin production capacity of
rhizosphere bacteria. C-, N-, and P-turnover in the rhizosphere were little aﬀected by the MCP
inoculation, as deduced from the analysis of activities of extracellular soil enzymes. The
ﬁndings suggest that the form of N supply is crucial for the eﬃciency of plant-MCP interactions.
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4.2 Maize Inoculation with Microbial Consortia: Contrasting Effects on
Rhizosphere Activities, Nutrient Acquisition and Early Growth in Different
Soils
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Abstract:
The benefit of plant growth-promoting microorganisms (PGPMs) as plant inoculants is
influenced by a wide range of environmental factors. Therefore, microbial consortia products
(MCPs) based on multiple PGPM strains with complementary functions, have been proposed
as superior, particularly under challenging environmental conditions and for restoration of
beneficial microbial communities in disturbed soil environments. To test this hypothesis, the
performance of a commercial MCP inoculant based on 22 PGPM strains was investigated in
greenhouse experiments with maize on three soils with contrasting pH, organic matter content
and microbial activity, under different P and N fertilization regimes. Interestingly, the MCP
inoculant stimulated root and shoot growth and improved the acquisition of macronutrients only
on a freshly collected field soil with high organic matter content, exclusively in combination
with stabilized ammonium fertilization. This was associated with transiently increased
expression of AuxIAA5 in the root tissue, a gene responsive to exogenous auxin supply,
suggesting root growth promotion by microbial auxin production as a major mode of action of
the MCP inoculant. High microbial activity was indicated by intense expression of soil enzyme
activities involved in C, N and P cycling in the rhizosphere (cellulase, leucine peptidase,
alkaline and acid phosphatases) but without MCP effects. By contrast, the MCP inoculation did
not affect maize biomass production or nutrient acquisition on soils with very little Corg and
low microbial activity, although moderate stimulation of rhizosphere enzymes involved in N
and P cycling was recorded. There was also no indication for MCP-induced solubilization of
Ca-phosphates on a calcareous sub-soil fertilized with rock-phosphate. The results demonstrate
that the combination of multiple PGPM strains with complementary properties as MCP
inoculants does not necessarily translate into plant benefits in challenging environments. Thus,
a better understanding of the conditions determining successful MCP application is mandatory.
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5 Field performance of MCPs
5.1 Comparative evaluation of MCPs and single strain inoculants in tomato
production with organic fertilization or placement of inorganic N/P fertilizers
Paper 3: Microbial Consortia versus Single-Strain Inoculants: an Advantage in
PGPM-assisted Tomato Production?
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Abstract:
The use of biostimulants with plant growth-promoting properties, but without significant
input of nutrients, is discussed as a strategy to increase stress resistance and nutrient use
efficiency of crops. However, limited reproducibility under real production conditions remains
a major challenge. The use of combination products based on microbial and non-microbial
biostimulants or microbial consortia, with the aim to exploit complementary or synergistic
interactions and increase the flexibility of responses under different environmental conditions,
is discussed as a potential strategy to overcome this problem. This study aimed at comparing
the efficiency of selected microbial single-strain inoculants with proven plant-growth
promoting potential versus consortium products under real production conditions in large-scale
tomato cultivation systems, exposed to different environmental challenges. In a protected
greenhouse production system at Timisoara, Romania, with composted cow manure, guano,
hair-, and feather-meals as major fertilizers, different fungal and bacterial single-strain
inoculants, as well as microbial consortium products, showed very similar beneficial responses.
Nursery performance, fruit setting, fruit size distribution, seasonal yield share, and cumulative
yield (39–84% as compared to the control) were significantly improved over two growing
periods. By contrast, superior performance of the microbial consortia products (MCPs) was
recorded under more challenging environmental conditions in an open-field drip-fertigated
tomato production system in the Negev desert, Israel with mineral fertilization on a high pH
(7.9), low fertility, and sandy soil. This was reflected by improved phosphate (P) acquisition, a
stimulation of vegetative shoot biomass production and increased final fruit yield under
conditions of limited P supply. Moreover, MCP inoculation was associated with selective
changes of the rhizosphere-bacterial community structure particularly with respect to
Sphingobacteriia and Flavobacteria, reported as salinity indicators and drought stress
protectants. Phosphate limitation reduced the diversity of bacterial populations at the root
surface (rhizoplane) and this effect was reverted by MCP inoculation, reflecting the improved
P status of the plants. The results support the hypothesis that the use of microbial consortia can
increase the efficiency and reproducibility of BS-assisted strategies for crop production,
particularly under challenging environmental conditions.
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5.2 Impact of microbial biostimulants on utilization of poultry manure and
drought stress tolerance of spring wheat

Original title: “Einfluss mikrobieller Bioeffektoren auf P-Aneignung und Trockenstresstoleranz
bei Sommerweizen“
Thesis for a Master of Science degree by: Mr. Franz Josef Neundorf
Email: franzneundorf@gmail.com
Address: Kehrweg 14, 98646 Hildburghausen, Germany
Date of submission: July, 16th 2018

Background and objectives
In face of repeated reports on preferential performance of various PGPM inoculants,
including MCPs in combination with manure based organic fertilizers in greenhouse trials with
maize and tomato (Thonar et al.2017; Mpanga et al., 2018; Vinci et al, 2018a, b; Bradáčová et
al. 2019c), this study was initiated as a systematic comparison of single strain inoculants,
microbial combination products and the MCP inoculant with spring wheat as a typical field
crop. The field experiment was established on a clay loam soil with low mineral P availability
(P CAL 20 mg kg-1 soil) supplied with a standardized organic pellet fertilizer based on poultry
manure

and

meat

meal

(MP,

Agriges,

San

Salvatore

Telesino.

Italy).

Superphosphate (SP) and calcium-ammonium nitrate (CAN) variants were included for
comparison as mineral fertilizers. Due to severe water limitation during the establishment phase
in April, the experiment also offered the opportunity to evaluate potential drought-protective
properties of the inoculants, as frequently reported in literature for various PGPMs (Schütz et
al., 2017).

Hypotheses


The microbial BS are able to improve growth of spring wheat under drought stress,
during the sensitive establishment growth phase. This beneficial effect is finally
translated into increased grain yield.



The utilization of the manure-based MP fertilizer is improved by BS inoculation
and stimulates plant growth and yield formation.
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MCP and combination products will show an advantage in terms of plant growth
promotion and yield as compared with the single-strain inoculant.

Methodology
The field experiment was carried out on a clay-loam soil with low mineral P availability
(Fluvisol of the Werra river valley, clay-loam, pH (CaCl 2 ) 5.9; 20 mg P (CAL) kg-1 soil) located
at the research station Heßberg near Hildburghausen, Thüringen, Germany from 28.03. to
29.08.2017 (Fig. 4). Microbial inoculants based on the MCP (ECAG 2895, Eurochem Agro
GmbH, Mannheim, Germany), and the combination product Combifector B (Trichoderma
harzianum OMG16 + Bacillus velezensis FZB42 + Zn/Mn supplementation; Anhalt University
of Applied Sciences, Bernburg, Germany) were investigated in comparison with the single
strain inoculant Bacillus subtilis CH13 (ECAG 2920, Eurochem Agro GmbH, Mannheim,
Germany) in combinations with a pelleted organic fertilizer (MP) based on poultry manure and
meat meal (3.1% N, 1.3% P, 1.1% K (MP, Agriges, San Salvatore Telesino, Italy). The
microbial BS products were applied by soil drenching, diluted in water (20 L plot .1) before
sowing according to the instructions of the manufacturers at a dosage of 375g ha-1 for CFB, 2.5
liter ha-1 for MCP and 27.8 liter ha-1 for B. subtilis CH13 According to the local farming
practice, the standard (Strd) fertilization comprised two rates of N fertilization (70 kg N ha-1 as
calcium ammonium nitrate (CAN) at seedling emergence and 35 kg N ha-1 as CAN at tillering).
The tested fertilization strategies were: Zero = no fertilization; 46 kg P ha-1 as super phosphate
(SP) before sowing, MP = 105 kg N + 46 kg P ha-1 as manure pellets (MP); and the positive
control with fully adequate N and P fertilization (Strd + SP as described before). In addition, a
basal fertilization with 35 kg P ha-1 as rock phosphate (P40; 17 % P) in autumn 2016 and 20 kg
S + 15 kg Mg ha-1 as Kieserite at stem elongation was applied to all variants.
Sowing of spring wheat (Triticum aestivum L. cv. Alora, Baywa, Römhild, Germany) was
performed at 29.03.2017 with a sowing density of 400 seeds m-2 and 20 rows plot-1 (plot size
32 m2) in a row distance of 13 cm. Plant protection was performed by initial fungicide seed
dressing with Landor® CT, based on Fludioxonil, Difenoconazol and Tebuconazol. During the
culture period, a herbicide treatment (Biathlon 70 g ha-1) was performed on 06.05.2017 at 38
days after sowing (DAS) followed by application of the growth regulator Moddus (0.2 L ha-1)
on 02.06.2017 (65 DAS) and a fungicide/insecticide treatment (Aviator-Pro 1.2 L ha-1 + KarateZeon 75 mL ha-1) on 15.06.2017 at 79 DAS. Final harvest was performed on 08,09,2017.
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Fig. 4: Field site in Heßberg, Thüringen (Neundorf, 2017)

Results and discussion
In 2017, the establishment phase of wheat was strongly affected by early spring drought
with very low precipitation especially at the begin of the vegetation period directly after sowing
by the end of March (Fig. 5).

Average precipitation, Heßberg Thüringen
250

[mm]

200
150
100
50
0

Rainfall (1992 - 2015) [mm]

Rainfall 2017 [mm]

Fig. 5: Average precipitation during the vegetation period of the spring wheat experiment Heßberg,
Thüringen, 2017 in comparison with a long-term rainfall statistics (1992-2015) in Thüringen,
Germany (adopted from wetter-th.de on 18.02. 2018).

This was associated with a delayed and weak seedling establishment and poor tillering,
with only 1.9 tillers plant-1 on average at 58 DAS and a low number of ear-bearing tillers,
(Fig. 7). Although no additional stress events were recorded during the further culture period,
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the average grain yield of spring wheat in this experiment (around 4 t ha-1) was very low in
comparison with average yield of spring wheat recorded in Thüringen, Germany in 2017
(6.9 t ha-1) (TLL, 2018).
Aerial photographs (Fig. 6) as well as nutrient nalysis of the flag leaves at 72 DAS (Fig. 8)
indicated that rather N than P was a limiting factor, despite low available P concentrations in
the soil. Apart from heterogeneity of the field site, the aerial photograph shows a clear greening
effect of the CAN and also the organic MP treatment but no effect of soluble SP application,
suggesting a supplementation mainly of N rather than P limitation, both by the mineral and
organic fertilizers. This was confirmed by determination of the plant nutrirional status via flag
leaf analysis at 74 DAS, showing N limitation but no P limitation in all variants without
inorganic (CAN) or organic (MP) N supply (Fig. 8), although the available mineral soil P status
of 20 mg P CAL kg-1 was low (VDLUFA, 2018). This may be explained by high organic soil P
reserves, since the field site was recently established from grassland conversion. This is also
reflected by a high organic matter content (2.8 %) and high activities of enzymes involved
inorganic, C, N and P cycling (Bradáčová et al., 2019a, b). Accordingly, only the application
of mineral or organic N fertilizers was associated with a significant increase in final grain yield
in comparison with soluble P (SP) supply or without fertilization (Fig. 7) Interestingly, also the
plant K status was critical in all treatments while the status of Mg Ca, Zn and Mn reached the
sufficiency range.

91

5

Field performance of MCPs

Fig. 6: Re-compilation of an aerial drone photograph of the experimental site in Heßberg, Thüringen
taken at 102 DAS, showing the different treatment blocks. 0 Ctrl = unfertilized control; SP =
Superphosphate; CAN = calcium-ammonium nitrate; SP + CAN = Superphosphate + calciumammonium-nitrate; MCP = unfertilized control + MCP; MP = poultry manure pellets; CFB =
Combifector-B; CH13 = Bacillus subtilis CH13. Perzelle fehlerhaft = fertilization error
(Neundorf, 2017).
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No additional effects on seedling emergence, early growth, nutritional status or final grain
yield were recorded for the BS treatments. This may be attributed to the drought stress phase
during rhizosphere establishment of the inoculants, associated with weak seedling
development. As repeatedly demonstrated in earlier studies, plants affected by external stress
factors are frequently not able to support the development of a successful interaction with
PGPMs in the rhizosphere (Bittman et al., 2006; Lekfeld et al., 2016; Thonar et al., 2017;
Mpanga et al., 2019). Moreover, potential incompatibilities of the inoculants with the applied
plant prodection agents may offer an additional explanation. In terms of P acquisition, BS
effects could not be expected since the P nutritional status was sufficient (Fig. 8).
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Fig. 7: A) Seedling emergence of spring wheat (cv. Alora) at 39 DAS. B) Number of tillers per plant at 58 DAS. C) Number of ear-bearing tillers per plant
at 131 DAS. D) Average grain yield at final harvest. Zero = unfertilized; SP = super phosphate; Strd = calcium-ammonium nitrate (CAN); MP =
pelleted poultry manure; no BE 0 uninoculkated control, MCP = microbial consortia product; CFB = Combifector-B; BS = Bacillus subtilis CH13.
All data are presented as mean values with SD (standard deviation) of four replicates Different letters indicate significant differences between
treatments (2-way ANOVA, Tukey-Test, α < 5 %).
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Fig. 8: A) Average N concentration in flag leaf (sufficiency range: 35.0 – 43.0 g kg DM-1. B) Average P concentration in flag leaf (sufficiency range:3.0 –
4-0 g kg DM-1. C) Average K concentration in flag leaf. (sufficiency range: 29 – 37 g kg DM-1) D) Average Mg concentration in flag leaf [g kg DM1
]. The optimal Mg concentration in this growth stage is above 1,5 g kg DM-1. E) Average Ca concentration in flag leaf [g kg DM-1]. (sufficiency
range:>1 g kg DM-1). Nutrient concentrations were measured at 73 DAS. The dotted line indicates nutrient deficiency thresholds (Bergmann, 1988).
Zero = unfertilized; SP = super phosphate; Strd = calcium-ammonium nitrate (CAN); MP = pelleted poultry manure; no BE 0 uninoculkated control,
MCP = microbial consortia product; CFB = Combifector-B; BS = Bacillus subtilis CH13. All data are presented as mean values with SD (standard
deviation) of four replicates. Different letters indicate significant differences between treatments (2-way ANOVA, Tukey-Test, α < 5 %).
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To test the hypothesis of inadequate rhizosphere establishment of the PGPM inoculants
due to drought stress effects and/or pesticide incompatibility as potential causes for the absence
BS effects in the field experiment, an additional pot experiment was conducted with controlled
water supply, using the same soil and fertilization regime. Plants were cultivated for three weeks
with adequate irrigation at 70% water holding capacity (WHC) of the substrate, followed by an
18 d drought stress phase at 40 % WHC and 8 d recovery at 70 % WHC. Contol variants
received adequate watering throughout the culture period. BS inoculation was conducted at
sowing and at 14 and 28 DAS to achieve optimum conditions for root colonization.
The drought stress treatments significantly reduced shoot biomass production and induced
irreversible leaf damage (chlorosis/necrosis), still detectable at the end of the one-week
recovery period in the unfertilized control and in the treatments with full mineral or organic
(MP) fertilization. Plants with organic MP supply showed lower shoot biomass production but
higher drought stress-induced leaf damage as compared with the positive controls with mineral
fertilization (Fig. 9)
Among the tested BS treatments only the single-strain inoculant Bacillus subtilis CH13 in
combination with organic MP fertilization had drought protective effects in terms of increased
shoot biomass production (+21 %) and reduced drought-induced leaf damage (- 42 %) at the
end of the recovery phase (Fig. 9).
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Fig. 9: Shoot biomass and drought stress-induced leaf damage of spring wheat (cv. Alora) in a pot
experiment at 43 DAS with and without exposure to a 18 d drought stress period with 40%
substrate water-holding capacity (TS); 0 Ctrl = unfertilized; posCTRL =full mineral N, P, K,
Mg fertilization; ORG = organic fertilization with pelleted poultry manure; NoBE =
uninoculated control; MCP = microbial consortia product; CFB = Combifector B. Means of five
replicates. Significant differencres (Tukey Test α < 5 %) are indicated by different characters.

This was associated with an improved macronutrient (N, P, K) status of the droughtstressed plants with organic MP fertilization (Fig. 10), suggesting that at least the B. subtilis
CH13 strain was able to improve the utilization of the organic manure fertilizer under drought
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stress conditions. However, the plant macronutrient status was critical for all treatments
(Bergmann 1988) with the best performance in the positive control with full mineral nutrient
fertilization (Fig. 10).

Fig. 10: Shoot concentrations and contents of macronutrients (N, P, K) in spring wheat (cv. Alora) in a
pot experiment at 43 DAS with and without exposure to a 18 d drought stress period with 40%
substrate water-holding capacity (TS); 0 Ctrl = unfertilized; posCTRL = full mineral N, P, K,
Mg

fertilization;

ORG

=

organic

fertilization

with

pelleted

poultry

manure;

NoBS = uninoculated control; MCP = microbial consortia product; CFB = Combifector B.
Means of five replicates. Significant differencres (Tukey Test α < 5 %) are indicated by
different characters.
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Conclusion
Taken together the experiments could not confirm the hypotheses of improved utilization
of organic fertilizers and increased drought resistance of spring wheat induced by the BS
inoculants under field conditions. Beneficial effects, observed for BS-induced utilization of the
organic MP fertilizer in the pot experiment, avoiding drought stress already durng the
establishment phase, underline the importance of protected conditions during the establishment
of microbial BS in the rhizosphere. However, contrary to the initial hypothesis of superior MCP
performance, significant inoculant effects were recorded only for the single-strain inoculant
Bacillus subtilis CH13. Similar to the results described by Bradáčová et al. (2019 b, c), the
results suggest that the use of MCP inoculants is not always associated with an extra benefit
under unfavourable environmental conditions, and the exploitation of beneficial MCP effects
requires further investigation with respect to the most suitable application conditions.
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6 General discussion
This research project was initiated to characterize the modes of action and the potential
advantages of a representative microbial consortium product (MCP, based on biostimulant (BS)
combinations of multiple fungal and bacterial PGPMs and algae extracts), over selected single
strain PGPM inoculants and single strain combinations with documented effects on plant
growth promotion and pathogen suppression in BS-assisted plant production strategies. Pot and
field experiments were conducted with three crops (maize, spring wheat, tomato) on seven
different soils with three organic and inorganic fertilization regimes.

6.1 MCP performance as affected by the fertilization regime
Based on the hypothesis that the use of MCP inoculants with multiple microbial and nonmicrobial BS increases the flexibility in supporting plant nutrient acquisition from various
organic and inorganic sources (Lopez-Cervantes and Thorpe, 2013; Fig. 11), MCP performance
was tested in combination with a range of inorganic (N, P) and organic fertilizers (composted
cow manure, poultry manure, meat-, hair-, and feather- meals) in maize, spring wheat and
tomato.

Fig. 11: Yield and plant growth effects of biostimulant (BS) applications, depending on the type and
combination of inoculants. The number inside the brackets represents the number of
observations included; the dashed vertical zero line indicates no difference between BE and
non-inoculated control treatments, the points indicate the mean effect while the horizontal line
represents the 95% confidence interval (CI). If CI lines cross the zero line, effects are not
significant (BIOFECTOR Final Report; 2017).
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6.1.1 MCP interactions with mineral fertilizers
In pot experiments with maize, nitrate fertilization was compared with the application of
ammonium fertilizers, frequently used as N starter supply in maize cultivation systems. Benefits
of ammonium fertilizers have been attributed to root attracting properties, reduced risk of Nleaching and the potential to induce rhizosphere acidification to increase the availability of P
and micronutrients (Nkebiwe et al., 2016a). Nitrification inhibitors were used to ensure a
longer-lasting ammonium effect. The experiments were conducted on five soils with moderate
to low P availability and a pH range between 5.9 and 7.8 with native soil P, soluble CaH 2 PO 4
or sparingly soluble rock-phosphate (rock-P) as P sources.
Generally, beneficial MCP effects on plant growth were most strongly expressed in
combination with stabilized ammonium fertilization particularly under conditions of
moderately low mineral P availability (20-30 mg kg-1 substrate) supplied as soluble fertilizer P
or in form of native soil P. This is in line with earlier reports of Mpanga et al. (2019a, b) on
performance of various single strain inoculants and single strain combination products and is
obviously not an exclusive MCP feature. An overview comprising six experimental variants
out of three MCP experiments (Bradáčová et al., 2019a, b), revealed combined effects of
ammonium fertilization versus nitrate supply and additional MCP inoculation, mediating
improved P acquisition and plant growth (Tab. 3). The ammonium effect was obviously related
with increased P solubility due to ammonium-induced rhizosphere acidification, which was
even detectable on a moderately acidic soil at pH 5.9 (Bradáčová et al., 2019b). By contrast,
the additional MCP effect was rather associated with root growth promotion, which was not
detectable in the ammonium treatments without MCP inoculation (Tab. 3). Accordingly, the
increased root length in the MCP variants (Tab. 3) mediated improved spatial nutrient
acquisition in general and not only P acquisition as observed for the ammonium treatment
(Bradáčová et al. 2019b).
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Tab. 3: Additive effects of stabilized ammonium supply and MCP inoculation (% increase in
comparison with nitrate fertilization) on shoot biomass production and shoot P accumulation
and root length development in maize. Average responses calculated from six experimental
variants in three pot experiments (Bradáčová et al. 2019a, b).

NH 4 + Effect
(%)

MCP Effect
(%)

NH 4 + + MCP Effect
(%)

Shoot Biomass

13.3 ± 6.2

15.9 ± 8.2

29.3 ± 17.9

Shoot P Content

23.0 ± 9.6

19.2 ± 14.0

47.2 ± 5.0

Root length

3.4 ± 2.2

29.3 ± 8.0

32.6 ± 6.6

The results are very similar to the compilation of 20 experimental variants on ammonium
interactions with in total 16 single-strain inoculants, single strain combinations and MCPs
reported by Mpanga (2019) for pot and field experiments with maize, wheat and tomato
(Tab. 4). However, in this case the effects were more intensively expressed as compared with
the compilation of MCP trials shown in Table 1. This finding suggests no superior performance
of MCP application over the selected single strain inoculants and single strain combinations
described by Mpanga (2019) in terms of interactions with stabilized ammonium fertilizers.
Tab. 4: Additive effects of stabilized ammonium supply and PGPM inoculation (% increase in
comparison with nitrate fertilization) on shoot biomass production and shoot P accumulation of
the host plants. Average calculated from 13-20 experimental variants (pot and field experiments
with maize, wheat, tomato and 16 PGPM inoculant strains) on low P soils with sparingly soluble
Ca-P sources in comparison with the effects of soluble P fertilization (Mpanga, 2019)

NH 4 + Effect
(%)

PGPM Effect
(%)

NH 4 ++PGPM
Effect (%)

% of Soluble P
Fertilization

Shoot Biomass

35.8 ± 12.5

31.4 ± 6.2

68.7 ± 17.7

84.2 ± 5.8

Shoot P Content

90.6 ± 22.0

11.4 ± 5.1

102 ± 25.4

79.1 ± 6.0

Similar to the results reported by Mpanga et al. (2019 a, b) for various single strain
inoculants, ammonium fertilization mediated mainly P solubilization while the MCP inoculants
additionally promoted root growth (Tab. 3).
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Stimulation of root growth induced by various PGPMs is well-documented in the literature
(Glick, 2014). The underlying modes of action are based on PGPM-mediated production of
phytohormonal signals such as auxins from precursors released by plant roots (Hartmann et al.,
2009) or can be stimulated by microbial production of signal compounds interfering with auxin
production and hormonal signaling of the host plant, such as certain quorum sensing metabolites
or volatile organic compounds (VOCs) (Hartmann et al., 2014; Garnica-Vergara et al., 2015).
Another strategy is the enzymatic degradation of the ethylene precursor 1-aminocyclopropane
carboxylic acid (ACC) via microbial production of ACC-desaminase, which counteracts
excessive stress-induced ethylene production with inhibitory effects on root growth (Glick,
2005). Also improved resistance to biotic and abiotic stress factors induced by microbial signals
(e.g. QS metabolites, VOCs) can finally contribute to improved root development (Hartmann
et al., 2014; Lee et al., 2016; González-Pérez et al., 2018; Sharifi et al., 2018).
However, the capacity for auxin production by rhizosphere bacteria seems to be dependent
also on the form of N supply and was found to be stimulated particularly by ammonium
application to artificial growth media in various PGPM strains of the genera Bacillus,
Pseudomonas and Acetobacter (Patil, 2011; Bharucha et al., 2013; Mpanga et al., 2019b)
Accordingly, Mpanga et al (2019b) found increased auxin production of bacterial populations
re-isolated from the rhizosphere of maize plants with stabilized ammonium fertilization after
inoculation with Bacillus velezensis FZB42 or Pseudomonas sp. DSMZ 13134, which was
confirmed also for maize plants with MCP inoculation in the present study (Bradáčová et al.,
2019b). This points to a mode of action by MCP-induced root growth stimulation via microbial
auxin production, which may be further promoted by ammonium-induced auxin accumulation
of the host plant (Mpanga et al., 2019b; Moradtalab et al., 2019). A direct effect of microbial
auxins on root growth is also indicated by increased expression of the AuxIAA5 gene in the
root tissue of MCP-inoculated maize plants, as a member of auxin early response genes, which
is known to show rapid upregulation in response external auxin application (Park and
Hasenstein, 2015; Bradáčová et al., 2019b). Accordingly, the expression of PIN1c gene, which
encodes an auxin efflux transporter involved in shoot-to-root translocation of auxins (Li et al.,
2018), known to be rather activated by internal shoot-borne auxin supply, was not activated by
MCP application. By contrast, a completely different scenario was observed after inoculation
of maize plants with a single strain combination of Trichoderma harzianum OMG16 with five
strains of Bacillus licheniformis, B. megaterium, B. polymyxa, B. pumilis and B. subtilis, which
induced gene expression of PIN transporters and auxin biosynthesis but not AuxIAA5
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expression, responsive to external auxin supply (Moradtalab et al., 2019). Obviously, in this
case, instead of microbial auxin production, microbial signals interfered with internal hormonal
signaling of the host plant as previously reported for various VOCs produced by Trichoderma
inoculants (Garnica-Vergara et al., 2015).
However, the expression of beneficial ammonium-MCP interactions on plant growth was
found to be influenced by a range of external factors, mainly related with the efficiency of the
ammonium fertilization:
(i)

As demonstrated by Bradáčová et al. (2019b), the expression of beneficial MCP
effects was strongly dependent on the availability of ammonium, which is largely
determined by the stability of the nitrification inhibitors in soils, usually limited to
several weeks or months (Benckiser et al., 2013). This implicates that in maize
cropping systems, where ammonium is frequently supplied as a starter fertilizer
beneficial MCP effects can be mainly expected during early growth, known as a
critical phase for proper field establishment of maize (Hajabbasi and Schumacher,
1994; Liu et al., 2016). This was confirmed also in field experiments with single
strain inoculants and combination products reported by Mpanga et al. (2019a). The
establishment of longer lasting effects might be possible by combination of MCPs
with ammonium depot fertilization (see Bradáčová et al. 2019c) or by repeated
applications with fertigation systems.

(ii)

On light and moderately acidic soils with low pH buffering capacity, beneficial
interactions of ammonium fertilization with BS inoculants were occasionally found
to be limited by excessive rhizosphere acidification leading to Ca and Mg
deficiencies and inhibitory effects on root growth even when P availability was
increased (Bradáčová et al., 2019b). This problem was observed for single strain
and for MCP inoculants as well (Mpanga 2019; Bradáčová et al. 2019b) but might
be overcome by simultaneous application of rock phosphates or other fertilizers
increasing the soil pH buffering capacity (e.g. ashes, slags) with protective functions
against ammonium-induced over-acidification of the rhizosphere (Mpanga, 2019).

(iii)

On the other hand, ammonium-induced rhizosphere acidification is frequently
limited on substrates with a high pH buffering capacity, such as alkaline and
calcareous soils. Under these conditions, limited performance of ammonium-PGPM
combinations has been reported for single strain inoculants (Mpanga et al. 2018;
Mpanga 2019) and the investigated MCP product as well (Bradáčová et al., 2019b).
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This finding also points to a limited solubilizing potential of the inoculants for acid
soluble soil P forms (i.e. calcium phosphates) without additional support via rootinduced rhizosphere acidification induced by ammonium supply. Placement of
ammonium fertilizers may offer a perspective to overcome this problem, as
demonstrated by Jing et al. (2010). Root-attracting properties of the ammonium
depot are able to induce the proliferation of short lateral roots close to the depot zone
(Liu and v. Wirén, 2017), which leads to an intensification of the rhizosphere
acidification effect even in alkaline soils with pH ≈ 8. This effect may be further
promoted by root growth-stimulating properties of PGPM inoculants (Nkebiwe et
al. 2016; Fig. 12).

Fig. 12: Localized root proliferation induced by ammonium band placement, stimulated by PGPM
inoculation (Proradix = Pseudomonas sp. DSMZ 13134) of field-grown maize plants (modified
after Nkebiwe et al. 2016).

This approach was tested in an open-field, drip-irrigated tomato production system on a
sandy soil with low P availability (P Olsen 5.5 mg kg−1, pH CaCl2 7.9) at the Ramat Research
station in the Negev desert in Israel, with band placement of stabilized ammonium
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sulfate. Under these conditions, MCP inoculation significantly promoted early growth
and final yield of tomato by improved acquisition of native soil P, and could partially
replace the effects of soluble P fertilization. The MCP inoculation was superior in
comparison with the application of selected single-strain inoculants and strain
combinations. This may be attributed to the combined effects of ammonium-induced
rhizosphere acidification promoted by fertilizer placement, the ability of tomato to
acidify the rhizosphere under P limitation (Pilbeam et al., 1993; Neumann and Römheld,
1999) and additive benefits provided by the various MCP inoculant strains (Bradáčová
et al., 2019c).

6.1.2 MCP interactions with organic fertilizers
Improving soil fertility and plant nutrient availability by stimulation of processes involved
in C, N and P cycling in the rhizosphere is discussed as a major mode of action of MCP
inoculants (Lopez-Cervanets and Thorpe, 1013; Nuti and Giovanetti, 2015; Woo and Pepe,
2018). To test this hypothesis, marker enzymes such as cellulases, glucanases, peptidases and
acid and alkaline phosphatases were measured in the rhizosphere of MCP-inoculated and noninoculated maize plants on soils with different organic matter content (Bradáčová et al.,
2019a, b). Beneficial effects on plant growth, induced by the MCP inoculants were recorded on
freshly collected field soils, characterized by high rhizosphere marker enzyme activities already
in non-inoculated controls. However, MCP-induced plant growth promotion was not associated
with a further increase in the activities of the investigated marker enzymes, suggesting that
MCP-mediated nutrient mineralization was not a major factor contributing to the beneficial
effects of the inoculants, which could be mainly attributed to root growth promotion (see section
7.1). This has been similarly reported for various single-strain inoculants with plant growth
promoting potential (Mpanga et al. 2019b; Eltlbany et al., 2019) and may be due to the fact that
large fractions of native organic N and P pools in soils are frequently not readily available for
mineralization processes due to limited solubility (i.e. phytates) or sequestration in complex
polymeric humic substances and the microbial biomass (Schmid-Rohr et al., 2004; Singh and
Rengel, 2007; Irshad et al., 2012).
However, a different situation may apply for the application of organic fertilizers with
easily available organic and inorganic N and P forms. Accordingly, improved utilization of Nrich organic fertilizers, such as composted manures, guano, meat-, hair-, and feather-meals, has
been repeatedly demonstrated in combinations even with the same inoculants investigated
above (Thonar et al., 2017; Mpanga et al., 2018; Vinci et al. 2018a, b). Similar responses were
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recorded also in open-field organic tomato production trials conducted over three years in
Hungary within the framework of the BIOFECTOR project using organic meat- and bone-meal
fertilizers, (Tab. 5).
Tab. 5: Tomato yields with different single strain inoculants (Trichoderma harzianum T22;
Pseudomonas sp. DSMZ 13134 (Proradix); Bacillus velezensis FZB42 (Rhizovital) compared
with non-inoculated controls (no BE) in field trials conducted over three years in Hungary with
organic fertilization based on meat-, and bone-meal (modified after BIOFECTOR Final Report,
2017).
2015
Treatment
Control
V1
V2
V3

Bioeffector
no BE
Tricoderma harz. (11 kg/ha)
Proradix (1,5 kg/ha)
RhizoVital (3 l/ha)

Yield
t/ha
61,6
63,0
79,5
105,0

Yield change
t/ha

2016
Treatment
Control
V1
V2
V3

Bioeffector
no BE
Tricoderma harz. (11 kg/ha)
Proradix (1,5 kg/ha)
RhizoVital (3 l/ha)

Yield
t/ha
82,72
96,8
109,8
120,6

Yield change
t/ha

2017
Treatment
Control
V1
V2
V3

Bioeffector
no BE
Tricoderma harz. (11 kg/ha)
Proradix (1,5 kg/ha)
RhizoVital (3 l/ha)

Yield
t/ha
103,69
125,4
143,1
131,1

Yield change
t/ha

1,4
17,9
43,4

14,1
27,1
37,9

21,7
39,4
27,4

%

BE Benefit
€/ha

BE costs
€/ha

2,3
29,1
70,5

1120
14336
34720

1021
1500
227

%

BE Benefit
€/ha

BE costs
€/ha

17,1
32,8
45,8

11288
21688
30304

1021
1500
227

%

BE Benefit
€/ha

BE costs
€/ha

21,0
38,0
26,4

17384
31491
21896

1021
1500
227

As a part of this thesis, a similar study was initiated in Timisoara, Romania to compare the
performance of selected single strain inoculants, and strain combinations of fungal and bacterial
origin (Penicillium sp., Proradix, Rhizovital) with MCP treatments over two years in tomato
greenhouse production trials. Applied fertilizers were based on composted cow manure (nursery
stage) and guano, hair-, and feather-meals during the production phase (Bradáčová et al.,
2019c). Similar to the experiments conducted in Hungary (Table 3), the BS treatments
consistently increased tomato yields compared with the non-inoculated controls over two years.
Beneficial effects were detectable already during early growth in the nursery phase, followed
by stimulation of flowering and higher yield and improved fruit size distribution even under
conditions of increased pathogen pressure (Fusarium oxysporum, Agriotes lineatus) during the
first year. Similar to the earlier reports, the results demonstrated once again the principle
effectiveness of the selected inoculants in promoting the utilization of organic fertilizers rich in
easily available N and P sources. The cumulative yield increase ranged between 39 and 84%,
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but without superior performance of the MCP or strain combinations over the single strain
inoculants. Also in a follow-up study with spring wheat on a clay loam soil pH 5.9 with low P
availability but high organic matter content, there was no indication for improved utilization of
an organic fertilizer based on poultry manure and meat-meal by MCP inoculation both under
field conditions and in a pot experiment (Neundorf, 2018). In the latter case, superior
performance was recorded even for a single Bacillus simplex CH13 strain (Fig. 9). However,
in these experiments, water limitation was included as an additional stress factor.

6.2 MCP performance under stress conditions
A major challenge for BS-assisted crop production systems is the limited reproducibility
of positive results under more challenging environmental conditions in field applications where
plants can be exposed to various biotic and abiotic stresses (Menzies et al., 2011). Particularly
for microbial inoculants, high rhizosphere competence and efficient root colonization of the
host plant is a pre-requisite for the expression of beneficial PGPM effects (Eltlbany et al., 2019).
However, under severe abiotic stress conditions, a proper root colonization by PGPMs can be
impaired due to stress-induced limitations of root growth and photosynthesis of the host plant
and by low stress tolerance of the inoculants as well. Particularly in the latter case, MCPs could
offer an effective alternative, due to the presence of a wider range of inoculant strains, which
may differ in their tolerance to biotic and abiotic stresses (Woo and Pepe, 2018). In the
experiments conducted in the present study, plants and inoculants were intentionally or
unintentionally exposed to a range of stress factors including drought (Neundorf, 2018), high
temperatures and severe P limitation (Bradáčová et al., 2019c), potential toxicities due to high
manure contents of nursery substrates (Nielsen and Thorup-Kristensen, 2001; Bradáčová et al.
2019c) and increased pathogen pressure (Bradáčová et al., 2019c). Interestingly, in all
experiments conducted in this thesis, beneficial effects of both, single strain and MCP
inoculants were exclusively observed under conditions avoiding excessive stress exposure at
least during seedling establishment and early growth.
For example, no MCP effects on the acquisition of sparingly soluble soil P and plant growth
promotion were observed in a maize experiment where the plants suffered from severe P
deficiency already during the establishment phase of the inoculants in the rhizosphere
(Bradáčová et al. 2019b). By contrast MCP inoculation significantly improved the P acquisition
potential of well-developed tomato plants exposed to P limitation after a nursery phase with
optimal nutrient supply (Bradáčová et al, 2019c). Similarly, a spring wheat field experiment
with organic fertilization and severe drought stress during the first four weeks after PGPM
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inoculation, revealed no inoculant effects on plant performance and final yield, associated with
a 40% yield reduction in comparison with the average yield expectations recorded for the trial
location in Thüringen, Germany (Neundorf, 2018; Fig. 7D). By contrast, the avoidance of
drought stress during the PGPM establishment phase, in a follow-up experiment with the same
soil and fertilization regime, resulted in plant growth promotion even under conditions of
drought stress in later stages of plant development, at least for the single strain inoculant
Bacillus simplex CH13 (Neundorf, 2018, Fig. 9). Accordingly, different PGPM inoculants
failed to induce plant growth promoting effects in maize after plant exposure to drought stress
(30% substrate water holding capacity – (WHC)) during the establishment phase of the
inoculants in the rhizosphere (Weber, personal communication, Fig. 13A).

Fig. 13: A) Impact of different soil moisture levels (30, 50, and 70 % soil water-holding capacity,
WHC) on shoot biomass in a maize pot experiment inoculated with PGPMs (Pseu:
Pseudomonas sp. DSMZ13134, Bac: Bacillus velezenzis 42FZB) or without incoulation
(NoBE), with reduced soluble P fertilization (50 mg P kg-1 substrate). Full P fertilization (+P)
was applied as a positive control at 100 mg P kg-1 substrate (Weber, pers. com.) B) Metaanalysis covering 166 studies on yield in responses to PGPM application as affected by climate
conditions. Mean values and 95% confidence intervals of the back-transformed response ratios
are shown. (Schütz et al., 2017).
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On the other hand, drought protective effects of PGPM inoculants have been repeatedly
reported in the literature as summarized e.g. in the meta-analysis of Schütz et al. (2017)
covering 166 publications (Fig. 13B). This discrepancy may be explained by the fact that the
detrimental effects of drought stress already during the sensitive establishment phase of PGPM
inoculants in the rhizosphere is obviously not a widespread scenario. Under these conditions,
even the use of more stress-resistant inoculants and MCPs will not provide a significant
advantage, as long as the also root growth and root activity of the host plant is severely affected
by environmental stress factors. By contrast, a well-established plant-PGPM association is able
to express its stress-protective potential. This hypothesis is further supported by comparing the
performance of MCP inoculants in horticultural crops, cultivated under protective greenhouse
conditions at least during the nursery phase, with MCP responses in an agricultural crop such
as maize cultivated under open-field conditions (Fig. 14).

Fig. 14: Yield performance of a microbial consortia product as affected by cropping systems (by
courtesy of N. Berger, EurochemAgro GmbH Mannheim, Germany).
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6.3 Interactions of MCPs with the soil microbiome
Although clear beneficial effects of MCP inoculants have been demonstrated in this study,
it still remains an open question to which extent these effects can be attributed to direct MCP
effects on performance of the host plant or to a potential contribution via interactions with the
native soil microbiome, since the microbial communities in the rhizosphere are able to influence
the physiology and development of plants crucially (Mendes et al., 2013; Berendsen et al.,
2012). The soil type and the selective impact of the plant rhizosphere are assumed to have a
great impact on the composition of bacterial communities and different microbial communities
are harbored in different soil types with specific physio-chemical soil properties (Berg and
Smalla, 2009; Lundberg et al., 2012). However, effects of different soil types or the plant
developmental stage on bacterial community structures were found to be much more intensively
expressed than the often more transient effects of PGPM inoculations (BIOFECTOR Final
report, 2017; Eltlbany et al., 2019). This scenario has been demonstrated also for the PGPM
effects on tomato performance, investigated in this study (Bradáčová et al., 2019c) and in the
framework of the BIOFECTOR project (Fig. 15).

Fig. 15: Three-dimensional PCOA plots of bacterial endosphere communities in tomato plants as
affected by the soil type (left panel) and inoculation with different PGPMs (right panel; Control
= non-inoculated; Proradix = Pseudomonas sp. DSMZ13134; FZB42 = Bacillus
amyloliquefaciens FZB42; RU47 = Pseudomonas sp. RU47) Bacterial endosphere
communities in tomato plants are rather affected by substrate properties (left panel) than by
PGPM treatments (BIOFECTOR, Periodic Report, 2017).

In all cases described in Fig. 15, significant inoculant effects on early growth and yield of
the investigated tomato plants were detectable (Bradáčová et al., 2019c; Eltlbany et al., 2019;
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BIOFECTOR Final Report, 2017). This points to a strong impact of direct plant-PGPM
interactions and not to major changes in rhizosphere bacterial communities as main causes for
the observed PGPM effects. The experiments with MCP inoculation conducted in the present
thesis further confirm this hypothesis, since beneficial MCP effects e.g. by interactions with
stabilized ammonium fertilizers (Bradáčová et al 2019a, b, c) or in combination with different
organic fertilizers (Bradáčová et al., 2019c) were similarly recorded on different soils and even
with different plant species (maize, tomato) despite the presence of different microbiomes.
However, beneficial effects of microbial inoculants acting via changes in the soil
microbiome are also well documented. Examples comprise PGPM-induced promotion of
mycorrhizal interactions (mycorrhizal helper effects) documented by Yusran et al. (2009);
Thonar et al. (2017) or Eltlbany et al. (2019). This applies also for bio-control effects of
microbial inoculants by suppression of soil pathogens (Harman, 2006; Schreiter et al., 2014,
Borriss, 2015). Effects on rhizosphere bacterial communities induced by the MCP inoculant
were also detectable in this study, reflected in a decline in the abundance of fluorescent
Pseudomonades in the rhizosphere of maize, two weeks after the last MCP inoculation
(Bradáčová et al., 2019a). In an open field experiment with drip-irrigated tomato, conducted in
the Negev desert in Israel, MCP effects on rhizoplane-bacterial communities were recorded
even three months after MCP inoculation, although no increased abundance of the bacterial
groups harbouring the inoculated strains was detectable (Bradáčová et al., 2019c). The bacterial
species richness (alpha diversity) at the rhizoplane declined when the tomato plants were
exposed to P limitation but this effect was reverted by MCP inoculation, associated with an
improved P nutritional status, growth stimulation and increased fruit yield of the host plants.
This may indicate a direct stimulatory effect of the MCP inoculants on the composition of
rhizosphere-microbial communities. Alternatively, it may reflect a response to changes in root
exudation and rhizosphere pH (Imas et al., 1997; Neumann and Römheld, 1999) triggered by
the improved P-nutritional status as a consequence of MCP-inoculation in combination with
ammonium fertilization. Moreover, the rhizoplane abundance of Sphingobacteriia, known as
salinity and drought stress indicators (Lucas et al., 2013; Zhang et al., 2017), declined while the
population of potentially plant growth-promoting and drought stress-protective Flavobacteria
(Kwak et al., 2018) increased in MCP-treated plants. These findings may be interpreted as first
indications of some MCP-mediated interactions with the expression of stress-adaptive
processes, related with alterations of the rhizosphere microbiome under the challenging climatic
conditions at the field site in the Negev desert. However, it remains to be established, if and to
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which extent the observed microbiome effects contributed to the plant growth-promoting
effects of the MCP inoculant and which changes can be expected in different environments and
in combination with different host plants.
In this context, it also remains an open question to which extent the MCP inoculant can
contribute to the restoration of beneficial microbial communities in disturbed soil
environments? Plant growth-promoting effects in maize were associated with a 60% increased
abundance of cultivable rhizosphere bacteria two weeks after MCP inoculation, even on freshly
collected field soils. This finding suggests a high initial rhizosphere competence of the
inoculants also in presence of highly active, native soil microbiomes, which was indicated by
high activities of rhizosphere enzymes involved in C, N and P cycling (Bradáčová et al., 2019a).
On a soil with low microbial activity due to long-term (20 years) dry-storage, characterized by
low rhizosphere-enzymatic activities, MCP inoculation indicated a moderate increase in
enzymatic N and P cycling by 30-40% one week after the last inoculation (Bradáčová et al,
2019b). This may indicate a certain short-term MCP impact on the restoration of microbial
nutrient cycling in the maize rhizosphere but this effect was not associated with plant growth
promotion. Moreover, the tomato experiment in Israel revealed no effects on the abundance of
bacterial taxa present in the MCP inoculant three months after MCP application (Bradáčová et
al. 2019c), suggesting no long-lasting rhizosphere survival of the MCP strains, at least under
the selected experimental conditions, as similarly reported also for single strain inoculants
(Borriss 2015, Bradáčová et al, 2019c). Taken together, the results indicate that MCP
application during a single vegetation period revealed no clear evidence for longer-lasting
restoration effects of the MCP inoculant. However, the effects of long-term MCP applications
over several years remain to be established.

6.4 Concluding remarks and open questions
In the present thesis the plant growth promoting potential of a representative MCP
inoculant was investigated in nine experiments (five pot experiments and four field studies)
with three crops (maize, wheat, tomato) on seven contrasting soils (pH 5.9- 7.8), ranging from
sandy to clay loam. Beneficial effects of MCP inoculation on plant growth and yield formation
were detected in five experiments, exclusively under conditions when plant cultivation was
performed completely or at least partially under protected greenhouse conditions, particularly
during the sensitive rhizosphere establishment phase of the inoculants. In cases without MCP
effects, the plants were exposed to stress factors affecting root development such as extreme P
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deficiency during early growth, acidic rhizosphere pH and Ca limitation, and drought stress
(Neundorf, 2018; Bradáčová et al., 2019b). These findings suggest that MCP rhizosphere
establishment, similar to single strain inoculants (BIOFECTOR Final Report, 2017) is affected
particularly by stress factors limiting root-development and root activity during rhizosphere
establishment. Under these conditions even multiple inoculant strains with differences in stress
tolerance will have only a limited advantage, as long as the stress conditions affect the ability
of the host plant to support the establishment of a functional MCP interaction in the rhizosphere.
Since this scenario is more likely in agricultural crops directly sown under field conditions as
compared with greenhouse or nursery cultures, it remains a major challenge for practical
applications. Therefore, the selection for stress tolerance or providing stress protected
conditions during the establishment phase seem to be of equal importance, both for the
microbial inoculants and the host plants as well. This factor is frequently overlooked in the
development of PGPM-assisted production systems but is well-documented for special
applications such as Rhizobium inoculation for improved N acquisition in leguminous plants or
the use of arbuscular mycorrhizal fungi as inoculants (Bashan 1998; Kafle et al., 2019). In this
context, also further development of application technologies ensuring rapid and efficient root
colonization and optimal survival of the inoculants remains an important issue.
In the present study the expression of beneficial MCP effects declined in the order
tomato > maize > wheat, as similarly reported in a meta-analysis with the approximately 150
pot and field experiments conducted within the framework of the BIOFECTOR project,
comprising 963 experimental variants, investigating the effects of microbial and non-microbial
biostimulants (Fig. 16). This points to an impact also of genotypic differences in host plant
compatibility with the selected biostimulants as an aspect which obviously deserves further
attention also in MCP-assisted production strategies.
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Fig. 16: Yield and plant growth responses to biostimulant applications in different crops. The number
inside the brackets represents the number of observations included; the horizontal line
represents the 95% confidence interval (CI). If CI lines cross the zero line, effects are not
significant (modified after BIOFECTOR Final Report (2017).

The preferential performance of the MCP inoculants in combination with ammoniumdominated fertilization, moderate P availability or N-rich organic fertilizers suggests a selective
impact of the fertilization regime on the expression of MCP effects, as similarly reported also
for single strain inoculants (Thonar et al., 2017; Vinci et al. 2018a, b; Mpanga et al., 2018;
Mpanga et al., 2019a, b). This is an important aspect since it may provide novel management
tools to manipulate plant-MCP interactions and to exploit synergistic interactions.
Although, the present thesis demonstrated MCP interactions with the soil microbiome, the
significance for plant growth-promoting effects of the MCP inoculants still remains an open
question. The same holds true for potential benefits of MCPs over single strain inoculants. Only
in one out of nine experiments conducted in this thesis, clear evidence for superior MCP
performance was detectable in a drip-irrigated tomato field experiment conducted under the
challenging environmental conditions of the Negev desert in Israel (Bradáčová et al., 2019c).
This finding demonstrates that MCP inoculants can exhibit an advantage over single strain
inoculants but not as a general feature. Therefore, a more detailed characterization of the
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conditions promoting superior plant-MCP interaction is required for a more targeted and
reproducible MCP application.
Tab. 6 finally summarizes the MCP effects and its main modes of action investigated in
the present study under the different production conditions with different crops.
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Greenhouse
Field

8.
9.
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Wheat
Wheat

Tomato
Tomato
Tomato
Tomato

Maize
Maize
Maize
Maize
Maize
Maize
Maize
Maize

Crop

Poultry manure
Poultry manure

NH4 +P depot
NH4 depot no P
MC/FM/Guano
MC/HM/FM

NO3 no P
NH4 no P
NO3 low P
NH4 low P
NO3 low P
NH4 low P
NO3 Rock P
NH4 Rock P

Fertilization

Clay loam
Clay loam

Sand
Corg 0.08%
Clay-loam
Soil/Peat

Silty loam
Corg 1.14%
Clay loam
Corg 2.24%
Sandy loam
Corg 0.58%
Loam
Corg 0.16%

Soil type

5.9
5.9

7.9
7.9
7.1
6.2

Soil
pH
5.9
5.9
5.9
5.9
6.1
6.1
7.6
7.6

0
0

0
+
+
+

Shoot
growth
+
0
+
0
0
0
0

0
0

0
0
n.d
n.d

Root
growth
0
+
0
+
0
(-)
0
0

n.d
0

0
+
+
+

n.d
n.d
n.d
n.d
n.d
n.d
n.d
n.d

Yield

0
0

0
+
+
+

Nutrient
acquisition
0
+
0
+
0
+
0
0

n.d
n.d

+
++
n.d
n.d

Microbiome
effects
n.d
+
n.d
n.d
n.d
n.d
n.d
n.d

0 Drought
0 Drought

0 Pdef
+ Pdef
Pathogens?
n.d

Stress
mitigation
0 NPdef
+ NPdef
0 Pdef
+ Pdef
0 Pdef
0 Pdef
0 Pdef
0 Pdef

Properties influenced by MCP inoculation

MC = Manure compost, FM= Feather meal; HM = Hair meal; 0: no effect; +: stimulatory effect; -: inhibitory effect; n.d = not determined
depot = band placement; Pdef = P deficiency; Ndef = N deficiency, NH4 = stabilized ammonium, NO3 = calcium nitrate

6.
7.

Field
Field
Greenhouse
Greenhouse

Greenhouse
Greenhouse
Greenhouse
Greenhouse
Greenhouse
Greenhouse
Greenhouse
Greenhouse

5.

4.

3.

2.

Nr
.
1.

Type of experiment

Tab. 6: Overview of all experiments and their major outcomes performed in this study

n.d
n.d

n.d
n.d
n.d
n.d

N, C, P
cycling
0
0
0
0
+
++
n.d
n.d

n.d
n.d

n.d
n.d
n.d
n.d

Auxin
production
0
+
n.d
+
n.d
n.d
n.d
n.d

6
General discussion

7

References

7 References of introduction and discussion
1.

Abbasi, M.K.; Musa, N.; Manzoor, M. Mineralization of soluble P fertilizers and insoluble
rock phosphate in response to phosphate-solubilizing bacteria and poultry manure and their
effect on the growth and P utilization efficiency of chilli (Capsicum annuum L.).
Biogeosciences 2015, 12, 4607–4619.

2.

Ahmed, A. Effects of micronutrients, form of nitrogen supply and selected Bioeffectors on
early growth of maize exposed to low root zone temperature. Master Thesis 2017.
Universität Hohenheim, Stuttgart, Germany.

3.

Altomare, C.; Norvell, W. A.; Bjorkman, T.; Harman, G. E. Solubilization of phosphates
and micronutrients by the plant-growth promoting and biocontrol fungus Trichoderma
harzianum Rifai 1295-22. Appl. Environ. Microbiol. 1999, 65, 2926–2933.

4.

Andreote, F.D., Pereira e Silva, M. C. Microbial communities associated with plants:
learning from nature to apply it in agriculture. Curr. Opin. Environ. Sustain. 2017, 37, 29–
34, doi:10.1016/j.mib.2017.03.011.

5.

Bajwa, R. Effects of arbuscular mycorrhizae (AM) and effective microorganisms (EM) on
various plants under allelopathic stress. Allelopathy Journal. 2005, 16(2): 261-271.

6.

Bashan, Y. Inoculants of plant growth-promoting bacteria for use in agriculture.
Biotechnol. Adv. 1998, 16, 729–770, doi:10.1016/S0734-9750(98)00003-2.

7.

Bashan, Y.; De-Bashan, L. E.; Prabhu, S. R.; Hernandez, J. P. Advances in plant growthpromoting bacterial inoculant technology: formulations and practical perspectives. Plant
Soil 2014, 1886, 1–33, doi:10.1007/s11104-013-1956-x.

8.

Benckiser, G.; Christ, E.; Herbert, T.; Weiske, A.; Blome, J.; Hardt, M. The nitrification
inhibitor 3,4-dimethylpyrazole-phosphat (DMPP)—Quantification and effects on soil
metabolism. Plant Soil 2013.

9.

Berendsen, R. L.; Pieterse, M. J. C.; Bakker, A. H. M. P. The rhizosphere microbiome and
plant health. Cell Press 2012, 17, doi:10.1016/j.tplants.2012.04.001

10. Berg, G.; Smalla K. Plant species and soil type cooperatively shape the structure and
function of microbial communities in the rhizosphere. FEMS Microbiol Ecol. 2009, 68:1–
13.
11. Bharucha, U.; Patel, K.; Trivedi, U.B. Optimization of indole acetic acid production by
Pseudomonas putida UB1 and its effect as plant growth-promoting rhizobacteria on
mustard (Brassica nigra). Agric. Res. 2013, 2, 215–221.
12. Bhattacharyya, P. N.; Jha, D. K. Plant growth-promoting rhizobacteria (PGPR):
Emergence in agriculture. World J. Microbiol. Biotechnol. 2012, 28, 1327–1350,
doi:10.1007/s11274-011-0979-9.
13. Björkman, T.; Effect of Trichoderma colonization on auxin-mediated regulation of root
elongation. Plant growth Regul. 2004, 43: 89-92.

119

7

References

14. Bloemberg, G.V.; Lugtenberg, B.J.J. Molecular basis of plant growth promotion and
biocontrol by rhizobacteria. Curr. Opin. Plant Biol. 2001, 4, 343–350.
15. Borriss, R. Bacillus, a plant beneficial bacterium. In Principles of Plant Microbe
Interactions; Lugtenberg, B., Ed.; Springer International Publishing: Cham, Switzerland,
2015; pp. 379–389.
16. Borriss, R.; Chen, X.H.; Rueckert, C.; Blom, J.; Becker, A.; Baumgarth, B.; Fau, B.; Puhall,
R.; Schumann, P.; Spröer, C.; Junge, H.; Vater, J.; Pühler, A.; Klenk, H.P. Relationship of
Bacillus amyloliguefaciens clades associated with strains DSM7T and FZB42T: a proposal
for Bacillus amyloliquefaciens subsp. amyloliquefaciens subsp. nov. and Bacillus
amyloliquefaciens subsp. plantarum subsp. nov. based on complete genome sequence
comparisons. International Journal of Systematic and Evolutionary Microbiology 2011, 61,
1786-1801.
17. Bradáčová, K.; Florea, A. S.; Bar-Tal, A.; Minz, D.; Yermiyahu, U.; Shawahna, R.; KrautCohen, J.; Zolti, A.; Erel, R.; Dietel, K.; Weinmann, M.; Zimmermann, B.; Berger, N.;
Ludewig, U.; Neumann, G. Microbial Consortia versus Single-Strain Inoculants : An
Advantage in PGPM-Assisted Tomato Production ? Agronomy 2019 c, 9, 1–23,
doi:10.3390/agronomy9020105.
18. Bradáčová, K.; Kandeler, E.; Berger, N.; Ludewig, U.; Neumann, G. Microbial Consortia
Inoculants Stimulate Early Growth of Maize Depending on N and P Supply. Plant, Soil and
Environment. 2019 a, 66, 105-112, https://doi.org/10.17221/382/2019-PSE.
19. Bradáčová, K.; Sittinger, M.; Tietz, K.; Neuhäuser, B.; Kandeler, E.; Berger, N.; Ludewig,
U.; Neumann, G. Maize inoculation with microbial consortia: contrasting effects on
rhizosphere activities, nutrient acquisition and early growth in different soils.
Microorganisms. 2019 b, 7, 329; doi:10.3390/microorganisms7090329.
20. Buddrus-Schiemann, K.; Schmid, M.; Schreiner, K.; Welzl, G.; Hartman, A. Root
Colonization by Pseudomonas sp. DSMZ 13134 and Impact on the Indigenous
Rhizosphere Bacterial Community of Barley. Microb Ecol. 2010, 60: 381-393.
21. Calbrix, R.; Barray, S.; Chabrerie, O.; Fourrie, L.; Laval, K. Impact of organic amendments
on the dynamics of soil microbial biomass and bacterial communities in cultivated land.
Appl. Soil Ecol. 2007, 35, 511–522, doi:10.1016/j.apsoil.2006.10.007.
22. Calvo, P.; Nelson, L.; Kloepper, J.W. Agricultural uses of plant biostimulants. Plant Soil
2014, 383:3-41.
23. Canellas, L. P.; Olivares, F. L.; Aguiar, N. O.; Jones, D. L. Humic and fulvic acids as
biostimulants in horticulture Scientia Horticulturae Humic and fulvic acids as
biostimulants in horticulture. Sci. Hortic. (Amsterdam). 2015, 196, 15–27,
doi:10.1016/j.scienta.2015.09.013.
24. Canellas, L.P.; Martínez-Balmori, D.; Médici, L.O.; Aguiar, N.O.; Campostrini, E.; Rosa,
R.C.; Facanha, A.; Olivares, F.L. A combination of humic substances and Herbaspirillum
seropedicae inoculation enhances the growth of maize (Zeamays L.). Plant Soil. 2013, 366,
119–132.

120

7

References

25. Chauhan, H.; Bagyaraj, D. J. Scientia Horticulturae Inoculation with selected microbial
consortia not only enhances growth and yield of French bean but also reduces fertilizer
application under field condition. Sci. Hortic. (Amsterdam). 2015, 197, 441–446.
26. Chowdhury, S.P.; Dietel, K.; Rändler, M.; Schmid, M.; Junge, H.; Borriss, R.; Hartmann,
A.; Grosch, R. Effects of Bacillus amyloliquefaciens FZB42 on Lettuce Growth and Health
under Pathogen Pressure and Its Impact on the Rhizosphere Bacterial Community. PLoS
ONE 2013, 8, e68818.
27. Colla, G.; Nardi, S.; Cardarelli, M. Protein hydrolysates as biostimulants in horticulture
Scientia Horticulturae Protein hydrolysates as biostimulants in horticulture. Sci. Hortic.
(Amsterdam). 2015, 196, 28–38, doi:10.1016/j.scienta.2015.08.037.
28. Condor-Golec, A. F.; Perez, P. G.; Lokare, C. Effective Microorganisms: Myth or reality?
Rev. peru. biol. 2007, 14, 315–319.
29. Couillerot, O.; Ramírez-Trujillo, A.; Walker, V.; Von Felten, A.; Jansa, J.; Maurhofer, M.;
Défago, G.; Prigent-Combaret, C.; Comte, G.; Caballero-Mellado, J.; Moënne-Loccoz, Y.
Comparison of prominent Azospirillum strains in Azospirillum-Pseudomonas- Glomus
consortia for promotion of maize growth. Appl. Microbiol. Biotechnol. 2013, 97, 4639–
4649, doi:10.1007/s00253-012-4249-z.
30. El-Komy, H. M. A. Coimmobilization of Azospirillum lipoferum and Bacillus megaterium
for successful phosphorus and nitrogen nutrition of wheat plants. Food Technol.
Biotechnol. 2005, 43, 19–27.
31. Eltlbany, N.; Baklawa, M.; Guochun, D.; Nassal, D.; Ludewig, U.; Van, L.; Weber, N.;
Kandeler, E.; Neumann, G.; Ludewig, U.; van Overbeek, L.; Smalla, K. Enhanced tomato
plant growth in soil under reduced P supply through microbial inoculants and microbiome
shifts. FEMS Microbiol. Ecol. 2019, 1–14, doi:10.1093/femsec/fiz124.
32. Fröhlich, A.; Buddrus-Schiemann, K.; Durner, J.; Hartmann, A.; Rad, U. Von Response of
barley to root colonization by Pseudomonas sp. DSMZ 13134 under laboratory,
greenhouse, and field conditions. J. Plant Interact. 2012, 7, 1–9.
33. Garnica-Vergara, A.; Barrera-Ortiz, S.; Mu, E.; Raya-Gonz, J. The volatile 6-pentyl-2 H pyran-2-one from Trichoderma atroviride regulates Arabidopsis thaliana root
morphogenesis via auxin signaling and ethylene sensitive functioning. New Phytol. 2015,
209, 1496–1512.
34. Glick, B. R. Modulation of plant ethylene levels by the bacterial enzyme ACC deaminase.
FEMS Microbiol. Lett. 2005, 251, 1–7, doi:10.1016/j.femsle.2005.07.030.
35. Glick, B.R. Bacteria with ACC deaminase can promote plant growth and help to feed the
world. Microbiol. Res. 2014, 169, 30–39.
36. Gómez-Muñoz, B.; Jensen, L.S.; de Neergaard, A.; Richardson, A. E.; Magid, J. Effects of
Penicillium bilaii on maize growth are mediated by available phosphorus Plant Soil. 2018,
431: 159. https://doi.org/10.1007/s11104-018-3756-9.

121

7

References

37. González-Pérez, E.; Ortega-Amaro, M. A.; Salazar-Badillo, F. B.; Bautista, E.;
Douterlungne, D.; Jimenez-Bremont, J. F. The Arabidopsis-Trichoderma interaction
reveals that the fungal growth medium is an important factor in plant growth induction.
Nat. Sci. Reports 2018, 8, 1–14, doi:10.1038/s41598-018-34500-w.
38. Gopalakrishnan, S.; Sathya, A.; Vijayabharathi, R.; Varshney, K. R.; Gowda, L. L. C.;
Krishnamurthy, L. Plant growth promoting rhizobia: challenges and opportunities. 3
Biotech 2015, 5, 355–377, doi:10.1007/s13205-014-0241-x.
39. Gulden, R.H.; Vessey, J.K. Penicillium bilaii inoculation increases root-hair production in
field pea. Can. J. Plant Sci. 2000, 80, 801–804.
40. Hajabbasi, M.A.; Schumacher, T.E. Phosphorus effects on root growth and development
in two maize genotypes. Plant Soil 1994, 158, 39–46.
41. Halpern, M.; Bar-tal, A.; Ofek, M.; Minz, D.; Müller, T.; Yermiyahu, U. Advances in
Agronomy: The Use of Biostimulants for Enhancing Nutrient Uptake; Elsevier I.; 2015;
ISBN 9780128021378.
42. Harman, G. E. Overview of mechanisms and uses of Trichoderma spp. Phytopathology
2006, 96:190–4.
43. Harman, G.E.; Howell, C.R.; Viterbo, A.; Chet, I.; Lorito, M. Trichoderma species —
opportunistic, avirulent plant symbionts. Nat. Rev. Microbiol. 2004, 2, 43–56.
44. Hartman, K.; Heijden, M. G. A. Van Der; Roussely-provent, V.; Walser, J.; Schlaeppi, K.
Deciphering composition and function of the root microbiome of a legume plant.
Microbiome 2017, 1–13, doi:10.1186/s40168-016-0220-z.
45. Hartmann, A.; Rothballer, M.; Hense, B. A.; Schröder, P. Bacterial quorum sensing
compounds are important modulators of microbe-plant interactions. Front. Plant Sci. 2014,
5, 1–4, doi:10.3389/fpls.2014.00131.
46. Hartmann, A.; Rothballer, M.; Schmid, M. Lorenz Hiltner, a pioneer in rhizosphere
microbial ecology and soil bacteriology research Lorenz Hiltner, a pioneer in rhizosphere
microbial ecology and soil bacteriology research. Plant Soil 2008, 312, 7–14,
doi:10.1007/s11104-007-9514-z.
47. Hartmann, A.; Schikora, A. Quorum Sensing of Bacteria and Trans-Kingdom Interactions
of N -Acyl Homoserine Lactones with Eukaryotes. J. Chem. Ecol. 2012, 38, 704–713,
doi:10.1007/s10886-012-0141-7.
48. Hartmann, A.; Schmid, M. Plant-driven selection of microbes. Plant Soil 2009, 321, 235–
257, doi:10.1007/s11104-008-9814-y.
49. Hassani, M. A.; Durán, P.; Hacquard, S. Microbial interactions within the plant holobiont.
Microbiome 2018, 6, 1–17.

122

7

References

50. Hernandez, O.L., Garcia, A.C., Huelva, R., Martínez-Balmori, D., Guridi, F., Aguiar, N.O.,
Olivares, F.L., Canellas, L.P. Humic substances from vermicompostenhance urban lettuce
production. Agron. Sustain. Dev. 2015, 35, 225–232.
51. Higa, T.; Parr, J.F. Beneficial and Effective Microorganisms for a Sustainable Agriculture
and Environment; International Nature Farming Research Center Atami: Okinawa, Japan,
1994; pp. 1–16.
52. Hiltner, L. Über neuere Erfahrungen und Probleme auf dem Gebiete der
Bodenbakteriologie unter besonderer Berücksichtigung der Gründüngung und Brache.
Arb. DLG 1904, 98:59–78.
53. Hossain, M.; Sultana, F.; Kubota, M.; Koyama, H.; Hyakumachi, M. The Plant GrowthPromoting Fungus Penicillium simplicissimum GP17-2 Induces Resistance in Arabidopsis
thaliana by Activation of Multiple Defense Signals. Plant Cell Physiol. 2007, 48, 1724–
1736, doi:10.1093/pcp/pcm144.
54. Hu, C.; Qi, Y. Long-term effective microorganisms application promote growth and
increase yields and nutrition of wheat in China. Eur. J. Agron. 2013, 46, 63–67,
doi:10.1016/j.eja.2012.12.003.
55. Husseini, M. M.; Bochow, H.; Junge, H. The biofertilising effect of seed dressing with
PGPR Bacillus amyloliquefaciens FZB 42 combined with two levels of mineral fertilising
in African cotton production. Archives of Phytopathology and Plant Protection. 2012,
45(19), DOI: 10.1080/03235408.2012.673259.
56. Idris, E. E.; Iglesias, D. J.; Talon, M.; Borriss, R. Tryptophan-Dependent Production of
Indole-3-Acetic Acid (IAA) Affects Level Tryptophan-Dependent Production of Indole-3Acetic Acid (IAA) Affects Level of Plant Growth Promotion by Bacillus
amyloliquefaciens FZB42. Mol. Plant-Microbe Interact. 2007, 20, 619–626,
doi:10.1094/MPMI-20-6-0619.
57. Idriss, E. E.; Makarewicz, O.; Farouk, A.; Rosner, K.; Greiner, R.; Bochow, H.; Richter,
T.; Borriss, R. Extracellular phytase activity of Bacillus amyloliquefaciens FZB45
contributes to its plant-growth-promoting effect. Microbiology 2002, 148, 2097–2109.
58. Imas, P.; Bar-Yosef, B.; Kafkafi, U.; Ganmore-Neumann, R. Release of carboxylic anions
and protons by tomato roots in response to ammonium nitrate ratio and pH in nutrient
solution. Plant Soil 1997, 191, 27–34.
59. Irshad, U.; Brauman, A.; Villenave, C.; Plassard, C. Phosphorus acquisition from phytate
depends on efficient bacterial grazing, irrespective of the mycorrhizal status of Pinus
pinaster. Plant Soil 2012, 358:155–168 DOI 10.1007/s11104-012-1161-3.
60. Jardin, P. Scientia Horticulturae Plant biostimulants: Definition, concept, main categories
and
regulation.
Sci.
Hortic.
(Amsterdam).
2015,
196,
3–14,
doi:10.1016/j.scienta.2015.09.021.
61. Jing, J.; Rui, Y.; Zhang, F.; Rengel, Z.; Shen, J. Localized application of phosphorus and
ammonium improves growth of maize seedlings by stimulating root proliferation and

123

7
rhizosphere
acidification.
doi:10.1016/j.fcr.2010.08.005.

F.

Crop.

Res.

2010,

119,

References
355–364,

62. Kafle, A.; Cope, K. R.; Raths, R.; Yakha, J. K.; Subramanian, S.; Bücking, H.; Garcia, K.
Harnessing Soil Microbes to Improve Plant Phosphate Efficiency in Cropping Systems.
Agronomy 2019, 9, 1–15, doi:10.3390/agronomy9030127.
63. Kloepper, J.W.; Zablotowicz, R.M.; Tipping, E.M.; Lifshitz, R. Plant growth promotion
mediated by bacterial rhizosphere colonizers. Rhizosph. Plant Growth 1991, 315–326.
64. Kumar, A.; Maurya, B. R.; Raghuwanshi, R. Biocatalysis and Agricultural Biotechnology
Isolation and characterization of PGPR and their effect on growth, yield and nutrient
content in wheat (Triticum aestivum L.). Biocatal. Agric. Biotechnol. 2014, 3, 121–128,
doi:10.1016/j.bcab.2014.08.003.
65. Kumar, P.; Pandey, P.; Dubey, R. C.; Maheshwari, D. K. Bacteria consortium optimization
improves nutrient uptake, nodulation, disease suppression and growth of the common bean
(Phaseolus vulgaris) in both pot and field studies. Rhizosphere 2016, 2, 13–23,
doi:10.1016/j.rhisph.2016.09.002.
66. Kwak, M.; Kong, H. G.; Choi, K.; Kwon, S.; Song, J. Y.; Lee, J.; Lee, P. A.; Choi, S. Y.;
Seo, M.; Lee, H. J.; Jung, E. J.; Park, H.; Roy, N.; Kim, H.; Lee, M. M.; Rubin, E. M.; Lee,
S.; Kim, J. F. Rhizosphere microbiome structure alters to enable wilt resistance in tomato.
Nat. Biotechnol. 2018, 36, doi:10.1038/nbt.4232.
67. Lebuhn, M.; Heulin, T.; Hartmann, A. Production of auxin and other indolic and phenolic
compounds by Paenibacillus polymyxa strains isolated from different proximity to plant
roots. FEMS Microbiol. Ecol. 1997, 22, 325–334.
68. Lee, S.; Yap, M.; Behringer, G.; Hung, R.; Bennett, J. W. Volatile organic compounds
emitted by Trichoderma species mediate plant growth. Fungal Biol. Biotechnol. 2016, 1–
14, doi:10.1186/s40694-016-0025-7.
69. Lekfeldt, J.D.S.; Rex, M.; Mercy, F.; Magid, K.; Tlustoš, P.; Magid, J. Effect of
bioeffectors and recycled P-fertiliser products on the growth of spring wheat. Chem. Biol.
Technol. Agric. 2016, 3, 22.
70. Li, M.; Cozzolino, V.; Mazzei, P.; Drosos, M.; Monda, H.; Hu, Z.; Piccolo, A. Effects of
microbial bioeffectors and P amendements on P forms in a maize cropped soil as evaluated
by 31P–NMR spectroscopy. Plant Soil 2017, 1–18.
71. Liu, H.; White, P.J.; Li, C. Biomass partitioning and rhizosphere responses of maize and
faba bean to phosphorus deficiency. Crop Pasture Sci. 2016, 67, 847–856.
72. Liu, Y.; Chen, L.; Wu, G.; Feng, H.; Zhang, G.; Shen, Q. Identification of Root-Secreted
Compounds Involved in the Communication Between Cucumber, the Beneficial Bacillus
amyloliquefaciens, and the Soil-Borne Pathogen Fusarium oxysporum. 2017, 30, 53–62.
73. Liu, Y.; von Wirén, N. Ammonium as a signal for physiological and morphological
responses in plants. J. Exp. Bot. 2017, doi:10.1093/jxb/erx086.

124

7

References

74. Lopez-Cervantes, J.; Thorpe, D.T. Microbial composition comprising liquid fertilizer and
processes for agricultural use. Agrinos, AS. 2013. United States Patent Application
Publication US 2013/0255338A1.
75. Lucas, J. A.; Villaraco, A. G.; Ramos, B.; Garcia-Cristobal, J.; Algar, E.; Gutierrez-ma, J.
Structural and functional study in the rhizosphere of Oryza sativa L. plants growing under
biotic and abiotic stress. J. Appl. Microbiol. 2013, 115, 218–235, doi:10.1111/jam.12225.
76. Lucy, M.; Reed, E.; Glick, B. R. Applications of free living plant growth-promoting
rhizobacteria. Antonie Van Leeuwenhoek 2004, 86, 1–25.
77. Lugtenberg, B.; Kamilova, F. Plant-growth-promoting rhizobacteria. Annu. Rev.
Microbiol. 2009, 63, 541–556.
78. Lundberg, D. S.; Lebeis, S. L.; Paredes, S. H.; Yourstone, S.; Gehring, J.; Malfatti, S.;
Tremblay, J.; Engelbrektson, A.; Kunin, V.; Glavina, T.; Edgar, R. C.; Eickhorst, T.; Ley,
R. E. Defining the core Arabidopsis thaliana root microbiome. Nature 2012, 488, 86–90,
doi:10.1038/nature11237.
79. Lupatini, M.; Korthals, G. W.; Hollander, M. De; Janssens, T. K. S.; Kuramae, E. E. Soil
Microbiome Is More Heterogeneous in Organic Than in Conventional Farming System.
Front. Microbiol. 2017, 7, 1–13, doi:10.3389/fmicb.2016.02064.
80. Malerba, M.; Cerana, R. Recent Advances of Chitosan Applications in Plants. Polymers
(Basel). 2018, 10, 1–10, doi:10.3390/polym10020118.
81. Marschner, P. Marschner’s Mineral Nutrition of Higher Plants Third Edition; Elsevier
Academic Press: San Diego, CA, USA, 2012; ISBN 9780123849052.
82. Mayer, J.; Scheid, S.; Widmer, F.; Fließbach, A.; Oberholzer, H. R. How effective are
“Effective microorganisms® (EM)”? Results from a field study in temperate climate.
Applied Soil Ecology 2010, 46, 230–239 doi:10.1016/j.apsoil.2010.08.007.
83. Megali, L.; Schlau, B.; Rasmann, S. Soil microbial inoculation increases corn yield and
insect attack. Agronomy for Sustainable Development 2015, 35(4):1511-1519.
84. Mendes, R.; Garbeva, P.; Raaijmakers, J. M. The rhizosphere microbiome: significance of
plant beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS
Microbiol. Ecol. Rev. 2013, 37, 634–663, doi:10.1111/1574-6976.12028.
85. Menz, J.; Li, Z.; Schulze, W.X.; Ludewig, U. Early nitrogen-deprivation responses in
Arabidopsis roots reveal distinct differences on transcriptome and (phospho-) proteome
levels between nitrate and ammonium nutrition. Plant J. 2016, 88, 717–734.
86. Menzies, N.; Harbison, D.; Dart, P. Soil chemistry-facts and fiction and their influence on
the fertilizer decision making process. In Proceedings of the 26th Annual Conference of
the Grassland Society of NSW, Bathurst, Australia, 26–28 July 2011; pp. 49–63.

125

7

References

87. Molina-Romero, D.; Baez, A.; Casta, M.; Fuentes-Ramı, L. E.; Morales-Garcı, Y. E.;
Munive, A. Compatible bacterial mixture, tolerant to desiccation, improves maize plant
growth. PLoS One 2017, 1–21.
88. Moradtalab, N.; Hajiboland, R.; Aliasgharzad, N.; Hartmann, T. E.; Neumann, G. Silicon
and the Association with an Arbuscular Mycorrhizal Funghus (Rhizopagus clarus) Mitigate
the Adverse Effects of Drought Stress on Strawberry. Agronomy 2019, 9,
doi:10.3390/agronomy9010041.
89. Mpanga I.K. Fertilization strategies to improve the plant growth-promoting potential of
microbial bio-effectors. Dissertation 2019, Universität Hohenheim, Stuttgart, Germany.
90. Mpanga, I. K.; Nkebiwe, P. M.; Kuhlmann, M.; Cozzolino, V.; Piccolo, A.; Geistlinger, J.;
Berger, N.; Ludewig, U.; Neumann, G. The Form of N Supply Determines Plant Growth
Promotion by P-Solubilizing Microorganisms in Maize. Microorganisms 2019 a, 7, 1–18,
doi:10.3390/microorganisms7020038.
91. Mpanga, I.K.; Dapaah, H.K.; Geistlinger, J.; Ludewig, U.; Neumann, G. Soil typedependent interactions of P-solubilizing microorganisms with organic and inorganic
fertilizers mediate plant growth promotion in tomato. Agronomy 2018, 8, 213.
92. Mpanga, I.K.; Gomez-Genao, N.J.; Moradtalab, N.; Wanke, D.; Chrobaczek, V.; Ahmed,
A.; Windisch, S.; Geistlinger, J.; Walker, F.; Ludeweig, U.; Neumann, G. The role of N
form supply for PGPM-host plant interactions in maize. J. Plant Nutr. Soil Sci. 2019 b.
93. Müller, A.; Schader, C.; El-Hage Scialabba, N.; Brüggemann, J.; Isensee, A.; Erb, K. H.;
Smith, P.; Klocke, P.; Leiber, F.; Stolze, M.; Niggli, U. Strategies for feeding the world
more sustainably with organic agriculture. Nature Comm. 2017, 8: 1290, doi:
10.1038/s41467-017-01410-w.
94. Naveed, M.; Khalid, M.; Jones, D. L.; Ahmad, R.; Zahir, Z. A. Relative efficacy of
Pseudomonas spp., containing Acc-deaminase for improving growth and yield of maize
(Zea mays L.) in the presence of organic fertilizer. Pakistan J. Bot. 2008, 40, 1243–1251.
95. Nebbioso, A.; Martino, A. De; Eltlbany, N.; Smalla, K.; Piccolo, A. Phytochemical
profiling of tomato roots following treatments with different microbial inoculants as
revealed by IT - TOF mass spectrometry. Chem. Biol. Technol. Agric. 2016, 3, 1–8,
doi:10.1186/s40538-016-0063-7.
96. Neumann, G. (2012): BIOFECTOR Project Periodic Report 2012. Universität Hohenheim,
Stuttgart.
97. Neumann, G. (2017): BIOFECTOR Project Final Report 2017. Universität Hohenheim,
Stuttgart.
98. Neumann, G.; George, T. S.; Plassard, C. Strategies and methods for studying the
rhizosphere — the plant science toolbox. Plant Soil 2009, 321, 431–456,
doi:10.1007/s11104-009-9953-9.

126

7

References

99. Neumann, G.; Römheld, V. Root excretion of carboxylic acids and protons in phosphorusdeficient plants. Plant Soil 1999, 211, 121–130.
100.Neumann, G.; Römheld, V. The release of root exudates as affected by the plant
physiological status. In the Rhizosphere: Biochemistry and Organic Substances at the SoilPlant Interface, 2nd ed.; Pinton, R., Varanini, Z., Nannipieri, Z., Eds.; CRC Press: Boca
Raton, FL, USA, 2007; pp. 23–72.
101.Neundorf, F.J. Wirkung mikrobieller Bioeffektoren auf P-Aneignung und
Trockenstresstoleranz bei Sommerweizen. Masterthesis. 2018, University of Hohenheim,
Stuttgart, Germany.
102.Nielsen, K.L.; Thorup-Kristensen, K. Root growth and nitrogen utilization of a leek crop
and an undersown catch crop. in XIV International Plant Nutiotion Colloquium 2001,
Hannover., Hannover, Germany, 29/11/2010.
103.Nkebiwe, P. M.; Neumann, G.; Müller, T. Densely rooted rhizosphere hotspots induced
around subsurface depots: a home for soil PGPMs? Chem. Biol. Technol. Agric. 2017, 4,
1–16, doi:10.1186/s40538-017-0111-y.
104.Nkebiwe, P. M.; Weinmann, M.; Müller, T. Improving fertilizer ‑ depot exploitation and
maize growth by inoculation with plant growth ‑ promoting bacteria : from lab to field.
Chem. Biol. Technol. Agric. 2016, 3, 1–16, doi:10.1186/s40538-016-0065-5.
105.Nkebiwe, P.M.; Weinmann, M.; Bar-Tal, A.; Müller, T. Fertilizer placement to improve
crop nutrient acquisition and yield: A review and meta-analysis. Field Crops Res. 2016,
196, 389–401.
106.Nuti, M.; Giovannetti, G. Borderline Products between Bio-fertilizers/ Bio-effectors and
Plant Protectants: The Role of Microbial Consortia. J. Agric. Sci. Technol. A 2015, 5, 305–
315, doi:10.17265/2161-6256/2015.05.001.
107. Omar, H. H.; Abdullatif, B. M.; Al-kazan, M. M. Various Applications of Seaweed
Improves Growth and Biochemical Constituents of Zea Mays L. and Helianthus Annuus
L. J. Plant Nutr. 2015, 28–40, doi:10.1080/01904167.2014.911893.
108.Paksoy, M.; Türkmen, O.; Dursun, A. Effects of potassium and humic acid on emergence,
growth and nutrient contents of okra (Abelmoschus esculentus L.) seedling under saline
soil conditions. African Journal of Biotechnology. 2010, 9(33):5343-5346.
109.Park, R. M.; Hasenstein, K. H. Hormone-Induced Gene Expression During Gravicurvature
of Brassica Roots. J. Plant Growth Regul. 2015, 1–13, doi:10.1007/s00344-015-9518-5.
110.Patil, N. B.; Gajbhiye, M.; Ahiwale, S. S.; Gunjal, A. B.; Kapadnis, B. P. Optimization of
Indole 3  acetic acid ( IAA ) production by Acetobacter diazotrophicus L1 isolated from
Sugarcane. Int. J. Environ. Sci. 2011, 2, 295–302.
111.Pilbeam, D.J.; Cakmak, I.; Marschner, H.; Kirkby, E.A. Effect of withdrawal of phosphorus
on nitrate assimilation and PEP carboxylase activity in tomato. Plant Soil 1993, 154, 111–
117.

127

7

References

112.Povero, G.; Mejia, J. F.; Tommaso, D. Di; Piaggesi, A. A Systematic Approach to Discover
and Characterize Natural Plant Biostimulants. Front. Plant Sci. 2016, 7, 1–9,
doi:10.3389/fpls.2016.00435.
113.Ramirez, C. A.; Kloepper, J.W. Plant Growth Promotion by Bacillus amyloliquefaciens
FZB45 Depends on Inoculum Rate and P-Related Soil Properties. Biology and Fertility of
Soils.
2010,
46,
835-844.
http://dx.doi.org/10.1007/s00374-010-0488-2.
114.Remans, S.; Blair, M.W.; Manrique, G.; Tovar, L.E.; Rao, I. M.; Croomenborghs, A.,
Torres, G.R.; El-Howeity, M.; Michiels, J.; Vanderleyden, J. Effect of Rhizobium–
Azospirillum coinoculation on nitrogen fixation and yield of two contrasting Phaseolus
vulgaris L. genotypes cultivated across different environments in Cuba. Plant Soil. 2008,
302,149-161.
115.Rengel, Z.; Marschner, P. Nutrient availability and management in the rhizosphere:
exploiting genotypic differences. New Phytol. 2005, 168, 305–312.
116.Richardson, A. E.; Barea, J. M.; McNeill, A. M.; Prigent-Combaret, C. Acquisition of
phosphorus and nitrogen in the rhizosphere and plant growth promotion by
microorganisms. Plant Soil 2009, 321, 305–339, doi:10.1007/s11104-009-9895-2.
117.Richardson, A. E.; Simpson, R.J. Soil Microorganisms Mediating Phosphorous
Availability. Update on Microbial Phosphorous 2011. CSIRO Sustainable Agriculture
National Research Flagship/ CSIRO Plant Industry, Canberra, Australian Capital Territory
2601, Australia.
118.Roy, R. N., Finck, A., Blair, G. J., Tandon, H. L. S., Plant nutrition for food security. A
guide for integrated nutrient management FAO; Eds.; FAO Fertilizer and pland nutrition
bulletin: Rome, 2006; ISBN 9251054908.
119.Saber Wesam, I. A.; Ghoneem Khalid, M.; Rashad Younes, M.; Al-Askar Abdulaziz, A.
Trichoderma Harzianum WKY1: an indole acetic acid producer for growth improvement
and anthracnose disease control in sorghum. Biocontrol Science and Technology. 2017,
27:5, 654-676, DOI: 10.1080/09583157.2017.1321733.
120.Saharan, B.S.; Nehra, V. Plant Gorwth Promoting Rhizobacteria: A Critical Review. Life
Sciences and Medicine Research 2011, LSMR-21.
121.Sánchez-Esteva, S.; Muñoz, B.G.; Jensen, L.S.; De Neergaard, A.; Magid, J. The effect of
Penicillium bilaii on wheat growth and phosphorus uptake as affected by soil pH, soil P
and application of sewage sludge. Chem. Biol. Technol. Agric. 2016, 3, 1–11.
122.Sarma, K, B.; Kumar, S.; Singh, S.; Singh, H. B. Microbial consortium-mediated plant
defense against phytopathogens: Readdressing for enhancing efficacy. Soil Biol. Biochem.
2015, 87, 25–33, doi:10.1016/j.soilbio.2015.04.001.
123.Schmidt-Rohr, K.; Mao, J. D.; Olk, D.C. Nitrogen-bonded aromatics in soil organic matter
and their implications for a yield decline in intensive rice cropping. Proc. Nat. Acad. Sci.
2004, 101, 6351–6354. doi:10.1073/ pnas.0401349101.

128

7

References

124.Schreiter, S.; Guo-Chun, D.; Heuer, H.; Neumann, G.; Sandmann, M.; Grosch, R.; Kropf,
S.; Smalla, K. Effect of the soil type on the microbiome in the rhizosphere of field-grown
lettuce. Front. Microbiol. 2014, 5, 1–13, doi:10.3389/fmicb.2014.00144.
125.Schütz, L.; Gattinger, A.; Meier, M.; Muller, A.; Boller, T.; Mäder, P.; Mathimaran, N.
Improving crop yield and nutrient use efficiency via biofertilization—A global metaanalysis. Front. Plant Sci. 2017, 8, 2204.
126.Schweinsberg-Mickan, M. S.; Müller, T. Impact of effective microorganisms and other
biofertilizers on soil microbial characteristics, organic-matter decomposition, and plant
growth. J. Plant Nutr. Soil Sci. 2009, 704–712, doi:10.1002/jpln.200800021.
127.Sekar, J.; Raj, R.; Prabavathy, V.R. Microbial Consortial Products for Sustainable
Agriculture: Commercialization and Regulatory Issues in India. In Agriculturally
Important Microorganisms; Singh, H.B., Sarma, B.K., Keswani, C., Eds.; Springer
Science+Business Media: Singapore, 2016; pp. 107–131.
128.Sharifi, R.; Ryu, C. Revisiting bacterial volatile-mediated plant growth promotion : lessons
from the past and objectives for the future. Ann. Bot. 2018, 122, 349–358,
doi:10.1093/aob/mcy108.
129.Sharma, S. B.; Sayyed, R. Z.; Trivedi, M. H.; Gobi, T. A. Phosphate solubilizing microbes:
sustainable approach for managing phosphorus deficiency in agricultural soils. Springer
Plus 2013, 1–14.
130. Shehata, S. M.; Schmidthalter, U.; Valšíková, M.; Junge, H. Effect of Bio-stimulants on
Yield and Quality of Head Lettuce Grown Under Two Sources of Nitrogen. Gesunde
Pflanz. 2016, doi:10.1007/s10343-016-0357-5.
131.Shukla, P. S.; Mantin, E. G.; Adil, M.; Bajpai, S.; Critchley, A. T.; Prithiviraj, B.
Ascophyllum nodosum -Based Biostimulants: Sustainable Applications in Agriculture for
the Stimulation of Plant Growth, Stress Tolerance, and Disease Management. Front. Plant
Sci. 2019, 10, 1–22, doi:10.3389/fpls.2019.00655.
132.Singh, B.; Rengel, Z. The role of crop residues in improving soil fertility. In Soil Biology:
nutrient Cycling in Terrestrial Ecosystems, Eds. Marschner, P.; Rengel, Z.; 2007. pp. 183–
214. Springer, Berlin.
133.Sofo, A.; Scopa, A.; Manfra, M.; De Nisco, M.; Tenore, G.; Troisi, J.; Di Fiori, R.;
Novellino, E. Trichoderma harzianum strain T-22 induces changes in phytohormone levels
in cherry rootstocks (Prunus cerasus 3 P. canescens). Plant Growth Regul. 2011, 65:421–
425 DOI 10.1007/s10725-011-9610-1.
134. Sruthilaxmi, C. B.; Babu, S. Microbial bio-inoculants in Indian agriculture: Ecological
perspectives for a more optimized use. Agric. Ecosyst. Environ. 2017, 242, 23–25,
doi:10.1016/j.agee.2017.03.019.
135.Swaminathan, M. S. An Evergreen Revolution. Crop Sci. 2006, 46, 2293–2303,
doi:10.2135/cropsci2006.9999.

129

7

References

136.Thonar, C.; Lekfeldt, J.D.S.; Cozzolino, V.; Kundel, D.; Kulhánek, M.; Mosimann, C.;
Neumann, G.; Piccolo, A.; Rex, M.; Symanczik, S.; et al. Potential of three microbial bioeffectors to promote maize growth and nutrient acquisition from alternative phosphorous
fertilizers in contrasting soils. Chem. Biol. Technol. Agric. 2017, 4, 7.
137.van Oosten, M. J. Van; Pepe, O.; Pascale, S. De; Silletti, S.; Maggio, A. The role of
biostimulants and bioeffectors as alleviators of abiotic stress in crop plants. Chem. Biol.
Technol. Agric. 2017, 4, 1–12, doi:10.1186/s40538-017-0089-5.
138.Vinci, G..; Cozzolino, V.; Mazzei, P.; Monda, H; Spaccini, R.; Piccolo, A. An alternative
to mineral phosphorus fertilizers: The combined effects of Trichoderma harzianum and
compost on Zea mays, as revealed by 1 H NMR and GC-MS metabolomics. PLoS One
2018, 1–15.
139.Vinci, G.; Cozzolino, V.; Mazzei, P.; Monda, H.; Savy, D.; Drosos, M.; Piccolo, A. Effects
of Bacillus amyloliquefaciens and different phosphorus sources on Maize plants as
revealed by NMR and GC-MS based metabolomics. Plant Soil 2018, 429, 437–450.
140.Vries, F. T. De; Wallenstein, M. D. Below-ground connections underlying above-ground
food production: a framework for optimising ecological connections in the rhizosphere. J.
Ecol. 2017, 105, 913–920, doi:10.1111/1365-2745.12783.
141.Walker, V.; Couillerot, O.; von Felten, A.; Bellvert, F.; Jansa, J.; Maurhofer, M.; Bally, R.;
Moënne-Loccoz, Y.; Comte, G. Variation of secondary metabolite levels in maize seedling
roots induced by inoculation with Azospirillum, Pseudomonas and Glomus consortium
under field conditions. Plant Soil 2012, 356, 151–163, doi:10.1007/s11104-011-0960-2.
142.Whipps, J. M. Microbial interactions and biocontrol in the rhizosphere. J. Exp. Bot. 2001,
52, 487–511.
143.Woo, S. L.; Pepe, O.; Fertilizers, V. S. P. Microbial Consortia: Promising Probiotics as
Plant Biostimulants for Sustainable Agriculture. Front. Plant Sci. 2018, 9, 7–12,
doi:10.3389/fpls.2018.01801.
144.Yakhin, O. I.; Lubyanov, A. A.; Yakhin, I. A.; Brown, P. H. Biostimulants in Plant Science:
A Global Perspective. Front. Plant Sci. 2017, 7, 1–32, doi:10.3389/fpls.2016.02049.
145.Yamada, K.; Xu, H.-L. Properties and Applications of an Organic Fertilizer Inoculated with
Effective Microorganisms. J. Crop Prod. 2000, 3, 255–268, doi:10.1300/J144v03n01_21.
146.Yang, H.; Menz, J.; Haussermann, I.; Benz, M.; Fujiwara, T.; Ludewig, U. 2015. High and
Low Affinity Urea Root Uptake: Involvement of NIP5;1. Plant Cell Physiol. 2015, 56,
1588–1597.
147.Yang, J.; Kloepper, J.W.; Ryn, C.M. Rhizosphere bacteria help plant tolerate abiotic stress.
Trend in Plant Science 2008, 14:1.
148.Young, C.-C.; Lai, W.-A.; Shen, F.-T.; Huang, W.-S.; AB, A. Characterization of
multifunctional biofertilizer from Taiwan and biosafety considerations. In International
Symposium on Future Development of Agricultural Biotechnology Park; 2004.

130

7

References

149.Yusran, Y.; Roemheld, V.; Mueller, T. Effects of Pseudomonas sp. “Proradix” and Bacillus
amyloliquefaciens FZB42 on the establishment of AMF infection, nutrient acquisition and
growth of tomato affected by Fusarium oxysporum Schlecht f.sp. radicis-lycopersici Jarvis
and shoemaker. In Proceedings of the International Plant Nutrition Colloquium XVI,
Sacramento, CA, USA, 26–30 August 2009; p. 1106.
150.Zhang, J.; Nasir, F.; Kong, Y.; Tian, L. E. I.; Batool, A.; Bahadur, A. L. I.; Li, X.; Tian, C.
Drought stress shapes the root-associated bacterial and fungal community structure in
soybean genotypes. Pakistani J. Bot. 2017, 49, 1933–1942.

131

8

Acknowledgements

8 Acknowledgements

At the first place, I thank my Doktorvater, Prof. Dr. Günter Neumann for the unique opportunity
to perform my PhD on such an interesting topic. I thank him for his overall great supervision
during the whole time and for all the fruitfull discussions and scientific suggestions, which were
always offering new research perspectives.
I thank the head of the Plant Nutrition department, Prof. Dr. Uwe Ludewig for giving me the
opportunity to perform my doctoral studies in this Department.
Further, I give my thanks to Prof. Dr. Torsten Müller for his scientific advices and constructive
feedbacks.
I kindly thank Prof. Dr. Ellen Kandeler, for the evaluation of this work, for her scientific
suggestions and the nice cooperation. Also, I thank Prof. Dr. Carola Pekrun and Prof. Dr.
Alessandro Piccolo for evaluation of this work. Prof. Dr. Thilo Streck I thank for being the
chairman of the final examination.
Many appreciations belong to all my colleagues and to the complete group of Plant Nutrition,
for all their devoted help, technical and administrative support, refreshing lunch breaks, lovely
and inspiring discussions and for creating such a nice and pleasant working atmosphere in the
Institute during the whole time.
Also, I say my big thank to all being involved in the field work, for their professional help and
all the nice time.
Very special thanks go to all my dear friends and to all those, who supported and encouraged
me during the whole time.
The most special thanks go to my family for their constant love, support and great
encouragement on my way. With a big gratitude, I dedicate this thesis to my family.
Finally, I thank the company Eurochem Agro GmbH for funding of this research.

132

