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Summary

A Summary

Modern agriculture faces a conflict between sustainability and the demand for a higher food
production. This conflict is exacerbated by climate change and its influence on vegetation,
ecology and human society. To reduce land use, the reduction of yield losses and food waste
is crucial. Moreover a sustainable intensification is necessary to increase yields, while at the
same time input of limited resources such as drinking water or fertilizer should be kept as low
as possible. This might be achieved by improving nutrient recycling and plant resistance to
abiotic or biotic stress. Bioeffectors (BE) comprise seaweed or plant extracts and microbial
inoculums that may stimulate plant growth by phytohormonal changes and increase plant
tolerance to abiotic stress (biostimulants), solubilize or mobilize phosphorus from sparingly
soluble sources such as Al/Fe or Ca-phosphates in the soil, rock phosphates, recycling
fertilizer or organic phosphorus sources like phytate (biofertilizer), or improve plant

resistance against pathogens by induced-systemic resistance (ISR) or antibiosis (biocontrol).

For this study, in total 18 BE products were tested in germination, pot and field experiments
for their potential to improve plant growth, cold stress tolerance, nutrient acquisition and yield
in maize and tomato. Additionally, a gene expression analysis in maize was performed using
whole transcriptome sequencing (RNA-Seq) after the application of two potential plant
growth promoting rhizobacteria (PGPR), the Pseudomonas sp. strain DSMZ 13134

“Proradix” and the Bacillus amyloliquefaciens strain FZB42.

Seaweed products supplemented with high amounts of the micronutrients Zn and Mn were
effective in reducing detrimental cold stress reactions in maize whereas microbial products
and seaweed extracts without micronutrient supplementation failed under the experimental

conditions.

At optimal temperature the product containing the Pseudomonas sp. strain was repeatedly
able to stimulate root and shoot growth of maize plants whereas in tomato only in heat-treated
soil substrate significant effects were observed. Results indicate that the efficacy of the

product was mainly attributed to stimulation or shifts in the soil microbial community.

Additionally, the FZB42 strain was able to stimulate root and plant growth in some
experiments whereas the effects were less reproducible and more sensitive to environmental
conditions. Fungal BE products were less effective in plant growth stimulation and showed

detrimental effects in some experiments.
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Summary

Under the applied experimental conditions BE-derived plant growth stimulation mainly was
attributed to biostimulation but aspects of biofertilization or biocontrol cannot be excluded, as

all experiments were conducted in non-sterile soil substrates.

Root and shoot growth are stimulated in response to hormonal shifts. In the gene expression
analysis only weak responses to BE treatments were observed, as previously reported from
other studies conducted under non-sterile conditions. Nevertheless, some plant stress
responses were observed that resembled in some respects those reported for phosphorus (P)
deficiency in others those reported for ISR/SAR. Especially the activation of plant defence
mechanisms, such as the production of secondary metabolites, ethylene production and
reception and the expression of several classes of stress-related transcription factors, including
JA-responsive JAZ genes, was observed. It also seems probable that in plants growing in
PGPR-drenched soils, especially at high application rates, a sink stimulation for assimilates
triggers changes in photosynthetic activity and root growth leading to an improved nutrient

acquisition.

Nevertheless, due to the complexity of interactions in natural soil environments as well as
under practice conditions, a designation of a distinct mode of action for plant growth
stimulation by microbial BEs is not realistic.

A comparison of the overall results with those reported in literature or other working groups
in a common research project (“Biofector”) supported the often-reported low reproducibility
of plant growth promotion effects by BE products under applied conditions. Factors that
influenced BE efficacy were application time and rates, temperature, soil buffer capacity,
phosphorus sources and nitrogen fertilization, light conditions and the soil microbial

community.

Results indicate that in maize cultivation seed treatment is the most economic application
technique for microbial products whereas for vegetable or high-value crops with good
economic benefit soil drenching is recommended. For seaweed extracts foliar application

seems to be the most economic and efficient choice.

Furthermore, results emphasize the importance of a balanced natural soil microflora for plant
health and yield stability. It may therefore be concluded that the stimulation and conservation

of this adapted microflora should be a major concern for modern and future agriculture.
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Zusammenfassung

B Zusammenfassung

Die moderne Landwirtschaft steht vor einem Konflikt zwischen Nachhaltigkeit und der
Forderung nach einer héheren Nahrungsmittelproduktion. Dieser Konflikt wird durch den
Klimawandel und dessen Folgen noch verstarkt. Zur Verringerung der Flachennutzung ist
eine nachhaltige Intensivierung erforderlich. Gleichzeitig sollte der Einsatz begrenzter
Ressourcen wie Trinkwasser sowie umweltschédlicher Stoffe (Dlngemittel, Pestizide) so
gering wie moglich gehalten werden. Dies kann durch Verbesserungen im Nahrstoffrecycling
sowie durch Starkung der Pflanzenresistenz gegenuber abiotischem oder biotischem Stress
erreicht werden. Bio-Effektoren (BE) umfassen Algen- oder Pflanzenextrakte und mikrobielle
Inokula, die das Pflanzenwachstum durch phytohormonelle Verdnderungen stimulieren und
die Pflanzenvertraglichkeit gegeniber abiotischem Stress erhéhen (Biostimulanzien),
Phosphor aus schwerléslichen Quellen wie Al/Fe oder Ca-Phosphaten im Boden,
Steinphosphaten, Recyclingdingern oder organischen Phosphorquellen wie Phytat
mobilisieren (Bio-Dunger) oder zur Verbesserung der Pflanzenresistenz gegen Pathogene

durch induzierte systemische Resistenz (ISR) oder Antibiose (Bio-Pestizide) beitragen.

Insgesamt wurden 18 BE-Produkte in Keimungs-, Topf- und Feldexperimenten auf ihr
Potenzial zur Verbesserung des Pflanzenwachstums, der Kaéltestresstoleranz, der
Néhrstoffaufnahme und des Ertrags in Mais und Tomate getestet. Zusétzlich wurde eine
Genexpressionsanalyse in  Mais durchgefuhrt unter Verwendung der vollstandigen
Transkriptomsequenzierung (RNA-Seq) nach der Anwendung von zwei potenziell
pflanzenwachstumsfordernden Rhizobakterien (PGPR), dem Pseudomonas sp. Stamm DSMZ

13134 "Proradix" und dem Bacillus amyloliquefaciens Stamm FZB42.

Meeresalgenprodukte, die mit hohen Mengen der Mikronéhrstoffe Zn und Mn angereichert
wurden, konnten Kaltestressreaktionen bei Mais wirksam reduzieren, wahrend mikrobielle
Produkte und Meeresalgenextrakte ohne  Mikronédhrstoffergdnzung  unter  den
Testbedingungen erfolglos waren. Bei optimaler Temperatur war das Produkt, das den
Pseudomonas-Stamm enthélt, wiederholt in der Lage, Wurzel- und Sprosswachstum von
Maispflanzen zu stimulieren, wahrend in Tomaten nur in warmebehandeltem Bodensubstrat
signifikante Effekte beobachtet wurden. Die Ergebnisse legen nahe, dass die Wirksamkeit des
Produkts hauptsachlich auf Stimulation oder Verdnderungen in der mikrobiellen
Gemeinschaft im Boden zuruckzufihren ist. Auch der FZB42-Stamm war in der Lage, das

Wachstum von Wurzeln und Pflanzen in einigen Experimenten zu stimulieren, wéhrend die
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Zusammenfassung

Effekte weniger reproduzierbar und empfindlicher fir Umweltbedingungen waren. Pilzliche
BE-Produkte waren bei der Pflanzenwachstumsstimulation weniger effizient und zeigten in

einigen Experimenten auch schadliche Wirkungen.

Unter den angewandten experimentellen Bedingungen scheint die BE-abgeleitete
Pflanzenwachstumsstimulation hauptsachlich auf Biostimulation zurtickzufiihren zu sein, aber
Aspekte der Bio-Diingung oder Bio-Kontrolle kdnnen nicht ausgeschlossen werden, da alle
Experimente in nicht-sterilen Bodensubstraten durchgefuhrt wurden. Die Stimulation des
Wurzelwachstums und der Sprosswachstumsrate ist eine Reaktion auf hormonelle
Veranderungen. Die Genexpression zeigte nur schwache Reaktionen auf die BE-
Behandlungen, wie bereits aus anderen Studien unter nicht-sterilen Bedingungen berichtet
wurde. Trotzdem wurden einige pflanzliche Stressreaktionen beobachtet, die entweder fur
Phosphor (P)-Mangel oder aber ISR / SAR als typisch gelten. Insbesondere die Aktivierung
von Abwehrmechanismen wie die Produktion von Sekunddrmetaboliten, die
Ethylenproduktion und -rezeption sowie die Expression mehrerer Klassen stressbedingter
Transkriptionsfaktoren, einschlie3lich JA-responsiver JAZ-Gene, wurde beobachtet. Es
scheint auch wahrscheinlich, dass in Pflanzen, die in PGPR-durchtrankten Bdden wachsen,
insbesondere bei hohen Aufwandmengen, eine Senkenstimulation fir Assimilate die
Photosyntheserate erhdht sowie Veranderungen im Wurzelwachstum auslost, die zu einer
verbesserten Nahrstoffaufnahme fuihren kénnen. Die Bestimmung eines speziellen Wirkungs-
mechanismus ist jedoch durch die Komplexitét der Interaktionen im Boden nicht méglich.

Ein Vergleich der Gesamtergebnisse mit denen, die in der Literatur oder anderen
Arbeitsgruppen in einem gemeinsamen Forschungsprojekt ("Biofector") berichtet wurden,
unterstitzt die oft berichtete geringe Reproduzierbarkeit von Pflanzenwachstumseffekten
durch BE-Produkte unter Praxisbedingungen. Faktoren, die die BE-Wirksamkeit beeinflussen,
sind Applikationszeit und -rate, Temperatur, Bodenpufferkapazitat, Phosphor-Quelle,
Stickstoff-Diingung, Lichtbedingungen sowie die mikrobielle Gemeinschaft des Bodens. Die
Ergebnisse zeigen zudem, dass Saatgutbehandlung die wirtschaftlichste Anwendungstechnik
fir mikrobielle Produkte im Maisanbau ist, wobei fiir hochpreisige Kulturen im Gemiisebau
konzentrierte Bodenapplikation empfohlen ist. Fir Algenextrakte scheint Blattapplikation die
beste Wahl zu sein. Die Ergebnisse zeigen zudem, wie wichtig eine ausgewogene, natirliche
Bodenmikroflora fir die Pflanzengesundheit und Ertragsstabilitat ist. Es kann daher der
Schluss gezogen werden, dass die Stimulation und der Erhalt dieser angepassten Mikroflora
ein wichtiges Anliegen fir die moderne und zukunftige Landwirtschaft sein sollte.
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1 Introduction - The need for a new ‘Green Revolution’

1 Introduction

1.1 The need for a new ‘Green Revolution’

With the words “These and other developments in the field of agriculture contain the makings
of a new revolution. It is not a violet, Red Revolution like that of the Soviets, nor is it a White
Revolution like that of the Shah of Iran. I call it the Green Revolution.” William S. Gaud, the
administrator of the U.S. Agency for International Development (USAID), praised the
achievements of the industrialisation of agriculture in many developing countries of the world
by modern agrotechnological approaches like high-yielding hybridized seeds, synthetic
fertilizers and pesticide usage (Gaud, 1968). World agricultural net production and
subsequently world average dietary supply per person (total food in kcal per person as well as
protein and fat) increased since 1961 whereas undernourishment continuously decreased
(FAO, 2018). Nevertheless, at the same time agricultural land use and climate gas emissions
by agriculture steadily expand while forests decline. The main agricultural producer of world
CO: equivalents is livestock production of ruminants (~ 40 %, mainly methan, + emission of
16 % by manure). However, also the production and usage of synthetic fertilizer has a major
impact and accounts for up to 13 % of greenhouse gas emissions. The usage of nitrogen
continuously increased in the last 15 years from 83 to 109 Mt per year. While the area of
agricultural land stagnates since 1990 N use per area increased by 30 % from 65 to 86 kg ha™.
Similar trends can be seen for phosphorus use (> 25 % from 26 to 33 kg ha™). Energy
consumption in agriculture today is 10 times higher than in 1990. Also, world pesticide
market continuously grew to almost 40 billion US$ per year. Industrialisation and
intensification of agriculture also coincides with a decrease in biodiversity (CBD, 2018;
McRae et al., 2017; WWF, 2016). Due to the environmental impact by industrial agriculture
and the awareness raised by environmental agencies, NGOs and the scientific community
worldwide (Albrecht and Engel, 2009; Ripple et al., 2017), public interest in a sustainable
agriculture is growing. In Europe the area of land under organic management showed an
almost exponential growth between the years 1985 to 2001 (Yussefi and Willer, 2003), then
slowed down but continued to grow until it reached a size of 12.7 million ha. Worldwide
about 51 million ha (1 % of the total agricultural area) is managed organically with a market
size of about 82 billion US$ (Willer et al., 2017). The biggest challenges for organic or
integrated agriculture are to ensure plant health and productivity while reducing the input of

pesticides and fertilizers. In the following sections these aspects will be addressed in detail.
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1.2 Challenges for modern agriculture

1.2.1 Plant health

The European public opinion is divided when faced with the topic of genetically modified
organisms (GMOs) or synthetic pesticides. Both sectors are well established in many other
regions in the world, e.g. North America, and agricultural industry as well as parts of the
scientific community see no evidence for a prevention of these technologies (GTF, 2017;
Wager, 2009). However, in the European public pesticides and GMOs stay unpopular,
especially with the debate on the withdrawal of glyphosate or neonicotinoid insecticides from
the market, due to their supposed involvement in cancer or colony collapse disorder of honey
bees respectively (EFSA, 2015; Fairbrother et al., 2014; Neslen, 2016; US EPA, 2013).

In organic agriculture sulphur and copper salts are the most common treatments to fungal
diseases. Nevertheless, copper is not harmless and accumulation of copper may have negative
environmental impacts on soil biology, for example earthworms and microbial activity, as
well as water bodies (Fishel, 2005; Husak, 2015; Van Zwieten et al., 2004; Wang et al.,
2009). The topic of plant health, especially when reduced to the aspect of biotic stress, is
treated only as a side issue in this thesis, but, as later on described, plant health is not only a
protection from pests, but from a more general point of view also tightly connected to plant
nutrition and abiotic stress, in a physiological but also economic way. A plant that is suffering
from undernourishment and abiotic stress is much more susceptive to biotic stress (Huber et
al., 2012).

1.2.2 Phosphorus
The second challenge is to ensure sufficient nutrient supply to agricultural crops. Efficient
alternatives to soluble synthetic fertilizers, normally showing high plant availability, are rare,

especially with the focus on phosphorus (P).

P is a macronutrient and is, together with N and K, the most fertilized nutrient in agricultural
systems, because it is a component of several macromolecules (DNA, RNA, phospholipids),
active in energy metabolism (e.g. ATP) and therefore important in plant metabolism
(Hawkesford et al., 2012). Additionally to its importance for plant growth and yield stability it
is of special interest due to its very low plant availability in most soils (Marschner and
Rengel, 2012). Furthermore, in contrast to N that can be fixed from atmospheric N, for
example by the Haber process or biological N fixation, P is mainly derived from non-
regenerative rock phosphate.
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P is taken up by plants mainly as orthophosphate anions. Unfortunately phosphate in solution
often accounts for only 0.001 - 0.01 % of total P in the soil (Gerke, 2015). The largest part of
phosphate is immobilized by adsorption to Fe/Al (hydr)oxides or humic Al/Fe complexes. In
a continuous equilibrium of ad- and desorption P is transported to the root mainly by diffusion
with only a low contribution by mass flow (Marschner and Rengel, 2012). Therefore, an
enlarged nutrient-absorbing surface by an increased root length, root to shoot ratio, root hair
length or mycorrhization by mycorrhizal fungi are commonly observed mechanisms by which
plants can successfully increase their P supply. Plants with large root systems, such as wheat
and other grasses, are able to reach high yields even at low P concentration in the solution of
below 1.5 uM, whereas tomatoes, beans or onions, having small root systems, need 3 — 4
times more P to reach their yield potential, even when plants do not strongly differ in their P
use efficiency (Fohse et al., 1988). Additional to the total root length, the architecture can be
changed to exploit specific nutrient rich regions, particularly near to the soil surface, or
specific root parts are strongly promoted in growth and lateral root formation for nutrient

acquisition (e.g. cluster roots in white lupin) (Niu et al., 2012).

In developed countries generally a net surplus of nutrients in the environment is observed
through the intensive use of mineral fertilizers and the import of nutrients from often non-
developed countries, mainly via animal feed. Data from the JRC of the European Commission
(Grizzetti et al., 2007) show a very positive gross balance for N and P in many European
countries, including Germany, although N and P surplus on ha™* basis were much lower than
in Belgium and the Netherlands. A high surplus of P in the soil can cause eutrophication of
water bodies, whereas traditionally surface runoff or erosion rather than leaching are
considered to be the main pathway for transport of P from agricultural fields. This is due to
the low solubility of P in the soil but it might differ in acidic and loose soils (Djodjic et al.,
2004; Sharpley and Menzel, 1987).

To reduce negative environmental impacts in organic farming, only P fertilizers with low P-
solubility are allowed. Typical sources are ground, unprocessed rock phosphates, mainly
containing sparingly soluble Ca-phosphates or manure, rich in organically bound P. Many
organic farms in Europe still have a relatively high P availability in their soils, probably due
to a recent conversion of the farm from conventional management or due to an import of large
amounts of manure from conventional farms (Cooper et al., 2018). Nevertheless, the latter
practice is in conflict with organic farming principles and might therefore be forbidden in the
future (Cooper et al., 2018). In the last years new and promising approaches were developed
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to obtain sustainable alternatives to conventional P fertilizers, especially recycling fertilizer
from urban organic household waste, sewage sludges or slaughterhouse wastes (Foereid,
2017; Meyer et al., 2017), but those approaches might be energy intensive and are not well
implemented in the market yet (Hortenhuber et al., 2017). Additionally, depending on the
technology and the properties of the products, not all might be allowed for organic farming.

P-solubilization

To increase P availability in soils, plants have various mechanisms to solubilize P from
sparingly soluble soil or fertilizer P sources by chemical processes. Crucial for plant derived
P-solubilization is the exudation of active compounds like carboxylates, especially malate and
citrate, and phenolics (also active as reductants for micronutrient acquisition) (Badri and
Vivanco, 2009; Broadley et al., 2012, p. 193; Neumann and Rémheld, 2012, p. 358ff.). In
high pH and carbonate buffered soils, the exudation of protons (H") to decrease pH in the
“rhizosphere” are also of importance. These processes are well studied for Proteaceae or some
legumes like white lupin that are able to form cluster roots (Neumann et al., 2000). Due to the
strongly increased root density of these cluster roots, in a certain spot extreme pH differences
(up to 2-3 units, reflecting a 1000-fold higher proton concentration) between the rhizosphere
soil and the surrounding “bulk soil” can be achieved thus reducing the soil buffer capacities
(Neumann and Rémheld, 2002). Together with the high concentration of carboxylates the
plants are able to exploit P even from extremely P-deficient substrates. The plants are so P
efficient that soil P concentrations commonly observed in our regions might cause toxicity
(Hawkesford et al., 2012, p. 164).

Nevertheless, pH decrease in the rhizosphere is also observed in other plants, especially in
dicotyledonous and non-graminaceous monocotyledonous Strategy | plants under Fe
deficiency (White, 2012a, p. 36ff.). Cereals and grasses follow other strategies for Fe
acquisition such as the release of phytosiderophores (Strategy I1). Therefore pH changes in
the rhizosphere under nutrient deficiency are less pronounced (Neumann and Rdmheld,
2002). Rhizosphere acidification is especially observed under ammonium N nutrition
(Neumann and Romheld, 2012, p. 354), due to a release of protons into the rhizosphere that
are produced by NH4" assimilation in the root tissue (Neumann and Rémheld, 2002). The
decrease in pH is also a prerequisite for an optimal activity of acid phosphatases (pH 4-6) that
are able to hydrolyze phosphomonoester bonds of organic compounds to liberate inorganic
orthophosphate (Pi) to be taken up by the plant root (Dick et al., 2000; Lemanowicz, 2011).
Although plants produce alkaline phosphatases (Kieleczawa et al., 1992) (with pH optimum >
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7), they seem not to be released by roots (Dodd et al., 1987; Tarafdar and Claassen, 1988).
Inside the plants Pi is incorporated into various organic forms whereas in seeds, P is mainly
stored as phytic acid (myo-inositol hexakis dihydrogen phosphate) (Hawkesford et al., 2012,
p. 162). Hence up to 80 % of the P in soils may be bound organically (Gonzalez-Mufioz et al.,
2015; Neumann and Rémheld, 2012, p. 364), with phytate (Ca-Mg salts of phytic acid) as one
of the main organic P forms due to its low solubility. Phosphatases with high substrate
specificity for phytic acid (phytate) are called phytases (Mullaney and Ullah, 2003). Despite
the multiple mechanisms by which plants can improve P availability from various soil P
fractions, in many soils P availability remains below the needs for crop production due to
adsorption of phosphatases, low solubility of recalcitrant organic P complexes (Hayes et al.,
2000; Richardson et al., 2001b) and high buffer capacities in soil reducing rhizosphere
acidification. Especially carboxylates may be effective to target insoluble organic P depots
but most plants are not producing carboxylates in sufficient amounts. Intercropping
approaches with white lupin or other legumes may be a promising approach (Gerke, 2015).

1.2.3 Nutrient recycling and use efficiency

The efficiency in nutrient solubilization and acquisition, together nutrient uptake efficiency,
may differ strongly among cultivars or genotype. As shown for P-deficient maize inbred lines
the higher efficiency was determined by multiple traits, such as root length and root growth,
root activity, acid phosphatase activity but also hormonal changes, for example increased
expression of ethylene synthesis genes (Jiang et al., 2017).

Additionally to an improved nutrient uptake higher yields can be achieved when crops are
more efficient in biomass production at low internal P (or other nutrient) concentrations or are
able to remobilize nutrients more efficiently from vegetative organs to generative or storage
organs (or the respective organ of interest for human consumption), which is termed use
efficiency (George et al., 2012, p. 412ff.). Especially in modern plant breeding one focus is to
improve nutrient and water use efficiency in crops. Many definitions for nutrient use
efficiency (NUE) can be found in literature, for instance “the amount of biomass or yield per
amount of applied fertilizer” (agronomic efficiency (AE)), whereas the above described
aspects of nutrient acquisition are included, or “biomass per amount of internal nutrient

concentration” (nutrient efficiency ratio (NER)) (Baligar et al., 2001).

Remobilization capacity is highly nutrient specific. During plant or leaf senescence
remobilization (or re-translocation) is commonly observed, especially in perennial plants. In

annual plants these processes can be observed as well, especially under nutrient deficiencies

5
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or in the generative phase. Nevertheless, not all nutrients are easily to remobilize from old
tissues as seen by nutrient deficiency symptoms. Nutrients that can easily be mobilized, such
as N, P, K and to some extend also Zn, are transported to growing tissues during nutrient
starvation leading to chlorosis in old tissues whereas nutrients such as Ca, Mg, Fe, Mn and B
show low capacity for remobilization and therefore deficiency symptoms may first appear in
the younger leaves (White, 2012b, p. 66ff.). Also species vary strongly in their remobilization
efficiency. In wheat up to 90 % of P in grains may be re-translocated from leaves. In contrast,
in maize about 40 % of N was re-translocated but no remobilization at all was observed for P
(Maillard et al., 2015). As indicated by soil and shoot P analysis plants were not suffering
from P-deficiency in this study but results indicate that the potential of maize plants to
remobilize P may be lower than in wheat. Nutrient remobilization under nutrient deficiency is
tightly linked to leaf senescence regulation in plants involving a complex regulatory network
of transcriptional regulators (e.g. WRKY's and NACs) and plant hormones that overlaps with
plant responses to hypersensitive response (HR) or programmed cell death, also observed
after pathogen attack (Lim et al., 2007). Hormones like ethylene, jasmonic acid (JA), salicylic
acid (SA) and abscisic acid (ABA) seem to promote leaf senescence whereas cytokinins and

auxin delay leaf senescence.

1.2.4 Abiotic stress

One last challenge for modern agriculture that needs to be adressed is abiotic stress, mainly
cold, drought, heat and salt stress. Although the impact of climate change on overall
agricultural production is still under debate, many prognoses indicate that especially water
deficiency will further spread in developing countries that already suffer from low water
supply (Figure 1-1). Salt stress will further increase as a consequence of increased irradiation,
water deficiency and irrigation.

Figure 1-1 Projections for yield development in 2050 and water risk due to climate change; Green indicates
positive change in yield (higher yields per area), red indicates negative change (lower yields) (A) (World Bank,
2010); from white to red increasing risk for future water stress (B) (Gassert et al., 2014)
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The influence of climate change on cold stress in crops seems to be less clear, but, as
suggested by the projection on yield change from the World Bank (2010), yields in the Nordic
countries will further increase. This might lead to an intensified cultivation of thermophilic

crops in the North and subsequently an increasing risk for cold stress in agriculture.

Cold stress can be separated into chilling stress, caused by soil or air temperatures below the
optimum for plant growth, and stress by freezing, caused by ice formation and physical
damage of cells (Baek, 2012). The temperature optimum for vegetative growth of maize lies
between 25 — 33 °C (Duncan and Hesketh, 1968). In central or northern European countries
like Germany, temperatures below 15 °C in spring may induce chilling stress that affects
maize yields due to a decreased root activity which can results in limited nutrient uptake
during youth development (Imran et al., 2013). This effect is increased if irradiation is high
but parts of the photosynthesis inhibited. The distinct cellular localisation of photosynthetic

processes in C4-plants, like maize, may further promote this problem (Foyer et al., 2002).

During the light reaction light energy (photons) is absorbed by the chlorophyll and passed to
an electron transport chain, consisting of various electron acceptors such as plastoquinone or
ferrodoxin, leading to the reduction of NADP. During this process a proton gradient is created
by pumping proton cations (H*) across the membrane and into the thylakoid space, thereby
producing ATP by photophosphorylation. Several nutrients, like Mg, Fe, Cl, Mn and P (e.g. in
ATP) and water are directly involved in these reactions as co-factors for enzymes or as part of
the chemical reactions. An imbalance of the system leads to excess excitation energy and the
formation of reactive oxygen species (ROS) (Engels et al., 2012, p. 88). ROS such as
hydrogen peroxide (H202), superoxide anion (O2), and the hydroxyl radical (HO-), are
common by-products of plant metabolism and furthermore seem to be important for long
distant signalling in plants (Mittler, 2002) but at excessive production may cause Serious

oxidative damage in cells (Baek, 2012).

To scavenge ROS, plants use antioxidant enzymes. The most active and important antioxidant
enzymes are catalase (CAT), superoxide dismutases (SOD), peroxidases, and enzymes in the
ascorbate-glutathione cycle (Figure 1-2). SOD catalyzes the dismutation of two superoxide
anions and water into H202 and Oz whereas H20- is degraded either by CAT into H20 and O2
or by peroxidases, using an organic substrate (R-H2) as reducing agent - as for instance
ascorbate oxidized by the ascorbate peroxidase (APX) via the ascorbate-glutathione cycle
(Baek, 2012). It is particularly important here that all of the three SODs have different
mineral co-factors and are active at different sites in the plant cell.
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MnSOD is mainly active in the mitochondria, FeSOD in the chloroplasts and the Cu-ZnSOD
in the cytoplasm and in the chloroplasts.

Detoxification of ROS

+Zn, Mn, Cu, y
s
0, 0, = Fe 50D >H,0,
s AS—————> QH-

Zn deficiency — ,,oxidative burst*

Lipid peroxidation —> MAD
NAD(P)H NAD(P)* /

H,O

Membrane leakage Chlorosis, necrosis
Figure 1-2 Formation and scavenging mechanisms of reactive oxygen species (ROS) (Bradacova, 2015)

The lower nutrient uptake can be explained by a reduced root and/or shoot activity due to
reduced metabolic and enzymatic activity. Depending on which part of the plant suffers from
low temperature (roots in the soil or above ground organs) the sink status of the organs
changes and subsequently the assimilate transport to the root or water and nutrient transport to
the shoots are imbalanced (Lynch et al., 2012, p. 345; White, 2012a, p. 25). Furthermore, a
shoot growth reduction at low root zone temperature is correlated with a reduction in a
cytokinin production of roots and an elevated ABA export from roots to shoots (Atkin et al.,
1973). Additionally, auxin transport from root to shoot seems to be inhibited by cold stress
(Shibasaki et al., 2009).
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1.3 Bioeffectors

1.3.1 The rhizosphere

The rhizosphere was defined by Lorenz Hiltner (1904) as the “volume of soil surrounding the
roots, which is influenced by root activity” (Neumann and Romheld, 2012, p. 347). A
multitude of factors is shaping the rhizosphere. First of all, the soil properties such as source
rock, cation exchange capacity, pH, weathering and soil organic matter (SOM) contents are
largely defining mineral contents and availability in the soil. Furthermore, texture and clay
contents influence water holding capacity and the capacity and rate of plant root growth.
Climate, temperature, rainfall and irradiation strongly determine biological activity in soils
and mineralization of SOM but also plant performance. In addition, plant metabolism is
influencing rhizodepositions (see below). The influence of plant species and phenotype on
root morphology and mechanism on nutrient acquisition as well as the physico-chemical
processes in the rhizosphere were already addressed in the previous sections. The next
sections focus on soil biology and especially the importance of non-symbiotic

microorganisms that are colonizing the rhizosphere.

1.3.1.1 Rhizodepositions

Organic rhizodepositions are the sum of all root derived sources of soil organic matter in the
rhizosphere, composed of root cells, mucilage, leached assimilates and metabolites as well as
compounds actively released by the root such as the already mentioned carboxylates
(Neumann and Rémheld, 2002). Between 10 to 40 % of total fixed carbon may be released
into the rhizosphere (Badri and Vivanco, 2009; Bais et al., 2006). The rhizodeposits comprise
a multitude of compound classes including low molecular weight compounds such as
carbohydrates, amino and organic acids as well as more complex biomolecules like flavonols,
lignins, glucosinolates or proteins (e.g. enzymes such as phosphatases) (Badri and Vivanco,
2009). These compounds thereby largely determine the composition of the rhizobiom, the
sum of all microorganisms in the rhizosphere. It is well known that different groups or
microorganisms have different substrate preferences (Paterson et al., 2007). Indeed, the data
suggests that exudation or active release of organic compounds, e.g. flavonoids or specific
amino acids, promote distinct bacterial groups but vice versa also seem to be triggered by soil
microbes (Badri and Vivanco, 2009). This is best known for plant pathogens and obligate
plant symbionts like rhizobia and mycorrhiza (e.g. strigolactone) (Peldez-Vico et al., 2016;
Ruiz-Lozano et al., 2016).



1 Introduction - Bioeffectors

1.3.1.2 Plant-microbe interactions

The total amount of bacteria in soil may be up to 10%° cells g soil (Torsvik et al., 1996).
Estimations for the rhizosphere may even exceed this number with about 10** microbial cells
g root (Berendsen et al., 2012). Although bacterial diversity in agricultural soils seems to be
lower than in undisturbed, natural soils, estimations from DNA re-association studies indicate
that the number of species may reach several thousand per soil system. It was also proposed
that only 0.1 — 1% of these species can be isolated and cultivated on media for further
characterization (Torsvik et al., 1996), a view that was recently challenged by an
establishment of microbial culture collections of Arabidopsis comprising the majority of the
species found reproducibly in their respective natural communities (Bai et al., 2015).
Nevertheless, bacterial diversity decreases in the rhizosphere of maize as compared to the
bulk soil in favour of certain strongly abundant fast-growing groups such as Proteobacteria
(Peiffer et al., 2013). The influence of rhizodepositions on the fungal composition seems to be
more complex because fungi were generally thought to mainly decompose recalcitrant
substrates with low consumption of labile C but these concepts are now under discussion (de
Vries and Caruso, 2016; Hannula et al., 2017). In soils complex food webs exist with
multitrophic interactions, including fungal decomposer, earthworms - feeding on litter and
SOM - and collembola or nematodes - feeding on bacteria or fungi - that largely contribute to
mineralisation processes in the soil. Most of these organisms do not depend on the living plant
or root exudates. Only some specific groups such as rhizobia, mycorrhizal fungi (discussed
below) and some plant pathogens are obligate symbionts depending on the direct interaction
with the plant, comprising active root colonization and the supply with plant assimilates.
Nevertheless, as described, many other free-living microorganisms benefit from root activity
and therefore interact with the plant, modulate plant activity and metabolism, compete with
other microbes for nutrients, thereby protecting the plant from pathogens, and may improve

nutrient acquisition. The next section addresses these plant beneficial microrganisms.
1.3.2 Plant growth promoting microorganisms

1.3.2.1 PGPR
Introduced in the 1980s plant growth promoting rhizobacteria (PGPR) are a commonly used

term for all free-living and plant beneficial bacteria living in the rhizosphere (Kloepper et al.,
1980b). With the more general term plant growth promoting microorganisms (PGPM) plant
beneficial fungi are also included. Both bacteria and fungi of this group are generally found

worldwide in all natural and agricultural soils, often in high amounts, such as Pseudomonades
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or Bacilli. Neither the PGPR nor the fungal species are a monophyletic group. In contrast, the
plant beneficial species are not closely related and may have completely different
morphological or physiological properties besides some common traits that enable the
interaction with the plant such as the production of antimicrobial compounds, antibiotic
resistance, capacity for root colonization, hormonal production or the release of phosphatases

or chelating compounds.

1.3.2.2 Rhizosphere competence
One crucial property of all PGPR or PGPMs is the “rhizosphere competence”, including

activity, proliferation and vitality of the microorganism in the rhizosphere and the
competitiveness of the strain in this selective environment (Compant et al., 2005). Viability
and competitiveness of introduced strains are connected to the production of antibiotics or
enzymes that may reduce the growth of other microorganisms, the acquisition of mineral
nutrients and the ability to use root exudates as carbon sources. Additionally, the resistance to
acidity, high temperature, desiccation or allelochemicals (e.g. by exopolysaccharides) - the
latter present in plant and seed exudates or released by other microbes - is of importance
(Deaker et al., 2004; Dutta and Podile, 2010). Furthermore, it was proposed that the ability to
colonize the root is connected to the active motility of the bacteria in response to chemical
attractants (chemotaxis) (Compant et al., 2005; Yaryura et al., 2008). On the other hand,
bacteria might also be transported passively along the root, requiring the ability to adhere to
the root. This can be achieved by active production of adhesives (e.g. exo- or
lipopolysccharides) (Benizri et al., 2001; Dutta and Podile, 2010) or the agglutination by root
exudates (van Peer et al., 1990). Nevertheless, in many bacteria that are abundant in the

rhizosphere not all of these traits are present (Hozore and Alexander, 1991).

1.3.3 The bioeffector market

In the last 20 years an increasing amount of PGPR or fungi with plant beneficial properties
were isolated from soils and cultivated, formulated and then commercially marketed (Yakhin
et al., 2017). This research focussed on the investigation of different PGPR and fungal
products and their potential for plant growth stimulation. Nevertheless, plant growth
beneficial effects can also be observed for bioactive substances that do not necessarily contain
living organisms, such as seaweed, soil and plant extracts, humic acids or vermicomposts (du
Jardin, 2015). For these compounds in 1997 the term “biostimulant” was introduced that was

later on defined by du Jardin as “any substance or microorganism applied to plants with the
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aim to enhance nutrition efficiency, abiotic stress tolerance and/or crop quality traits,
regardless of its nutrients content.”

Due to product legislation, the aspect of “biocontrol” in which all products with biopesticidal,
antimicrobial and plant protection capacity can be grouped, is excluded in this definition, as
biocontrol products are categorized as pesticides and therefore are subject to governmental
pesticide regulation (du Jardin, 2015; Weinmann, 2017). Nevertheless, definitions and terms
differ in the literature (Lesueur et al., 2016a; Vessey, 2003; Yakhin et al., 2017) and over the
time (Weinmann, 2017). Additionally, registration is hampered by the fact that multiple traits
are active in bioorganic products. Therefore, the term “bioeffector” (BE) was introduced that
is very close to the definition of du Jardin for “biostimulants” but does not exclude products

that may exhibit “biocontrol” properties (www.biofector.info).

In this thesis the term “biofertilizer” is used for products or PGPMs that are able to enhance
nutrient availability in soils, rock or recycling fertilizers and manures by solubilization or
mineralisation, whereas “biostimulant” is used for products that directly interact with the
plant to modulate hormonal production and metabolism, root growth or physiological activity
by which plant growth and nutrient use or uptake efficiency can be enhanced. Following du
Jardins recommendation for regulation, “biofertilizers” should be taken as a subcategory of
“biostimulants”. A detailed description of the different mode or mechanisms of action will be

given in section 1.4.

The bioeffector market is continuously growing, especially due to the need for more
sustainability, an increasing market for organic farming and the emergence of pesticide
resistance in many target organisms (Popp et al., 2013). Recent publications estimate that the
value of the European biopesticide market is about 800 million US$, representing 5 % of the
European crop protection market (Weinmann, 2017). The biostimulant market was valued
800 million € in Europe, holding about 40 % of the worldwide market share, with an annual
growth rate of more than 10 % (Yakhin et al., 2017).This is impressive considering the often
low scientific evidence for effectiveness and therefore profitability of BE products (Yakhin et
al., 2017). This may be due to the fact that an increasing number of products are available on
the market but in the past the legislation of a BE product did not require the evidence for
activity. This issue was addressed by adding biostimulation in the EU fertilizer regulation
(Regulation (EU) 2019/1009, 2019).
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1.3.4 Product categories
BE products can be categorized by their mode of action or by their taxonomy. Table 1-1 gives

Table 1-1 Taxonomic groups of BE products

Type Phylum / Division  Selected species
Bacilli (Firmicutes, endospore forming, gram(+)): Bacillus
Firmicutes (mainly  amyloliquefaciens (e.g. FZB42 or FZB45), B. atrophaeus GBSC56, B.
gram(+)) megaterium, B. polymyxa, B. pumilis, B. simplex RIGP41, B. subtilis, B.
thuringiensis, Paenibacillus mucilaginosus
Burkholderia sp., Cellvibrio ostrviensis, Cellvibrio sp

Plant growth

promoting ; . .
rhizobacteria Pseudomonades: P. fluorescens, P. putida, P. jessenii RU47
Proteobacteria Diazotrophs: Azospirillum sp., (e.g. A. lipoferum), Azotobacter sp. (e.g.
(PGPR) ) ¢ L
(gram(-)) A. chroococcum, A. vinelandii), Herbaspirillum sp.

Rhizobia: Rhizobium leguminosarum, Rhizobium radiobacter,
Bradyrhizobium japonicum

Cyanobacteria Spirulina sp.
Penicillium bilai
Ascomycota Trichoderma sp. OmG-08, Trichoderma harzianum, Trichoderma
virens
Plant growth . . . . - .
. - Sebacinales: Piriformospora indica, Piriformospora williamsii,
promoting Basidiomycota

Sebacina vermifera

Asco- + Basidio Ectomycorrhizal fungi: e.g., Heboloma sp., Laccaria sp.
Arbuscular mycorrhizal fungi: Glomus intraradices / Rhizophagus
irregularis, G. Mosseae

Hordeum sativa, Allium sativum, Quillaja saponaria, Sapindus
mukorossi

Algae (seaweed extracts, SWE) Ascophyllum nodosum, Fucus sp., Laminaria sp.

fungi
Glomeromycota

Plant (extracts)

an overview on well-known species that are used in BE products grouped by their taxonomy.

Species in bold were used in our experiments. More comprehensive overviews on taxonomic
groups and product classifications can be found elsewhere (Lucy et al., 2004; Yakhin et al.,
2017). A categorization by mode of action is difficult because a clear separation of functional

traits is often not possible as described in detail below.

1.3.5 Application techniques

Application techniques in general need to ensure best contact between the active ingredient
and the plant surface. Especially for microbial products they should provide an optimal
inoculum density near or directly on the seed or the plant roots. Additionally, they should
promote establishment of PGPR populations in the new environment and thereby enhance
root colonization. Application techniques and optimal inoculum densities are best studied for
rhizobia inoculums and non-symbiotic N-fixing bacteria such as Azospirillum (Bashan, 1998;
Deaker et al., 2004; Okon and Labandera-Gonzalez, 1994).

Various application techniques for BE products were tested and they can be grouped into four

categories:
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1. Treatment of seed: Seed dressing by dipping in BE solution, seed priming overnight
(mainly for micronutrient priming, possible for SWE), seed coating / incrustation (e.g.,

with alginate or calciumhydroxide, starch etc.), seed infiltration (under vacuum)

2. Treatment of the seedling: Drenching of seedlings in BE suspensions before

transplantation into growth medium, sterile substrates or soil, potato tuber dressing

3. Treatment of the substrate (drenching): Broadcast or band application, fertigation,

mixture with organic substrates and manures before soil incorporation

4. Treatment of the leaves: Foliar application during the vegetation period (e.g., SWE,

micronutrients or biocontrol)

All of the techniques have their advantages and disadvantages and their benefit strongly

depends on the applied BE, the crop, the substrate types and the purpose of the inoculation.

1. Seed treatment

Seed treatment strongly reduces the costs for BE products and ensures the proximity of BE
inoculum to the plant already in the earliest phase of plant development and is therefore
widely used for rhizobia in legume production (Deaker et al., 2004). Also the establishment of
PGPR root colonization may be improved. During seed germination nutrients and other
compounds, such as proteins, are released. Results from germinating Lupinus albus seeds
indicate that after a short phase of passive leakage of proteins that reflect the seed
composition, seed exudation is modified to an active secretion of selected proteins that were
able to inhibit fungal growth (Scarafoni et al., 2013). The inhibition of plant-pathogenic
nematodes by proteins in exudates of germinating soybean seeds was observed as well (Rocha
et al., 2015). Flavonoids released by Alfalfa seeds were inhibiting growth of fungal
pathogens. In contrast, they did not affect Bacillus subtilis and were promoting growth of
Rhizobia meliloti and Pseudomonas putida (Hartwig et al., 1991). These results suggest that
germinating seeds already select for potential interaction partners making seeds a valuable
target for BE treatments. A variety of different encapsulation techniques exist using peat
carrier or alginate, a biopolymer derived from macroalgae or bacteria (Bashan, 1998).
Nevertheless, the application techniques may be cost-intensive and require technical
equipment for large-scale application (Bashan, 1998). Moreover, application of the treated
seeds in the field using common sowing machines may be problematic and BE seed treatment

needs to be coordinated with other seed treatments when used in conventional farming.
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2. Drenching of seedlings

Possible one of the best procedures to ensure good root colonization is drenching or soaking
of seedlings. This technique is also often used in sterile substrates and has been successfully
tested in many peer-reviewed publications (Adesina et al., 2009; Frohlich et al., 2011).
Unfortunately, this technique is not applicable for crops that are directly sown without pre-
cultivation phase. However, for many vegetables and greenhouse cultures this technique
might be an economic option that can be easily integrated during or before transplantation.
For the protection of potato against soil pathogens several P. fluorescens and Bacillus sp.

based commercial products are applied as tuber dressing.

3. Soil application
Soil application is a common technique used for rhizobial strains and mycorrhizal inoculum
in greenhouse or potting substrates. By mixing with manure and incorporation into the soil

additional SOM and carbon-rich sources can be combined with BE inoculum.

Fertigation in greenhouse or field horticulture might also be a good option if a continuous
supply of the BE product is preferred to a single inoculation. Nevertheless, here the problem
might be that the fertigation system is “contaminated” by the BE product and therefore the
technique is not optimal for testing of PGPR strains. Additionally, the substrate needs to be
loose and porous enough to allow infiltration and transport of the BE product to the root or

shoot (if not only root colonization but also endophytic shoot colonization is of interest).

For broadcast and band applications much higher inoculum amounts are necessary than in the

previously described methods.

4. Foliar application
Foliar application is mainly interesting for SWE and micronutrients that can be taken up by
the leaves and for application of biocontrol agents against foliar diseases or herbivorous

insects (e.g., Bt, B. subtilis, entomopathogenic fungi).
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1.4 Modes of action

Multiple traits probably contribute to the plant-beneficial activity of microbial but also other
biological inoculants (Bashan et al., 2004). Nevertheless, bioeffector products differ in their
capacities of these traits and the understanding of the possible modes of action is crucial to
ensure proper usage of BE products under given circumstances and to develop better

application strategies and product combinations.
1.4.1 Biocontrol

1.4.1.1 Antibiosis and antagonism

In natural systems plants are constantly confronted with the risk of pathogen infection or
damage by herbivors. Nevertheless, in stable ecosystems catastrophic losses of a population
are normally balanced due to the interplay of multitrophic interactions. Also, the excessive
spread of a specific soil pathogen is therefore suppressed by the soil or rhizosphere
microbiome. This disease suppressiveness can even be transferred to unbalanced conducive
soils (Haas and Défago, 2005) and seems to be correlated with the relative abundance of
specific bacterial groups (Berendsen et al., 2012). Bacterial groups that are commonly found
to be enriched in suppressive soils are Proteobacteria and Firmicutes. The suppression of soil
diseases, like take-all (Gaeumannomyces graminis) in wheat, was mainly attributed to the
activity of fluorescent Pseudomonades, and the release of antibiotic and antifungal
compounds (Raaijmakers et al., 1999). They release antibiotics such as phenazines,
phloroglucinols, pyoluteorin, pyrrolnitrin, cyclic lipopeptides and hydrogen cyanide (Haas
and Défago, 2005). Also plant growth promoting Bacilli like B. amyloliquefaciens, possess a
multitude of genes for antibiotic production and confer resistance to pathogens (Qiao et al.,
2014; Tan et al., 2013a). Disease suppressiveness is also tightly linked to plant nutritional
aspects. Disease severeness was correlated with soil pH and the Mn availability, and both
factors correlate with the abundance of Mn-reducing Pseudomonas fluorescens strains (Huber
etal., 2012, p. 294). Pseudomonas spp. strains were also able to suppress growth of pathogens
due to their competition for Fe (Haas and Défago, 2005). The strains release fluorescent
compounds, named siderophores, that are chelators with high affinity to different
micronutrients (Brandel et al., 2012; Kloepper et al., 1980b).

Trichoderma spp. fungi are well known for their antagonistic activity against other fungi,
including the parasitism of fungal pathogens (mycoparasitism), and successful suppression of
diseases such as Rhizoctonia solani (Howell, 2003). Furthermore, biocontrol activity of

Trichoderma strains is connected to production of antibiotics like gliotoxin and gliovirin,
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chitin degrading endo- and exonucleases and the degradation of stimulants that are released
during seed germination and trigger fungal (pathogenic) spore germination.

Additionally, to the production of antibiotics, the competition for nutrients and active
antagonism or parasitism (mainly fungal products), the induction of plant resistance is

proposed to play a keyrole in the biopesticide activity of BE products.

1.4.1.2 Induced systemic resistance (ISR)

Disease control by PGPMs is often correlated with the induction of plant resistance (Harman
et al., 2004). In the last two decades the plant immune system was intensely studied and a
complex system, developed during co-evolution of plants (hosts) and pathogens, was
discovered for many plant-pathogen-interactions, involving the recognition of avirulence
factors (Avr) by the host, activation of immune responses and the suppression of plant
defence by specific effector molecules (Jones and Dangl, 2006). The pathogen-triggered
immune responses in plants were termed systemic acquired resistance (SAR). SAR depends
on salicylic acid, a plant hormone that is known to be involved in many stress responses of
plants (Bari and Jones, 2008). A cascade of well-studied downstream signals, such as the
expression of pathogenesis-related (PR) genes, lead to hypersensitive response (HR) and
programmed cell death (PCD) after infection and penetration of plant cells by biotrophic
pathogens (Pieterse et al., 2009; Stassen and Van den Ackerveken, 2011). Some findings
suggest that non-pathogenic fungi, including Trichoderma spp., produce Avr factors that
trigger SAR similar to pathogens and may therefore enhance plant resistance against
pathogens (Harman et al., 2004).

Interestingly, plant responses to inoculation of many PGPR differ in their signalling pathway
(Pieterse et al., 1996). This induced systemic resistance (ISR) depends on the plant hormones
jasmonic acid (JA) and ethylene (Pieterse et al., 1998) and does not trigger direct
physiological responses such as HR but leads to a “defence priming” (Haas and Défago,
2005; Verhagen et al., 2004), increasing resistance of plants to future biotic stress.
Nevertheless, the ISR and SAR pathway share certain components, most important the
regulatory protein NPR1, that is crucial for SA-mediated PR activation and ISR (Pieterse et
al., 1998), but suppresses JA-mediated defence pathways when SA pathway is activated
(Pieterse et al., 2009). The suppression can be bypassed by ethylene (ET). Herbivors and
necrotrophic fungi seem to be more susceptible to JA/ET mediated plant defence than
biotrophic fungi leading to different responses in plants and also differences in the success of

PGPR as biocontrol agents against pests. There is growing evidence that further plant
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hormones interact in the plant defence pathways (Bari and Jones, 2008; Pieterse et al., 2009)
explaining the difficulties to predict biocontrol activity of PGPR, especially if multiple biotic

or abiotic stress factors are active (Mittler, 2006).

Signal compounds produced by Pseudomonades that elicit ISR are the antibiotic 2,4-
diacetylphloroglucinol (Phl), the siderophores pyocyanin and pyochelin, flagellin, O-antigens
(lipopolysaccharides of bacterial cell surface) and HCN (Haas and Défago, 2005). Results
suggest that, similar to root exudates of plants, many microbial compounds released to the
rhizosphere possess multiple functions important for PGPR activity. Interestingly, also
salicylic acid (SA) is able to elicit ISR. Also 2,3-butanediol, a volatile organic compound
(VOC) from Bacillus spp., was shown to trigger ISR. More recent findings on the induction of
plant resistance by Trichoderma virens in maize indicate that a small protein named Sm1 is

triggering ISR via a JA/ET pathway (Djonovi¢ et al., 2007).

1.4.1.3 Quorum sensing

Quorum sensing (QS) describes the phenomenon of population density dependent gene
expression in bacteria populations that often trigger shifts from saprophytic to pathogenic
lifestyle, biofilm formation or sporulation under adverse environmental conditions
(Rutherford and Bassler, 2012). QS also regulates antibiotic production explaining why PGPR
populations need to reach certain threshold densities to effectively exhibit biocontrol activity
(Raaijmakers et al., 1999, 1997; Whitehead et al., 2001). QS is thereby triggered by cell-to-
cell communication via the use of small signalling molecules. Many different QS signals from
a wide range of different bacterial groups, including Bacilli and Pseudomonades, have so far
been identified (Waters and Bassler, 2005). Some QS signals, like N-acyl-homoserine lactone
(AHL), found in gram-negative bacteria like Pseudomonas spp., are also shown to induce
diverse plant responses connected to ISR and plant growth stimulation (see below) by
hormonal regulation (Hartmann et al., 2014).
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1.4.2 Biofertilization

1.4.2.1 Biological N-fixation
Rhizobia

Rhizobia are probably the most widely used microbial inoculum worldwide. It is estimated
that about 60 % of nitrogen in agriculture is fixed by rhizobia (Zahran, 1999). Rhizobia are a
paraphyletic group of plant symbionts whereas most of the genera, such as Rhizobium or
Bradyrhizobium, belong to the order of Rhizobiales. They form special root organs, named
nodules, with many legume plants and are able to fix nitrogen from atmospheric N2 via the
enzyme nitrogenase. Although plant-Rhizobia symbioses can be found in natural habitats,
productivity and N-fixing capacity in legume cultivation can be strongly improved by
inoculation of host-specific strains, especially in areas in which legumes were newly
introduced for agricultural production such as Australia but also in soils that were not
cultivated with legumes for several years (Deaker et al., 2004). Due to the direct input of N
into the system and their obligate symbiotic relationship with their host plants rhizobia are
normally not considered as PGPR. Additionally, they are well-studied and were therefore not
investigated during the thesis.

Free-living diazotrophs

There are other N-fixing bacteria (diazotrophs) that are free-living and do not require a host
plant for N-fixation such as Azospirillum and Azotobacter. Azospirillum is probably the best-
studied PGPR and a continuously growing amount of publications report on successful plant
growth stimulation in field trials, especially in many developing countries (Bashan et al.,
2004; Okon and Labandera-Gonzalez, 1994; Veresoglou and Menexes, 2010). The reason for
its widespread use was probably the hope for a new sustainable N-fertilizer in non-legume
plants. Nevertheless, it is now well-accepted that the plant growth stimulation by Azospirillum
is not caused by its N-fixing potential but mainly due to the production of phytohormones and
the stimulation of root growth thereby increasing nutrient uptake efficiency and water
absorption (Bashan et al., 2004; Halpern et al., 2015; Lesueur et al., 2016a). Azospirillum acts

therefore more as a biostimulant than a biofertilizer (see next section).

1.4.2.2 Mycorrhiza helper bacteria (MHB)
Most plants are able to establish symbiotic relationships with specialized fungal symbionts.
Those fungi are actively colonizing the intercellular space of plant roots (apoplast) or directly

penetrate plant root cells thereby forming new structures termed mycorrhiza (Richardson et
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al., 2009). The two major groups are ectomycorrhiza (ECM), that are mainly symbionts of
woody plants, and arbuscular mycorrhiza fungi (AM or AMF) that are colonizing most of the
agricultural relevant plant species. Mycorrhiza are known to improve spatial P acquisition in
soils due to an increase of surface, nevertheless, it seems that they are not largely contributing
to solubilisation of P from fractions that are not plant available (George et al., 2012, p. 414,
Richardson et al., 2009).

The efficacy of mycorrhizal symbiosis might be improved in the soil by association with soil
bacteria that are able to mobilize sparingly available nutrients (Becquer et al., 2014). Several
publications report on synergistic effects on plant growth for the combined application of AM
fungi with PGPR or other fungal inoculants like Trichoderma sp. (Badda et al., 2013;
Gamalero et al., 2004; Srinath et al., 2003; Yusran et al., 2009). Especially the combination of
the PGPR products with mycorrhizal inoculum showed strong improvement to single
inoculum. This phenomenom was previously reported and the respective PGPR were
therefore termed mycorrhiza helper bacteria (MHB) (Frey-Klett et al., 2007; Garbaye, 1994).
MHBs thereby may act via improved nutrient mobilization, stimulation of lateral root
formation for improved mycorrhization or by antibiosis against pathogens that may compete
with mycorrhizal fungi in the rhizosphere. Data suggest that associations between MHBs and
fungi are specific, depending on bacterial antibiotics or carbon sources released in the fungal

mycosphere (Frey-Klett et al., 2007).

1.4.2.3 Phosphate solubilizing microorganisms (PSM / PSB)

In general, many soil microorganism exhibit similar activity as plant roots in response to low
P conditions in the soil, including release of protons, carboxylates and phosphatases (Khan et
al., 2009; Richardson and Simpson, 2011). In contrast to plants, microorganisms additionally
produce and release alkaline phosphatases in substantial amounts and may therefore
contribute to P acquisition from SOM even at high pH (Sharma et al., 2013). Many PGPR or
fungi are able to solubilize P from precipitated sparingly soluble inorganic Ca-phosphates in
sterile media and are therefore termed phosphate-solubilizing microorganism (PSM)
(Richardson et al., 2009). In those media normally buffer capacities are low increasing the
efficacy of proton release and pH dependent strategies. Nevertheless, efficacy of P-
solubilization is often limited in alkaline soils when buffer capacities are high (Gyaneshwar et
al., 1998). Efficacy of PSMs may therefore be increased by ammonium-fertilization (Noor et
al., 2017; Whitelaw et al., 1999). Organically bound P may be mobilized by extended release
of phosphates, especially phytases, in the rhizosphere (Richardson et al., 2001a) and the soil
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microbial community strongly contributes to overall enzyme activity (Richardson et al.,
2001b). Common P-solubilizing bacteria (PSB) include Pseudomonas and Bacillus genera
whereas best known P-solubilizing fungi (PSF) are Aspergillus and Penicillium spp. (Hayes et
al., 2000; Khan et al., 2009; Richardson et al., 2009, 2001a). Trichoderma species show only
low potential for P-solubilization. Nevertheless, traits for P-solubilization are conserved in a
multitude of different species over a wide spectrum of bacterial and fungal groups, including
potential plant pathogens (Sharma et al., 2013). Recently it was shown that Arabidopsis,
belonging to the Brassicaceae plant family that is unable to establish mycorrhiza symbiosis,
forms a symbiosis with the non-mycorrhizal fungi Colletotrichum tofieldiae at low soil P
levels (Hacquard et al., 2016; Hiruma et al., 2016). Results indicate that the fungi was not
only increasing surface but was also able to solubilize inorganic P (Hiruma et al., 2016). PSFs
seem to be more effective in acidification and release higher amounts of organic acids such as
citric, succinic and gluconic acid than PSBs (Khan et al., 2009). As described in the sections
above, efficacy of PGPR applications is influenced by many environmental factors. For PSMs
especially soil buffer capacity, P-source and overall P-availability are major determinants for
successful P-solubilization. Therefore results on PSM application in the field are often

inconsistent (Khan et al., 2009; Richardson and Simpson, 2011).

1.4.2.4 Soil food-web
It was hypothesized that P solubilized by microorganism might not always be plant available

but fixed as microbial Pmic in the soil (Richardson et al., 2009). Nevertheless, soil ecosystems
consist of complex food webs in which bacteria and fungi have also natural enemies such as
protozoa or nematodes that are feeding on them (Hol et al., 2013). Therefore, the efficacy of
PSMs to provide P for plants might be increased by inoculation or promotion of other
organisms. Indeed, several publications report on increased P availability in the medium if P
solubilizing bacteria or fungi were co-inoculated with bacterial or fungal grazing nematodes
(Ingham et al., 1985; Irshad et al., 2012, 2011, 2013). Interestingly, bacterial populations were
in some cases promoted and not decreased by feeding. An additional application of nematodes
in agricultural practice is probably not an economic option but the results again suggest that

biodiversity is important for sustainable plant production systems.

1.4.2.5 Biofertilizers and fertilization
At the end of this section, it is important to mention that it is not sufficient to increase P

availability from soil only. It is necessary to recharge the soil P pools by continuous P supply
in a sustainable way. A “mining” of nutrients will cause nutrient depletion and serious

damage to soil fertility. This can be observed in a dramatic fashion in many countries of sub-
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Saharan Africa in which low availability of manure and insufficient input of mineral fertilizer
lead to soil nutrient depletion, a problem that is considered to be the major constraint for
agricultural production in this area (Smithson and Giller, 2002; Stoorvogel and Smaling,
1998; Zingore et al., 2008).

1.4.3 Biostimulation

1.4.3.1 Biostimulants

Reports on plant growth stimulation by PGPR such as Azospirillum (Dobbelaere et al., 2001),
seaweed extracts (Arioli et al., 2015; Craigie, 2011; Sangha et al., 2014) or humic acids (Chen
and Aviad, 1990; Russo and Berlyn, 1991) are frequent. Biostimulation can be distinct from
the other mechanisms due to its direct influence on plant physiology and signalling. Therefore
seaweed and plant extracts or humic substances, containing high amounts of bioactive
compounds, are also commonly termed biostimulants (Halpern et al., 2015; Yakhin et al.,
2017).

1.4.3.2 Bioactive compounds

Bioactive compounds, mainly secondary metabolites, can be grouped into different
categories. One category might be plant hormones or bacterial analogous including auxins,
cytokinins, gibberellins, ethylene, abscisic acid, jasmonates and salicylic acid (Baca and
Elmerich, 2007). Presence of most of these hormones or hormone-like activity was also found
in seaweed extracts (Craigie, 2011; Sangha et al., 2014). Second category might be
macromolecules such as tannins, flavonoids, phenolics, polysaccharides (e.g. laminarin or
fucoidan) or humic acids, mainly present in seaweed or plant extracts, that may influence
hormonal production, physiological activity or stress tolerance by their antioxidant capacities
(Chen and Aviad, 1990; Craigie, 2011; Sangha et al., 2014). The third group are compounds
that are important for plant-microbe signalling (e.g. strigolactone for mycorrhization or Nod
factors in rhizobia-plant interaction) or for quorum-sensing such as N-acyl-homoserine-
lactones (AHLs) (Ortiz-Castro et al., 2009). The last group consists of volatile organic
compounds (VOCs) that partly seem to act by activation of auxin and ethylene hormonal
pathways (Bailly and Weisskopf, 2012).

1.4.3.3 Root growth stimulation
Various PGPR are known to modulate root system architecture (RSA) by production of
auxins such as indole acetic acid (IAA), other signalling molecules involved in auxin

signalling like nitric oxide or the antibiotic DAPG, or gibberellic acid (Vacheron et al., 2013).
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The production of auxin was proven for both Bacillus sp. (Idris et al., 2007; Talboys et al.,
2014) and Pseudomonas sp. strains (Afzal et al., 2014; Karnwal, 2009; Khakipour et al.,
2008). Also production of cytokinin, that is known to promote shoot growth and reduces root
to shoot-ratio, was observed in bacterial strains, including P. fluorescens (Garcia de Salamone
et al., 2001). Nevertheless, production of phytohormones is often dependent on the abundance
of the metabolic precursor of the biosynthesis pathway such as tryptophan for auxin, adenine
and isopentyl-alcohol for cytokinin and methionine for ethylene biosynthesis (Arshad and
Frankenberger, 1991). Furthermore, RSA can be modified by the reduction of plant ethylene
(ET) levels via degradation of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) by the bacterial enzyme ACC deaminase (Glick, 2014). The ACC deaminase gene was
found in various gram +/- bacteria, e.g. Pseudomonas sp., Bacillus sp., Azospirillum sp.,
rhizobia, but also pathogens (e.g. Ralstonia solanacearum) (Saleem et al., 2007). Elevated
ethylene production may inhibit primary root growth and stimulate root hair formation.
Nevertheless, at low concentration it also activates auxin biosynthesis, transport and
signalling (Neumann, 2016). Therefore, the influence of ethylene on root growth depends on
the total concentration, the ET/auxin ratio and timing. The potential of auxin to stimulate
lateral root formation is connected with an increased plasma membrane H™-ATPase activity
(Canellas and Olivares, 2014; Neumann, 2016), also observed after application of humic acids
(Canellas et al., 2002).

Azospirillum, one of the best-studied PGPR, shown to promote plant growth even under field
conditions, increased the activity of many enzymes involved in TCA and nitrogen or amino
acid metabolism (Dobbelaere et al., 2001). Additionally, levels of bioactive phytohormones or
flavonoids were increased in plants due to hydrolysis of their conjugated forms, probably due

to modification of B-glucosidase activity.

AHL production is a common trait in many Pseudomonas strains (Venturi, 2006) but is not
ubiquitous (Elasri et al., 2001; Martins et al., 2014). Studies on PGPR showed that their
ability to colonize the plant root correlates with the activity of the QS system (Wei and
Zhang, 2006) and that AHL production is more common in plant-associated strains than in
strains isolated from bulk soil (Elasri et al., 2001). AHLs were shown to modify RSA by
auxin-dependent (Bai et al., 2015; von Rad et al., 2008) or auxin-independent signalling
pathways (Ortiz-Castro et al., 2008) whereas their biological activity seems to be determined
by the length and structure of the carbonyl chain (Bai et al., 2015; Hartmann et al., 2014;
Ortiz-Castro et al., 2009).
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1.4.3.4 Stress priming

Under drought, salt and cold stress it was reported that PGPR increase plant stress tolerance
by elevating levels of specific metabolites, such as sugars, specific amino acids (e.g. proline)
and osmoprotectants like glycine-betaine (Vacheron et al., 2013). High concentrations of
these compounds are also present in seaweed extracts, explaining their potential to alleviate
stress tolerance after application (Sangha et al., 2014). Some PGPR remain active under low
temperature and are able to produce antifreeze proteins that may reduce plant cell damage due
to ice-crystallisation (Glick, 2012; Lucy et al., 2004; Subramanian et al., 2011). Reduction of
salt-stress by PGPR application due to ACC deaminase activity was reported (Lucy et al.,
2004; Yang et al., 2009). Additionally, VOCs from the B. subtilis strain GB03 led to tissue
specific differentially expression of a high affinity K* transporter (HKT) and subsequently

lower Na* uptake under salt stress.

Both biotic and abiotic stress tolerance in plants can be improved by the production of
tannins, flavonoids and phenolics commonly observed after application of humic acids,
seaweed extracts or PGPR (Canellas and Olivares, 2014; Craigie, 2011; Vacheron et al.,
2013). Already described as biocontrol mechanism, also ISR is mainly a biostimulation

similar to abiotic stress priming.
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1.5 The “Biofector” project

In 2012 the EU launched the 5-year research project “Resource Preservation by Application

of BIOefFECTORs in European Crop Production” with the acronym ‘“Biofector” to

investigate selected products of PGPR, biostimulants and biofertilizers, grouped together

under the term bioeffector, for their influence on the three major crop plants tomato (Solanum

lycopersicum), maize (Zea mays) and wheat (Triticum aestivum) (www.biofector.org). The

project and also the research conducted for this dissertation was financed by the European
Union's Seventh Framework Programme (FP7/2007-2013) under Grant Agreement n°312117.

Obijectives of the project were:

1. Investigation and comparison of bioeffector products from various origin and

composition for their ability:

a.
b.

d.

To stimulate plant growth.

To solubilize phosphorus from organic or inorganic sources of fertilizers and
thereby increasing phosphorus availability for the plants in organic and
conventional farming systems.

To increase overall yields and thereby reducing mineral fertilizer input in
conventional farming systems.

To alleviate abiotic stress and increase tolerance in crop plants.

2. Investigation and comparison of selected bioeffector products for their mode of action,

their composition and their behaviour in the environment, with special focus on:

a.
b.
C.
d.

Root colonization properties of PGPR.

Hormone production and hormonal stimulation of treated plants.

Chemical and structural composition.

Establishment in natural soil environments and influence on the natural soil

microbiome, here especially with the task of risk assessment.

3. Supporting small- to middle-scale companies in the EU in aspects of research and

development as well as public relation by directly including several companies in the

project consortium and testing their products.

4. Establishment of a network of different companies active in the bioeffector market and

representation of this network towards the lawmakers in the EU.

5. Public dissemination of knowledge to farmers, producers and lawmakers.


http://www.biofector.org/
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The project consortium consisted of more than 20 project partners from various countries in
the EU and one partner from Israel. Partners were research institutes and universities,

companies and product providers.

The project was structured in 11 work packages (WP) with the focus on:

1. Product development (WP01) and Synergisms and product combinations (WP02)

2. Functional mechanisms (WP03)

3. Abiotic stress (WP04), Organic farming (WPO05), Recycling fertilizer (WP06) and
Fertilizer placement and fertigation (WPQ7)

Field testing network (WP08)

Economic evaluation (WPQ9)

Public dissemination (WP10)

Project management and coordination (WP11)

N o g &

The present work was done with the focus on the four work packages “WP02: Product
combination”, “WP03: Functional mechanisms”, “WP04: Abiotic stress” (in our group with

focus on cold stress) and “WPO08: Application in the field”.

Research from the “Biofector” project and related former research from the working groups
involved can be found under www.biofector.org/publications.html. A meta-analysis including
results from more than 100 experiments conducted during the 5-year project in different

working groups will be submitted soon (Lekfeldt et al., unpublished).


http://www.biofector.org/publications.html
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1.6 Objectives and hypotheses

1.6.1 Objectives

This work was focussing on two major objectives. The first one was to find out under which
environmental conditions plant growth stimulation by BE products can be observed and

which factors are able to enhance the effectiveness of the BE products.

The second objective was to study the mode of action of different BE products to elucidate

the mechanism by which the products are influencing the host plant.

Both objectives are interrelated with each other. The description of a mode of action will
probably simplify the search for conditions under which a BE product is most effective, on
the other hand environmental or experimental conditions might influence the mechanism and

outcome of the BE-plant interaction.

Therefore, many different experimental conditions were tested and a variety of analytical

methods was applied to enhance the knowledge on BE-plant relationships.

1.6.2 Hypotheses

Several specific hypotheses were formulated that are also mentioned in the results of each
single experiment. The most important hypotheses that are shaping this dissertation are

described shortly below.
As part of the first objective:

1. BE products are able to stimulate plant growth (shoot and root) during early plant

development.

N

BE products are able to increase maize yield in field experiments under limited P supply.

w

BE products, especially bacterial and fungal strains are able to improve P acquisitions
from various fertilizer sources or previously unavailable soil P.
4. BE products are able to alleviate plant stress and improve plant tolerance (especially cold

stress) thereby improving plant performance and yield.

o

BE product combinations might be more effective than single inoculation of BEs.
As part of the second objective:

6. Microbial BE products are able to solubilize soil or fertilizer P also under applied
conditions (PSB / PSM).
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7. BE products enhance root growth thereby improving nutrient acquisition.

8. Microbial BE products enhance P acquisition by stimulation of root mycorrhization by
AMF (MHB).

9. Effectiveness of PGPR depends on root colonization and application rates.

10. BE products are increasing plant growth and stress tolerance by hormonal stimulation and
are able to modulate plant gene expression thereby influencing the plant metabolome,
physiology and overall performance, with special focus on auxin and ethylene production

and signalling.

To verify these hypotheses several pot and field experiments were conducted. Many pot
experiments were performed for screening of interesting BE products or experimental
conditions under which BE products might be helpful. Various types of soils, different
fertilizers, fertilization rates, temperature conditions, BE application rates and techniques and
different crops and cultivars (maize and tomato) were in the focus. Additionally, experiments
from other working groups were repeated to reproduce BE effects and investigate conditions

that might be crucial for BE activity.

Cold stress experiments were mainly conducted in the greenhouse using a system for
controlled root zone temperature. Incubation experiments were conducted to assess potential

product combinations in vitro.

One major part of the work was the analysis of maize gene expression after application of two
microbial BE products. Metabolite data on these samples were provided by a partner institute

in Italy and compared with the transciptome data set.
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2 Material and methods

2.1 List of conducted pot and field experiments

During the doctoral thesis 23 experiments were conducted, using various bioeffector (BE)
products (Table 2-11 and Table 2-12). Some of the results were already presented in master
and bachelor theses whereas the results from Exp_8 and Exp_17 were published in peer-
reviewed journals (Bradacova et al., 2016; Weber et al., 2018).

2.2 Plants and BE products

Plant material

All experiments with maize (except Exp_17) were conducted with the commercially available
cultivar Zea mays cv. “Colisee” (KWS SAAT SE, Einbeck, Germany) mainly used for silage
maize. In experiments at the beginning of the project, it was found that Colisee reacted more
sensitive to environmental conditions like P limitation or other abiotic stresses indicated by
the red coloration in shoot due to formation of anthocyanins (Nkebiwe, 2013, unpublished)

than other tested maize cultivars and was therefore used for product screening.

In Exp_17 the roothairless 2 (rth2) mutant of the maize inbred line B73 was used. Rth2 seeds

were provided by the working group of F. Hochholdinger (INRES, Bonn).

For tomato experiments two different cultivars of Solanum lycopersicum were used. For
experiments Exp 5 — 7 the non-hybrid cultivar "Mobil" (Kecskemét, Hungary) and for
experiment Exp_20 the TMTD-treated hybrid “Primadona F1” (Hazera Genetics Ltd.,
Berurim M.P  Shikmim, Israel). TMTD 98% Satec (Bayer CropScience, SATEC

Handelsgesellschaft mbH) contains the fungicide thiram.

BE products

More than 70 BE products were provided by various companies for research purposes during
the Biofector project. Of these products about 30 products were tested in our institute. Table
2-15 and Table 2-16 give further information on all BE products used during investigations
described in this thesis. Focus was on microbial products, especially the products Proradix®
and Rhizovital®, and their combination with various seaweed extracts, recommended for
improving plant stress tolerance or as prebiotics for bacterial growth. All products were
analysed for mineral composition with three replicates each by ICP-OES or ICP-MS analysis
(Table 2-1). Bacillus strains were provided in the products as endospores, fungal products as

spores, and Pseudomonades as freeze-dried cells. For pot experiments bacterial or fungal
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products were suspended in 10 mM CaSOgs or 0.3 % (w/v) NaCl solutions. Ctrl treatments
were therefore always treated with respective amounts of the pure solutions. All other
products were suspended in deionized H>O. For field experiments BE products were

suspended in normal tab water.

Table 2-1 Overview of mineral composition for all BE products

Mineral composition 2

BE product  Abbr.? N C P K Mg Ca Cu Fe Mn Zn
% % ppt ppt  ppt  ppt  ppm ppm ppm  ppm
Proradix Px 518 406 9.0 132 1.09 9.90 0.70 57.7 0.58 348
P. jessenii P NA NA  NA NA NA NA NA NA NA NA
Rhizovital Rz 049 11.0 142 056 044 1.03 043 170 217 122

B. simplex Bsim 0.70 112 365 0.71 087 178 156 496 62.0 27.4
B. atrophaeus BacA NA NA NA NA NA NA NA NA NA NA

Biological BFDC 050 526 008 007 NA 007 032 533 151 579
fertilizer DC
OmG-08 OnG NA NA NA NA NA NA NA NA NA NA
Trianum-P P 023 405 064 099 006 NA 012 946 013  7.06
Herbazg irillum o NA NA NA NA NA NA NA NA NA NA
Algafect Af 166 167 032 436 080 226 1-9 793 6661 20530
AlgaVyt AV 909 11.6 045 41.0 087 256 149 455 557 13810
’;'f;‘,\\//lf AVZM 488 52 NA 463 031 017 204 271 61533 74426
Superfifty / SF 035 128 NA 700 248 036 100 609 110 9.75
Alga 50
. 0.1- 04-
Ecolicitor ECO o4 80 o 124 266 217 029 641 1025 107
Alga 95 A95 NA NA NA NA NA NA NA NA NA NA
Product 1 P1 027 116 120 274 301 558 011 632 816 506
Product 2 P2 040 259 123 648 406 556 145 375 273 151
Product 3 p3 038 268 035 109 1.17 066 066 475 536 6.13

1 Used in this thesis
2 Analysis done by H. Ochott (Institute of Crop Science) and LA Chemie, University of Hohenheim
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2.3 Plant growth conditions

Experimental conditions

Most of the experimental conditions used for conducting the specific pot or field experiments
are summed up in Table 2-13 and Table 2-14. Further detailed information on the
experiments, like fertilization and treatments, is given for each single experiment in chapter 3

(results).

Soils

All plant growth experiments were performed either in pots filled with natural soils collected
from various field sites or in the field. In Table 2-19 there is an overview of all soils used for
the pot experiments. All soils were analysed for mineral composition and texture (Table
2-20). For optimal plant growth conditions and better harvesting of roots in most experiments
soils were mixed with sand (25 % (1:3) up to 50 % (1:1) sand; Dorsilit, Gebriider Dorfner
GmbH & Co. Kaolin- u. Kristallsandwerke KG, Hirschau, Germany). In experiment Exp_20
manure (or unfertilized peat as a second experimental factor) were used in high amounts and
are therefore listed as part of the substrate and not only as fertilizers. Fresh field soils were
either pre-dried to reach a water content of less than 15 % or directly sieved with 5 mm mesh

size to remove coarse particles and stones.

Water contents

To reach soil water contents (WC) for optimal plant growth for each soil the maximum water
holding capacity (WHCmax) and actual water contents were determined before mixing and
fertilization of the substrates. In all pot experiments plants were watered on weight, based on
the optimal water contents, normally 50 - 70 % of the WHCrax of a soil. Because sand has a

very low WHCnax, calculations for optimal water contents were based on dry soil weight.
Water contents and maximum water holding capacity

To determine WHCmax soil was filled into small glass or brass cylinders with plastic or brass
meshes at the bottom and were incubated overnight in water at the height of the soil layer.
After 24 h the cylinders were removed from the water and were placed on tissues for 24 h
draining at RT. After draining the remaining water content was defined as the WHCmax. TO
determine the water contents, a defined amount of fresh (wet) soil was tried to constant
weight at 105 °C. As an additional validation for optimal water contents of the soils, a defined

amount of soil was watered until water contents of the soil reached a point that made the
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formation of a soil tube with the diameter of a thick pencil possible. Nevertheless, this method
is only useful for soils with relatively high clay contents.

Fertilisation

Fertilization of pot experiments was done by spraying soil or sand-soil mixtures with nutrient
solutions. Nutrients used for standard fertilization are listed in Table 2-2. An overview of all
organic and commercial fertilizers used during the thesis is given in Table 2-17 and Table
2-18.

Table 2-2 Standard fertilization of pot experiments

Nutrient Mineral Conc. (mol I'}) Conc. (mg kg dry soil ™)
N Ca(NOs): 0.5 100
K K2SO4 0.5 150
Mg MgSOa 0.5 50
P Ca(H2P0a4)2 0.05 50

Detailed information on fertilization strategies are given in the description of the specific

experiments in chapter 3.

Climatic conditions

Pot experiments were either conducted in greenhouses or climate chambers. Because climate
chambers generally had much lower light intensity (100 - 200 pE) in comparison to the
greenhouse (200 — 400 pE with artificial light and up to 1 mE with sunlight), most
experiments were conducted in greenhouses. Light intensity can be described as

1. Photosynthetic Photon Flux Density (PPFD) with the unit pEinstein or umol m2 s

2. Illuminance or lumen per square meter (Lux) with the unit Ix or Im m

The units are not easily convertible as they depend on the wavelength of the light.
Nevertheless, for sunlight a conversion factor of 54 Ix per umol s m2 and for cool-white
fluorescent light a conversion factor of 74 Ix per umol s m= can be assumed (Thimijan and
Heins, 1983). Accordingly, 10.000 Ix are equal to 135.1 umol s* m™.

Climatic conditions in the greenhouse were only partially controllable and temperature varied
from 13 °C up to 35 °C, similar to field conditions for the growth period of maize in northern

Europe. More information on single experiments is given in Table 2-13 and Table 2-14.
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2.4 Plant growth parameters

2.4.1 Non-destructive measurements

Plant height

Plant height in pot experiments was defined as the height of the longest leaf, measured from
soil layer up to the tip of the stretched leaf. In field experiments actual plant height was
measured without stretching leaves. In most cases this was the height of tassel, the

inflorescence of male flowers. 5 measurements in 4 rows per plot were done.

Stem diameter
Stem diameter was found to be a valuable indicator for P-supply. Stem diameter was
measured with a calliper at previously defined positions, normally the thickest stem part

below the first or second leaf.

SPAD

Soil-Plant Analyses Development (SPAD) values predict leaf chlorophyll contents by
measuring leaf coloration without damaging leaves. Especially as indicator for sufficient N-
supply SPAD meter were used. SPAD values were measured at a previously defined leaf
position, normally the middle of the leaf avoiding the midrib, of a defined developmental
stage, normally the youngest fully developed leaf. In field experiments the SPAD values were
measured at the leaf below and opposite to the ear. These leaves were also sampled for P, C
and N-analysis of maize grown in the field. 50 measurements per plot were taken by

randomized sampling using plants from different rows.

Chlorosis/ Necrosis
In pot experiments with limited P-fertilization or applied cold stress conditions, leaf chlorosis,
typically a red coloration from anthocyanin formation, was quantified by visual estimations

using either percentage of leaf area or an ordinal scaling system.

2.4.2 Destructive plant measurements

Plant sampling

In pot experiments always whole plant samples were analysed after harvest. For field
experiments, leaf samples for nutrient analysis before harvest were collected below and
opposite from the ear. Root samples for BE tracing or mycorrhization were sampled before

harvest as subsamples from whole plant avoiding loss of plants for later harvest evaluations.
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Plant biomass

Fresh shoot biomass from plants growing in pots was determined directly during harvest.
Root fresh weight was taken after washing and quickly drying with paper tissues. If roots or
shoots were not used for other purposes (e.g., metabolome or gene expression studies, root
scanning) they were directly dried to constant mass at 105 °C and dry weight was measured.
Because plant material for metabolome, gene expression or inorganic-P studies were directly
frozen in liquid nitrogen and then later on used for RNA isolation, dry weight data could not
be acquired for some experiments (Exp_11, 14, 22). In Exp_22 dry weight data were not
taken due to the very low amounts of material available and the major biases that occurred
due to material sticking to plastic or paper surfaces of the packing.

In field experiments, fresh weight data were taken by the plot combine (harvester) during
harvesting. Subsamples from the plot harvests were subsequently dried to constant mass and

dry weight per ha was calculated.

2.4.3 Root morphology

Root drawing and root hair length

In Exp_17 root morphology was determined previous to harvest by using rhizoboxes with
root observation windows. Roots visible in the root observation window were drawn on
transparent plastic sheets and subsequently scanned (Epson Expression 10000XI, Epson,
USA) at a resolution of 400 dpi. At the same time pictures from the root hair zone were taken
with an Axio Vision 3.1 video macroscope and additional software (Carl Zeiss GmbH, Jena,
Germany) at a magnification of 12.5. From these pictures root hair length was determined by

taking the average length of 10 root hairs per plant.

Root length

In most of the pot experiments root length was determined after harvest. Therefore, whole
roots were washed, cut into pieces if root parts were overlapping and scanned (see above). All
root scans from washed roots and drawings were analysed with the WinRhizo software
(Regents Instruments Inc., Canada). Root length was also analysed for specific root diameter
classes, ranging from 0-0.2 mm, 0.2-0.4, 0.4-0.6, 0.6-0.8 and >0.8. Root parts with a diameter

lower than 0.2 mm were defined as “fine roots”.
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2.5 Mineral analysis

2.5.1 Analysis of macro- and micronutrients in plant materials

The analysis of phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na;
e.g. for plants grown under salt stress) and micronutrients such as iron (Fe), manganese (Mn),
zinc (Zn), and copper (Cu) in plant materials was performed following an ashing assay

(Gericke and Kurmies, 1952) or microwave digestion.

P concentration in the ash solution were measured colorimetrically (e.g. spectral-photometer
U-3300, Hitachi, Tokyo, Japan) using ammonium-vanadate-molybdate as color reagent. K,
Ca, and Na concentrations were measured by flame photometry (e.g. ELEX 6361, Eppendorf,
Hamburg, Germany) and Mg, Fe, Mn, Zn, and Cu by atomic absorption spectroscopy (e.g.
ATI Unicam Solaar 939, Thermo Electron, Waltham, USA).

The values of mineral nutrient concentrations in shoot samples obtained by this method can
be compared with standard reference values for wheat, maize or tomato plants (Bergmann,
1993, 1976).

2.5.1.1 Sample preparation

Roots samples were carefully washed free from adhering soil or substrate material. Analysis
of samples from pot experiments was always done for whole root or shoot samples. In field
experiments the leaf below and opposite to the ear was taken as pre-harvest sample. 5 leaves

from 4 maize rows were taken per plot.
After washing, root or shoot samples were oven-dried at 60°C until weight constancy.

Dry root or shoot samples were ground to powder in agate disc swing mills (e.g. Fritsch, Idar-
Oberstein, Germany).

2.5.1.2 Preparation of ash solution

Reagents:

1) 1:3 diluted nitric acid: 1 part HNO3 65 % + 2 parts deionized water.
2.) 1:3 diluted HCI: 1 part HCI 37 % + 2 parts deionized water
Procedure:

Aliquots of 250 mg powdered plant material were weighed into porcelain crucibles to be
mineralized by the ashing procedure (Gericke and Kurmies, 1952). The samples were exposed

to 500 °C for at least 4 hours. After this treatment the samples were cooled to room
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temperature outside of the muffle furnace, wetted with some drops of deionized water and
then treated with some drops of 1:3 diluted (i.e. 65 %) HNOs. After evaporation on a heating
plate the crucibles were placed back into the furnace and kept at 500 °C for at least 1 hour.
After cooling, the ashes were again wetted with some drops of deionized water. 2.5 ml 1:3
diluted HNO3 were added to each crucible and then evaporated on a heating plate under the
fume hood. This process was repeated once to clear the samples of SiO> by precipitation. The
digested samples were then dissolved with 2.5 ml 1:3 diluted HCI and transferred into 25 ml
volumetric flasks using a Pasteur pipette. The samples were boiled on a heating plate under
the fume hood for 2 minutes to convert meta- and pyrophosphates formed during the
evaporation with HNO3z back to orthophosphate. After cooling to room temperature, the
volumetric flasks were filled with deionized water up to 25 ml, shaken thoroughly and filtered
through blue band filter paper (e.g. Rundfilterpapier 110 mm @, Schleicher & Schuell Nr.
589/3, Blauband; or MN 640 d; Macherey-Nagel GmbH & Co. KG).

2.5.1.3 Microwave digestion

Alternatively to the ashing method microwave digestion was performed (method 2.1.1
(VDLUFA-Fachgruppe VIII, 2011)). Here 100 — 250 mg of shoot or root material was
weighed into plastic decomposition vessels. 2 ml H2O, 5 ml HNO3z (65 %) and 4 ml H20-
were added and incubated at RT for 30 — 60 min. The volume of the acids was slightly
modified depending on sample amount. After incubation samples were transferred to a

microwave (MLS Maxi 44, MLS GmbH, Table 2-3 Microwave program

Leutkirch, Germany) and material was  Time(min) Watts Temp.(°C) Ventilation

digested in a three-step program (Table 2-3) 3 1400 70 1
12 1400 210 2

optimized for maize. Pressure in the tubes 50 1400 210 1

reached up to 30 bars. The digestates were
transferred to 20 ml volumetric flasks and filled to the mark. The solution was filtered as

described for the ashing method.

A similar method was also applied for the mineral analysis of the BE products. Here ~ 250
mg of solid or liquid BE product were used. For digestion 8 ml H,O + 5 ml HNO3z + 2 ml
H20. were added. The digestates of the BE products were analysed externally at the former
Landesanstalt fir Chemie, University of Hohenheim (now Core Facility Hohenheim) by ICP-
OES or ICP-MS.
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2.5.1.4 P analysis (“P-yellow”)
Reagents:

1.) Molybdate-vanadate color reagent
a. 1:3diluted HNOs: 1 part HNOs 65 % + 2 parts deionized water
b. Ammonium vanadate solution 0.25 %: 2.5 g Ammonium monovanadate (NHsVO3) were
dissolved in 600 ml boiling deionized water (under the fume hood); after cooling 80 ml
conc. HNOs were added and the flask was filled to 1 liter with deionized water.
c. Ammonium molybdate solution 5 %: 50 g ammonium-heptamolybdate-tetrahydrate
((NH4)6M07024 x 4H20) were dissolved in 800 ml deionized water at 60 °C (under the

fume hood) and filled to 1 liter with deionized water after cooling.
The solutions a), b) and c) are then mixed to a 1:1:1 ratio.
2.) 1:30 diluted HCI: 1 part HCI 37 % + 29 parts deionized water

For P analysis an aliquot (e.g. 0.5 to 7.0 ml depending on the P concentration and adequate
range for measuring) of the filtered ash solution was mixed with 3 ml molybdate-vanadate-
solution and brought to a volume of 10 ml with 1:30 diluted HCI to form a yellow dye.
Standard-Dilution was 1:5. Molybdate-vanadate-reagent concentration was kept constant
independent of the sample dilution or the HCI concentration. Samples were measured 2 hours
after staining, when color intensity of the solution is almost constant, at a wavelength of 436
nm in the spectral photometer (e.g. U-3300, Hitachi, Tokyo, Japan) and compared to a
standard curve. The range for calibration solutions was 1 to 15 ppm (mg liter?).

2.5.1.5 K, Ca, and Na analysis
Samples were diluted to achieve concentrations within the adequate measuring range. Ranges
for the calibration solutions, which should have the same acid concentration as the samples,

were the following:

K: 10 to 100 ppm (mg liter™)
Ca:  10to 100 ppm (mg liter?)
Na:  0.1to 10 ppm (mg liter?)

2.5.1.6 Mg, Fe, Mn, Zn, and Cu analysis
Before measuring Fe and Mn concentrations a buffer solution containing cesium chloride and

lanthanum chloride (e.g. Merck, No. 116755) was added to the samples in a 1 : 50 ratio (1
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part Cs/La-buffer + 49 parts of the sample solution) to eliminate interferences in the air-

acetylene flame of the atomic absorption spectrometer (Schinkel, 1984).
Ranges for the calibration solutions were the following:

Mg: 0.1to 1 ppm (mg liter?)
Fe:  0.1to8ppm (mg liter?)
Mn: 0.1to 6 ppm (mg liter?)
Zn:  0.1to 2 ppm (mg liter?)
Cu:  0.1to5ppm (mg liter?)

2.5.2 Measurement of soluble inorganic phosphorus (Pi)

The method after (Bollons and Barraclough, 1997) was adapted in the time course of the
measurement of samples from three different experiments. The last procedure is described
below whereas differences to this procedure are described in the respective section of the
single experiment. In contrast to the previous method plant material is not incinerated or
digested under pressure but dried material is extracted gently using acetic acid.

2.5.2.1 Harvest of sample material
Shoots were cut from roots at harvest time, fresh weight was taken and then shoots were
directly frozen in liquid N. Roots were washed (eventually scanned), quickly dried on paper

and then also frozen in liquid N.

2.5.2.2 Drying and preparation of plant material
All samples were freeze dried. Shoot and root material was grinded in a disc mill
(Scheibenschwingmihle) or small mills.

2.5.2.3 Extraction of Pi

For Pi extraction a measured amount of sample material (50 - 250 mg shoot or root material)
was weighed into a 50 ml falcon tube (no Pi contamination). The sample was shaken with 25
ml of 2% w/w acetic acid at 225 rpm for 30 min. If filtrate was still coloured after filtration a
small spoon of activated carbon was added directly into the extract. The extract was filtered
through clean Blauband filters, discarding the first few drops.

All material was washed previously with deionized (MQ/ELGA) water, to remove any trace

contaminations from P containing tensides.
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2.5.2.4 Analysis of Pi
Analysis of Pi was done using the molybdate-vanadate (P yellow) or molybdate-blue method,

depending on available sample amount and concentration (see below).

2.5.3 ,,P-blue* measurement

2.5.3.1 Color reagent

1. All solutions described below were separately prepared in clean glass flasks (manually
washed with deionized water).

Table 2-4 P-blue reagents

Reagent Formula V (ml) m (ml g?)
Sulfuric acid (SulfA) H2S04 200 27.8
Ammonium-molybdate (AmMo) (NH4)sM07024 x 4 H20 50 2.0
Ascorbic acid (AscA) CeHsO6 50 0.875
Antimony potassium tartrate (APT) KSbOC4H406 x % H20 100 0.275

V = Total volume of the solution; m = in weight of respective compound

Ascorbic acid and therefore all mixed colour reagents were freshly prepared every day.

2. Solutions were mixed as follows:

Total amount Samples SulfA AmMo AscA APT
250 ml <60 40 ml 12.5 ml 25 ml 4 ml
500 ml <140 80 ml 25 ml 50 ml 8 ml
1000 ml <300 160 ml 50 ml 100 ml 16 ml

Solutions were filled up to 250/ 500/ 1000 ml with dest. H20.

2.5.3.2 Standards
Stock solution for standards (for preparation of standards for Pi measurement 2 % acetic acid

instead of water was used):

e Stock I: 1.3609 g KH2PO4 L (10 mM)
e Stock II: 1:10 dilution of stock | (1 mM)
e Standards in 100 ml volumetric flasks

Volume added from Stock Il (ml) Final concentration in the standard Final conc.
(1M) (ppm, mg P/L)
10 100 3.10
7.5 75 2.33
5 50 1.55
2.5 25 0.78
1.5 15 0.47
1.25 12.5 0.39
1 10 0.31
0.75 7.5 0.23
0.5 5 0.16
0.3 3 0.09
0.1 1 0.03
0.05 0.5 0.02
0 0 0.00
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2.5.3.3 Measurement
For staining of plant extracts and standards the sample was mixed with colour agent 1:1. After

20 min incubation time samples were measured at a wavelength of 710 nm.

2.5.3.4 Dilution of samples

Shoot and root samples from maize were measured undiluted or as 1:5 dilutions. For total P
samples that were treated with concentrated strong acids like HCI and/ or HNO3 (ashing and
microwave method) in undiluted samples no colour reaction happened. Therefore, some drops

of concentrated ammonia solution (25 %) were added to induce the colour reaction.

P-values range:

Plant organ DAS (days after sowing) 1M (~50 mg plant material) mg/g DW
Root 6-12 50-200 1-1.5
Root 17-24 50-100 0.5

Shoot 6-12 300 - 400 3-4.5
Shoot 17-24 50 - 150 0.5-1

2.5.3.5 Calculations

(c(sample, Piin uM) — c(Blank)) X DF x V(extractant in mL) X M(P)
1000 mL X m(in weight in mg)

=mg Pi/g plant DW

DF= dilution factor, e.g., 1/5; c= mol. conc.; M= 31 g/mol (molar mass of phosphorus)
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2.6 Microbiological methods
2.6.1 Media

2.6.1.1 PDA media (Potatoe dextrose agar media)
39 g commercial potato extract glucose agar (Carl Roth GmbH & Co. KG, Karlsruhe,

Germany) It was used.

. 20 g dextrose
. 15 g agar
. 4 g potato starch

1 I dest. H20 was added, pH was adjusted to 5.6 + 0.2 at RT and medium was autoclaved at
121°C for 15 minutes.

2.6.1.2 Standard Il nutrient agar

Commercial Standard Il nutrient agar (Merck KGaA, Darmstadt, Germany) was used.

e 3.45 g peptone from meat
e 3.45 g peptone from casein
e 5.1 gsodium chloride

e 13.0 g agar-agar

1 | dest. H20 was added, pH was adjusted to 7.5 + 0.2 at RT and medium was autoclaved at
121°C for 15 minutes.

2.6.1.3 NP medium

For tracing of Pseudomonades a modified NPC medium was used (Sands and Rovira, 1970).
King’s agar medium or R2A agar medium were supplemented with the antibiotics novobiocin
and penicillin. The highly toxic cycloheximid was omitted because fungal growth was found

to be negligible if agar plates were incubated at 30 °C for optimal growth of bacterial BEs.

King’s B medium (KB, Carl Roth GmbH):

e 20 g peptone

e 159gKyHPO4

e 1.5MgSOsx 7 H20
e 15gagar

e 10 ml glycerine (has to be added to the agar medium)
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990 ml dest. H20 were added, pH was adjusted to 7.2 + 0.2 at RT and medium was autoclaved
at 121°C for 15 minutes.

R2A medium (Oxoid LTD, Basingstoke, England):

e 0.5 g proteose peptone

e 0.5 g casamino acids

e 0.5( yeast extract

e 0.5 dextrose

e 0.5 g soluble starch

e 0.3gKoHPO4

e 0.059 MgSOs x 7 H20

e 0.3 g sodium pyruvate, 0.3
e 159 Agar

1 | dest. H20 was added, pH was adjusted to 7.2 + 0.2 at RT and medium was autoclaved at
121°C for 15 minutes.

After temperature of the medium decreased to 40 °C 45 mg novobiocin sodium salt (Sigma-
Aldrich Chemie GmbH, Munich, Germany) and 45 mg penicillin G sodium salt (AppliChem
GmbH, Darmstadt, Germany) I* were added. Antibiotics were first dissolved in 95 % ethanol

and then diluted with 45 ml of water, sterile filtrated and stored at 4 °C.

2.6.1.4 LB medium

Commercial LB medium (after Lennox, Carl Roth GmbH) with or without agar was used

. 10 g tryptone

. 5 g yeast extract
. 5 g NaCl
. 15 g agar

1 I dest. H>0 was added, pH was adjusted to 7.0 + 0.2 at RT and medium was autoclaved at
121°C for 15 minutes.

For tracing of the rifampicin (rif) resistant B. amyloliquefaciens strain LB medium was
supplemented with 50 mg rifampicin (AppliChem GmbH) I after cooling to ~ 50°C.
Rifampicin was dissolved in DMSO (50 mg 1) and stored at -20°C.
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2.6.1.5 Peptone
For bacterial extraction from soil sterile 0.1 % peptone solution was used (1 g Bacto™
Proteose Peptone (Difco Laboratories, Detroit Michigan, USA) I dest. H20).

2.6.2 Tracing methods

2.6.2.1 Summary

To re-isolate Pseudomonades and inoculated Bacillus strains from soil or root samples
selective media were used. A strain specific tracing of the Pseudomonas sp. “Proradix” (Px)
strain by RT-gPCR is described in 2.7.2.2.

For plating of Pseudomonades, the semi-selective NP media was used. This medium selects
mainly for Pseudomonades and is known to promote fluorescence (King et al., 1954; Sands
and Rovira, 1970) but does not select specifically for the Px strain. Because in previous work
in our institute (Weinmann, 2017, p. 316ff.) a significantly increased Pseudomonas sp.
density was observed by plating assays after application of Pseudomonas strains, this method
was first applied before using the strain specific tracing by RT-qPCR.

For tracing of inoculated Bacillus strains heat treatment at 80°C for 10 min was first applied
with subsequent plating on LB medium. This semi-selective method selects for all endospore
forming organisms in the soil, but due to a relatively low natural abundance of this

“sporulation” trait, reliable quantification was already possible.

For selective tracing of the rif-resistent B. amyloliquefaciens strain (only Rz) rif-
supplemented LB medium was used. Additional heat treatment at 80°C was applied to
differentiate endospores from active (germinated Bacillus). The number of metabolically
active cells was calculated by subtracting the number of endospores from the total cell

number (without heat treatment).

2.6.2.2 Sampling

Root or soil samples from pot experiments were sampled during plant harvest at the end of the
experiment. Bulk soil samples were defined as soil that was not in contact with roots at
harvest time. Soil sticking to the root surface that was shaken off or scratched from root
surface was defined as rhizosphere soil. Root samples were either sampled with adhering
rhizosphere soil or first washed and then taken as “rhizoplane” samples for tracing of bacteria

that were sticking directly to the root surface or colonized root as endophytes.
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Soil samples from field experiments were taken with soil corers at 10 or 30 cm depth. Root
sampling in the field was done by digging out maize roots with small shovels up to a depth of
15 cm. Samples were taken directly in the row or in between rows. The plant itself was kept
in the soil. Either control plots were first sampled and subsequently inoculated plots or

shovels were sterilized with alcohol and a camping gas burner in between plots.

2.6.2.3 Extraction

For isolation of bacteria from roots or soil 1 — 5 g of respective sample material was weighed
into sterile 50 ml centrifuge tubes and was shaken with 25 ml pre-cooled, sterile 0.1 %
peptone solution for 10 min at 225 rpm. For “rhizoplane” samples additionally sterile glass
beads were added to detach bacteria from root surface. After sedimentation for further 5 — 10

min on ice, serial dilution was started.

In some cases, quantification of root colonization was based on dry soil weight. Therefore, to
quantify rhizosphere soil adhering to the non-washed root samples after plating assays, roots
were removed from extraction tubes and the remaining suspension was centrifuged.

Suspension was decanted and the rhizosphere soil was dried at room temperature overnight.

2.6.2.4 Plating and incubation

Serial dilution of the peptone extract was done in 0.3 % NaCl, 0.1 % peptone or 10 mM
CaSOq4 using 2 ml micro tube, 1:10 dilution steps and vortexing. Plating was done on 10 cm
agar plates evenly spreading 0.1 ml from a dilution series over the complete agar surface
using a sterilized spreader rod. All agar plates for tracing of bacteria were incubated at 30°C
for 1 — 2 days. Especially for Bacillus tracing after heat treatment or by plating on LBy plates
often very accurate counting was possible with clear colony separation and low amounts of
contamination. Here, those dilutions were chosen that contained about 1000 CFUs ml* for

accurate counting.
2.6.3 Screening for prebiotic properties

2.6.3.1 Tests on bacterial strains

Different concentrations of seaweed extracts (SWE) were tested for stimulation of bacterial
growth (min. 0.0001 % - max. 3 %). 100 pl of respective SWE dilution was added to 900 pl
of a BE suspension (with diluted microbial BE product in 2.5 mM CaS0O4) and the mixture
was incubated for 4 h shaking in a 2-ml microcentrifuge tube. After the incubation 100 pl of
the solution was plated on the appropriate nutrient agar and incubated for ~24 h in incubators

at 27 or 30 °C. The number of cell forming units (CFU) per plate were compared to controls
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without seaweed extract or to control treatments with reference nutrient sources. Bsim and Rz

strains were plated on LB medium and Px strain was plated on NP medium.

2.6.3.2 Tests on Trichoderma
For Trichoderma product (TP) small cubes of mycelium from a pre-incubated PDA agar plate
were transferred to fresh PDA plates containing different concentrations of seaweed extracts.

The diameter of mycelium on the agar plate was documented.

2.6.3.3 Pasteurization of seaweed products and media preparation
Because seaweed extracts are non-sterile products, pasteurization was performed to reduce

contaminations that would result in biases in the analysis of the CFU counts per agar plate:

1. Seaweed extract products were diluted 1:1 in distilled water.

2. The diluted extracts were placed in a water bath at 90-100° C.

3. The temperature in the solutions was measured with a thermometer. When
temperature reaches 80°C the solutions were incubated for further 10 sec.

4. Pasteurized products were cooled at 4°C.

After pasteurization the products were diluted in sterile, distilled water. For incorporation in
agar medium the diluted seaweed extracts were added to the agar medium after cooling down
to ~ 60°C after autoclaving at 121°C for 20 min. For the 0-Control same amount of distilled

water was added.

2.6.4 Mycorrhizal infection rate

For analysis of mycorrhization of plant roots by arbuscular mycorrhizal fungi (AMFs), a
modified staining method was used (Vierheilig et al., 1998). Roots were cut into segments of
1-2 cm and incubated at 90°C for 45 min in 10% (w/v) KOH. In some cases, when roots were
still dark due to humic substances or tannins in the substrate, roots were additionally bleached
with H20: solution (3 ml 20% NH40H in 30 ml 3% H20) for 10-45 min (Koske and Gemma,
1989). Cleared and bleached roots were acidified with 1 - 3% HCI and then stained in a 5 %
ink-vinegar solution (5% (v/v) ink in 5 % (v/v) acetic acid) at 90°C for 10 min. De-staining
was performed with acidified tap water. The grid-line intersection method of (Giovanetti and
Mosse, 1980) was employed to determine the rate of mycorrhization. The method was
modified in the duration of the KOH treatment or the bleaching depending on root thickness,

plant species or soil substrate in which plants were growing. For short term storage and
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counting of hyphal structures, spores or arbuscules under the stereo microscope (40 — 50x
magnification) 1:1 diluted lactic acid was used.

2.7 Molecularbiological methods

2.7.1 RNA extraction

Sampling of plant material for RNA analysis was always done in randomized order within
two hours to reduce any biases of diurnal changes in the plant transcriptome on treatment
differences. Shoot samples for RNA-extraction were weighed, wrapped in aluminium sheets
and then frozen in liquid-N directly after harvest. Root samples were first washed, shortly
dried on paper, wrapped in plastic and aluminium sheets and then frozen in liquid-N. Samples

were stored at -80°C.

For RNA extraction samples were grinded in the mortar with liquid nitrogen. ~100 mg of
frozen material was used for RNA extraction using the innuPrep Plant RNA Kit (Analytik
Jena AG, Jena, Germany). After homogenisation and cell lysis gDNA and non-lyzed cells are
filtered out by microfilters. In a next step RNA is bound to a second filter and purified in

several washing steps. RNA was eluted in RNase-free water.

RNA quality assessment

NanoDrop

RNA quality was first assessed spectrophotometrically by using a Thermo Scientific™
NanoDrop 2000c (Thermo Fisher Scientific, Waltham, USA). RNA samples with 260/280 >
2.0 and 260/230 ratios between 1.7 and 2.2 were used for RT-qPCR whereas the lower limit
of the 260/230 ratios for RNA-Seq samples was set at >/= 2.0.

RNA sample quality was also checked again at the company BGI (BGI Tech Solutions
(HongKong) Co., Ltd., Tai Po, Hong Kong) by using NanoDrop and RNA integrity number
(RIN). Here RNA-Seq analysis was performed as described under 2.7.3.

Gel electrophoresis

For RNA gel electrophoresis a non-denaturing “bleach” gel was used (1x TAE (TRIS-Acetat-
EDTA) buffer amended with 0.06 % NaClO, 1 % agar). The gel was running at 100 V for 45
min. 5 pl of RNA sample were pre-heated for 1 min at 70°C and then cooled on ice before
mixing with 1 pl 5 x RNA loading dye. For size estimation 7 pl Lambda Pstl ladder was
added to each run. If double bands indicating 28S/18S rRNA fragments were clearly visible
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and contrasted to an equally distributed comparable low intensity smear of other fragment
size, minimal degradation and therefore good RNA quality / RNA integrity was assumed.

2.7.2 RT-gPCR for Proradix tracing

Strain-specific tracing of Pseudomonas sp. “Proradix” (Px) was done following the recently

published method from a partner group at FiBL, Schwitzerland (Mosimann et al., 2017).

2.7.2.1 DNA extraction

The method was adapted to the facilities and material available in our institute. To extract
DNA from fresh root tissues 1 g of washed roots (softly dried with paper) were placed in
small closable plastic bags (ca. 5 x 10 cm, closable with zipper or clips). 5 ml CTAB buffer
(see below) were added and the sample was smashed with a heavy round metal disc for one
minute under the fume hood. The homogenate was transferred with a 5 ml pipette into 15 ml
falcon tubes. 0.5 ml from this homogenate were used for the proceeding DNA extraction with
the DNeasy® Plant Mini Kit (Qiagen), the rest was stored at -20°C. Before following the Kit
protocol, 5 pl of linearized APA9 (8 x 10° copies pl™) were added and the mixture was heated
to 65°C for 30 min in a thermomixer. The mixture was mixed 2- or 3-times during incubation
by inverting the tubes. For elution of the DNA from the DNeasy column 50 ul pre-warmed
(65°C) AE buffer were used.

Table 2-5 Composition of the DNA extraction buffer

CTAB extraction buffer Concentration 100 ml
Tris (Carl Roth GmbH) 100 mM 1.21¢g
NaCl 1.4 M 8.19g
Na2EDTA (Sigma-Aldrich) 50 mM 186¢g
CTAB (Carl Roth GmbH) 2% (m/v) 20g
PVP40-50G (Sigma-Aldrich) 1% (m/v) 10g
SDS 0.2 % (m/v) 0.2g

HCl to reach pH 8.0
Buffer stable for 2 years at RT
B-Mercaptoethanol (Sigma-Aldrich) added just before use 0.2 % (v/v) 0.2 ml

2.7.2.2 RT-gPCR

Quantification of Px-specific DNA was done using the TagMan® method. In this RT-gPCR
method an increased specificity for a target sequence is reached by using a probe sequence
additionally to the standard forward and reverse primers used in all PCRs. ACMV and Px-
specific primers and probes were provided by Cecile Thonar at FiBL. PCR conditions were
kept the same, using the KAPA Probe Fast gPCR Kit (Kapa Biosystems, Boston, USA). The
CFX384 cycler was used for temperature program and data analysis.
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2.7.3 Real time gPCR for gene expression

2.7.3.1 Primer selection

Primer selection was done for selected genes. Gene selection is described in 2.7.4. For primer
design NCBI Primer BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) on NCBI
transcript IDs was used. Default settings were retained unless otherwise described below.
Because, for most of the selected genes no exon junctions were available, Primer BLAST did
not specifically search for exon junction spans. Primer pair specificity check was done in the
Refseq mRNA database of Zea mays. Range for primer GC content was limited from min of
40 to a max of 70 %. Secondary structure alignment methods were activated. To exclude the
possibility of non-specific product amplification from unintended templates like prokaryotic
RNA/DNA or maize gDNA primer were also checked against those databases. Additionally,
primer sequences were checked in the primer stats tool (http://www.bioinformatics.org/
sms2/pcr_primer_stats.html) for GC clamps, self-annealing and hairpin formation. In Table
2-1 a list of all primers is given. For the genes LAC3 and NACL1 (Primer 21-24) primers were
taken from the publications of (Caparrés-Ruiz et al., 2006) and (Lu et al., 2012) respectively.
Primers were ordered from the company Invitrogen AG (Carlsbad, USA) / Thermo Fisher

Scientific Inc.

2.7.3.2 Reference genes

Reference genes for maize were selected by a two-step approach. First, a literature based pre-
selection for candidate genes was done using three recent publications (F. Lin et al., 2014; Y.
Lin et al., 2014; Manoli et al., 2012). Using the BioMart-tool (http://plants.ensembl.org) gene
IDs / transcript IDs could be converted into RefSeq mRNA accessions. Those genes were
selected that showed most stable FPKM values. To further prove stability of gene expression
and also search for new stable candidate genes, in a second step reference genes were
searched in our own RNA-Seq database. After comparison of stability values calculated with
the MS Excel add-on NormFinder (Andersen et al., 2004) as well as coefficients of variation,
both based on RNA-Seq FPKM values, best candidates were selected. Given primer
sequences from publications were searched in the FASTA sequences of the selected genes
that were downloaded from NCBI database. Some of the primers could not be found in the
sequences and therefore respective genes were excluded from the candidate list. Although all
selected genes had stable expression in RT-gPCRs, as reported in the publications, the six
genes (genes 19 -24) from final selection showed diverse FPKM values from 14 — 500 in the

RNA-Seq analysis.


https://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.bioinformatics.org/sms2/pcr_primer_stats.html
http://www.bioinformatics.org/sms2/pcr_primer_stats.html
http://plants.ensembl.org/biomart/martview/770cc93201ad5170def0c9f2216ff386
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2.7.3.3 Reverse transcription

For RT-gPCR high quality plant RNA was first transcribed to cDNA using the QuantiTect
Reverse Transcription Kit (Qiagen, Venlo, Netherlands) according to the provided kit
protocol. Potential gDNA contaminations remaining after RNA extraction were wiped out by
addition of some buffer in the first step of the kit protocol. DNase treatment was performed
only to check for gDNA contamination in RNA samples and to test false positive
amplification of DNA fragments using 2 pul DNase | (Invitrogen, Carlsbad, USA) per 20 pl

reaction mix.

2.7.3.4 Primer quality
To assess primer quality PCR with subsequent DNA gel electrophoresis was performed using

a mixture of RT-PCR derived )
Table 2-6 Program for primer check PCR

Program (Thermal cycler) Time (min) Temperature (°C)

cDNA and the Genaxxon Taq

DNA Po|ymerase S (Genaxxon Initial denaturation 3 94
. . 3-step cycling
bioscience ~ GmbH,  Ulm, Denaturation 0.5 94
Annealing 0.5 55-62
Germany). Table 2-7 and Table Extension 0.5 79
2-6 give an overview of the Number of cycles 35
Final extension 10 72

reaction mix and cycler
Table 2-7 Reaction mix for primer check PCR

program. Template — .
Reaction mix PCR Volume (ul)  Final conc.
concentration varied to Tag-Polymerase [ul pl reaction mix™] 0.25 0.0125
.. . 10X amplification buffer [x] 2 1
optimize PCR for low or high Nucleotides [1iM] 0.4 200
expression genes. For some sterile water 8.35 NA
Template (cDNA, conc. varied) 5 various
low expression genes FW and RV primer (2 uM) each [uM] 2 0.2
Total volume 20 /

optimization of annealing
temperature was done to improve gene amplification. For DNA gel electrophoresis different
kinds of agarose were used whereas the high-resolution agarose Roti®garose (Carl Roth
GmbH) resulted in best resolution. 1.5 % agarose were dissolved in 1x TAE buffer. For size
determination of PCR products, the 100 bp Gene Ruler ladder (Thermo Fisher Scientific) was
added. 5 pl PCR reaction mix were mixed with 1 pl 6x DNA loading dye. Gels run for 35 - 50
min at 90 V.
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2.7.3.5 Real time gPCR
Quantification of gene expression Table 2-9 RT-qPCR cycler program

was done using the KAPA SYBR® Program (SYBR RT-qPCR) Time Temperature (°C)
. Initial enzyme activation 3 min 95
FAST gPCR Master Mix (Kapa yme a¢
2-step cycling
Biosystems, Boston, USA). Denaturation 10s 95
. . A li Extensi 20 60
Reaction mix volume was reduced nnealing + Extension >
Number of cycles 40
to 15 ul (Table 2-8). The cDNA Final heating 10s 95
Melting curve 5s 0.5 increment, 55 - 95

concentration was calculated based

on the amount of input RNA for  ape 2.8 RT-gPCR reaction mix

RT reaction mix. CFX384 Reaction mix RT-qPCR Volume Final

. (ul) conc.
™ -
Touch Real-Time PCR 2X KAPA SYBR® FAST gPCR Master Mix 7.5 1x
Detection System (Bio-Rad Primer pair mix (each 2 uM) 0.75 0.1puM
Laboratories, Inc.,  Hercules, Water for gPCR (up to 20 pl) 2 NA
. Template cDNA (4 ng i) or NTC/NRT 5 max.
USA) was used following the control 20 ng

cycler program described in Table 2-9. Three analytical replicates per sample/ primer
combination as well as NTC-controls (non-template control), containing sterile water, and
NRT-controls (no-RT), containing RNA to test for amplification of gDNA, were included. In
each run two to three reference genes were included. Quantification of gene expression and
quality assessment was done using the internal software Bio-Rad CFX manager 3.1. AACq
values were calculated by normalization against two reference genes, whereas the
combination with the lowest target stability value was chosen. Statistical analysis was done
using SigmaPlot (0).

2.7.3.6 Quality assessment

For quality assessment of gPCR runs NRT and NTC wells are checked for expression and
melting curves. Melting curves of genes were checked for the presence of double peaks,
indicating non-specific template amplification or formation of primer dimers. Additionally,
for each tested sample and gene, analytical replicates were checked for outliers, indicating

pipetting errors or contaminations from neighbouring wells.

2.7.4 RNA-Seq

A complete transcriptome re-sequencing, including RNA-Seq library construction,
sequencing and standard bioinformatics, was performed by the company BGI (BGI Tech

Solutions (HongKong) Co., Ltd., Tai Po, Hong Kong).
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2.7.4.1 Library construction

After DNase | treatment Oligo (dT) based enrichment of mMRNA (eukaryotic) was followed by
fragmentation, cDNA synthesis, addition of adapters and PCR amplification. Agilent 2100
Bioanalyzer and ABI StepOnePlus Real-Time PCR System were used in quantification and
qualification of the sample library. The library was sequenced using the HiSeq 4000
technology on 100 bp paired-end reads.

2.7.4.2 Bioinformatics (BGI)
Raw reads from sequencing step were filtered and cleansed from reads containing adapter
sequences, high contents of unknown bases (>10%) and low-quality reads. For quality
control base composition of clean reads was checked. Alignment of sequences was done using
BWA and Bowtie to map clean reads to the maize B73_RefGen_v3 (NCBI) genome or gene
reference. Gene annotation and functional classification was based on RefSeq, BLAST
(NCBI), KEGG (pathway classification) and the Gene Ontology Consortium (GOC)
databases. Gene and isoform expression levels were quantified by the software package
RSEM (RNASeq by Expectation Maximization) (Li and Dewey, 2011). For normalization of
gene expression the FPKM method was used:

FPKM = % (C = number of fragments that are uniquely aligned to the gene; N = total number of

fragments that are uniquely aligned to all genes; L = number of bases on the gene)

Pearson product-moment correlation and principal component analysis (PCA) was performed
for the correlation between samples based on whole transcriptome FPKM values. NOISeq
procedure was used for selection of differentially expressed genes (DEGs) (Tarazona et al.,
2012) in treatment comparison. In this approach log2-foldchange (M) and absolute difference
(D) between two treatments is calculated for all genes to build a noise distribution model. A
comparison of single gene M and D with the noise distribution models results in probability
values for each gene. Genes with a log2-foldchange > 1 and diverge probability > 0.8 were
defined as DEGs. For comparison of single samples an algorithm based on Poisson
distribution was applied using FDR method for multiple comparison correction (FDR <
0.001) and a log2ratio > 1 as threshold. Cluster analysis, gene ontology (GO term using
http://www.geneontology.org database) and pathway enrichment analysis (PEA using KEGG)
were performed for DEGs to determine a shift in plant metabolism. In GO term and PEA
analysis gene numbers were calculated for every term or pathway, then a hypergeometric test
was used to find significantly enriched GO terms in the input list of DEGs, based on
'‘GO::TermFinder' (http://search.cpan.org/dist/GO-TermFinder/lib/GO/TermFinder.pm):


http://www.geneontology.org/
http://search.cpan.org/dist/GO-TermFinder/lib/GO/TermFinder.pm
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m=1 /1N rN—M N = number of all genes with GO or KEGG annotation; n = number of DEGs in
— ( l )( n-—i N; M = number of all genes that are annotated to certain GO term or pathway;

P=1 N
i=0 (n) m = number of DEGs in M. P = p-value
Pathways or GO terms with a Bonferroni corrected p-value < 0.05

were defined as significantly enriched.

2.7.4.3 MapMan / PageMan

Function principle

Because PEA and GO term analysis at BGI only focused on DEGs an additional whole
transcriptome functional analysis was performed using MapMan (Thimm et al., 2004).
MapMan uses the KEGG, GOC, TAIR (The Arabidopsis Information Resource), TIGR (The
Institute for Genomic Research) and InterPro databases for gene annotation and functional
grouping in hierarchically organized BINs and subBINs. These BINs and subBINs are
mapped in so-called “mapping files” specific for different plant species that are available for
download on the project webpage (http://mapman.gabipd.org). As data input gene or
transcript IDs with respective log2-ratios (comparison of Ctrl with BE treatments), were
loaded into the program.

Statistics

Various statistical tests like hypergeometric test, Fisher’s test, ChiSquare or Wilcoxon Rank
sum test in the MapMan extension (Usadel, 2005) and the add-on PageMan (Usadel et al.,
2006) were used for analysis of enriched functional groups. For controlling false discovery
rate (FDR) due to multiple comparison the method after Benjamin Hochberg (Benjamini and
Hochberg, 1995) was chosen to correct p-values from Wilcoxon Rank sum test.

Gene conversion and mapping files

RefSeq mRNA accessions and NCBI gene IDs were converted to Gramene transcript IDs
(www.maizegdb.org) using the BioMart-tool (http://plants.ensembl.org). In a different
approach using the Mercator tool (http://www.plabipd.de/portal/mercator-sequence-
annotation) on a NCBI Zea mays RNA assembly (ftp://ftp.ncbi.nlm.nih.gov/genomes/Zea_
mays/RNA/rna.fa.gz) a new mapping file with RefSeq mRNA sequences was created.

Standard settings were used.

2.7.4.4 Manual search for DEGs and candidate genes for RT-gPCR
DEG filtering
RNA-Seq data were filtered for DEGs using MS Excel 2010. Various variables were used

separately and combined such as p-values (also Bonferroni corrected), log2-ratios, FPKM-
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values, pattern of gene expression (among biological replicates), results from single sample
comparison and their similarity to the behavior of other genes in the same functional BIN
(MapMan).

Protein-protein networks

The web-tool String (www.string-db.org) was used to detect potential protein networks that
were triggered by BE application. The webpage allows searching for networks of single genes
or for the interaction of a group of genes given as input on the webpage. The tool is based on
information from literature search, gene co-expression studies and functional or structural

similarities of genes. As protein IDs the Gramene gene I1Ds were given.

Selection of RT-gPCR candidate genes

For the selection of candidate genes for RT-gPCR four filter steps were applied:

1. Most candidates were DEGs. They were defined as DEGs either by the NOlseq
procedure or by significant differences in a t-test and a log2-ratio > 0.75.

2. All selected genes had FPKM-values > 10, whereas most of the genes had values > 30.
The threshold value was based on results from a study in which microarray and RNA-
Seq datasets of maize were screened for reference genes (F. Lin et al., 2014). Here
stable expression in RT-gPCR was found for genes with low FPKM-values of ~10.

3. All genes were annotated in at least two databases to classify them and give
information on their cellular function.

4. They were selected as representatives of a given MapMan BIN or functional category

and therefore their expression pattern was fitting to the results from MapMan analysis.

PCA and correlation analysis

Principal Component Analysis (PCA) was done using R (R Core Team, 2013) with the
prcomp (stats package) and gplot (ggplot2 package) procedures following descriptions from
various internet sources (www.sthda.com; www.r-bloggers.com; www.cookbook-r.com;
https://tgmstat.wordpress.com/). Correlation of gene expression was done using SAS 9.4
(SAS Institute Inc., Cary, NC, USA) and the proc factor procedure.


http://www.string-db.org/
http://www.sthda.com/
http://www.r-bloggers.com/
http://www.cookbook-r.com/
https://tgmstat.wordpress.com/
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2.8 H-NMR

Summary

For analysis of primary metabolites in maize roots and shoots proton nuclear magnetic
resonance (H-NMR) spectroscopical analysis was performed at the Interdepartmental
Research Centre CERMANU (Universita di Napoli Federico I, Portici, Italy) by Dr. Pierluigi
Mazzei. Before H-NMR analysis water/methanol/chloroform extraction was performed,
although it is generally possible to directly analyse solid compounds by NMR. The liquid
extracts were transferred into the magnetic field of a 400 MHz NMR magnet in small 5 mm
thick glass tube. For measurement certain steps of normalization/ standardisation have to be
applied. First the spectra are normalized via the deuterium peak (deuteriumoxid (D20) was
used as the solvent). For each sample (5 replicates per treatment), the material resulting from
the extraction has been re-dissolved in a deuterated phosphate buffer (pH 6) which contained
0.05 mg mL? of Trimethylsilyl-3-Propionic Acid-d4 (TMSPA, &(*H) = 0 ppm), serving as
internal standard. TMSPA is a water soluble derivate of trimethylsilan with a propionic acid
side group in which H is replaced by deuterium, making it “invisible” in the hydrogen
spectra of a H-NMR analysis. A set of 1D and 2D homo- and heteronuclear NMR spectra
were acquired for each experiment with the purpose to support the metabolic profiling of
maize plant tissues. *H proton spectra were processed (Fourier Transform; phase and baseline
correction; axis calibration; spectral bucketing of 0.04 ppm) and evaluated by Principal
Component Analysis (PCA). To further interpret the influence of experimental conditions and
BE treatments on maize metabolite profile, those metabolites were selected, that contributed

significantly to the separation of treatments or experimental conditions in the performed PCA.

Detailed method description

800 pL of the extraction supernatant were dried under a flow of nitrogen, stored at -80 °C,
and redissolved in 800 pL of deuterated phosphate buffer (90 mM, pH 6.0) containing 0.05
mg mL-1 3-(tri-methylsilyl) propionic-2,2,3,3-d4 acid (TMSPA, EurisoTop, France), serving
as internal standard. Each sample was loaded into an NMR glass tube. The complete
dissolution of each metabolic extract was ensured by a 5 min sonication prior to NMR

analysis. Five replicates for each thesis were acquired.

A 400 MHz Bruker Avance spectrometer, equipped with a 5 mm BBI Bruker probe and
working at the H frequency of 400.13 MHz, was used to conduct all liquid state NMR
measurements at a temperature of 298 + 1 K. Monodimensional *H spectra were acquired by

setting 5 s of thermal equilibrium delay, a 90° pulse length ranging within 8.40 and 9.05 ps
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(=2 dB of attenuation), 128 transients, 32768 time domain points, and 16 ppm (6410.3 Hz) as
spectral width. The signal of residual water was suppressed by an on-resonance pre-saturation
during thermal equilibrium delay. NMR signals were assigned based on 2D NMR spectra and
previous literature (Broyart et al., 2010; Castro et al., 2008; Gavaghan et al., 2011; Kuhnen et
al., 2010; Manetti et al., 2006; Piccioni et al., 2009). 2D NMR spectra consisted of *H-'H
homo-nuclear experiments, such as COSY (Correlation SpectroscopY), TOCSY (Total
Correlation SpectroscopY) and NOESY (Nuclear OverHauser SpectroscopY), and hetero-
nuclear 1H-13C experiments, such as HSQC (Hetero-nuclear Single-Quantum Correlation)
and HMBC (Hetero-nuclear Multiple Bond Correlation). All 2D spectra were acquired with
spectral widths of 16 (6410.3 Hz) and 300 (30186.8 Hz) ppm for *H and 3C nuclei,
respectively, and a time domain of 2048 points (F2) and 256 experiments (F1). Homo-nuclear
2D spectra consisted in 16 dummy scans and 64 total transients. Additionally, a mixing time
of 80 ms and a trim pulse length of 2500 ms were set for TOCSY experiment. HSQC and
HMBC experiments were acquired with 16 dummy scans, 80 total transients, 0.5 ps of trim
pulse length, and optimized by assuming 145 and 6.5 Hz, respectively, as the best *H —3C
short- and long-range J-couplings. Spectra were processed with both Bruker Topspin
Software (v 2.1, BrukerBiospin, heinstetten, Germany) and MNOVA Software (v.9.0,
Mestrelab Research, Santiago de Compostela, Spain), by applying phase- and baseline
corrections to all mono- and bi-dimensional spectra. The free induction decays (FIDs) of 1D
'H spectra were Fourier transformed with a function size of 65536 points and a 0.3 Hz

apodization.

'H NMR spectra were divided into symmetrical n-intervals (0.04 ppm buckets), which were
then integrated and normalized with respect to the internal standard TMSPA. Each 1H NMR
spectrum was integrated from 9.98 to -0.1 ppm, excluding the region of the water signal
suppression (4.82-4.74 ppm). The dataset, which was composed by 250 variables, was
subjected to Principal Component Analysis (PCA) by using XLStat software v.9.0
(Addinsoft). PCA represents an unsupervised multivariate method which permits to explore
easily very dense datasets by reducing the dimensionality of data, while preserving most of
information, expressed in terms of variable variance. The PCA outputs consist in score-plots
and loading-plots, where the formers highlight the differences and the similarities existing
among each sample, while the latter describe the variables (metabolites) responsible for the
differentiations. The significance of treatment-related differences in metabolome content was
tested by one-way ANOVA, followed by Tukey’s test (significant for p-values < 0.05 at a

significance level a = 0.05).
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2.9 Statistical methods

Below you can find a description of statistical methods used for evaluation of plant growth
experiments, microbiological experiments and RT-qPCR. Methods used for RNA-Seq
analysis and H-NMR described separately in the respective chapters. In the results and
discussion part the term “significant” is used as a short form to indicate that treatments
differed “statistically significant” from each other following the recommendation of One- or
Two-Way-ANOVA (or in some cases Kruskal-Wallis One Way ANOVA on Ranks if data
were not normally distributed or lacking equal variances).

Pot experiments with CRD
For pot experiment with completely randomized designs statistical analysis was performed
using SigmaPlot 11.0 (Systat Software Inc.). One- and Two-Way-ANOVAs and subsequent

Tukey’s tests (o = 0.05) were performed for pairwise comparison between treatments.

Experiments with CRB or RxC design

Analyses of experiments with block or row-column designs were performed using SAS 9.4
(SAS Institute Inc., Cary, NC, USA) and the glimmix or mixed procedures. Models were
optimized by using random or fixed effects. Model A included all independent variables
(model “dependent variable” = BE SWE Block Row; random Block*Row). For optimization
of analysis non-significant variables were reduced from models if they did not decrease AIC
values (for optimization of random effects) or p-values (fixed effects). Normal distribution
was tested for residuals after model adaption. To achieve normal distribution, in some cases

outliers were deleted as indicated in respective analysis.

Transformation of data
Transformation of data was used for data from root colonization analysis using the log or In
transformation and for percentage data or proportions using the arcsin-square-root or square-

root transformations.

Descriptive analysis

For bar charts SigmaPlot 11.0 (Systat Software Inc.) was used, using treatment mean values
and standard error (SE) or standard deviation (SD) as indicated below graphs. Different letters
indicate significant differences between treatments. Plotting of results from CRB or RxC
designs was based on the SAS model outputs of adjusted mean values and adjusted SE values,
corrected for block or row-column effects.
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Table 2-10: Overview of primers used for RT-gPCR

Nr Name Primer Risk! Length? Tm3® Product?
1 ACO1_FW ACGTTCTACAACCCTGGCAC s.a. 20 60.25 124
2 ACO1_RV TGCCCTGGTAGTAGTCGAGG 20 60.4

3 ADT_FW GCGGTTCCTTCCTAGAGAGC 20 59.9 77
4 ADT_RV GCGACACCGATTGGTTCAAG s.C. 20 59.83

5 CALS_FW ATGATACCATGGCAGCGGAG s.C. 20 59.96 109
6 CALS_RV AAGCATGAGCGTGACCAGAA 20 59.96

7 CCR1_FW CGTCTTCACCTCCTCCTATGG 21 59.32 117
8 CCR1_RV TACAGGTTGTCGGTTCGCTT 20 59.61

9 CYP_FW TGCTTAACCACCCAGACGTG s.a. 20 60.25 145
10 CYP_RV GGAGGGTAGAGGCGAAGAGT 20 60.4

11 CZOG_FW GGAGGAAGCCGTGGAGAGTA 20 60.68 71
12 CZOG_RV ACCCGATGCCTTGAGTTTCC 20 60.32

13 EREBP_FW CTGTCTCTGAGCGATCGGAA 20 59.26 96
14 EREBP_RV TATCGCGTAGTACATGGCACT s.C. 21 59.05

15 ERF1_FW AAGGTGGAGGCACAGACTC 19 58.94 97
16 ERF1_RV AAGGGATGCCGAGGAAGTTC 20 59.75

17 JAZ1_FW GGATCTCGCTTGCTACCCAC s.a. 20 60.53 98
18 JAZ1_RV TCTCCACACCAACCCCAATC 20 59.6

19 LAC3_FW CGCTCGATCAAACCAGCTAAT 21 58.79 205
20 LAC3_RV TGAACTAGCAGTAGACCGACACAAA 25 61.95

21 NAC1_FW CCAATCACACTCGCACTCG 19 58.93 204
22 NAC1_RV CCCTGGATGTCGTCGTAGC 19 59.93

23 PAL1_FW TGAACAGAGAAAATACAAGGAGCAG 25 59.3 131
24 PAL1_RV GAAGTTGGTTACAGGGCGTTG 21 59.73

25 pldA_FW CCGGATCGACAGCAAGAACT s.a. 20 60.11 91
26 pldA_RV GTCGATGAGGTGCAGGTACG s.a. 20 60.53

27  TYDC1_FW GTCGTTCGAGGACATGGTCA s.C. 20 59.76 80
28 TYDC1_RV GCCTAAAGCAAACGAGTGCG s.C. 20 60.45

29 UGT_FW GTCAACTCGTTCCGTGACCT 20 59.97 133
30 UGT_RV CGTATGTCTTGTCGCATGGC 20 59.7

31 USP_FW CGGCTTTGTCCTCTCTCCTT 20 59.39 104
32 USP_RV TTGCAAGGGGGTGAGAACAG s.a. 20 60.18

33 WRKY78_FW GTCATCTACCACGGCGAACA 20 60.11 178
34 WRKY78_RV AGGAGGCGGAGAGGTACAAG 20 60.68

35 CDPK_FW CCGTCATCGCCTCACGAAGAG 21 63.09 101
36 CDPK_RV AGAGCCTGCCTTACGGAATTGG 22 62.65

37 DPP9_FW TTGTGCGGTGTCTGGTGCTC 20 63.27 200
38 DPP9_RV TTGCCGTGTGCCTGAAATGC 20 62.42

39 DUF1296_FW GCGGCAGTTCCCACCTCAAG 20 63.69 180
40 DUF1296_RV AGTTGTTGTTGCTGCTGCTGTG s.C. 22 62.65

41 LUG_FW TCCAGTGCTACAGGGAAGGT 20 60.18 178
42 LUG_RV GTTAGTTCTTGAGCCCACGC 20 59.2

43 MEP_FW TGTACTCGGCAATGCTCTTG s.a. 20 58.27 203
a4 MEP_RV TTTGATGCTCCAGGCTTACC 20 57.87

45 UBCP_FW CAGGTGGGGTATTCTTGGTG 20 57.87 97
46 UBCP_RV ATGTTCGGGTGGAAAACCTT 20 57.62

1s.a. =risk of self-annealing (Primer stats tool), s.c.: risk of self-complementarity (Primer BLAST)

2 Length of the primer in base pairs (bp)

3 Results from primer BLAST (because ion and dNTP concentration in KAPA master mix are not specified default
settings were kept: 50 mM K/Na*, 1.5 mM MgClz, 0.6 M dNTPs, 50 mM primers). In general, elevated MgCl; and
primer concentration increases the calculated melting temperature.

4Length of the target product in bp
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2.10 Overview tables

2.10.1 Overview on conducted pot and field experiments

Table 2-11 Overview of experiments conducted in 2014 (For description see Table 2-12)

Nr Type  Acronym? Objective of research Title thesis? Sv3 Responsible? Others® Reference®
1 Pot NA Screening of various BE products this thesis .M' K. Wachter /
Weinmann
2 Pot BioF1 Interaction of sugar and ?ES for plant this thesis N. Weber N. Weber D. Reinhardt
growth promotion
3 Pot BioF2 Combination of seawc.aed extracts and this thesis N. Weber N. Weber /
Proradix
. ,Verbesserung der Phosphataneignung bei Mais L
4 Pot NA Reproduction F)f B,E effects from partner durch ausgesuchte Bioeffektoren bei moderater N. Weber S. Dobczinski / (Dobezinski,
institute JKI ; B 2014)
Phosphatdiingung”, 2014
. »Verbesserung der Phosphoraneignung bei L
5 Pot NA Reproduction ?rfsfiil.uet]:ejtlz(tls from partner Tomaten mit Hilfe ausgewahlter Bio-effektoren N. Weber A. Lathi / (ZL(I)JI};I)’
in Abhangigkeit des P-Dliingungsniveaus”, 2015
6 Pot NA Effectiveness of BEs. .dependlng on soil See s N. Weber A. Liithi / See 5
sterility
7 Pot NA Level of P avallazlché\é:or effectiveness See 5 N. Weber A Liithi / See 5
Effectiveness of BE products for Soil Application of ‘M|crob|?l Bioeffectors, iy (Bradacova,
8 Pot NA improved cold stress tolerance Algae Extracts and Micronutrients to Improve N. Weber K. Bradacova / 2015)
P Cold Stress Tolerance of Maize”, 2015
N. Weber, M. (v (Bradagova
9 Pot NA See 8 See 8 Weinmann K. Bradacova / etal, 2016)
10 Pot BioF3 Combination of seaweed extracts and this thesis N. Weber N. Weber /
Proradix
11 Pot BioF4.1 Changes |n.gene express!on ?nd primary this thesis N. Weber N. Weber /
metabolism after application of BEs
. Combination of BEs (seaweed extracts + . . N. Weber, M. M. Weinmann,
12 201 .
Field IHO2014 PGPR) this thesis Weinmann N. Weber M. Nkebiwe
13 Field I1HO2014_Extra Efficacy of EE appllcatlons' WIth different this thesis N. Weber, M. N. Weber M. Welnmann,
inoculum densities Weinmann M. Nkebiwe
14 Pot BioF4.2 Changes in gene expression and primary this thesis N. Weber N. Weber /

metabolism after application of BEs
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Table 2-12 Overview of experiments conducted in 2015 / 2016

Nr Type  Acronym? Objective of research Title thesis? sv3 Responsible* Others® Reference®
15 Field IHO2015 Improved P acqmsmo.r? by BEs.m this thesis N. Weber, M. N. Weber M. Wemmﬁnn,
manure and urea fertilized maize Weinmann M. Nkebiwe
16 Field [HO2015 Extra Plant growth pr(?mqt|on l?y BE foliar this thesis N. Weber, M. N. Weber M. Weinmann,
application in maize Weinmann N. Morad-Talab
. »,Bedeutung der Wurzelhaarentwicklung fur die (Herrmann,
Responses of root hair mutants to X X . 2016;
17 Pot NA wachstumsstimulierende Wirkung von N. Weber I. Herrmann /
PGPR Pseudomonas sp. Proradix bei Mais”, 2016 Weber et
P- ' al., 2018)
,Wurzelbesiedlung und
Wachstumsstimulierung durch Bacillus (Brecht
18 Pot NA Early growth responses to Rhizovital amyloliquefaciens FZB42 wahrend Keimung und N. Weber J. Brecht / 2015) !
Jugendwachstum von Mais (Zea mays cv.
Colisee)”, 2015
Combination of the PGPR
Pseudomonas sp. Proradix with . . e . (Cona
e “Bioeff fi | f P. .
19 Pot NA nitrification inhibitor DMPP for loe ectorresc iﬁikm?f;c;l/ﬁig;tslﬂlzggf; ororganic N. Weber CanCiL?IT:n / Caniullan,
improved P uptake from two different ycling ! 2017)
organic fertilizer
20 Pot NA PGPR in cold stressed tomatoes this thesis N. Weber F. Kolberg /
Plant responses to B.
21 Pot BioF4.3 amyloliquefaciens LB cultures, fate of this thesis N. Weber N. Weber /
active bacteria and spores in the soil
“Interactions of microbial inoculants and
P- fP i |
22 Pot NA status.o roradix treatfed plants at ammonium nutrition for acquisition of N. Weber S. Kar /
different harvest times . . . . . .
inorganic recycling fertilizers in maize”, 2017
P_status of BE treated plants at ,Einfluss von mikrobiellen Bio-Effektoren auf
23 Pot BioF5 P die P-Aufnahme und den P-Status von N. Weber N. Burnadze /

different harvest times

Maispflanzen in der Jugendentwicklung”, 2017

!Acronym used during the thesis in presentations and own datasets

Title of the bachelor or master thesis with date of submission, the author is mentioned under *
3Supervisor of the experiment or the bachelor/master thesis
4Person that conducted the experiment and author of the thesis (bachelor/master student)
SAdditional persons that were involved in planning and organization of the experiment
bReference to peer-reviewed publications or thesis
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2.10.2 Overview on experimental conditions

Table 2-13 Overview of experimental conditions for pot and field experiments 2014 (For description see Table 2-14)

Soil . . Harvest
Nr Type! Plant Pot? Subst.3 Fert* WHC> WwcC*® Temp.’ D/N® Design® BEs Analysis 1° .o
used time
Px, Rz, Bsim, BFDC,
1 GH Maize 1.5 soil C-Loess N, Me, K, Zn, 60 20.0 NA/NA/ NA CRD TP, A95, Zn+Mn, PH, SW, RW, Cl, RL 45 DAS
Cu, Mn, Fe CRZT (10)
OmG, Hsp
) . 10-28/15.7 ER, PH, Cl, SW,
2 GH Maize 1.7 s:s1:2 Low-P N, Mg, K, (P) 50 20.6 / CRZT (20) 14/10 CRD Px, Rz, BFDC, TP RW, RL MA+ 63 DAS
) . Low-P + Px, Af, AV, AVZM, SF,
3 GH Maize 1.9 s:s1:2 KH(W) N, Mg, K, P 70 21.8 18-35/22.5 14/10  CRB/CRD ECO, P1 P2, P3 ER, SW, RW, RL 56 DAS
4 GH Maize 1.8 s:s1:2 Low-P N, Mg, K, P 70 21.4 18-26/21 16/8 CRD Px, Rz, TP PH’SSDWE RI\\/’I\:/’CRL’ 47 DAS
5 GH Tom 1.8 s:is1:2 Low-P N, Mg, K, P 70 21.4 18-26/21 16/8 CRD Px, Rz, TP see prev. 56 DAS
6 GH Tom 3.0 sis1:1 Kr1 N, Mg, K, P 60 18.6 14-35/22 16/8 CRD Px, Rz, Pj PH, SW, RW, (RL) 60 DAS
7 GH Tom 3.0 sis1:1 Kr1 N, Mg, K, P 50 16.0 14 -25/18 16/8 CRD Px, Rz PH, SW, RW 56 DAS
) . 13-35/19/ Px, Rz, SF, Af, AV, PH, Cl, SD, SW,
8 GH Maize 1.5 s:s1:2 IHO1 N, Mg, K, P 70 21.2 CRZT (14) 16/8 CRD AVZM. Bsim. Zn/Mn RW, RL, MA 43 DAS
) . 10-30/19/ Af, AV, AVZM, PH, Cl, SD, SW,
9 GH Maize 1.5 s:s1:2 IHO1 N, Mg, K, P 70 21.2 CRZT (14) 14/10 CRD Z0/Mn RW, RL, MA, Ex 43 DAS
10 GH Maize 3.1 s:is1:2 KHéZ) * N, Mg, K, P 70 21.8 20-35/22.5 16/8 CRD Px, SF, AVZM PH, SD(’RSL\;V’ RW, 52 DAS
30/ 50/ 9.6/ PH, SD, SW, RW, P
11 GH Maize 3.0 sis1:1 Kr1 N, Mg, K, P 16.1/ 13-34/22 16/8 CRD Px, Rz o 2 A T 43 DAS
70 GE, PM
22.5
12 Field Maize NA soil IHO1 N, P NA 503 0.9-33/15 NA RxC Px, Rz, BFDC, Af, SF ER, PH, ZYRC’ Mye, 173 DAS
13 Field Maize NA soil IHO1 N, P NA 503 0.9-33/15 NA CRB Rz, BFDC, TP PH, P, RC, GY 173 DAS
14 cC Maize 3.0 s:s1:1 Kr2 N, Mg, K, P 60 19.3 22-26/24 16/8 CRD Px, Rz PH, SRDé' SF\,/:\//" RW, 42 DAS
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Table 2-14 Overview of experimental conditions for pot and field experiments 2015/2016

Soil . . Harvest
Nr Type! Plant Pot? Subst.3 Fert* WHC® WC® Temp.” D/N® Design® BEs Analysis 1° .
used time
15 Field Maize NA soil IHO2 N, P, (F1) NA 239 0.5-45/17 NA RxC Px, Rz ER, PH, P, RC, BY 126 DAS
16 Field Maize NA soil IHO2 N, P NA 239 0.5-45/17 NA CRB SF, BacA, Si PH, P, RC, BY 131 DAS
17 cc Maize  0.55 s:s1:2 KH(b) N, Mg, K, P 70 25.0 22-26/24  14/10 CRD Px PH, SW,\'/IEW’ RL, 28 DAS
18 cc Maize 2.7 s:s1:3 KH(b) N, Mg, K, P 70 25.0 23-27/25  16/8 CRD Rz PH, SWF’{(?W’ RL, 33 DAS
19 GH Maize 3 s:s1:2 KH(c) N, M(gF’Zf’ (P, 60 16.9 16-30/20 16/8 CRB Px PH, SWS’PRAVI\J/' RL, P, 59 DAS
) KH(c)+ma- N, Mg, K, (P), 18.9/ PH, SD, Cl, SW,
20 cc Tom 0.75 mix nure+peat (F2) NA 537 18-24/21 16/8 RxC Px, Rz, BFDC RW. RL RC 42 DAS
21 GH Maize 1.1 sis1:1 Kr 2 N, Mg, K, P 60 19.3 162'2256/ 16/8 LS Rz, P2 PH, SD'RSCW’ RW, 29 DAS
) 16-26/ )
22 GH Maize 1.5 sis1:1 Kr 2 N, Mg, K, P 60 19.3 225 16/8 CRD Px SW, RW, RL, P various
23 GH Maize ?;01/ sis1:1 Kr 2 N, Mg, K, P 60 19.3 192;‘350/ 14/10 CRD Rz, Px SW, RW, P various

1 GH = greenhouse (non-controlled conditions), CC = climate chamber (controlled)

2 Amount of dry weight substrate per pot in kg

3 Ratio of sand soil mixture

4 Fertilization used: element symbols used, elements in () were fertilized only in some treatments, F1 = number of organic fertilizer used

5 % of estimated maximum water holding capacity

6 Water content in % of dry matter substrate; for field experiments rainfall during the experimental period is given (mm)

"Total range / average temperature (in °C) / CRZT = controlled root zone temperature

8Day / night rhythm (in GH experiments day light prolonged or supported by artificial light)

9 Experimental design: CRD = completely randomized design, CRB = completely randomized block design, RxC = Row-column design, LS = latin square

10 Measurements / Analyses performed: BY = biomass yield, Cl = chlorosis/necrosis, ER = emergence rate, Ez = enzymatic measurements, GE = gene expression analysis, GY =
grain yield, MA = mineral analysis, Myc = mycorrhization of roots, P = phosphorus analysis only, PH = plant height, PM = plant metabolome, RC = root colonization by BEs
(tracing), RL = root length, RW = root weight, SD = stem diameter, SPAD = SPAD values (chlorophyll content), SW = shoot weight

11DAS = days after sowing, for field experiments plants were harvested at full maturity
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2.10.3 Overview on BE products

Table 2-15 Overview of microbial bioeffector (BE) products

. . Unit Commercial . Proposed
BE product Abbr.! Exp? Group® Organisms Active compound Conc.* 5 Company Formulation po:
(conc.) name function
plant protection
gram-negative (competition,
. rhizobacteria Pseudomonas sp. 4 - SP Sourcon Padena, ISR/SAR), root
Proradix P Std PGPM Gammaproteo- DSMZ 13134 6.6E+10 CFUg Proradix Tlbingen, Germany powder growth stimulation,
bacteria improved nutrient
acquisition
. SP + K. Smalla, Julius-
gram-negative Pseudomonas jessenii Kihn-Institute
P. jessenii Pj 6 PGPM rhizobacteria J 6.6E+09 CFUg? NA o powder see previous
RU47 Braunschweig,
(See above)
Germany
" , plant protection,
gram-positive Bacillus )
Rhizovital Rz Std PGPM bacteria (spore amyloliquefaciens® 2.5E+10  CFUg!  RhizoVital® 42 ABITEP GmbH, Berlin, liquid . plant health,
. Germany improved plant
forming) FzB42
growth
gram-positive cold tolerant strain
B. simplex Bsim 1,8 PGPM bacteria (spore Bacillus simplex R41 1.5E+10 CFUg? NA see previous liquid . !
. see previous
forming)
gram-positive .
Bacill h
B. atrophaeus BacA 16 PGPM bacteria (spore act uG$BaSt(r:§g aeus 2.5E+10 CFUg? NA see previous liquid NA
forming)
Bayer C.ropSuence plant protection,
Biological 1,2,12 saprophytic Biologics GmbH lant health
008 BFDC 1525 pgpM prophy Penicillium sp. PK 112 1.0E+09  CFU g NA (former Prophyta liquid P '
fertilizer DC 13, 20 fungi improved plant
GmbH), Malchow/Poel, rowth
GERMANY 8
J. Geistlinger, Anhalt
mycoparasitic Trichoderma 4 University of Applied - .
OmG-08 OomG 1 PGPM fungi harzianum OmG-08 1.0E+10 CFUg NA Sciences, Bernburg, liquid see previous
Germany
. . Koppert Deutschland
Trianum-P TP 12,4 PGPM mycopar?smc Trlc.hoderma 1.0E+09 CFUg? TRIANUM-P GmbH, Insel powder see previous
5,13 fungi harzianum T-22 .
Reichenau, Germany
Prof. U. Ludewig L
nitrogen-fixing Herbaspirillum (Institute of crop N-acquisition, plant
Herbaspirillum sp. Hsp 1 PGPM NA NA NA liquid health, improved

rhizobacterium

frisingense GSF30"

science, University of
Hohenheim, Germany)

plant growth

62



2 Material and methods - Overview tables

Table 2-16 Overview of all seaweed extracts

BE . . Conc. Unit Commercial . .
Abbr. ! Exp 2 Group?® Organisms Active compound 2 2 Company Formulation Proposed function
product (conc.) name
From Ascophyllum nodosum,
s oot s e oty Hotcont
Algafect Af 3,8,9,12 SWE seaweed 4 5 ! NA NA NA Salvatore liquid o ! !
polysaccharides; seaweed . prebiotic, enhance root
A ) A Telesino, Italy ) .
extract, enriched with amino microorganism
acids etc.
From A. nodosum, F. spp, L.
AlgaVyt AV 3,8,9 SWE seaweed spp., Spirulina spp; enriched NA NA NA see previous liquid see previous
with chemical nitrogen;
AlgaVyt AlgaVyt diluted; additionally, 5 . . .
Zn/Mn AVZM 3,8,9,10 SWE seaweed %7n, 5 % Mn NA NA NA see previous liquid see previous
Enhances performance,
Highly-concentrated alkaline BioAtlantis Ltd., marketable grade, root
Superfifty 3,8,.10 Super Fifty® O- Clash Industrial - growth & soil bacteria
F Lo WE f A hyll Lt |
/ Alga 50 S 12,16 S seaweed extract from Ascophylium >00 & 0-8 Estate, Tralee, Co. iquid counts, very high
nodosum seaweed L .
Kerry, Ireland antioxidant potential,
Organic certification
Alkaline extract from Enhanced seed
Ecolicitor ECO 3 SWE seaweed Ascophyllum nodosum enriched NA NA Ecolicitor® see previous liquid emergence, root & shoot
in fucoidan growth
Soluble powder (>99%) with a
i |
Alga 95 A95 1 SWE seaweed microgranuiar appearance NA NA Alga 95°® see previous powder NA
extracted from Ascophyllum
nodosum seaweed extract
WE iched i ioti
Product 1 P1 3 SWE seaweed S enriched in prebiotic NA NA NA see previous liquid prebiotic for microbes
compounds
Product 2 P2 3,21 SWE seaweed SWE partlally purlﬂ.Ed and NA NA NA see previous powder see previous
enriched in fucoidan
Product 3 P3 3 SWE seaweed SWE partially purified and NA NA NA see previous powder see previous

enriched in laminarin

1 Abbreviation used in this thesis; 2 Experiments in which the BE was used, Std = Standard-BE used in most of the experiments; 3 PGPM = Plant growth promoting
microorganism; SWE = Seaweed extract; * Concentration of active compound; ° If available on the market on of active compound If available on the market;
6 B. amyloliquefaciens = B. velezensis https://www.uniprot.org/taxonomy/326423
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2.10.4 Overview on fertilizers

Table 2-17 Overview of commercial and organic fertilizers

Nr Abbr. Name Type Description Company
F1  Fwe Manure pellets org Pelleted chicken manure Agriges S.r.l, San Salvatore Telesino, Italy
h station Kleinhohenhei i ity of Hohenhei
F2 Fam Manure KH org Composted cow manure research station Kleinhohenheim, University of Hohenheim,
Germany
. s ) 0
F3  Four Duratec® starter syn Granular solid fertilizer, surface-treated, 30% Compo Expert GmbH, Miinster, Germany
polymercoated
Fa F Piagran® 46 syn Urea, 46% N SKW Stlckstoffwgrke Piesteritz GmbH, Lutherstadt
Wittenberg, Germany
F5  Fnov NovaTec® Solub 21 syn DMPP-stabilized (NH4)2S04 (21 % NHa4-N, 24 % S) Compo Expert GmbH, Miinster, Germany
F6  Fmar Krista™ MAP syn Mono-ammonium phosphate (12 % NHs-N, 22 % P) YARA GmbH & Co. KG, Diilmen, Germany
F7  Foar DAP syn Di-ammonium phosphate (18 % NHa-N, 20 % P) Beiselen GmbH, UIm, Germany
F8 Fsp Superphosphat syn Superphosphate (7.9 % P) Triferto B.V., Doetinchem, Netherlands
I NP lex fertili ith high phosph
F9 Fes Easy Start® TE-Max syn Granulated complex fertilizer with high phosphate and Compo Expert GmbH, Minster, Germany

micronutrients (11 % NHas-N, 21 % P)

Table 2-18 Overview of mineral composition of commercial and organic fertilizers

Nr Abbr. DM Carbon TotalN Mineral N (g kg?) Available P ! Macronutrients (g kg* DM) 2 Micronutrients (mg kg™! DM)

% % of % of NOz-N NHs-N mg kg DM P K Ca Mg S B Cu Fe Mn Zn
DM DM

F1 Fme 80.1 23.7 3.7 na 18.5 na 17 13.5 168 5.06 102 na na na na na

F2  Fmkn  69.5 na 1.5 0.46 0.004 6100 6.1 6.7 235 603 29 na na na na 270

F3 Four na na 22 80 140 69824 69.8 24.9 na 8.44 35 140 150 800 100 100

F4 Fu na na 46 na na

F5 Frov na 21 210

F6  Fmar na 12 120 220

F7  Foar na 18 180 200

F8 Fsp na 79

F9 Fes na 11 110 210 6000 1000 10000

1 = CAL-P; ? = total mineral nutrients from ICP-OES analysis
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2.10.5 Overview on soils

Table 2-19 Overview on soils used for pot and field experiments

Nr Name Description Year of pH (001M P P K Mg Ntot Stot Crot Corg Cinorg
collection CaClz) CAL Olsen CAL CaCl: % % % % %
1 C-Loess subsoil loess with low organic matter and high carbonate NA 27 6.5 470 200 003 010 280 016
contents
2 Low-P low input grassland soil (vineyard UHOH) 2013 7.1 29.7 241 110 0.24 005 264 241 0.23
organic farming, arable land, research station
3 KH(W) Kleinhohenheim, UHOH, Germany 2013 6.1 69.8 498 166 190 0.18 0.03 129 130 042
4 KH(a) see previous 2014 7.2 48.0 474 133 73 0.22 0.10 191 1.68
5 KH(b) see previous 2015 7.5 57.0 141 79 0.23 0.03 194 170 0.24
6 KH(c) see previous 2014 7.0 36.7 133 170 0.15 0.10 1.31 1.28
7 Ba organic farming, arable land, Bavendorf, Germany NA 6.1 140 19.6 257 180 0.28 0.03 190 187 0.38
8 Ba+KH(a) mix of both soils NA 6.9 376 389 171 106 0.24 0.08 191 1.74
9 Kr1 Soil from LTZ Augustenberg, Karlsruhe 2014 7.5 371 282 140 0.24 0.0 2.79 2.06
10 Kr 2 see previous 2014 7.4 36.2 26.5 130 0.24 0.10 272 211
11 IHO1 research station lhinger Hof, Renningen, Germany 2013 6.9 122 78.7 158 220 0.12 <0.05 219 1.07 1.12
12 IHO2 see previous 2014 7.0 829 558 133 170 0.16 <0.03 3.00 107 1.93
Table 2-20 Mineral contents of soils used for pot and field experiments
Nr Name Mg Cu Fe Mn 2Zn B Ca Cu Fe K Mg Mn P Zn texture Sand Silt Clay
| CAT | ICP-OES category % % %

1 Cloess 29 226 04 78 13 0.1 105.0 54138 13 17631 2051 19138 356 344 38 Loam 40 47 13

2 Low-P 158 115 56 719 84 342 11.3 11034 24.1 24199 2905 3465 780 667 170 Silt loam 23 55 22

3 KH(W) 125 188 2.2 131 244 3.0 101 2970 15.7 22309 2875 3578 828 687 54 Silt loam 5 72 23

4 KH(a) 73 8 33 959 232 29 183 9864 29.5 44384 4982 3345 1507 1228 87 Silty clay 12 46 43

5 KH(b) 81 95 25 531 130 29 183 9592 26.6 51250 4826 3415 1539 1209 94 Silty clay 11 47 42

6 KH(c) 93 180 3.1 946 340 3.4 157 3445 20.7 37093 3828 2606 1005 881 65 Silty clay loam 15 51 34

7 Ba 206 183 5.2 694 213 50 147 3973 249 15053 3097 4170 793 484 69 clay loam 28 48 24

8 Ba+KH(a) 113 114 39 87.8 226 3.5 17.2 8071 281 35457 4408 3596 1290 1002 81 Silty clay loam 17 46 37

9 Kr 1 18 142 40 426 34 51 180 23607 22.8 20590 2779 7231 630 813 68 Silt loam 14 63 24

10 Kr2 19 136 4.2 448 39 54 17.2 22822 22,5 20614 2858 7168 629 802 67 Silt loam 13 64 23

11 IHO1 117 248 3.6 154 230 3.6 134 4353 19.0 28358 3903 4789 902 953 50 Silt loam 3 69 28

12 IHO2 75 178 39 287 42 23 156 10963 24.7 29312 3976 6138 924 989 60 Silt loam 2 71 27

All values for mineral contents in mg kg dry soil if not in %. CAT = extractable contents; ICP-OES = total mineral contents. *Corg = calculated from humus content *0.58
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3 Results

3.1 Structure
The results part is divided into several subchapters clustering experiments with a similar
experimental focus. Inside the subchapters each experiment is described separately, including

the specific experimental design, results and discussion.

BE application and fertilization rates originally were calculated on kg™ dry soil in most of the
pot experiments but are given in most of the tables of this thesis calculated on kg? dry
substrate, factoring in varying sand contents. Additionally, many experiments were done as
screening experiments to screen for optimal conditions to establish plant-microbe relationship
and increase efficacy of BEs. Therefore, also experimental conditions and soil properties

differed strongly across experiments.

For pot experiments that are already published in Master or Bachelor theses or peer-reviewed
papers only the most important results are presented.

Mean values of shoot biomass measurements at harvest for all control, Rz and Px treatments
are given in Table 7-1 and Table 7-2. Due to the number of observations and measurements
only those values are given. Inside the respective subchapters results are mainly presented

graphically including significant differences from statistical analysis.



3 Results - BEs as abiotic stress protectants

3.2 BEs as abiotic stress protectants

3.2.1 Screening of BE products for cold stress alleviation (Exp_1)

3.2.1.1 Introduction Exp_1

Exp_1 was conducted by K. Wéchter, a previous member of the institute, before starting this

PhD thesis. As the results were
never published but are still of
some importance for the
discussion, they were included
in this thesis with acceptance
from K. Wéchter. Exp_1 was
conducted as a screening
experiment for BEs that are able
to improve P-acquisition from
sparingly .
phosphates and to improve plant ‘

available  calcium

growth  under cold  stress

Figure 3-1 Cooling system for controlled root zone temperature

conditions. Therefore, pots were placed into a system for CRZ temperature with an average

soil temperature of 10°C.

3.2.1.2 Experimental Design Exp_1

All pots were fertilized in the same way as
described in Table 3-2. 40 pots, from ten
treatments with each four replicates (Table 3-1),
were placed in a cooling system for controlled
root zone temperature (CRZT). The system
consisted of a polystyrene isolated box filled
with wet peat. Inside the peat a garden hose
filled with The

refrigerant was cooled and circulated by a

refrigerant was placed.
laboratory thermostat, composed of a Frigomix
1497 with Thermomix 1480 (B. Braun
Melsungen AG, Melsungen, Germany), that was

connected to the garden hose (Figure 3-1). The

Table 3-1 Treatments Exp_1

Trt_Nr Treatment Application rate
1 Ctrl /
2 Px 2.6E+09
3 Rz 2.0E+09
4 Rz / Bsim 1.8E+09
5 Hsp 1.33 (OD =0.6)
6 BFDC 1.0E+08
7 OomG 5.0E+08
8 TH 1.0E+09
9 A95 3.2E-01
10 Zn/Mn 4 mM Zn/ 2.5 mM Mn

Application rates: for microbial BEs in CFU kg™

substrate; for Hsp 1.33 ml of bacterial culture
with an OD of 0.6; for Zn/Mn seeds were
soaked for 24 h in the dark in priming solutions
with given concentration, washed with dest.
H20 and air dried before sowing; r =4

experiment was conducted in the greenhouse in early spring with low environmental

68



3 Results - BEs as abiotic stress protectants

temperature and a soil temperature of ~10°C.  Taple 3-2 Fertilisation Exp_1

Application of BEs was done by pipetting 2 ml
directly on the seed after sowing. Weekly height
measurement of maize plants as well as visual
evaluation of chlorosis symptoms were performed
during plant growth. 45 DAS plants were harvested
and shoot and root weight were measured. Root

length was not determined by root scanning (0) but by

Fertilized as mg kg
Element (pure salt) subgstrite

N Ca(NOs)2 * 4 H,0 100.0

K K2S04 150.0
Mg MgSO4 * 7 H20 50.0
Zn ZnS04 * 7 H20 2.6
Cu CuSO4 * 5 H20 1.0
Mn MnSOs * H20 2.2
Fe Fe-EDDHA 1.1

manual measurement of the longest root segment and the number of lateral roots. The TH

treatment was a Trichoderma harzianum strain from the company Prophyta (now Bayer) that

was used only in this experiment and was therefore not further characterized.

3.2.1.3 Results Exp_1
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Figure 3-2 Results from maize shoot analysis Exp_1; Leaf necrosis (A), plant height in cm (B), total leaf length in
cm (C) and shoot DW in g (D); Means +SE; n = 4; for A95 n = 3; different letters indicate significant difference in
means of the respective treatments. All other treatments did not differ significantly from another.

Results from root and shoot analysis show strong differences among the different BE

treatments (Figure 3-2). As often observed under cold stress, leaf necrosis was strongly
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reduced by Zn/Mn treatment but in Exp_1 also the Rz and Rz_Bsim treatment seemed to be

effective to improve cold tolerance in maize plants. Nevertheless, none of the treatments was

able to significantly increase plant growth as compared to the Ctrl. Best plant growth in both

shoots and roots was obtained in the Herbasprillum sp. (Hsp) and ‘Proradix’ (Px) treatments

(both proteobacteria) followed by the ‘Rhizovital’ (Rz) treatments containing spore forming

bacilli. None of the fungal products (Biological fertilizer DC (BFDC), the Trichoderma

harzianums strains ‘OmG-80’ and TH) could compete with the bacterial products. Especially

BFDC and TH were strongly inhibiting both shoot and root growth. Also the seaweed extract

Alga 95 (A95) had a strongly growth depressing effect. Despite being effective in reducing

plant stress symptoms, the Zn/Mn treatment could not contribute to an improved plant growth

under these experimental conditions.
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Figure 3-3 Results from maize root analysis Exp_1; Root DW in g (A), longest root in cm (B), number of lateral
roots (C), length of lateral roots (D); Means +SE; n = 4; for A95 n = 3; different letters indicate significant
difference in means of the respective treatments. All other treatments did not differ significantly from another

Maize plants showed very different responses to the specific BE products and the responses

were not organ specific. The products always affected shoot and root growth in a similar way

and even the effects on primary root and lateral roots were similar (Figure 3-3 B and C+D).
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3.2.1.4 Discussion Exp_1

Can BE products alleviate cold stress?

Exp_1 was conducted to screen various BE products from different categories for their
potential to alleviate cold stress. Four bacterial products (Hsp, Px, Rz, Rz_Bsim), three fungal
products (BFDC, OmG, TH) and one seaweed extract (A95) were compared to pure
micronutrient supply (Zn_Mn). Micronutrients like Zn, Mn and Cu are already known to play
an important role in the stress alleviation and plant stress response due to their involvement in
reduction of reactive oxygen species (ROS) as co-factors of the enzyme superoxide dismutase
(SOD) (Baek, 2012). Therefore this treatment can be seen as a kind of positive control under
these experimental conditions. The bacterial products are known to produce various plant
hormones, such as auxins and GAs, that are involved in stress responses (Vacheron et al.,
2013). The bacterial products can be further categorized into spore-forming Bacillus strains
(B. simplex, (Bsim), B. amyloliquefaciens (Rz)), a Pseudomonas strain (P. fluorescens
‘Proradix’ (Px)) and a Herbaspirillum strain, the last two strains both proteobacteria. The Px
strain is known for its siderophore production that may influence also micronutrient supply of
the plants. The Bsim strain was additionally defined as “cold-tolerant” by the company
ABITEP and was therefore tested additionally to the related Rz strain. Nevertheless, no
further information on specific cold-tolerant properties was given by the company. The
endophytic H. frisingense GSF30" strain was isolated in Germany from Miscanthus plants
and was shown to stimulate M. sinensis plant growth by modulating ethylene signalling
pathway (Straub et al., 2013a, 2013c).

No stress alleviation by microbial BE products

In general, none of the treatments was able to significantly improve plant growth as compared
to an untreated Ctrl. As expected, the Zn_Mn treatment but also the Bsim strain indeed
showed the strongest reduction in leaf necrosis as compared to the untreated Ctrl.
Interestingly both treatments were not able to improve plant performance as compared to the
Ctrl. Therefore, it can be assumed that another factor, probably low P supply (see below), was
limiting plant growth. This is supported by the low correlation between the analysis of leaf
necrosis and the biomass results. The bacterial products Hsp and Px showed a tendency to
improve plant performance but were not effective in reducing leaf necrosis. Additionally, two
of the fungal products (TH, BFDC) and the A95 further increased plant stress, indicated by
the reduced shoot and root growth, although they showed some tendency to reduce leaf

necrosis. The OmG product did not trigger any responses in the plants indicating a low
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activity under these conditions. As seen later on in other experiments (Exp_8, 9, 11) bacterial
products were never effective in cold stress alleviation. In contrast, especially the Px product
showed the ability to improve P availability and plant growth under growing conditions
without additional abiotic stress. In the field experiment 2015 maize plants were suffering
from drought stress. Here the Superfifty® (SF) product, which is similar to the A95 product,
led to a significantly reduced maize yield. Reasons for the lack of effects or negative outcome
of the products under stress conditions could be the timing of application. Product application
of these products seemed to cause problems when stress was already applied. Experiments
performed in the institute in 2018 indicated that SF may promote plant biomass but reduce
plant water contents (unpublished). Additionally, as seen in Exp_8 and 9 and also other
experiments conducted in our institute by various other group members in the course of the
years 2015 — 2018 (Morad-Talab et al., partly published in Bradacova et al., 2016), only those
products were really successful that were enriched in micronutrients, especially Zn.
Nevertheless, later results from 2018 — 2020 showed also plant-beneficial effects under cold
stress conditions for consortia products without Zn/Mn supplementation. These effects
consisted mainly of changes in the plant hormonal status (ABA/CK ratio), increased levels of
antioxidants and inhibition of ROS (e.g. prevention of IAA degradation). As also seen in later
experiments on cold stress, an important factor for efficacy of the microbial products was

their combination with stabilized ammonium nutrition (Moradtalab et al., 2020).

Phosphor limitation

As mentioned above, the limited P-supply from the low pH and Ca-P-rich soil can be assumed
as an important limiting factor for plant growth. As described in 0, the C-Loess soil was
strongly inhibiting plant growth in another experiment and the application of BE products was
again causing additional growth depression. This effect could be conversed by mixing the soil
substrate with sand, thereby decreasing buffer capacity, and by fertilization with ammonium-
N.
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3.2.2 Seaweed extracts and Zn/Mn as cold stress protectants (Exp_8 and 9)

3.2.2.1 Introduction Exp_8 and 9

Focus of the experiments was again the Table 3-3 Treatments Exp_8 and 9

potential of various BE products to Trt_Nr  Exp_8 Rate Exp_9 Rate
. . . 1 Ctrl Ctrl
alleviate cold-stress in maize. In Exp_8 / /
- 2 Px 6.7E+08 Dura 0.79
only plant growth promotion effects and 3 Rz 6.7E+08 Zn 0.33
. . . 4 SF 11.3 M 0.33
plant nutrient status were investigated n
5 Af 10.7 Zn/Mn A 0.33
whereas in Exp_ 9 also enzymatic 6 Px/SF seeSA  Zn/MnB 0.67
measurements of superoxide dismutase / PX/Af see SA AV 107
) 8 Rz/SF see SA Af 10.7
(SOD) and peroxidase (POD) as well as 9 Rz/Af  seeSA  AV/zn  10.7/0.33
analyses of reactive H,O, and 10  Zn/Mn 033 AV/Mn  10.7/0.33
_ 11 AVZM 10.7  AV/ZnMnA 10.7/0.33
malondialdehyd (MAD) levels, the later 12 Unc_Ctrl / AV/ZnMn B 21.3/0.67
one a product of lipid peroxidation, were 13 Unc_Ctrl /
14 Unc_Dura /

performed. The main results of Exp 8
Application rates: Px and Rz (with Bsim) in CFU, Dura

were published in 2016 (Bradacova et al.,  using Four in g, other products in mg kg™ substrate; in

. Trt 6 - 9 same rates as for single applications (SA);
2016) (here named Expe”ment 1)' Exp_8 three applications (0, 14 and 28 DAS); Exp_9 four

Results from Exp_9 were only presented _2Pplications (0, 12, 22 and 35 DAS); r =5

in the master thesis (Bradacova, 2015).

Enzymatic measurements were not done by the author of this thesis and the method was
established by Bradacova and Morad-Talab in 2015 following a previously published method
(Hajiboland and Hasani, 2007).

3.2.2.2 Experimental design Exp_8 and 9

Exp 8 and 9 were conducted under cold stress conditions using the system for CRZ
temperature as described in Exp_1. Fertilization was done according to standard fertilization
with the same rates as in Exp_3 with the exception of P that was fertilized with 80 mg P kg
soil (53 mg P kg substrate). In both experiments some uncooled controls (Unc) were grown
outside of the CRZT system. Various methods for measurement of shoot metabolites and
enzymes connected to reactive oxygen species (ROS) were applied that are not described in
this thesis but can be found in the publication (see below). For microbial BEs Px and Rz and
also the SWE SF and Algafect (Af) low application rates of 10° CFU kg soil and 16 mg kg
soil respectively, similar to the application rates in the field experiment 2014, were applied
(Table 3-3). During early plant development plants were grown at about 20 - 22 °C soil
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temperature. 14 days after plant emergence a two-week long cold stress period with 14 °C soil
temperature started followed by a short recovery phase of 10 days before harvesting.

3.2.2.3 Results Exp_8 and Exp_9

67.5 cm (a) \75.5 cm (7) 76.0 cm (b) “\855cm.

r

g TN

Unc Ctrl

| Healthy leaf (AVZM) Healthy leaf (Zn/Mn)

129 4 a
10
8 -
be

6 -
44 d d d
0 - ¢ - -

Ctrl Px Rz Af Px/SF Px/Af Rz/SF Rz/Af Zn/Mn AVZMUnc s Ctrl

Figure 3-4 Results from Exp_8; Percentage of necrotic leaves (A), root length in cm cm soil volume (B); Means
+ SD; Letter display reflects results from One-Way-ANOVA; Zn and Cu contents were measured in the leaves
shown in the second picture. Necrotic leaf: Zn = 7.4 ppm, Cu = 3.2 ppm; Healthy leaf (AVZM): Zn = 23.3 ppm, Cu
= 24.4 ppm; Healthy leaf (Zn/Mn): Zn = 28.2 ppm, Cu = 17.2 ppm

Plant growth measurements, observations of leaf chlorosis, analysis of the biomass at the end

of the harvest, root length measurements and nutrient status of the elements P, Zn, Mn, Cu
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and Fe were conducted. Plant height (data not shown), leaf chlorosis and root length
measurements clearly showed the best results for treatments containing seaweed extracts from
the company Agriges (Af, AlgaVyt (AV), AlgaVyt Zn+Mn (AVZM)) whereas SF or single
application of microbial products (including the Bsim strain that was co-inoculated with the
Rz strain) did not improve plant growth under cold stress conditions (Figure 3-4).
Interestingly, best results for shoot and root biomass were observed for the Px/Af treatment
(data not shown) whereas results were less significant than for the other measurements.
Analysis of the P status did not show strong differences among treatments with the exception
of the uncooled Ctrl that had a by far higher P content and, as observed in other experiments,
a lower P concentration g shoot due to its higher biomass. Also for the other nutrients no
clear responses to treatments were observed in whole shoot biomass (data not shown).
Nevertheless, analysis of single necrotic leaves indicated that leaf necrosis was correlated
with nutrient status of Zn and Cu but not Mn (Figure 3-5). But as seen for treatments Af and
Rz/Af also correlations for Zn and Cu were not perfect. Because only one leaf per treatment
was analyzed data are not a strong proof but they provided a realistic explanation for the

treatment effects.

In Exp_9 only those treatments were analysed that yielded best results in Exp_8.
Additionally, different concentrations or additions of Zn and Mn were added to find optimal
application rates and further elucidate the role of the micronutrients versus the organic
compounds inside the seaweed extracts. Unfortunately, the results from Exp_8 could not be
reproduced as clearly and treatment differences were less pronounced. Furthermore, the
differences between uncooled Ctrl plants and the Ctrl plants under cold stress were less
pronounced than in Exp_8. For none of the measurements that were conducted in Exp_8 and
repeated in Exp_9 a clear treatment response was observed (data not shown). Some single
treatments showed significant differences to the Ctrl in a single measurement, nevertheless
those trends showed no consistency as in Exp_8. Also for nutrient analysis no significant

differences between BE treatments and the Ctrl were observed.

Measurements of SOD, POD, H>0, and MAD did not indicate significant differences between
Ctrl and BE treatments. Nevertheless, the experiment was repeated in the institute and
significant effects on enzymatic activity were observed that were also published (Bradacova

et al., 2016), here termed experiment 2.



3 Results - BEs as abiotic stress protectants

40 A
35 ~
T e o s
25 -
20 -
15 A
10
5 -
= m_ I H = , l
30 +
B
25
20 =
15
10
0 —
80 -
70 A
60 —
m —
40 I R R R R
30 -
20 4
10
o -

CtrI Px Af Px/SF Px/Af Rz/SF Rz/Af Zn/Mn AVZMUnc Ctrl

Figure 3-5 Nutrient analysis Exp_8; Zn (A), Cu (B) and Mn (C) concentrations in ppm in necrotic leaves of the
maize plants; only one leaf per treatment was analysed

3.2.2.4 Discussion Exp_8 and Exp_9
In Exp_8 and Exp_9 BE products were again tested for their potential to increase tolerance to

cold stress in maize.

Zn and Mn containing BE products alleviate cold stress

In Exp_8 some of the BE products from the company Agriges were efficacious to improve
shoot and root growth and reduce leaf necrosis under cold stress conditions. An examination
of the product properties shows that all successful products (Af, AV and AVZM) contained
high amounts of Zn (13 — 74 ppt) and Mn (up to 60 ppt). Further support for the hypothesis
that Zn and Mn were involved in the treatment differences was provided by the nutrient
analysis of the necrotic leaves. During severe nutrient deficiency, in Exp_8 induced by cold
stress, several nutrients are remobilized and retranslocated to other plant tissues. Although
data from whole plant nutrient status did not show clear responses to the BE treatments, the
nutrient status in chlorotic/necrotic leaves clearly showed the retranslocation of the
micronutrients Zn and Cu in those plants that were not Zn/Mn-treated. Both nutrients are
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mobile during leaf senescence whereas Mn is less mobile and may even be enriched until leaf
drop in perannual plants (White, 2012b). This would explain why Mn concentration in the

necrotic leaves did not show strong treatment-dependent behaviour.

Micronutrients like Zn and Mn can be used for seed priming or seed dressing in maize to
improve seed germination, emergence and establishment during cold temperatures in spring
(Imran et al., 2013). As described in the introduction, Zn and Mn are directly involved in
stress tolerance due to their activity as co-factor of the enzyme superoxide dismutase and

therefore the degradation of reactive oxygen species (ROS) (Baek, 2012).

Increased SOD activity is one mechanism of Zn-mediated stress tolerance

Therefore, in Exp_9 enzymatic measurements of SOD, H;O, - the product of the SOD-
catalyzed dismutation of the superoxid radical -, POD, the enzyme catalysing the peroxidation
of H20. to H20, and MAD, a marker for excessive lipid peroxidation, were conducted.
Nevertheless, in contrast to Exp_8 treatment effects in Exp_9 were far less pronounced. The
reason is probably not the lack of efficacy in the treatments but the less severe damages on
plants caused by the applied cold stress, as seen by the comparison between the Ctrl and the
Unc_Ctrl treatment. Both experiments were conducted in the same greenhouse and the same
system for CRZT but Exp_8 was conducted in summer with high light intensity and
temperatures whereas Exp_9 was conducted in autumn. The growing conditions in Exp_8
reflect a more alpine climate in which extreme temperature differences between day and night
and a low soil temperature together with high solar radiation are common. Due to the optimal
growing conditions above ground during Exp_8, the shoots were metabolically active and
grew faster whereas the cold-stressed roots could not supply the shoots with sufficient
nutrients. This is suggested by the lower P and Mn contents in plants under cold stress as
compared to uncooled Ctrls in both experiments. Therefore, plants suffered from heat and
intense irradiation leading to production of ROS that could not be degraded due to a lack of

enzymatic activity.

A repetition of the experiment with enzymatic analyses showed indeed that application of Zn
and Mn significantly increased SOD activity as expressed per g FW of shoot and root tissue in
maize when plants were grown under cold stress conditions (Bradacova et al., 2016). Both,
soil application and seed dressing, were successfully improving cold stress tolerance in the

maize plants.
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3.3 BE combinations

3.3.1 PGPR-derived plant growth stimulation in maize (Exp_2)

3.3.1.1 Introduction Exp 2

For Exp_2 it was hypothesized, that PGPR effects on plant
growth and the establishment of a mutualistic plant-microbe
interaction might strongly depend on the PGPR establishment
in a new environment. A combined application with glucose
as easily available carbon source, which might improve the }
ability of the inoculated microbes to compete with the already
adapted microflora, was therefore tested as a second
experimental factor. As it was the first experiment conducted
during the PhD thesis almost all possible measurements were
performed to determine the most significant indicators of

PGPR effects on plants. Therefore, already during the

Figure 3-6 Growth system Exp_2

experiment regular pre-harvest analyses were performed.

3.3.1.2 Experimental design Exp_2

Exp_2 was also conducted using a system for Table 3-4 Treatments Exp,_2

CRZ temperature (see Exp_1) but temperature
was kept constantly at 20°C to ensure plant
establishment in a greenhouse with non-
controlled conditions. 60 pots from 12
treatments and each five replicates were used for
a two-factorial experiment (Table 3-4).
Fertilization was based on the standard
fertilization used for most of the pot experiments
described in 0. Due to N-deficiency in the plants
8 weeks after sowing 20 mg N kg soil were
added to all treatments. Artificial light was
applied to have a 14h/10h day/night rhythm.

Therefore, conditions were similar to conditions

Trt_Nr Treatment BE Appl. rate
1 Ctrl / /
2 Ctrl_Glc / /
3 P_Ctrl / /
4 P_Ctrl_Glc / /
5 TP TP 3.79E+07
6 TP_Glc TP 3.79E+07
7 Px Px 9.09E+09
8 Px_Glc Px 9.09E+09
9 Rz Rz 9.09E+09
10 Rz_Glc Rz 9.09E+09
11 BFDC BFDC 3.79E+07
12 BFDC_Glc BFDC 3.79E+07

Application rates: for microbial BEs in CFU kg™*

substrate; two applications with each 20 ml
suspension pot?. Glc = Glucose applied with the
BE suspensions: 1. 0.3 % (60 mg potl), 2. 3 % (600
mg pot?l). Fertilization rates in all treatments: 80
mg N, 100 mg K, 33 mg Mg kg’ substrate;
Additional 80 mg P kg* substrate in P_Ctrl;r =5

in the field in late spring. First application of BEs was performed directly after sowing of

three seeds per pot. Second application was done 21 DAS. 9 DAS plants were thinned out to
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one plant per pot. Pots were completely randomized but additionally pots were rotated every
second or third day, when watered on weight, in horizontal or vertical direction to limit
effects due to pot position and therefore to decrease standard deviation in between pots of the
same treatment. Tracing analysis for Px was done using about 1.5 g of washed roots in 50 ml

0.1 % proteose peptone.

3.3.1.3 Results Exp_2
For Exp_2 it was hypothesized, that PGPR effects on plant growth and the establishment of a

mutualistic plant-microbe interaction might strongly depend on the PGPR establishment in a

3.3.1.3.1 Pre-harvest analysis

Plants emerged 6 DAS. Here a trend for negative effects of some of the BES on emergence
rate (ER) was found. As data were not normally distributed, an ANOVA on Ranks was
performed with a low P-value of 0.053. The treatment with the lowest ER was BFDC having
an average ER of two plants per pot (66.6 %) only compared to the Ctrl and TP having the
highest ER with almost 96.6 % (Figure 3-8 A). No effect for the glucose treatment was
observed. Plant developmental stage (BBCH code), chlorosis symptoms, stem diameter (SD)

and plant height (PH) were performed weekly from 14 DAS on.

: 4

Figure 3-7 P-deficiency symptoms in maize plants Exp_2; Leaf chlorosis and necrosis (A, B, C) by P-deficiency,
bended stem in the BFDC treatment (D)

Interestingly, at the first measurements of SD and leaf length 14 DAS, Px was the best
performing treatment. To quantify the chlorosis symptoms the purple-coloured leaf area was
estimated. A Kruskal-Wallis test with ANOVA on Ranks indicated significant difference
between the P_Ctrl, showing much less symptoms, and all other plants already 28 DAS. The
Px treatment showed second lowest leaf colouration whereas strongest symptoms were visible
in the BFDC treatment. Already two weeks after sowing plants from P_Ctrl treatment showed
much better plant growth as indicated by plant height and stem diameter measurements. First
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significant differences between the Px treatment and the Ctrl were found 44 DAS for stem
diameter and 49 DAS for the plant height (Figure 3-8, Table 3-5).

Table 3-5 Results from Exp_2

BE PH 49 DAS SD 56 DAS PH 56 DAS LWR

Ctrl 775 * 1 ¢ 835 % 021 ¢ 93 * 1 ¢ 5380 + 492 b
PCtrl 101 + 1 a 109 + 021 a 116 * 2 a 4761 * 192 a

TP 773 * 1 ¢ 795 * 016 ¢ 93 + 1 ¢ 5523 + 280 b

Px 841 +* 2 b 945 + 024 b 101 * 2 b 4759 * 294 b

Rz 768 * 2 ¢ 840 * 022 ¢ 92 * 2 ¢ 5653 * 312 b
BFDC 641 * 2 d 690 * 018 d 74 + 3 d 7118 * 397 b

Results from Exp_2; Plant height (PH) and stem diameter (SD), root length-to-weight-
ratio (LWR); Mean + SE

1.2 60
A B
10{ 1 . so0 ab c ab b ab a
0.8 - _‘L 40 -
0.6 1 30 4
0.4 - 20
0.2 A 10
0.0 ‘ ‘ ‘ 0 : :
cul PCwrl TP Px Rz BFDC cwl Pcutl TP Px Rz BFDC
12 120
Cc a ¢c b ¢ c Db a b b b c
10 1 100 1
8 80 -
— T ———
6 60 1
4 40 1
2 20 -
0 ‘ : : 0 ‘ ‘ :
crl P.Ctrl TP Px Rz BFDC Cwl P Ctl TP Px Rz BFDC

Figure 3-8 Pre-harvest analysis Exp_2; Emergence rate 6 DAS (proportion of total seeds) (A), leaf area with
chlorosis in % 28 DAS (B), SD 44 DAS (C), PH 44 DAS (D); First significant difference between Px and Ctrl; Means
+ SE; Letters indicate differences in One-Way-ANOVA, factor glucose not significant and therefore excluded

A calculation of the stem growth rate (mm week?) for the weeks four to nine of the
experiment showed a strong growth peak for the P_Ctrl plants four weeks after sowing.
Interestingly, a similarly strong peak was observed for the Px treatment one week later
(Figure 3-9). Both slopes declined then rapidly six weeks after sowing to the level of the other
four treatments. Those treatments showed a postponed but steadily increase until the week

eight when stem growth declined.
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Figure 3-9 Plant growth Exp_2; P_Ctrl with obviously much stronger plant growth and BFDC with reduced plant
growth, improved plant growth by Px not visible (A); SD growth rate in um day in the course of the
experiment (B); high SEs and minus values due to the inaccuracy of the measurement (see 3.3.1.4)

Nine weeks after sowing almost no stem growth was observed anymore. 56 DAS stem
diameter (SD) of the P_Ctrl plants was significantly bigger than SD of all other treatments.
Nevertheless, Px treated plants also had a significantly bigger SD than the Ctrl and the other
three BE treatments. BFDC plants showed the smallest SD with significant difference to all
other treatments. The same results were found for the plant height (PH) 56 DAS. The thin
stems of BFDC plants were also less stable resulting in more bended plants that had to be
stabilized by sticks. The effects of the glucose treatment on plant performance generally were
minor with no clear tendency. Nevertheless, by statistical analysis some interactions were
indicated 56 DAS between the experimental factor “glucose” and a BE treatment. It was
found that the BFDC treated plants were significantly higher if they were additionally treated
with glucose. Additionally, repeated measurement analysis on SD using SAS proc mixed with
the model BE|Glc|time, including all measurement times, indicated that SD was increased in

the P_Ctrl_Glc as compared to untreated P_Ctrl (8 %, p=0.01) (data not shown).

140 10
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120 1 zzz1 with glucose
8 * T
| *
100 o . 1
] 2 6 %
80 e
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2 4
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cel P.Ctrl TP Px Rz BFDC Cwl P_Cwl TP Px Rz BFDC

Figure 3-10 Interactions with glucose treatment Exp_2; PH 56 DAS in cm (A) and Length-to-weight-ratio (B) of
roots in cm g'}; significant differences between with/without glucose only for the treatments marked with *
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3.3.1.3.2 Biomass and root morphology

63 DAS plants were harvested. For root and shoot dry weight the same results were found as
for SD and PH and Px differed significantly from the Ctrl, TP, Rz and BFDC (Figure 3-11).
Root samples were scanned and analysed using the WinRhizo software. For this,
representative subsamples of the root were taken for each pot, the weight of the subsample
was measurement and then the root was scanned. Analysis of the root length did not reveal
additional information. Tendencies were the same as for the other measurements, but
differences were less significant with only the P_Ctrl differing significantly from all other
treatments and significant difference between Px and BFDC. Interestingly, the fine root length
(roots up to 0.2 mm root diameter) was also highest in the P_Ctrl treatment. This was also
true for the percentage of fine roots per total root length, whereas no difference was observed
among the other treatments. For the glucose treatment again some interaction could be found.

Statistically significant difference was found for the length-to-weight ratio of glucose treated

Table 3-6 Results from root scanning analysis Exp_2

BE <0.2mm 0.2-0.4 mm 0.4-0.6 mm 0.6-0.8 mm >0.8 mm
Ctrl 1368 + 155 bc 936 + 114 b 238 + 28 b 238 + 46 b 615 * 53
P_Ctrl 3146 + 168 a 1590 *# 95 a 373 + 40 a 230 + 28 a 759 + 38
TP 1350 + 93 bc 691 + 81 b 167 £ 20 b 287 + 27 b 610 = 30 ns
Px 1812 + 182 b 1044 + 91 b 275 % 22 b 244 + 24 ab 714 % 40
Rz 1500 + 128 bc 933 * 76 b 222 + 26 b 253 + 37 b 648 + 49
BFDC 1222 + 121 ¢ 682 + 71 b 174 + 26 b 274 + 34 b 448 t 42

Results from root scanning analysis Exp_2; root length in cm for different root diameter
classes; Mean * SE

and non-treated Ctrl plants (Figure 3-10). The value was calculated as the amount of root
length per dry weight. Glucose treatment significantly increased this ratio in Ctrl plants only
while keeping the same root dry weight. This might indicate a growth stimulating effect by

the natural microflora of the soil that was promoted by glucose application.

10 A 18 7 B |
c a ¢ b ¢ d s ¢
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— shootow |F 1.0 4]
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06, |
5 ] L 0.4
F% Lo2 1]
0 ! ! ‘ 00 O : , ,
ctl P.Ctrl TP Px Rz BFDC ctl P.Ctl TP Px Rz BFDC

Figure 3-11 Harvest results Exp_2; Shoot and root DW in g (left axis shoot, right axis root DW)(A) and root
length of different root diameter classes (B); Means + SE; significant differences for both shoots and roots
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3.3.1.3.3 Microbial analysis
One day after harvest an analysis of the Pseudomonad and total bacteria population from the
rhizoplane of five Ctrl and five Px
treatments was done by plating on
NP and Stll medium. Colony
counts from NP media indicated a
four times higher population
density (CFU) in the Px treated as

compared to the Ctrl plants (7.5 Figure 3-12 Pseudomonas colonies on NP medium Exp_2
5 1 CFUs with typical Pseudomonas sp. “Proradix” colony form
vs. 1.8 x 10° CFU g root). The indicated by the arrow

CFU in the Ctrl pots with glucose treatment increased up to 4.0 x 10° CFU g* root.
Nevertheless, only about 10 % of the colonies had the typical shape of the Px colonies.
Counting of only Px shaped colonies indicated that the number of “real” Pseudomonades in
the Ctrl was lower than in the Px treatment but increased to an even higher level as in the Px

treatment when glucose was applied (Figure 3-14).

Figure 3-13 CFU counts from semi-selective NP medium; red dots indicate CFUs showing the typical colony
form of the Pseudomonas sp. “Proradix”

CFU counts from Stll medium indicated significant interactions between the BE and glucose
factors. In the Px single treatment a higher total number of bacteria was found than in the Ctrl
treatment (6.1 vs. 2.4 x 10° CFU g? root) but the opposite was found when glucose was
applied. Here number of bacteria in Ctrl pots increased (5.3 x 10 CFU g root) and decrease
in Px pots (2.0 x 10° CFU g™ root) twisting the ratio between the two treatments (Figure
3-14).
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These results are also supporting the interpretation for the results from the length-to-weight
ratio found for the roots of the Ctrl plants. Nevertheless, due to the low number of replicates
and the many uncertainties for counting CFUs from plated soil extracts due to contaminations,
various colony forms and clusters overlapping each other in their growth, these results should

not be over-interpreted.

—===3 Pseudomonades

108 — Bacteria on NP 6x107 6x107
Bacteria on STII A B C
5x107 - 5x107 -
107 *
4x107 A 4x107
*
106 | 3x107 A 3x107 A
2x107 A 2x107 1
105 ]
107 A 107 4
104 w w \ \ 0 : ; 0 : ,
Ctrl Ctrl_Glc Px Px_Glc Ctrl  Px Px Px_Glc

Figure 3-14 Results from microbial analysis Exp_2; Counts in CFU g root (log-scale)(A); Px increased total
number of CFU on STIl medium significantly as compared to untreated Ctrl (B) but Glc treatment decreased
CFU in Px treatment; Means + SE; p=0.01

3.3.1.3.4 Mineral analysis

Mineral analysis from maize shoots was done for Table 3-7 Mineral analysis Exp_2

the elements P, K, Mg, Ca, Fe, Mn and Zn. _Nutrient Data Opt _ Unit
P 1.7-2 3-6 ppt

Significant differences in the concentration in maize Mg 2-3 2.5-5 ppt
. Ca 4-7 3-10 ppt

shoots were found for the nutrients K, Mg, Ca and K 20-45  30-45  ppt
micronutrients Mn, Fe and Zn whereas P Mn 18-30 ~ 40-100  ppm
Fe 87-151  50-250  ppm

concentrations did not differ among treatments. Zn 26-62 30-70  ppm

Range of concentration in own data
(Data) compared with optimal values

threshold for an optimal nutrient supply (Table 3-7). _(Opt) found in Bergmann (1993)

Shoot P and Mn concentrations were both below the

Interestingly, despite the sincere deficiency symptoms in non-P fertilized plants P
concentration was higher than in the P_Ctrl plants (Figure 3-15). Fe concentration varied
strongly but similar tendencies as for the other nutrients were observed, with BFDC showing
the highest concentration. Concentration of all other nutrients was the lowest in the P_Citrl
plants due to the growth improvement by P fertilization and, except for Zn, highest in the
BFDC treatment (Table 3-8). Nutrient concentrations for other treatments behaved similarly
in response to the plant biomass with slightly lower nutrient concentrations in the Px
treatment that showed the second largest plant growth after the P_Ctrl treatment. For nutrient
contents per plant, results were similar to the biomass results. Generally, P_Ctrl plants had

highest nutrient contents followed by Px plants with the exception of the Zn content, which
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was slightly higher in Rz than in Px plants. BFDC plants always had the lowest nutrient

contents.
25 A 18 B
1 bc a ¢ b bc d
201 1 L R 14 |
12 -
1.5 A 10
8 4
1.0 |
6 4
0.5 - 4
2 4
0.0 0 : ‘

Ctrl P_Ctrl TP Px Rz BFDC Ctrl P_Ctrl TP Px Rz BFDC
Figure 3-15 Results from phosporus analysis Exp_2; Shoot P concentration in mg g™* DW (A) and P contents in
mg shoot™ (B); Means + SE

Table 3-8 ANOVA results from shoot mineral analysis Exp_2
Concentration P Mg Ca K Mn Fe 2Zn Contents P Mg Ca K Mn Fe 2Zn

Ctrl a b ab a ab ab Ctrl bc bc bc bc bc bc b
P_Ctrl b C c b ab ¢ P_Ctrl a a a a a a a
TP ns a b ab a b ab TP C c cod ¢ C b
Px a b b a ab b Px b b b b b b b
Rz ab b ab a ab ab Rz bc ¢ bc bc bc bc b
BFDC a a a a a a BFDC d d d d d c C

Results from One-Way-ANOVA; no significant influence for factor Glc found; Concentrations and total
shoot contents for macro- and micronutrients; different letters indicate significant differences in means

3.3.1.4 Discussion Exp_2

3.3.1.4.1 Discussion on results of Exp_2

As mentioned in the introduction several PGPR are known as P-solubilizing bacteria (PSB).
Therefore, several experiments were conducted with low P fertilization or in low P soils. For
Exp_2 a low P grassland soil from the vineyard of the University of Hohenheim was collected
and used without any further P fertilization. Furthermore, it was hypothesized that root
colonization and therefore nutrient acquisition and plant growth promoting effects by PGPR

can be improved by offering easily available carbon sources in the form of glucose.

Improved P acquisition and plant growth by Px

Indeed, the Px product was able to improve plant growth in Exp_2 as compared to the Ctrl
treatment. Although Px plants were still much smaller than the P_Ctrl plants, biomass (root
and shoot) and P contents in the Px plants both were significantly increased as compared to

untreated plants. This coincided with an increased fine root growth (not significant). In
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several other experiments later on similar results or tendencies for the Px product were
observed whereas the P availability differed in these experiments. The mechanism by which
Px was improving P acquisition could not be elucidated in this experiment. The difficulties to
elucidate mechanisms under applied conditions are also seen in the results for the P_Citrl. In
contrast to the expectations, the P_Ctrl had a lower shoot P concentration than the Ctrl
treatment but the highest fine root density. A comparison with the results in Exp_23, in which
higher P concentrations and decreased root weights in the treatments with underfoot
placement were observed, indicates that even the P_Ctrl plants in Exp_2 were suffering from
limited P supply. This is also suggested by the absolute P values measured in Exp_2 that were
below optimal values in all treatments (Figure 3-7). Several other experiments like Exp_11,
14, 17, 22 and 23 focussed on the mechanisms that might be involved in the observed effects.

This is further discussed in section 4.1.2.1.

No BE effects on other nutrients observed

Exp_2 was one of the few experiments in which all macronutrients and some of the
micronutrients were analysed. A common trend for all analysed nutrients was that contents
were strongly positively correlated and concentrations were negatively correlated with the
plant biomass. This is not surprising, because contents are a product of concentration and
biomass and concentrations are diluted due to increasing biomass. One reason for the analysis
was to elucidate if some specific nutrient may be solubilized by a specific BE. Nevertheless,
most of the nutrients showed similar trends under these circumstances. Also, treatment
specific effects that differed to biomass results could not be observed with the exception of Fe
and P analysis. For Fe analysis a very low concentration was found in the TP treatment.
Nevertheless, in Fe analysis extremely high standard deviations between biological or even
analytical replicates were found making the dataset less reliable (data not shown). P
concentration was the only analysis in which no significant differences among treatments
were found. One explanation is that phosphorus was fertilized in the P_Ctrl whereas all other
nutrients were not additionally fertilized and therefore decreased in the better growing P_Citrl
plants. As said before P was certainly a limiting factor for plant growth. The reason for the
better growth in the Px plants might therefore be found in an improved P status. Nevertheless,
it was not possible to clearly distinguish between a better P availability (e.g., solubilization)

or acquisition (e.g. mycorrhiza, root growth).

As no clear nutrient specific effects were observed in Exp_2 in most of the future experiments

no complete nutrient analysis was performed.
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Increased root colonization by Pseudomonades

Root colonization was analysed using semi-selective and non-selective medium to calculate
total bacteria and Pseudomonades only. A comparison of the colony shapes of common
Pseudomonas bacteria like P. fluorescens, P. putida, P. aeruginosa with other
Pseudomonadaceae like Azotobacter sp. showed that they form similar colony shapes.
Nevertheless, diverse colony shapes were observed on the NP medium indicating that the

semi-selective medium was also probably not effective to select for Pseudomonades only.

Independent of the problem of different colony shapes the taxonomical separation of the
inoculated Px strain from other Pseudomonas sp. or P. fluorescens strains is only possible by
using specific primers (Mosimann et al., 2017). Therefore, a mixture of soil Pseudomonades
and inoculated Pseudomonades is growing on the NP agarplates. Additionally, bacteria show
exponential growth rates and bacterial populations are strongly clustered and therefore single

samples might differ strongly by chance.

Nevertheless, results indicate that in Px treatment Pseudomonad population was by a factor 2
- 4 (depending on which bacteria were counted from the NP medium) higher than in the Ctrl.
Focussing only on the Px shaped colonies, per g root 2x10* CFU more were counted on Px
than on Ctrl medium. This number might represent the population density of the remaining
inoculated bacteria that were still active on the rhizoplane. Additionally, a higher number of
bacteria can be expected in the rhizosphere with the attached soil. Rz tracing results in
Exp_14 indicate that bacterial density in the rhizosphere was by factor 100 higher than in the
rhizoplane. Although Bacillus and Pseudomonas strains differ in their properties, it can be
expected that a large number of cells is passively transported into the different soil
compartments by inoculation and watering and therefore also distribution of both
Pseudomonas and Bacillus may be similar. Nevertheless, as seen in Exp_21 the Rz strain was
relatively “inert” in the soil due to its endospore form whereas the Px strain is highly
depending on environmental factors and population growth will be a dynamic process.
Additionally, Pseudomonas sp. bacteria attach to the rhizoplane due to the production of
exopolysaccharids (Dutta and Podile, 2010). Therefore, the rhizoplane may have higher Px
population densities than the rhizosphere soil. Population densities of Pseudomonades range
from 10* to 107 CFU g* soil as commonly reported in literature (Aagot et al., 2001;
Raaijmakers et al., 1997). Therefore, it is quite difficult to estimate the real survival rate of the
inoculated bacteria using rhizoplane counts. The reason for washing the roots was simply a

reduction of contamination, especially of fungal nature. For sure, no exponential growth of
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the inoculated Px strain was observed, as about 10’ CFU g soil were inoculated and
therefore the measured population density declined by the factor 1000. That would still be 10
times higher than an estimated factor for comparison of rhizoplane and rhizosphere.
Furthermore, it is unclear if those additional bacteria are Px bacteria or other Pseudomonades
that were enriched due to the Px product application. As further discussed in 4.1.4.2 the Px
product with its milk power-like formulation is a prebiotic that also might stimulate natural

soil microbial population.

Due to the inaccuracy and inexactness of the method, the analysis of Px root colonization was

skipped in most of the later experiments.

Glucose treatment

Glucose treatment in general had little effects on plant growth. Nevertheless, three
interactions were observed during statistical analysis. In the BFDC treatment the addition of
glucose led to an increase in the plant height 56 DAS, in the P_Ctrl glucose significantly
increased the stem diameter in repeated measurement analysis whereas in the Ctrl treatment
fine root length was increased. In the case of BFDC, the glucose treatment was reducing the
negative effects of the BFDC treatment, indicating that the natural soil microflora might have
stimulated plant resistance mechanisms. For the Ctrl treatment the observed plant growth
stimulation was also correlated with an increase in the microbial population. Glucose
treatment increased the natural population of total bacteria (Stll medium) and of the
Pseudomonades (also Px shaped colonies only). Results indicate that the carbon source was
able to increase the number of plant-beneficial soil microbes. Possibly the amount of glucose
was too low to cause strong effects of growth promotion. Nevertheless, as later on observed in
in vitro studies glucose is a relatively bad nutrition for Pseudomonades like Px as compared to
full nutritional sources like milk-powder. Indeed the addition of milk-powder to the soil
caused much stronger effects as discussed in 4.1.4.2.

3.3.1.4.2 Ciritical reflexion of the methodology

Plant height and leaf length

In Exp_2 also measurements of leaf length from all plant leaves was performed regularly.
Nevertheless, the measurement of the total leaf length did not reveal additional information to
the plant height measurements. Pearson-product correlation between the total leaf length and
the PH (length of the longest leaf) showed high correlations with p > 0.9 and p-values < 0.001

for all measurement times. Also stem diameter and leaf length were similarly well correlated
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with p > 0.8 (56 DAS r? = 0.70, indicating that 70% of the variance in stem diameter could be
explained by the measurements of the leaf length). Therefore, no measurements of total leaf
length were performed in future experiments. As stem diameter was found to be more
sensitive to P-supply and the Px effects they were sometimes added to the measurements of
the length of the longest leaf (later on termed plant height (PH)). Nevertheless, because it is
difficult to regulate the pressure caused by the calliper on the stem tissue standard deviations
are often high and biases sometimes resulted in negative growth rates between two

measurements (Figure 3-9).

Correlation of plant height and biomass

Exp_2 also showed a good correlation between the trends observed during pre-harvest
analyses and the harvest results for root and shoot biomass. Therefore, these measurements
were also later on used as indicators for BE and treatment effects and if possible plants were
harvested when treatment effects were most pronounced. Nevertheless, in many experiments
BE effects were observed only during early plant development and vanished in the course of
the experiment. In the field, where pre-harvest BE effects never could be observed, vanishing
of effects during plant development was observed for different fertilization regimes, showing

the potential of maize to adapt to and compensate for suboptimal growing conditions.
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3.3.2 Combination of PGPRs and seaweed extracts (Exp_3)

3.3.2.1 Introduction Exp_3

Exp_3 was conducted as a screening for the potential
of different seaweed extracts to promote the efficacy
of Px application leading to synergistic effects on
maize plants. Exp_3 was conducted after the first
promising results from the in vitro tests on prebiotic
activities (3.3.3.4). As the Px strain reacted very
specific to different seaweed products and different
concentrations in the incubation solution and there
was no reference for the question if concentrations
used in the incubation solution during the in vitro
experiments could be a basis for the calculation of
application rates in soil substrates, at first three
different concentrations and products were screened
for toxic or negative effects of the products.

As the amount of variants was already difficult to
handle in large scale pot experiments, no separate

SWE (without Px treatment) treatment was conducted

Table 3-9 Treatments Exp_3 (A)

Trt_Nr Treatment c(soil) c(susp.)
1 Ctrl / /
2 Px / /
3 AV -1 0.1 2
4 AV -2 0.01 0.2
5 AV -3 0.001 0.02
6 Af -1 0.1 2
7 Af -2 0.01 0.2
8 Af-3 0.001 0.02
9 AVZM -1 0.1 2
10 AVZM -2 0.01 0.2
11 AVZM -3 0.001 0.02
12 ECO-1 0.1 2
13 ECO -2 0.01 0.2
14 ECO-3 0.001 0.02
15 PPP -1 0.1 2
16 PPP -2 0.01 0.2
17 PPP -3 0.001 0.02
18 SF-1 0.1 2
19 SF -2 0.01 0.2
20 SF-3 0.001 0.02

All treatments except Ctrl treated with
0.02% (w/w) Px kg soil (0.200% in

solution, 10 ml pot?); PPP

= equal

mixture of the three BE products P1, P2
and P3; conc. in soil or suspension (%
w/w or w/v) with 5 ml 100 g-1 dry soil

in this experiment. Additionally, the treatments were reduced to only one concentration for

each SWE in the main experimental phase after the transplanting of the plants into bigger

pots. Experimental conditions were more controlled than in Exp_2 trying to find optimal

conditions for BE growth promotion. Therefore, standard fertilization was applied with also

low amounts of soluble P fertilizer. This was an adaption following results from a partner
institute at the JKI Braunschweig (Eltlbany et al., 2019; Eltlbany and Smalla, 2013) that could

produce strong growth promotion effects of BEs when using additional P fertilization of the

substrates.
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3.3.2.2 Experimental design Exp_3

Exp_3 was conducted as a two-phase Tapje 3-10 Treatments Exp_3 (big pots)

experiment. It started with a pre-culture in  Trt_Nr Treatment BE Px SWE
multi-pot seed trays with small pots ! Ctrl / /
B 2 Afect Px/Af  4.52E+09 0.32
containing 150 g of substrate each (1:2 3 AV Px/AV  4.52E+09 0.32
sand:low-P soil). The experiment was 4 AVZIM  Px/AVIM 452409 032
_ _ 5 Eco PX/ECO  4.52E+09 0.32
designed as a completely randomized block 6 PPP Px/PPP  4.52E+09  0.32
design (CRB) with 20 treatments per tray 7 Px Px L17e+10  /
8 SF Px/SF 4.52E+09 0.32

and five trays as replicates (Figure 3-16). Application rates: for microbial BEs in CFU kg*

Different concentrations of six SWE were substrate; for SWE in g kg™ substrate; in total six
] o ) . ) weekly BE applications. Standard fertilization (67 mg
tested in combination with the microbial N, 33 mg P, 100 mg K, 33 mg Mg kg™ substrate); r = 5

BE Px (Table 3-9). Two seeds per box were sown that were reduced to one plant after
emergence. BE applications (Px and SWE) were done directly after sowing at the same day
and 12 DAS whereas all SWE treated plants were additionally Px treated. 21 DAS plants were
transplanted to bigger pots of 1.9 kg substrate using the KH(W) soil (Figure 3-17). Before
transplanting plant size of the different treatments were checked for significant differences.
As no difference between different dilutions of SWE treatments were found, the median of all
plants treated with the same SWE was calculated and five plants were picked, that were
closest to the treatment median. By this, biases due to natural variation of seeds decreased and
the amount of treatments was reduced to eight treatments, only differing in the type of applied
BEs. From 22 DAS four additional weekly applications of Px and SWE were done with the
last application 44 DAS, using 10 ml of 1 % (v/v) SWE suspension and 5 ml 1 % Px solution,
whereas the last three weeks Px treatment was done only in the treatment 7. Table 3-10 sums
up the total amount of Px and SWE applied during the experiment. Pots were placed in a CRD
design and were rotated regularly during watering. 56 DAS plants were harvested. For tracing

of Px rhizosphere soil samples were taken by collecting soil adhering to the roots using sterile

gloves.

Figure 3-16 Completely randomized block design Exp_3; 20 treatments with 5 replicates blocked in racks
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3.3.2.3 Results Exp_3
3.3.2.3.1 Pre-cultivation phase
Germination rate was almost 100 % in all treatments and no significant effects of the different
SWE on plant emergence could be observed. Nevertheless, all BE treated
pots showed a higher average emergence rate than the Ctrl treatment. 5
Similar results were obtained during the pre-cultivation phase. No
significant differences among treatments could be observed, although
plant height measurement 14 DAS showed that all BE treated treatments | p
performed slightly better than the untreated Ctrl. 21 DAS plants were &8 ‘
transplanted into bigger pots. As no effects due to different application

rates were observed, 15 plants from one SWE treatment were reduced to

Figure 3-17
Transplanting Exp_3

the overall amount of pots per treatment. 22 DAS plants were BE treated. Root and shoot

five plants selecting the plants nearest to the treatment median to reduce

weight of plants that were not transplanted but harvested 21 DAS did not significantly differ
among treatments. Additionally, no tendency for better plant performance in the BE

treatments could be observed at this time (see Figure 3-18).

3.3.2.3.2 After transplantation
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Figure 3-18 Results pre-cultivation and pre-harvest Exp_3; Plant height in cm 21 DAS (A), shoot and root DW 21
Das (B+C) (plants from Px treatment were all used for transplanting and therefore no data are available here),
Plant height in cm 55 DAS (D); Means + SE
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29 DAS plant height of BE treated plants, except for Ecolicitor (ECO), was significantly
higher than height of Ctrl plants. This difference was also found 41 DAS as well as for the
stem diameter 41 and 48 DAS. 55 DAS these differences decreased (Figure 3-18 D).

3.3.2.3.3 Harvest

o |
g
~ ','.

]

| /l

h,

)

a
" e g

4 | b - X " 3
Af - AV ' Px == SF I 4

Figure 3-19 Plant growth in Exp_3 (55 DAS); Again no visible difference among treatments
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Figure 3-20 Results Exp_3 at harvest (56 DAS); Shoot (A) and root (B) DW in g, root length in m from scanning of
subsamples (C) and whole root scanning (D); Means + SE; for root DW one outlier reduced (lowest value of the
Ctrl treatment); root scanning data square root transformed to achieve normal distribution
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Plants were harvested 56 DAS. Analysis revealed a significantly increased shoot dry weight
for all BE-treated plants with an average increase of 38 % whereas no significant differences
among the BE treatments could be observed. Similar results were found for the root dry
weight whereas the ECO treatment had slightly less effect and did therefore not differ
significantly from Ctrl treatment. Root length analysis was first performed only with
representative subsamples of the roots (5-10 g root FW). Results indicated a tendency for
improved root growth for all BE treatments with the largest roots in the SF treatment showing
55 % more root length than the Ctrl. Due to the high variation and the uncertainties and biases
that are coming with a subsampling of roots total root scanning was performed for the most
promising treatments AVZM and SF. The results showed that the roots of both BE treatments
were significantly larger than the Ctrl roots with an average increased root length of more
than 60 % (Figure 3-20).

3.3.2.3.4 Microbial analysis

In two pre-tests 1 g of a Ctrl soil sample and a freshly inoculated soil with Px suspension were
extracted using 25 ml of two alternative extracting agents (10 mM CaSOs and 0.2 % tetra-
sodium pyrophosphate) (Liu et al., 2010, p. 201). Additionally, centrifugation of the soil
suspension at 300 rpm for 15 min was tested to reduce contaminations from non-target

microbes. Various serial dilutions were plated on NP medium.

Figure 3-21 Fluorescence by Pseudomonades; Colonies on NP medium (KB + antibiotics), fluorescence was
induced using a simple UV lamp; suspensions from non-inoculated Ctrl soil (A) or inoculated with Px (B)

Centrifugation seemed to reduce contamination but also the cell number of Pseudomonads

and was therefore skipped in a second test. In both tests pyrophosphate extraction seemed to
be less efficacious for microbial extraction due to decreasing cell number as compared to the
CaSOs extracts and increasing biofilm formation, making colony counting more difficult.
Although CaSOs extracts showed better extraction efficiency and promoted a separation of
colonies the recovery rate from soil was only about 4 - 6 % of the inoculum. Additionally, cell
numbers in the Ctrl treatments already varied from 10° — 10° CFU g soil with a high

standard deviation. To better distinguish P. sp. “Proradix” from other Pseudomonas strains
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the fluorescence of the colonies from Ctrl and Px treated soils was compared using a UV light
source. By this method a distinction between different species was not possible due to varying
colour and intensity of the fluorescence. Because of these uncertainties in the method as well
as a lack of difference for plant growth stimulation between different SWE and the Px single
inoculation a further tracing in the other treatments was omitted. At this time point the Px-
specific RT-qgPCR method was not established in our laboratories and therefore only analysis

from the 2014 field experiment were analysed by this method at FiBL institute in Switzerland.

3.3.2.4 Discussion Exp_3

Px but not seaweed extracts promoted plant growth

During the first growing phase in the small pots no significant differences among treatments
could be observed. Therefore only one concentration per SWE treatment was kept to continue
the experiment after transplantation of the plants in bigger pots. By using the pre-test plants it
was possible to proceed faster to the next step of testing the products in bigger pots. No
significant differences among the different SWE treatments were observed. All SWE extract
treatments showed similar results to the Px single treatment suggesting that Px was acting in a
similar way in all treatments. Some variation was observed for the root length, but due to the
extremely big roots only “representative” parts could be scanned for all treatments. For whole
root scan AVZM and SF were picked because they are produced by different companies and
from different seaweeds. Additionally, their composition (Table 2-1) and the reaction of the

Px strain in in vitro experiments (3.3.4.3) differed strongly among those two SWE.

Although first root scan indicated a lower root length in the AVZM treatment as compared to
SF, in the second scan of the whole root the length of both treatments was almost equal. This
result fits well to the often observed correlation between root weight and root length. As none
of the BE treatments differed significantly from other BE treatments in root DW it can be
assumed that also the root length of the other SWE treatments as well as the Px single

treatment was similar to the SF treatment.

That the effects on the plant were obviously independent of the nature of the applied SWE
further suggests that no synergistic interaction between a specific SWE and the Px product
occurred. This aspect is further discussed from 4.3.2.2 on.
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3.3.3 Combination of PGPRs and seaweed extracts (Exp_10)

3.3.3.1 Introduction Exp_10

Exp_10 was directly referring to Exp_3 testing again seaweed extracts and their potential for

synergistic effects with Px. Nevertheless, various aspects were changed to test further

hypotheses and to make experimental conditions more similar to field conditions:

1.

To investigate the mode of action of the BE treatments additional Ctrl treatments were
included with different levels of fertilization. Here it was hypothesized that the BE
treatments will compensate for the lower fertilization rates by improved root growth and
therefore improved nutrient acquisition.

As the Px single inoculation provoked similar responses in the maize plants as compared
to the combined applications of Px and SWE extract the question remained in how far
SWE extract application alone may contribute to the plant growth promotion. Therefore
treatments with single application of SWE were included, whereas treatments were
reduced to the two SWE showing best results in Exp_3.

Px was applied only once, similar to the conditions in the field. Additionally, the
application was postponed to the time of plant emergence to ensure a high inoculum rate
for the growing root.

Bigger pots and an additional underfoot placement of ammonium-phosphate were used to

simulate field conditions.

3.3.3.2 Experimental design Exp_10

For Exp_10 a 1:2 mixture of the Ba:KH(a) soil was
used. This soil mixture was again mixed with sand in
a 1:2 ratio. In comparison to Exp 3 BE
concentrations were drastically reduced to make a
comparison to the field experiment 2014 possible
(Table 3-11). Three control treatments with different
fertilization levels were used to test the ability of the
BEs to compensate for lower fertilization rates (Table
3-12). Directly before sowing a fertilizers placement

was performed to mimic field conditions by applying

Table 3-11 Treatments Exp_10

Trt_Nr Treatment Px SWE
1 Ctrl / /
2 Std_Ctrl / /
3 P_Ctrl / /
4 Px 6.67E+08 /
5 Px/SF 6.67E+08  0.011
6 Px/AVZM  6.67E+08  0.010
7 SF / 0.011
8 AVZM / 0.010

Application rates: for Px in CFU kgt
substrate, one application 10 DAS; for
SWE in g kg substrate per each of two
applications 10 and 17 DAS; r=5

a solution of mono-ammonium phosphate with a pipette in 5 — 10 cm depth in the centre of

the pot. Three seeds per pot were sown that were reduced to one plant after emergence. First

application of BEs was done 10 DAS when plant roots were already established by pipetting
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30 ml of suspension on the soil surface near the plant.  Table 3-12 Fertilisation Exp_10

A second application of the SWE was performed on _Treatment N P K Mg

Kl " ¢ olant height and Ctrl 0 / 74 23
week later. Weekly measurement of plant height an p_Ctrl 0 47 74 23
stem diameter as well as SPAD measurements 38 DAS, Std_Ctrl 77 47 100 33

All values as mg kg™ substrate. All BE
treatments fertilized like Ctrl. All
scans were done for treatments 1, 7, and 8 only. treatments were additionally fertilized
with a solution of MAP (20 mg P, 9 mg
NHs-N) as underfoot placement

were performed. Plants were harvested 52 DAS. Root

3.3.3.3 Results
In contrast to Exp_3, weekly measurements of stem diameter and plant height did not reveal
strong differences among treatments. Nevertheless, from 27 DAS on plant height of BE

treatments was generally higher than in

the Ctrl treatment and on the same level
with the Std_Ctrl and P_Ctrl treatment.
31 and 38 DAS significant differences |
between the Ctrl and the SF treatment Bk‘

showing the highest average plant size ;' ‘ r’w ﬂ“

T4, ey

contrast, SPAD measurements indicated
that SF had the lowest average N Figure 3-22 Plant habitus Exp_10 (52 DAS)

content in leaves indicating a shoot growth simulation without improved nutrient acquisition.
As plants were growing rapidly, they were harvested already 52 DAS. Analysis of the shoot
fresh weight indicated for the first time significant differences between the Ctrl and the
Std_Ctrl treatment with higher fertilization rates. All other treatments did not significantly
differ from each other. The difference between Ctrl and Std_Ctrl for shoot dry weight was not
significant anymore. Root dry weight did not differ significantly among treatments, mainly
due to a high standard deviation, even though all BE treatments showed higher root weight
than the Ctrl with an average growth improvement of about 24 %, similar to the Std_Citrl.
Largest roots were found in the P_Ctrl treatment with 40 % more root biomass than the Ctrl.
As standard deviations were high and roots were already too big to make whole root scanning

feasible, no root length analysis was performed.
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Figure 3-23 Results from Exp_10; Shoot height in cm 38 DAS (A), SPAD values 38 DAS (B), shoot (C) and root (D)
DW in g pot}; Means + SE; Letter display reflects results from One-Way-ANOVA

3.3.3.4 Discussion Exp_10

Exp_10 was conducted to reproduce the effects observed in Exp_3 under more applied
conditions. The strong effects of Exp_3 could not be reproduced although all BE treatments
showed some tendency for growth improvement as compared to the Ctrl. Additionally, no
strong differences were observed between different fertilizer regimes. Interestingly, only root
weight seemed to be improved by higher fertilization rates. SF was improving shoot growth
without an increase in root growth. Additionally, N status, as analysed by SPAD
measurements, was decreased in the SF treatment. Results suggest that SF was stimulating
plant growth without improving nutrient acquisition, probably by hormonal activity, e.g.
cytokinin-like shoot growth stimulation (Craigie, 2011; Sangha et al., 2014), thereby reducing

root-shoot ratio.

Loss of BE effects after changing experimental conditions

Results showed that the applied changes in conditions were reducing effectiveness of the BEs.
In Exp_10 many experimental factors changed so that the analysis of possible reasons for the
non-effectiveness of the BE treatments is difficult. Nevertheless, the experiment is a perfect
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example for the multiple uncertainties on the way to establish a successful application and re-
production of beneficial effects when working with BEs. Various reasons for the lack of

effects are possible:

1. The inoculum rate was too low. This is indeed a realistic assumption keeping in mind the
high inoculum rates in Exp_2, Exp_3, Exp_11 and Exp_14 in which major effects were
observed but the relatively small effects observed in the field experiments or publications on
application of the Px strain in barley (Buddrus-Schiemann, 2008).

2. The inoculation happened to late. This is also supported by the results from Exp_18
(Brecht, 2015) in which single application of Rz directly at the time of sowing (Rz_single)
had better effects for growth stimulation than the two applications one and two weeks after

sowing (Rz_triple).

3. Underfoot placement of ammonium-phosphate is certainly a strong boost for the plant
development that may interfere with BE effects on the maize plant. This is also supported by
the results from field experiments in 2015 in which plants developed faster when they were
supplied with additional P sources at the time of sowing (visual evaluation). Here urea
fertilized treatments were delayed in their development even though this delay did not

negatively affect yield at the harvest several month later.

4. As the bulk soil density was higher in Exp_10 than in Exp_3 due to the different soil
substrate, it is possible that the Px inoculum did not percolate perfectly into the substrate to
reach the plant roots. This might also be a reason for the lack of effects in Exp_19 (Cona
Caniullan, 2017) whereas here seeds were inoculated to ensure Px penetration at least during

the early plant development of the root.

5. The soil substrate was not optimal for Px establishment or nutrient status in the substrates
was too high. This is supported by the fact that also the P_Ctrl and Std_Ctrl with higher
fertilization rates did not significantly differ from the Ctrl treatment. Additionally, the amount
of substrate is largely influencing the outcome of an experiment. In field experiments early
effects of different fertilization rates and also micronutrient supply often vanished during the
season due to the unrestricted root growth and therefore high overall nutrient availability (as
seen in many experiments during the Biofector project).
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3.3.4 Invitro tests on prebiotic activities

In vitro tests were performed following recommendations of the product providers to test
different seaweed extracts (SWE) for their prebiotic properties, for example stimulation of

bacterial or fungal growth, and to screen for potential product combinations.

Products tested were sent by the companies BioAtlantis (test products 1 — 3, SF and ECO) and
Agriges (AV, AVZM, Af). Tests were done after pasteurization of SWE products as
recommended by the company BioAtlantis (personal communication with S.
Krishnamoorthy, 2014).

The pasteurized products were diluted and either directly incorporated in growth media or

used for incubation experiments with bacterial BE strains.

3.3.4.1 Influence on Trichoderma harzianum

ECO SF
Ctrl
0.06% 0.05%
P1 P2 P3
0.25% 0.04% 0.1%
Af AV AVZM
0.1% 0.1% 0.1%

Figure 3-24 Trichoderma growth on PDA
medium; Pictures show agar plates with
Trichoderma harzianum (TP) mycelium
spreading radial from the centre of each
agar plate (A/B). Four replicates of nine
treatments are shown. Different seaweed
extracts were added to PDA medium in the
given concentration (C). TP mycelium was
inoculated via a cube of mycelium-covered
PDA in the centre of each agar plate.

Tests with the T. harzianum strain (TP) were done with SWE-treated PDA growth medium. It
was investigated if mycelium growth was promoted or delayed / inhibited by the incorporated
SWEs. Concentrated SWE (2% SF in the medium, Figure 3-24 A (right)) was inhibiting

fungal growth whereas at lower concentrations, as recommended by the company BioAtlantis,
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no strong differences among treatments were observed (Figure 3-24 B). Only for the
treatments Af, AV and AVZM some growth reduction was observed. The area covered with
mycelium was always lowest. Nevertheless, no clear recommendations were given from the
product provider Agriges and therefore similar concentrations as for the other products were
chosen. Differences in the appearance of the mycelium could not be linked to SWE
treatments. Experiments on Trichoderma were not continued later on as differences were not
strongly pronounced as for the Px product and the TP product did not show good plant growth

promoting properties in the pot experiments.

3.3.4.2 Influence on Bacillus strains

Figure 3-25 Prebiotic tests on B. simplex and B. amyloliquefaciens; Plating on LB medium after incubation for
4hin 2.5 mM CaS04 with 2 % SWE; Bsim (A) + Rz (B); r=3: only one of three replicates shown in the pictures

For the Rz strain no significant influence of SWE was observed. Interestingly, the Bsim strain
reacted more specific and sensitive to the different seaweed extracts. Product P3 (Figure 3-25
A) had a toxic effect on the strain, seen on all of the three replicates. A repetition of the

experiment (pictures not shown) showed the same results.
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3.3.4.3 Influence on the Px strain

A

AV AVZMN

Figure 3-26 Prebiotic tests on Pseudomonas sp. “Proradix”; Plating on NP medium after incubation for 4h in 2.5
mM CaSOas with 2 % SWE (A) or 0.1 — 0.4 % SWE (Af, AV + AVZM 0.4 % SWE in medium, others 0.1 %)(B); r=3

Most distinct effects were seen for the Px strain. At high concentration the products ECO, SF,
P1, Af, AV and AVMZ had toxic effects on the strain, not only inhibiting growth but
obviously killing bacterial cells, whereas the P2 and P3 products showed strong, growth
promoting, prebiotic effects leading to an exponential growth of the bacteria. Especially P3,
that was toxic to the Bsim strain, was best performing for the Px strain (Figure 3-26 A). With
decreasing concentrations (0.1%) also the product P1 became beneficial and growth

promoting (Figure 3-26 B).

Figure 3-27 Prebiotic tests on Px strain (low concentrations); Plating on NP medium after incubation for 4h in
2.5 mM CaS04 with 0.01 % SWE (A) or 0.001 % SWE (B); agar plate in the centre shows the CFU at time 0 before
starting of the incubation; cluster on the agar plates of P1 and P2 due to condense water drops; small grey dots

on agar plates of P2 or Af — AVZM are air bubbles in the medium not colonies; r=2
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After further decreasing the concentration in the incubation medium the beneficial effects of
P1 — P3 decreased and vanished completely at a concentration of 0.001% whereas the SWEs
SF and Af became beneficial (Figure 3-27). At a rate of 0.01% SF showed similar prebiotic
effects like the P1 - P3 products at a 10 times higher concentration (about 4 - 5x10° CFU ml-

1. These numbers of CFU were about 10 times higher than the CFU before incubation.

Figure 3-28 Comparison with other “prebiotic” compounds; Plating on NP medium after incubation for 4h in 2.5
mM CaS04 with 0.1 % SWE / glucose (Glc) (A) or different concentrations of SWE and milk powder (MP) (B);
Concentrations in (B) are given as negative power of ten (e.g. MP-2 = MP at concentration of 102 (0.01 %).

A comparison of the products with glucose or milk powder showed that the SWEs had much
better prebiotic effects than pure glucose (Figure 3-28 A). Nevertheless, the usage of milk
powder showed similar effects like the best performing SWEs at all tested concentrations. As
SWEs performed differently depending on the concentration, P3 was replaced with SF at low
concentrations. The agar plates in the first picture are the three replicates for each of the
treatments. Here it is visible that the standard deviations were relatively low in comparison to
the effects and therefore only a low number of replicates was accepted as sufficient for the

analyses.

Results from statistical analysis for all experiments with the Px strain is given in Figure 3-29

on the next page.

103



3 Results - BE combinations
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100 -
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1 - . . . [0.001%
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12 C mO0.1%
6 - m0.01%
4 - 00.001%
2 1 i I i J - [0.0001%
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Ctrl ECO SF P1 P2 P3 Af AV AVZM
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20 | E
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5000 - %2 .
4000 - 12 -
3000 - 10 1
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0 - 2]
QoS o0 o™ ¥ o? 2° o> VP Q QBN D DN A D
. CFFFF I &9 CEEEEE T & &
CFU ml':l TO Ctrl ECO SF P1 P2 P3 Af AV AVZM
2% NA 157 30 0 0 ~10000 ~30000 0 0 0

0.1% 540 80 e 540 d 1237 c 5320 a 3973 b 6080 a 570 d O NA O NA
0.01% 540 17 e 20 e 4925 a 1770 b 1695 b 1290 bc 1680 b 605 cd 135 de
0.001% 540 17 b 25 b 1895 a 40 b 70 b 8 b 5 b 10 b O b

0.0001% 540 17 NA 35 NA 15 NA 10 NA 5 NA 5 NA O NA O NA O NA

Figure 3-29 Prebiotic tests on Px strain (Graphs); CFU ml'* in normal (A + D) and log-scale (B) and multiple of
starting CFU at time O (C + E); data for P2 and P3 2% are estimations, no counting possible due to the high
density; Means + letter display (F) (for 0.1 % and 0.01 % after square root transformation); T0 0.01% only for Af
and Ctrl; no significant difference between SWE and MP found at any of the given concentrations
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3.3.4.4 Product combination: Screening for prebiotic activity

3.3.4.4.1 Prebiotic effects of polysaccharides

The term prebiotic (Gibson and Roberfroid, 1995), comes from the field of human medicine
and refers to substances that cannot directly be digested by humans but are fermented by the
gut flora and that can provide selective advantage for one microorganism or group of
microorganisms (Zaporozhets et al., 2014). Especially oligo- or polysaccharides are normally

falling into this category.

In our in vitro studies the different seaweed extracts showed very different effects on the
microbial strains, especially the Px strain. The P2 and P3 products are purified seaweed
extracts enriched in polysaccharides laminarin and fucoidan that seemed to be very good
nutritional sources for the Px strain. Laminarin and fucoidan are both glucan polysaccharides
found at high concentrations in brown algae. Laminarin is mainly composed of (1,3)-p-D-
glucopyranose residues whereas fucoidan is based on a-(1,2) linked L-fucose highly esterified
with sulfate (O’Sullivan et al., 2010; Shekhar et al., 2012). Studies on prebiotic activities of
seaweed extracts are mainly focussing on modulation of gut microbiomes of rats, pigs or
humans. Laminarin and fucoidan both increased abundance of lactobacilli and bifidobacteria
(Nguyen et al., 2016; Shang et al., 2016). Some studies could show antimicrobial properties
of fucoidan against the human pathogen P. aeruginosa (Fitton et al., 2015; Marudhupandi and
Kumar, 2013) but no reports on prebiotic effects on P. fluorescens were found. It was obvious
that the Px strain was able to use the P2 and P3 products as nutritional sources. For the P1
product there is no information available on which components were enriched by the
company.

3.3.4.4.2 Antimicrobial activity of seaweed extracts

Influence of different SWE extracts depended strongly on the specific microorganism. The
low responsiveness of the Rz strain can be explained by the endospore form in the product.
The prebiotic tests were one of the first experiments done in the institute and therefore
experience with the spore products was limited. With the wisdom of hindsight it is
recommended to perform the experiments with germinated B. amyloliquefaciens cells instead.
Nevertheless, in the Bsim product, also containing an endospore forming Bacillus sp. strain,
an increased sensitivity to one of the SWE was found. This is very surprising, as it was
expected that the endospores should be protected against the product. It is possible that the
product still induced toxicity after germination on the growth media. Another possibility
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would be that the B. simplex endospores germinated earlier than e.g. the Rz endospores and
therefore already suffered from the toxicity during the 4h incubation time. This is supported
by the slightly lower CFU in the Agriges products.

Also for the fungal strain only weak responses were observed but it seems that again the
Agriges products AV and AVZM had a more negative influence on the microorganisms than
the Bioatlantis products. The same was found for the Px strain. The ECO and SF treatments

were only toxic at highest concentration of 2 % in the medium.

A general toxicity of seaweed extracts at high concentrations can be explained by the high
amounts of phlorotannins in Ascophyllum nodosum (Craigie, 2011; Wang et al., 2008). An
explanation for the negative or toxic effects of the Agriges products on microbial BEs could
be the extremely high concentration of Zn and Mn in those products (Table 2-1). A dilution
of the products to about 0.1 % in the PDA medium would lead to concentrations of about 14 —
74 ug Zn g medium. Zn toxicity on Trichoderma viride was observed at concentrations of 10
mM Zn in the medium (650 ppm or 650 pg Zn g medium) whereas 1 mM Zn did not affect
fungal growth (Babich and Stotzky, 1978). Af, similar to the SF product, could “stabilize” Px
growth at a concentration of 0.1 and 0.01 % in the incubation medium. The positive effects of
the Af product could be explained by the amino acids that were enriched in this Agriges
product only. In the AVZM product the Zn concentration was about 4 times higher than in Af,
nevertheless, the AV product had similar Zn concentrations. Additionally, P. aeruginosa was
found to tolerate high Zn concentrations of 10 mM in the medium (Babich and Stotzky, 1978)
and a P. fluorescens strain was able to tolerate Zn concentrations up to 5 mM, although stress
to high Zn concentration was probably beginning already at lower concentrations between 1
and 5 mM (Alhasawi et al., 2014). Nevertheless, these concentrations are much higher than in
our experiments at 0.1 or 0.01 % SWE and therefore another explanation is more probable.
Only the AV and AVZM products contained Spirulina bacteria or extracts (concentration and
extraction method unknown). Spirulina extracts have antimicrobial activity and were reducing
growth of different Pseudomonas sp. strains, including one P. fluorescens strain, at low
concentrations of 80 to 150 ppm in the medium (EI-Sheekh et al., 2014; Pradhan et al., 2012).

The term “stabilization” is used for SF and Af because the population growth was not
strongly increased (no exponential growth in comparison to the starting time point of
incubation) but cells were kept alive although nutrient availability was as low or even lower
than in the other treatments. This effect by the Af and SF treatment is interesting because they

seem to positively affect and stabilize the population at extremely low concentrations whereas
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in the P1 + P3 products that promoted exponential growth at higher concentrations, no effect
was seen at low concentrations. Especially the SF product was, even at concentrations of
0.001%, able to act as a prebiotic. This was one of the reasons why the Af and the SF
products were used later on in the field experiment 2014. No published data on concentration
dependent prebiotic activity of specific seaweed extract compounds were found, therefore it
can only be hypothesized that the SF product contained some additional substances, possibly

with hormonal activity, that were still active at very low concentrations.

3.3.4.4.3 Prebiotic effects of the milk powder formulation

A comparison of the SWE with the milk powder-based formulation of the commercial Px
product showed that in all concentrations the formulation had similar prebiotic effects on the
Pseudomonas sp. strain than the best performing SWE. This is important because the milk
powder formulation is probably more cost-effective and certainly more convenient than the
SWE. This is also supported by the fact that the company Bioatlantis could not provide the
institute with high amounts of the P1 — P3 products as they did not yet establish a large scale
production system for these SWE. Additionally, it is of special importance, as the milk
powder formulation was shown to be able to promote plant growth without the Px strain. A

possible mechanism behind this effect is discussed in 4.1.4.2.
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3.4 BE effects on P acquisition
3.4.1 PGPRs for improved P-acquisition (Exp_4 and 5)

3.4.1.1 Introduction Exp_4 and Exp_5

Exp_4 (like Exp_5) was conducted to reproduce the BE effects observed in maize and tomato
pot experiments of a partner group at the JKI Braunschweig (Eltlbany et al., 2019). In contrast
to Exp_2, the low P soil was fertilized with a low to medium dosage of soluble Ca-P fertilizer
to improve the starting conditions in the youth development of the maize plants and thereby to
increase the probability of successful root colonization.

3.4.1.2 Experimental design Exp_4 and 5
Exp_4 and Exp_5 were conducted at the same time using similar experimental conditions as

Table 3-13 Treatments Exp_4 /Exp 5 Exp_3 (big pots) but both experiments were
Trt_Nr_Treatment Seed  Soilappl.  conducted in a neighbouring green house with less

1 Ctrl / / . . . e oty . .

5 p_Ctrl / / light intensity from artificial light. This was mainly
3 Px 1.00E+09 8.60E+09  due to a moving light source that did not provide
4 R 10009 8.60E+09 light continuously for all plants but about 5 — 10
. Re/TP 1.00E+09  8.60E+09

4.17e+07 7.17e+07  times less light intensity than in other greenhouse
1.00E+09  8.60E+09

6 Px/Rz/TP  1.00E+09  8.60E+09 _
4176407 7.476+07 L0 24°C/18°C respectively. Exp_4 was conducted

experiments. Temperature during day/night was set

BE application: 1. before sowing seed  Wwith maize whereas for Exp_5 tomato plants were
soaking for 2 min in a 2.5 mM CaSO4
suspension (ST), rates in CFU ml™t:;, 2. + 3.
soil application with 15 ml of the ST
suspension per pot 8 and 18 DAS, rates in
CFU kg™ substrate; r = 6 (P_Ctrl) with 80 mg P kg™ substrate was included

investigated. Ctrl and BE treatments were fertilized

as described in Exp_3 but a second Ctrl treatment

(Table 3-13). Three seeds per pot were sown and thinned out to one plant 7 DAS keeping the

midsize plant.
3.4.1.3 Results Exp_4

3.4.1.3.1 Plating assays

Plating of serial dilutions on agar media was performed for the application solutions to prove
the CFU rate given by the product providers. These rates could be confirmed by this test with
only minor differences (target CFU: 1x10° CFUs ml?; Px: 7.4x108 CFUs ml?; Rz: 2.3x10°
CFUs mIY). A mixture of the products did also not lead to differences in the CFU of the
single BEs. A quick bioassay was performed to investigate the behaviour of the microbial

BEs when combined for application. For this, dilutions of the Px and Rz suspensions (10°
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CFU mlY) were plated on PDA medium. Then a small agar cube cut from a PDA medium
with Trichoderma harzianum (TP product) was placed in the centre of the agar plates.

Figure 3-30 Bioassay for testing competition and co-existence of bacterial BEs; Px (left) and Rz (right) with the
fungi Trichoderma harzianum (placed in the centre using an agar cube); 24 h after incubation

After 24 h of incubation no growth of Trichoderma was observed. Px colonies were growing
everywhere but not on the cube whereas Bacillus colonies were visible everywhere around the
cube but kept a small distance of ~1 mm from the cube. Only after 12 days of incubation at
27°C in half of the agar plates fungal growth was visible indicating a competitive relationship
between bacteria and fungi but no lethal effects. This is similar to results from plating soil
suspensions. Here agar plates are normally free from fungal growth if the number of bacterial
CFUs is high whereas the opposite is observed if bacterial population is small or conditions

for bacteria are suboptimal.

3.4.1.3.2 Pre-harvest

During the experiment stem diameter and plant height measurements showed that the P_Citrl
always performed best with significantly improved plant growth as compared to the Ctrl in
most cases. Px treatment continuously showed the best results for the BEs with the tendency
for growth improvement as compared to the Ctrl whereas the Rz treatment showed
detrimental effects on plant growth leading to significant differences between Px and Rz
treatment. The double and triple inoculation did not show clear trends in comparison to the
Ctrl. All treatments, except the P_Ctrl, showed similar symptoms of leaf chlorosis indicating
P-deficiency of maize plants.
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3.4.1.3.3 Post-harvest
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harvest analysis of Exp_4; Shoot DW (A) and root DW (B) in g; root length in m (C),

Figure 3-31 Results from post

mycorrhization rate in % (D), shoot P concentration in mg g’ DW (E), P content in mg shoot™ (F); Means +SE

Shoot DW and root DW 47 DAS differed significantly among treatments whereas for both

ghest followed by Px treated plants.

measurements similar trends were observed. P Ctrl was hi

Plants of the double and triple treatments grew slightly better than the Ctrl plants whereas Rz

plants showed reduced growth as compared to all other treatments. Px treatment was the only

Ctrl and Px plants

treatment in which shoot DW did not differ significantly from the P

performed significantly better than Rz plants. Root length was improved by Px and Rz/TP

treatment as compared to Ctrl. Phosphorus analysis in shoots showed exactly opposite results

as observed for the shoot DW and therefore increased plant weight correlated with reduced P
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shoot concentration leading to similar shoot contents for all treatments, although P_Ctrl plants
had a slightly higher P content than the other treatments.

Figure 3-32 Mycorrhizal structures in maize roots after staining with blue ink as described by Vierheilig et al.
(1998); External hyphae and arbuscles (left) and vesicles (right)

Mycorrhiza analysis could confirm intense maize root colonization by AM fungi with clear

visual identification of mycorrhizal structures such as arbuscles, vesicles and hyphae. In the
P_Ctrl mycorrhizal infection was lowest, as expected from results from literature, but not
strongly reduced. Nevertheless, no clear BE effect on mycorrhization could be observed even

though in the Px treatment the mycorrhization rate was slightly increased.

Both the low P contents and the relatively high mycorrhization rate suggest that the additional
P-fertilization in the P_Ctrl was not completely sufficient for optimal plant growth.
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3.4.1.4 Results Exp_5
Exp_5 was conducted under exactly the same conditions as Exp_4 but tomato was

investigated instead of maize.

3.4.1.4.1 Pre-harvest
Measurements of plant height, total leaf number and plant developmental stages (BBCH)

during the course of the experiments did not show strong differences among treatments.

P ctrl = HrRE T Rrytel ™ Px/Ry/ TP
Figure 3-33 Plant habitus Exp_5 (55 DAS)

Even the P_Ctrl treatment did not always differ significantly from other treatments suggesting
other growth limiting factors (see Figure 3-34). Symptoms of leaf chlorosis suggest K
deficiency. Counting of the number of flowers per plant in the late stages (56 DAS) showed
some more pronounced difference between Ctrl and P_Ctrl, with about 50 % more flowers in
the P_Ctrl. Similar trends as in Exp_4 could be observed for the BE treatments with the Px
treatment generally having the best performance with the exception of the number of flowers.
Here the triple treatment had the highest average number (~20 %). No significant difference
between Ctrl and BE treatments could be

observed.

3.4.1.4.2 Post-harvest

Shoot DW was highest in the P_Ctrl but did not
significantly differ to the Ctrl. The second
highest shoot weight was found in the Px
treatment. Lowest values were found for the Rz
and Rz/TP treatments that differed significantly
from the P_Ctrl. Root DW did not differ
significantly among treatments but was highest

Figure 3-34 Chlorosis in P_Ctrl plants Exp_5 (47 DAS)

in the Px and Ctrl treatments and lowest in the double and triple treatments. Nevertheless, root
fresh weight of the P_Ctrl plants was much higher than root weight in the other treatments
suggesting an error in the dry weights. This is supported by the results from measurement of
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plants. Ctrl plants had the second longest

increased in the P Ctrl

root length that also was

roots.
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Figure 3-35 Results from post-harvest analysis of Exp_5; Shoot DW (A) in g; root length in m (B), shoot P

(D); Means +SE

were highest followed by the Rz treatment with the smallest plants.

DW (C) and P content in mg shoot

concentration in mg g*

P concentrations

in P_Ctrl

P contents per plant did significantly differ between P_Ctrl and all other treatments whereas

all other treatments had almost equal contents. In contrast to the strong mycorrhization

observed for the maize plants in Exp_4 no mycorrhizal structures could be found in any of the

tomato roots.

Figure 3-36 Pictures from tomato roots Exp_5 after staining with ink; no mycorrhizal structures could be found
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3.4.1.5 Discussion Exp_4 and 5

Experiments at JKI Braunschweig

During experiments in the working group of Cornelia Smalla at the research institute JKI
Braunschweig (Eltlbany et al., 2019) strong growth promoting effects were observed with
more than 100 % more biomass in the Pseudomonas jessenii (Pj) and Rz treated maize and

tomato plants as compared to the Ctrl (Figure 3-37).

To find out which conditions caused these tremendous effects, growth experiments were
conducted applying similar conditions as at JKI. Due to a misunderstanding during the
correspondence with the JKI working group, fertilizers were calculated per kg of soil whereas
at JKI fertilization was calculated based on kg of substrate. Therefore only 66 % of the
fertilization rates used at JKI where applied in Exp_4 and Exp_5. Additionally, sand contents

were lower than at JKI.

Figure 3-37 Growth promoting effects observed at JKI Braunschweig

Exp_4 (maize)

The results in Exp_4 did strongly differ from those at JKI. For the Px treatment at least
similar trends were observed whereas Rz had little or negative effects on plant performance.
The less pronounced effect of the Px treatment could possibly be explained by the difference
in fertilization. As later on seen in Exp_11 and Exp_14, this cannot be the only explanation
for the Rz treatment as adapting the fertilization rates to those applied at JKI did not lead to a
reproduction of the effects seen for Rz.

In Exp_2, 3 and 4 fertilization rates and substrate mixture were the same. A comparison of
Exp_2 and Exp_4 shows that the difference between the Ctrl and the P_Ctrl treatment was
much more pronounced in Exp_2. Both experiments had similar fertilization rates and also the
P_Ctrl was fertilized in the same way. The additional N fertilization in Exp_2 was applied

very late and no N deficiency symptoms were seen in Exp_4.
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Furthermore, comparing the plant heights from the three experiments it can be seen that plants
were much higher in Exp_4. In Exp_2 plant height in the Ctrl treatment 49 DAS was about 78
cm and in Exp_3 plant height 55 DAS was about 85 cm whereas in Exp_4 plant height was
abut 110 cm already 47 DAS (data not shown). At this time point in Exp_4 no difference
between the P_Ctrl and the other treatments were observed.

This suggests that first, some other factor was limiting the growth of the P_Ctrl plants and
that second, something was inducing an increased growth of maize plants. Tomato plants
from Exp_5 growing in the same climate chamber as maize plants from Exp_4 also showed
an intensified length growth suggesting that the light conditions were suboptimal for both
plants. In general, plants in the greenhouse or climate chamber experiments were growing
much thinner and higher than in the field. But here an additional factor plays a role. It was
observed that larger pots also increase stem diameter and decrease plant height. A previous
study showed that the two environmental factors low-light intensity and neighbouring plants
are leading to a stem elongation in Arabidopsis thaliana via a change in auxin production or
sensitivity to auxin signalling (Hersch et al., 2014). The environmental signals for both factors
are perceived as changes in the red to far red light (R:FR) ratio. In pot experiments plants are
normally closer together than in natural environments and plants may therefore exhibit
different growth properties but also the mechanical sensing of the pot by the growing root
might be a signal for triggering changes in plant growth (Chen et al., 2012; McConnaughay
and Bazzaz, 1991). The influence of light on BE-plant interaction is discussed separately in
4.3.3.

No synergistic effect for BE product combinations

The double or triple treatments, combining different BE products, did not result in synergistic
or accumulative effects. With the exception of P uptake the combined BE application was less
effective than the Px single treatment. A more detailed discussion on BE product

combinations and comparison with results from literature is given in 4.3.2.

The results did also not indicate that the BEs were acting as mycorrhiza helper bacteria
(MHB) (Frey-Klett et al., 2007; Garbaye, 1994). The potential of the Px and Rz strain to
improve mycorrhization was shown when mycorrhizal inoculum was added in the experiment
(Yusran et al., 2009), nevertheless in our experiment this effect could not be reproduced for
the natural mycorrhiza. The only clear difference between treatments was observed for the

P_Ctrl that showed a reduced mycorrhization as compared to all other treatments.
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Exp_5 (tomato)

Similar to Exp_4 the BE effects observed at JKI could not be reproduced. Additionally,
tomato plants were inhibited in their growth by all BE treatments except Px. In Exp_5 the
P_Ctrl plants were more strongly growth promoted than in Exp_4, but still other factors,
probably also other nutrients such as K, were limited so that the full growth potential of the
P_Ctrl plants could not be reached. This is strongly supported by the fact that the P
concentration was strongly increased in P_Ctrl and that the plants were not able to use the P

for biomass production.

Simultaneously to Exp_4 and Exp_5, negative effects by the BES on maize growth were
observed in another experiment of the working group (Kuhlmann, 2014). In this experiment
the C-loess subsoil, containing mainly Ca-phosphate with low P availability, with additional
P-fertilization as rock phosphate, was used. It was hypothesized that soluble P was strongly
limited, leading to a competition for the nutrient between microbes and plant (Zhang et al.,
2014). Although P immobilized by rhizobacteria in the form of microbial P is continuously
remineralized, the growing root might not be able to take up this P as mature root tissues
show less capacity for nutrient uptake (Marschner et al., 2011). Additionally, a rapid growth
in the first days after application may increase immobilization. It was also observed that
PGPR density often rapidly declines after application suggesting a remobilization of P from
Pmic. Nevertheless, also P mineralisation is strongly repressed if C:P (carbon:phosphorus)
ratio are to high (Zhang et al., 2014). Starter fertilization of soluble P or ammonium

fertilization (4.3.4) are possibilities to decrease C:P ratio in the soil solution.

Interestingly, it was recently shown that Bacillus amyloliquefaciens inoculation in soils
reduced abundance of protist — that act as predators of other microbes — thereby possibly

decreasing cycling and remobilization of nutrients in the soil (Xiong et al., 2018).

Other explanations for negative plant-microbe interactions might be the additional stress for
the plant, e.g. by triggering defence responses (“bad timing”, see 3.11.5.3.2 and 4.1.6.3) and
the trade-offs for assimilates commonly observed for plant-microbial interactions. This is

further discussed in 4.3.3.
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3.4.2 PGPR effects under various P-fertilization rates (Exp_7)

3.4.2.1 Introduction Exp_7

In both previous tomato experiments (Exp_5 and Exp_6, see 3.4.1.4 and 3.5.1.3) standard
deviations were high, leading to non-significant results for treatment comparison. Therefore
in Exp_7 a pre-cultivation period was included to have equally sized plants for investigation
of BE treatments. Additionally, different P levels were tested in combination with BE

treatments to investigate optimal conditions for maximal BE effects.

3.4.2.2 Experimental design Exp_7

Tomato plants were pre-cultivated in a commercial Table 3-14 Treatments Exp_7

propagation substrate “TKS1 Instant Plus Aussaat _Trt_Nr Treatment  Rate Total
S ) . 1 Ctrl_50 / /
und Pikieren" (Floragard Vertriebs GmbH fir ) Rz50  5.00E409 2.00E+10
Gartenbau, Oldenburg, Germany), composed of 100% 3 Px_50  5.00E+09 2.00E+10
peat fertilized with plant available mineral fertilizers 4 Ctrl_80 / /

5 Rz_80  5.00E+09 2.00E+10
at a concentration of 140 mg It N, 80 mg It P (P20s), 6 Px 80  5.00E+09 2.00E+10
190 mg I"* K (K20) and 80 mg I"* Mg and 50 mg I* S. / Ctrl_120 / /

8 Rz_120  5.00E+09 2.00E+10
The substrate was mixed with 20% sand. 17 DAS 9 Px_120  5.00E409 2.00E+10

evenly sized tomato plants were selected and  BE application rates in CFU kg™ substrate:
Four soil applications with 15 ml of 10° CFU

transplanted into bigger pots containing Soil  mIt solution from 17 DAS on weekly; total
amountr=>5

substrate.  Fertilization rates were increased
(standard fertilization but based on total substrate weight) and additionally three different P
fertilization levels were tested (Table 3-14). At the time of transplantation first BE application
was performed at a higher rate of 10° CFU kg soil. This treatment was repeated three times
until 43 DAS.

3.4.2.3 Results

Due to the pre-cultivation standard deviations were extremely low providing good conditions
for statistical analysis. Nevertheless, only limited responses by treatments were observed.
Neither BE treatment nor an increased P-fertilization, did further improve plant performance.
Measurements of shoot height and analysis in a two-way-ANOVA indicated a significant
reduction of plant growth with higher fertilization rates 36 and 42 DAS (19 and 25 days after
transplantation). Px treatment had the same effect whereas Rz treatment slightly stimulated
shoot growth. Nevertheless, these pre-harvest results did not reflect the results from plant

biomass after harvest. No differences or trends could be observed for the shoot dry weight but
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root dry weight was enhanced (not significantly) in the Px treatments as compared to Ctrl and
Rz treatments.
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Figure 3-38 Results from Exp_7; Shoot height in cm 36 DAS (A) and 42 DAS (B), shoot (C) and root (D) DW in g
potl; Letter display reflects results from One-Way-ANOVA; In Two-Way-ANOVA treatments with 50 mg P had
significantly higher plants than treatments with 80 and 120 mg P; Px treatment reduced shoot height
significantly as compared to Rz treatment

3.4.2.4 Discussion Exp 7

No BE effects under high nutrient supply or late BE application

Due to a very long pre-cultivation and a growth substrate that was very rich in nutrients,
plants of all treatments were developing equally independent of the P fertilization rates after
pre-cultivation. This was surprising as in Exp_6 the rate of 25 mg P (+ 25 mg in a second
fertilization) was too low and limited tomato growth. In Exp_7 the lowest P fertilization rate
of 50 mg was already sufficient for optimal plant growth. No further increase was observed
with higher fertilization rates. A review on the importance of sufficient P supply in early plant
development concluded that early plant development was crucial for the biomass at harvest
whereas late application often did not affect yield anymore (Grant et al., 2001). This suggests
that any BE-derived plant growth promotion that was based on an improved P status of the

plant would be ineffective.
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Additionally, BE application was probably too late to exhibit stimulating effects. Although
experiments from partner institutes in Romania showed strong effects for BE application after
late application (10 - 14 DAS), late application in Exp_7 and Exp_10 did not result in
effective plant growth stimulation. However, for Exp_10 other reasons are discussed that

could explain the missing effects.

Similar to Exp_4 and 5, for Exp_7 suboptimal light and temperature conditions could be
further explanations for the lack of effects. Exp_6 (see next page) and 7 were both conducted
in the greenhouse without additional heating system but Exp_6 was conducted during late
summer time with higher average temperature and irradiation whereas Exp_7 was conducted
from October to mid November. At this time average temperatures and light intensity had
already decreased markedly.
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3.5 Miicrobial interaction
3.5.1 PGPR effects in a heat treated soil (Exp_6)

3.5.1.1 Introduction Exp_6

Research on PGPR is often conducted in sterile substrates, thereby controlling biotic factors
that would influence the outcome of the PGPR-plant interaction and increasing the possibility
for root colonization analyses. Nevertheless, those results are only of interest for basic
research questions but do not give any information on the relevance of PGPR application for
plant growth stimulation under practice conditions. Therefore, in most experiments of this
thesis the use of sterile substrates was avoided. Exp_6 was an exception, as in previous
experiments the strong effects of BE application, often reported in literature, could not be

reproduced and it was hypothesized that the main reason is the difference in the substrates.

3.5.1.2 Experimental design Exp_6
For Exp_6 three bacterial BEs and two different Table 3-15 Treatments Exp_6

substrates were tested on tomato plants (Table _Trt_Nr Treatment Seed Soil

3-15). For both substrates the Kr 1 soil was used ; thrtET ; ;
but one substrate was “sterilized” whereas the other 3 Rz 1.00E+09  5.00E+08
. . ) . 4 Rz_T 1.00E+09  5.00E+08
soil type contained a natural microflora. To sterilize c Px L 00E+09  5.00E+08
soil tyndallisation — a discontinuous, fractionized 6 Px_T 1.00E+09  5.00E+08
- . . 7 Pj 1.00E+09  5.00E+08
heat sterilization — was used. Soil was distributed g PiT L 00E+09 5 00E+08

into various metal bowls and then incubated for 24  Tyndallisation (T); BE application: 1. before

o : . . . . sowing seed soaking for 2 min in a 2.5 mM
h at 85°C in a heater. After incubation the dried soil CaS04 suspension (ST), rates in CFU mi:

was re-wetted and incubated at room temperature ~ Three soil applications with 15 ml of a
diluted suspension 0, 14 and 28 DAS, rates

for further 24 h. By this, a germination of inCFUkg®substrate;r=5

endospores should be provoked. After incubation at RT bowls were again incubated at 85°C.
The procedure was repeated another time. As it is known that heat treatment is able to cause
physical and chemical changes in the soil matrix (Berns et al., 2008; Liegel, 1983), e.g.
increasing Mn availability (Singh and Pathak, 1970) sometimes up to plant toxic levels
(Boyd, 1971), it was decided to use the same “tyndallised” soil for both substrates but one
substrate was re-inoculated with a natural microflora. For this, non-sterile soil was extracted
using a 0.1 % peptone solution in a 1:4 ratio. During soil fertilization 40 ml of this suspension
was applied to non-ster