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Summary

The use of mineral fertilizers and pesticides is not allowed in organic farming, which can reduce
the yield and grain quality of cereals. In recent years, the potential of plant growth-promoting
rhizobacteria (PGPR) has been recognized for a better supply of nutrients and improved
resilience to abiotic and biotic plant stress. Although the mechanisms of PGPR are well studied,
their effectiveness under field conditions is not consistent. There is also limited information on
the effects of the use of allochthonous microorganisms on the native soil microbiome. In this
study, we evaluated the effects of seed inoculation with Hartmannibacter diazotrophicus strain
E19" on the rhizosphere bacterial communities of wheat and barley by analyzing community
changes by the strain using metabarcoding and subsequent bioinformatic evaluation. This
analysis was performed at two experimental stations (Gladbacherhof and Kleinhohenheim) for
organic farming in three seasons (2021-2023). For this purpose, DNA and RNA were extracted
from the rhizosphere soil, the 16S rRNA gene sequences or the 16S rRNA were sequenced and
analyzed bioinformatically. The effects of different row spacing and the application of organic
fertilizer on winter wheat were also tested. The occurrence of H. diazotrophicus strain E197
was quantified by real-time PCR at the flowering and milk-ripe/yellow-ripe stages. In order to
determine the influence of the various factors (with/without seed inoculation, different row
spacing, and with/without fertilization on winter wheat) on the plant, the grain and straw yield,

as well as the crude protein concentration of the grains were recorded.

H. diazotrophicus strain E19" was detected 273 and 119 days after sowing on both wheat roots
(up to 3.1 x 10° copies gt DW) and barley roots (up to 5 x 10° copies g** DW) mainly at one
experimental station. The abundance of H. diazotrophicus strain E19T was correlated with yield
parameters using linear mixed models. Significant effects were found for crude protein
concentration (0.80% higher in barley and 0.30% higher in wheat compared to the average) and
straw yield (453 kg ha! higher in wheat compared to the average). Although no significant
effects on grain yield were found, a trend towards improvement was observed with the
combination of organic fertilizer and bacterial inoculation. Interestingly, H. diazotrophicus
strain E197 did not change the rhizosphere community structure over three seasons. These
results were based on a comparison of beta-diversity indices (Robust Aitchison Principal
Component Analysis) with subsequent statistical analysis using PERMANOVA (p > 0.05).
Similarly, alpha diversity indices, including Shannon-Wiener, observed amplicon sequence
variants (ASVs) and Gini-Simpson (Wilcoxon, p > 0.05) showed no significant effects. Similar

results were found after extraction of environmental RNA compared to DNA and its sequencing



and bioinformatic analysis. These results indicate that the indigenous bacterial rhizosphere
communities were resilient to newly introduced bacteria after seed inoculation with H.
diazotrophicus strain E197. The strongest changes in the bacterial community were identified
between the two locations as shown by differential abundance analysis (ALDEXx2). The
ALDEX?2 analysis identified 2860 ASVs that were different between winter wheat and spring
barley at the Gladbacherhof site, while only 232 ASVs were different between these crops at
Kleinhohenheim. These differences could be due to the different crop rotations at the two sites.

Zusammenfassung

Der Einsatz von Mineraldiinger und Pestizide sind in der 6kologischen Landwirtschaft nicht
erlaubt, was den Ertrag und die Kornqualitat von Getreide mindern kann. Fir eine bessere
Versorgung mit Nahrstoffen und verbesserter Resilienz gegenuber abiotischem und biotischem
Stress der Pflanzen wurde in den letzten Jahren das Potential von pflanzenwachstumférdernden
Rhizobakterien (PGPR) erkannt. Obwohl die Mechanismen von PGPR gut untersucht sind, ist
ihre  Wirksamkeit unter Feldbedingungen nicht konsistent. Auch gibt es begrenzte
Informationen, welche Auswirkungen der Einsatz von allochthoner Mikroorganismen auf das
native Bodenmikrobiom hat. In dieser Studie haben wir die Auswirkungen einer
Saatgutinokulation mit Hartmannibacter diazotrophicus Stamm E19"7 auf die bakteriellen
Gemeinschaften der Rhizosphére von Weizen und Gerste evaluiert, indem wir Veranderungen
der Gemeinschaft durch den Stamm mit Hilfe von Metabarcoding und anschlielender
bioinformatischer Auswertung analysiert haben. Diese Analyse wurde an zweli
Versuchsstationen (Gladbacherhof und Kleinhohenheim) fur okologischen Landbau in drei
Saisons (2021-2023) durchgefiihrt. Hierfir wurden DNA und RNA aus dem
Rhizospharenboden extrahiert, die 16S rRNA Gensequenzen bzw. die 16S rRNA sequenziert
und bioinformatisch ausgewertet. Die Auswirkungen unterschiedlicher Reihenabstédnde und die
Anwendung organischer Diingemittel auf Winterweizen wurden ebenfalls getestet. Das
Vorkommen von H. diazotrophicus Stamm E19" wurde mittels Real-Time PCR zum Zeitpunkt
der Blite und der Milchreife/Gelbreife des Getreides quantifiziert. Um den Einfluss der
verschiedenen Faktoren (mit/ohne Inokulation des Saatgutes, unterschiedliche Reihenabstande
und mit/ohne Diingung bei Winterweizen) auf die Pflanze zu bestimmen, wurden der Korn-

und Strohertrag sowie die Rohproteinkonzentration der Korner erfasst.



H. diazotrophicus Stamm E19" wurde 273 bzw. 119 Tage nach der Aussaat sowohl an den
Weizenwurzeln (bis zu 3,1 x 10° Kopien g TG) als auch an den Gerstenwurzeln (bis zu 5 x
10° Kopien g TG) hauptséchlich an einer Versuchsstation nachgewiesen. Die Haufigkeit von
H. diazotrophicus Stamm E19" wurde durch lineare gemischte Modelle mit Ertragsparametern
korreliert. Signifikante Auswirkungen wurden bei der Rohproteinkonzentration (0,80% hoher
bei Gerste und 0,30% hdéher bei Weizen im Vergleich zum Durchschnitt) und dem Strohertrag
(453 kg ha hoher bei Weizen im Vergleich zum Durchschnitt) gefunden. Obwohl keine
signifikanten Auswirkungen auf den Kornertrag gefunden wurden, konnte ein Trend zur
Verbesserung mit der Kombination aus organischem Dinger und bakterieller Inokulation
festgestellt werden. Interessanterweise veranderte H. diazotrophicus Stamm E19" tber drei
Saisons hinweg nicht die Struktur der Rhizospharengemeinschaft. Diese Ergebnisse basierten
auf einem Vergleich der Beta-Diversitat Indizes (Robust Aitchison Principal Component
Analysis) mit anschlieBender statistischer Auswertung mittels PERMANOVA (p > 0,05).
Ebenso zeigten die Alpha-Diversitatsindizes, einschliellich Shannon-Wiener, observed
amplicon sequence variants (ASVs) und Gini-Simpson (Wilcoxon, p > 0,05) keine
signifikanten Effekte. Ahnliche Ergebnisse wurden nach der Extraktion der Umwelt RNA im
Vergleich zur DNA und deren Sequenzierung und bioinformatischer Auswertung gefunden.
Diese  Ergebnisse  deuten darauf hin, dass die indigenen  bakteriellen
Rhizosphirengemeinschaften nach Samenbeimpfung mit H. diazotrophicus Stamm E197
resilient gegenlber neu eingebrachten Bakterien waren. Die starksten Veranderungen der
bakteriellen Gemeinschaft wurden zwischen den beiden Standorten durch die differenzielle
Abundanzanalyse (ALDEx2) gezeigt. Die ALDEx2-Analyse identifizierte 2860 ASVs, die
zwischen Winterweizen und Sommergerste am Standort Gladbacherhof unterschiedlich waren,
wahrend in Kleinhohenheim nur 232 ASVs zwischen diesen Kulturen verschieden waren. Diese

Unterschiede kdnnten durch die verschiedenen Fruchtfolgen der beiden Standorte bedingt sein.
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1.1. Transition to a sustainable agriculture system

During the early stages of the green revolution, the use of fertilizers, pesticides, new irrigation
technology systems, along with the emergence of high-yielding crop varieties (HVS),
dramatically enhanced the production of essential crops for human nutrition. The development
of HVs began with the identification of semi-dwarf wheats in Japan in the 1800s and semi-
dwarf rice varieties several centuries ago. After breeding processes in Italy and USA, semi-
dwarf wheat varieties were introduced to Mexico. This, together with research in rice carried
out in the Philippines, aimed to create small varieties that prioritized grain production over
straw material (Dalrymple, 1978).

Great expectations were initially raised in the field of pesticides with
dichlorodiphenyltrichloroethane (DDT). Although DDT was originally synthesized in 1874, it
was amply used against typhus and malaria during the Second World War. In agriculture, the
recreation of DDT by Paul Muller in 1939 unveiled its effectiveness against a range of insects,
including the Colorado potato beetle (Leptinotarsa decemlineata) and later controlling pests
such as pink bollworm (cotton) or codling moth (deciduous fruits) (Metcalf, 1973). Similar
success in weed control was achieved with the discovery of another chlorinated compound, the
2,4-dichlorophenoxyacetic acid (2,4-D) in the early 1940s (Peterson, 1967). The rise of
synthetic fertilizers dates back to the first decade of the 19" century, with the Haber-Bosch
process, which consisted of converting hydrogen and nitrogen into ammonia (N, + 3H, —
2NH;) at high temperatures and pressures. Without this outstanding breakthrough, estimates
suggest that only slightly over half of the worldwide population could have been sustained (Fig.
1a) (Ritchie, 2017). Collectively, these advancements have enabled a doubling of average
worldwide cereal crop production (from 1.36 t ha® in 1961 to 2.93 t ha in 2010) while
increasing cultivable land area by only 30% (for review: John and Babu, 2021; Liu et al., 2015).
Nevertheless, the promising initial perspectives of chemical fertilizers and pesticides later led
to unintended and unexpected side effects on the environment, as well as on animal diversity,

and human health.

Pesticides and fertilizers have been overused since the green revolution, with their consumption
increasing by 35-40% in more than 80 countries evaluated between 1960 and 2010 (Liu et al.,
2015), thereby leading to multiple consequences. Besides the overuse of fertilizers, their
application becomes inefficient as plants take up only 10-45% and 30%-50% of the applied
phosphorus and nitrogen fertilizers, respectively (Singh et al., 2016). For instance, a significant
increase in rice and wheat yields has been observed after nitrogen fertilization with 550-600 kg

2
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N hat. However, nitrogen losses doubled (Ju et al., 2009). This excessive nutrient input, as a
consequence of intensive agriculture, has enriched aquatic environments through a process
known as eutrophication. The overgrowth of algae and cyanobacteria increases primary
production but also degradation of the produced biomass with respiration rates, leading to the
depletion of dissolved oxygen and consequently, affecting the habitat and diversity of aquatic
animals (Levich, 1996). Moreover, the side effects of fertilizer overuse include soil erosion due
to changes in soil properties (e.g. pH-value, organic matter, salinization), nitrate NOs™ leaching
and nitrous oxide (N20) emission, which cause water quality depletion and contribute to air
pollution (Ju et al., 2009; Pernes-Debuyser and Tessier, 2004; Rashmi et al., 2020).

In the case of pesticides, direct impacts on human health have been more evident. The initial
success of DDT was based on its chemical stability, which allowed it to persist in the
environment, reducing its application frequency but also accumulating in animals across the
food chain and ultimately impacting human health. Carcinogenic, reproductive, and
neuropsychological effects in humans, along with a decrease in animal populations (especially
birds) have been associated with DDT, which was restricted after 1970 (for review: Beard,
2006). Equally critical have been the consequences for biodiversity. Beketov et al. (2013)
provided evidence of species pool losses among stream invertebrates in Australia and Europe.
They empirically demonstrated a significant decline in taxonomic richness, which was also
supported by predictive models. The taxa abundance of stream invertebrates decreased by 25%
in Australia and 42% in Europe between reference and highly contaminated sites. The authors
suggested that to mitigate the effects of pesticides on biodiversity, enhanced safeguards should
be applied in pesticide registration, mitigation practices, and field application methods.
Nevertheless, nearly a decade later, the outlook looks bleak. A recent study evaluated the risk
of pesticide pollution across 168 countries, focusing on the 92 most used active ingredients,
including 19 fungicides, 21 insecticides, and 59 herbicides. The findings showed that 24.5
million km? of agricultural land (64% of the worldwide total) is susceptible to pesticide
contamination, while 31% is facing a high threat (Fig. 1b) (Tang et al., 2021). Therefore, the
development of new agricultural strategies and technologies is required to minimize the effects
of fertilizers and pesticides while simultaneously optimizing crop yields without deteriorating
soil quality, biodiversity, and human health.

Organic farming (OF) has its origins in the early 20" century, evolved between the two World
Wars and was mainly influenced by four key aspects: (i) an agricultural crisis, despite the

simultaneous emergence and use of mineral fertilizers and pesticides; (ii) research orientated
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from a biological perspective, integrating the role of soil microorganisms in soil fertility and
the relationship between plants, roots, and soil (e.g. Lorenz Hiltner); (iii) reform movements in
the German empire, known as ‘Lebensreform’ (or ‘Life reform’) and the ‘Food reform” in USA,
advocating for changes in lifestyle and eating habits and the adoption of organic practices; and
(iv) sustainable practices carried out in East Asia (e.g., composting or recycling of municipal
waste) (Vogt, 2007). However, OF gained relevance from the 1970s, and is now considered one
of the main strategies for a sustainable agricultural system. By 2022, organic farmland increased
to over 96 million hectares. While organic food and drink sales were estimated at 135 billion
euros. Moreover, Germany is considered the largest consumer of organic products, with sales
reaching 15.3 billion euros (Willer et al., 2024). Within Germany, Hessen is a leading state,
with 2404 farmers who organically managed 16.4% of the agricultural area by 2023 (LLH,
2023). Compared to conventional agriculture, organic farming has shown to improve soil
structure, soil carbon sequestration, increase microbial activity, and water retention (Gattinger
etal., 2012; Lori et al., 2017; Shepherd et al., 2002; Williams et al., 2017). This together with
crop rotation practices (e.g. cover crops) have shown not only to improve soil fertility or prevent
erosion but also to increase soil microbial richness and diversity (McDaniel et al., 2014; Venter
et al., 2016). Nonetheless, since the use of synthetic fertilizers and pesticides is prohibited, the
main challenge of organic farming is narrowing the yield gap (19-25%) compared to
conventional agriculture (De Ponti et al., 2012; Meemken and Qaim, 2018; Seufert et al., 2012).
More intricate still, measuring the environmental impacts between both agricultural systems is
complex due to the numerous factors involved, as well as the different management strategies
and research methods employed (Clark and Tilman, 2017; Kirchmann et al., 2016; Tuomisto et
al., 2012). A review conducted by Meemken and Qaim (2018) indicated that OF results less
pollution than conventional agriculture when assessed per unit of land, though this advantage
diminishes when evaluated per unit of output. A more recent and comprehensive meta-analysis,
which included life cycling assessment (LCA) and 15 environmental parameters, compared
both agricultural systems (Boschiero et al., 2023). The analysis revealed that OF had lower
environmental impacts across most of the metrics analyzed, with fertilization being the main

contributor to the impacts in both systems.

In addition to organic farming, innovative sustainable technologies have emerged to address
concerns about feeding a constantly expanding human population, which is projected to reach
10 billion within the next 30 years (Gerten et al., 2020). Certain crops have long generation
times. To address this challenge, a method known as ‘speed breeding’, which involves regulated

temperatures and prolonged light exposures (22 hours light/ 2 hours dark), has shortened the
4
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generation time from two-three to six per year for several crops such as barley (Hordeum

vulgare), spring wheat (Triticum aestivum), or chickpea (Cicer arietinum) (Watson et al., 2018).
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Figure 1. Two sides of the same agricultural coin. (a) Impact of synthetic nitrogen fertilizers
on global population growth based on the Haber-Bosch process. Data obtained from Erisman
et al. (2008); Smil (2002); Stewart et al. (2005), as cited by Ritchie (2017). (b) World pesticide
risk map. In white, non-agricultural land; risk score (RS) < 0 indicates negligible risk; RS 0-1,
low risk; RS 1-3, medium risk; and RS > 3, high risk (Tang et al., 2021).

De novo domestication of wild or semi wild plants, achieved through the incorporation or

manipulation of target genes via genome-editing, represents another promising technology for

conferring plant resistance to pests or enhancing resistance to abiotic stresses. Genome editing

like CRISPR-cas9 has demonstrated its efficiency in de novo domestication of wild tomato
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(Solanum pimpinellifolium). In a single generation, editing six genes resulted in morphological
modifications, including a threefold increase in fruit size, a tenfold increase in fruit number,
and improvements in nutritional value. Lycopene accumulation in de novo domesticated tomato
was 510 mg kg, a 500% increase compared to the lycopene accumulation (92 mg kg?)

observed in cherry tomato (Solanum lycopersicum) (Zs6gon et al., 2018).

In addition to plant breeding methods, the incorporation of high throughput phenotyping (HTP)
technologies in agriculture can contribute significantly to the development of high-yield crops
and the monitoring of plant diseases. HTP platforms can examine several parameters, including
plant architecture, water use efficiency, photosynthetic activity, transpiration, or pathogen
detection (Danzi et al., 2019). For instance, thermal infrared cameras can distinguish between
healthy and unhealthy plants by detecting variations in leaf temperature (Berdugo et al., 2014).
While hyperspectral imaging (HSI) combines spectral (e.g. chemical composition) and image
(e.g. color, shape, size) information to identify biotic and abiotic stress. Moshou et al. (2014)
accurately identified drought-stressed plants within wavelengths of 460-900 nm, achieving over

99% accuracy after incorporating machine learning into HIS.

An important aspect of implementing the aforementioned technologies is considering consumer
acceptance. This is the case with genetically modified organisms (GMOSs), which have low
public approval and have sparked controversial debate (Dona and Arvanitoyannis, 2009;
German National Academy of Sciences Leopoldina, 2019; Lundquist, 2015; Qaim, 2020).
Unlike GMOs, the use of living microorganisms such as plant growth promoting rhizobacteria
(PGPR) has increasingly garnered interest and acceptance as a sustainable agricultural strategy.
The capabilities of PGPR can contribute to diminishing the negative effects caused by chemical
fertilizers and pesticides. Nevertheless, to transition to feasible sustainable agricultural systems,
it is necessary to integrate all these technologies. On one hand, to potentiate crop yield
efficiency while minimizing environmental repercussions. On the other hand, improving our
understanding of the interactions between plants and their environment at different scales. In
this regard, the application of high-throughput sequencing technologies has revealed various
aspects related to the composition and dynamics of plant and microbial communities. The use
of marker genes such as 16S rRNA, combined with shotgun metagenome analysis, has
determined that microbiome differentiation in barley roots is mainly driven by host-microbe
and microbe-microbe interactions occurring in the rhizosphere (Bulgarelli et al., 2015). Delving
deeper, the use of metatranscriptomics provides essential information about functional gene

expression. Hayden et al. (2018) reported on the functional activities of microbial communities
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in the wheat rhizosphere between disease-suppressive and non-suppressive soils for
Rhizoctonia solani. More oxidative stress (e.g. superoxide dismutase) and antibiotic (e.g.
phenazine) genes were found in the non-suppressive soil, while more cold-shock and polyketide
stress genes were identified in the suppressive soil. This study has begun to shed light on the
functional patterns that could be used for Rhizoctonia suppression. Additionally, the use of
metabolomics approaches has become relevant for unraveling the complexity of plant-microbe
and microbe-microbe interactions. A recent study has shown how seed inoculation with
Paenibacillus alvei and Bacillus subtilis can cause metabolite reprogramming in the
rhizosphere and leaves of wheat. The accumulation of metabolites such as organic acids, lipids,
benzenoids, and phenylpropanoids was related to plant performance, chemotaxis, and plant-
microbe interactions (Mashabela et al., 2022). The integration of various high-throughput
sequencing technologies will not only enhance our understanding of the dynamics and
interactions between plants and microorganisms but will also improve the engineering and

development of more effective products based on living microorganisms.
1.2.  Plant growth promoting rhizobacteria (PGPR)

Soil harbors a vast microbial diversity, with up to 1 x 10* microorganisms contained in just
one gram. Over a century ago, Lorenz Hiltner introduced the term ‘rhizosphere’ to refer to the
zone where soil is affected by plant roots (Hiltner, 1904). The rhizosphere can be defined as the
narrow zone of soil surrounding plant roots where chemical, biological, and physical processes
actively occur and are influenced by the root system and its exudates (Hartmann et al., 2008;
Weller and Thomashow, 1994). The active interactions between roots and soil are primarily
driven by root exudates, including enzymes (e.g. amylase, phosphatase), hormones (e.g. auxins,
gibberellins, strigolactones), amino acids (a-alanine, histidine), organic acids (e.g. butyric acid,
acetic acid), sugars (e.g. glucose, sucrose), and other substances (e.qg. sterols, lipids, flavonoids)
(for review: Wang et al., 2022). These organic compounds can recruit beneficial
microorganisms, leading to intensive microbial activity (Fig. 2). In fact, the microbial
communities in the rhizosphere are estimated to be around 1 x 10° cells cm™ (Weller and
Thomashow, 1994). Nevertheless, in the last decade, the conception of the rhizosphere has
begun to switch toward a more holistic approach. York et al. (2016) stated that the
interconnectedness and dynamic processes taking place in the rhizosphere should also be
considered. Therefore, the term ‘holistic rhizosphere’ encompasses macroorganisms (e.g.
nematodes, earthworms), mucigel (soil particle agglutination), microbial community gradients

(e.g. microbial hotspots), and zones of accumulation or depletion of root exudates, water,
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volatiles, gases, and nutrients. Altogether, these components have led to the conception of the
rhizosphere as dynamic rather than static. Thus, studying the complexity of the ‘holistic
rhizosphere’ can enhance our understanding of plant-microbe interactions, nutrient cycling, and

soil structure.

The term plant growth promoting rhizobacteria (PGPR) was first coined by Kloepper and
Schroth (1978) to describe bacteria in the rhizosphere that are able to colonize plant roots and
promote plant growth. Later, Kloepper (1994) pointed out that PGPR, as intrinsic
characteristics, must be able to colonize plant roots, proliferate, compete with other rhizosphere
microorganisms, survive, and promote plant growth. Bacteria such as Azospirillum,
Azotobacter, Burkholderia, Pseudomonas, Serratia, Agrobacterium, Rhizobium, Paenibacillus,
and Bacillus have been employed and commercialized as PGPR. Plant growth enhancement by
PGPR utilizes a wide range of well-studied mechanisms such as nitrogen fixation, phosphorus
solubilization, iron sequestration, phytohormone production, and the triggering of systemic

disease resistance (For review: Khoso et al., 2024; Olenska et al., 2020)
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Figure 2. Schematic representation of the chemical and microbial interactions in the
rhizosphere. Chemical interactions include: (1) roots induce changes in pH value due to proton
release, (2) enhance nutrient availability through carboxylate secretion, and (3) hydrolyze
organic compounds via enzyme exudation. Microbial interactions between roots and: (1)
arbuscular mycorrhizal fungi (AMF), (2) nitrogen fixing bacteria, (3) PGPR, and (4) soil
microbial community structure (Wang et al., 2022).
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1.2.1. Nitrogen fixation

Certain bacteria are able to convert atmospheric nitrogen (N2) into ammonia (NH3) through the
action of nitrogenase enzymes (Hardy et al., 1973). The most common nitrogen fixing bacteria
used for nitrogen fixation and plant growth promotion include Rhizobium, Bradyrhizobium,
Azotobacter, and Bacillus (Bai et al., 2003; Favero et al., 2022; Figueiredo et al., 2008; Remans
et al., 2008). In symbiotic nitrogen-fixing bacteria that form nodules with legume roots (e.g.
Rhizobium), ammonia is excreted from the bacteroid to the symbiosome, where it is protonated
to ammonium (NH4") due to the acidic conditions (Mylona et al., 1995; Schwember et al., 2019;
Whitehead et al., 1998). In free-living nitrogen-fixing bacteria (e.g. Azotobacter), ammonia
produced inside the cell can be converted to NH4*, which can then be transported either into or
out of the cell viaammonium transporters (Brewin etal., 1999; Day et al., 2001; Van Dommelen
et al., 1998). Both ammonia and ammonium can be assimilated by plants, supporting plant
nutrition and promoting plant growth. However, several authors argued that the contribution of
diazotrophic bacteria to plant growth promotion in non-legumes is not primarily due to nitrogen
fixation but rather to other PGPR abilities (Giller et al., 2024; Lin et al., 1983; Okon and
Labandera-Gonzalez, 1994; Schultz et al., 2017; Tien et al., 1979). For instance, Hurek et al.
(1994) found that plant growth promotion of rice was not linked to nitrogen fixation by
Azoarcus sp. after using Nif mutants. Instead, beneficial effects were attributed to increased
mineral uptake or improved water efficiency. Similarly, studies on Azospirillum sp. suggest that
plant growth promotion is mainly due to enhanced mineral uptake or root density instead of
nitrogen fixation (Lin et al., 1983; Schultz et al., 2017; Tien et al., 1979). This increase in plant
biomass has also been observed in wheat and barley after the application of several PGPRs,

including Azospirillum brasilense, in combination with boron fertilizer (Turan et al., 2012).
1.2.2. Phosphorus solubilization

Phosphorus is considered a limiting nutrient because, although it is abundant in the soil, it is
mostly present in insoluble forms (e.g. Cas(PO4)2, CaHPO4). The soluble forms of phosphate
that plants take up are principally monobasic (H2PO4Y) and dibasic (HPOs*) phosphate.
Moreover, phosphorus solubilization and precipitation depend considerably on pH-value.
Phosphate solubilizing bacteria (PSB), such as Rhizobium, Bacillus, and Pseudomonas, can
provide soluble phosphate forms to the plants through the secretion of organic acids, including
gluconic, 2-ketogluconic, citric, oxalic, or butyric acid (Chen et al., 2006; Kim et al., 1997,
Vyas and Gulati, 2009). Nevertheless, the application of PSB has shown variable results in

enhancing plant growth through improved phosphorus uptake (De Zutter et al., 2022; Meyer et
9
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al., 2019; Pande et al., 2017; Raymond et al., 2021). A recent meta-analysis of 104 studies
showed that increases in P-uptake do not always have a direct relationship with plant growth
parameters such as biomass or height (De Zutter et al., 2022). Similarly, a critical review by
Raymond et al. (2021) suggested that other indirect mechanisms, such as increasing root growth
due to the secretion of phytohormones, could promote plant growth or enhance phosphorus
availability by improving root-soil contact, as analyzed in studies on wheat (Hansen et al., 2020;
Liu et al., 2019; Meyer et al., 2017).

1.2.3. Iron sequestration

Similar to phosphorus, iron is predominantly found in nature in its insoluble form as ferric ion
Fe(l1l). PGPR are able to synthesize secondary metabolites known as siderophores, which have
a high affinity for iron. Siderophores bind Fe(l11) ions, forming a siderophore-iron complex in
the microbial membrane that facilitates the uptake of Fe(ll) into the cells. Siderophores secreted
by PGPR have proved to be effective in biocontrol through siderophore-mediated competition,
in which PGPR restrict iron availability to pathogens (Kloepper et al., 1980; Shao et al., 2024;
Shen et al., 2022). Several siderophore producers, including Bacillus, Pseudomonas, and
Streptomyces, have shown antagonistic effects against fungal pathogens such as Fusarium
oxysporum or Alternaria sp. (Chaiharn et al., 2009; Qiao et al., 2017; Wang et al., 2020). In
addition, siderophores have demonstrated to form complexes with other metals, such as cobalt,
zinc, manganese, and molybdenum, thereby extending their role in biological metal uptake and
metal cycling (Harrington et al., 2012; for review: Kramer et al., 2020). For instance,
Pseudomonas aeruginosa secretes two siderophores, pyochelin and pyoverdine, which can
chelate other metals with lower affinity than iron, such as AI(II), Cu(ll), Ni(ll), Zn(ll)
(Andrejevi¢ et al., 2023; Braud et al., 2010). In the same way, coelibactin, a siderophore

secreted by Streptomyces coelicolor, is capable of chelating zinc (Kallifidas et al., 2010).
1.2.4. Plant growth regulators

PGPR can synthesize, secret, and regulate organic compounds known as phytohormones or
plant growth regulators (PGR), which, at low concentrations, can influence morphological,
physiological, and biochemical processes. In addition to the five well-characterized PGR
auxins, cytokinins, gibberellins, abscisic acid, and ethylene, several other hormones have been
identified in recent decades, including salicylic acid, jasmonate, strigolactones,
brassinosteroids, and nitric oxide (for review: Khan et al., 2020; Santner and Estelle, 2009).

The main naturally occurring and well-characterized auxin is indol-3-acetic acid (IAA), which

is involved in several processes, including root architecture (adventitious and lateral root
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development), cell division, apical dominance, and abiotic stress resistance. Cytokinins, which
are associated with cell division, and gibberellins, which promote stem elongation, are also
related to plant growth promotion (Aloni et al., 2006; Boiero et al., 2007). Abscisic acid (ABA)
is involved in stomatal closure and also plays a role in plant growth. Finally, ethylene (C2Ha)
is a gas which is associated with root architecture, germination, and senescence. However,
under stress conditions, excessive production of ethylene leads to detrimental effects on plants.
Moreover, the intricate signaling network between different PGR has led to antagonistic,
synergistic, and additive interactions (Fan et al., 2009; Mayak et al., 1999; Stearns et al., 2012).
Root development can be modulated by cytokinins and auxins, and in combination with
ethylene, these three PGR can control lateral root formation (Aloni et al., 2006). More
intricately, ethylene levels can be modulated by PGPR in different ways. On one side, after
plants take up 1AA produced by PGPR, they increase the synthesis of 1-aminocyclopropane-1-
carboxylate (ACC) through the action of the ACC synthase enzyme. As ACC is the precursor
of ethylene, IAA uptake results in higher levels of ethylene. Although PGRs are linked and
involved in root development, an overproduction of IAA can suppress root elongation, likely
due to elevated ethylene concentrations (Mayak et al., 1999). On the other hand, PGPR can also
synthesize the enzyme ACC deaminase, which, in contrast to ACC synthase, cleaves ACC into
ammonia and a-ketobutyrate, thereby reducing ethylene levels. This particular capability of
PGPR has been reported as an efficient way to reduce plant stress (Stearns et al., 2012).
Similarly, antagonistic and synergistic relationships between ABA and salicylic and jasmonic

acids have been associated with different plant-pathogen interactions (Fan et al., 2009).

1.2.5. Understanding rhizobacteria signaling to enhance PGPR application

The plant-microbe and microbe-microbe communications are mediated through the secretion
of chemical signaling molecules by plants and microbes in the rhizosphere. Understanding these
interactions in greater detail will contribute to improving sustainable strategies, including the
use of living microorganisms such as PGPR (for review: Singh et al., 2022). As mentioned
previously, one chemical signaling mechanism is mediated through the secretion of root
exudates. These signaling molecules are capable of selectively choosing certain beneficial
microbes through synergistic and antagonistic mechanisms among microorganisms. For
instance, the secretion of arabinogalactan proteins (AGPs) from root tips is not only involved
in plant development. Xie et al. (2012) showed that AGPs secreted by Pisum sativum can attract

beneficial rhizobacteria such as Rhizobium leguminosarum. Meanwhile, Cannesan et al. (2012)
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revealed the role of AGPs in protecting the root cap against the oomycete Aphanomyces

euteiches.

Chemotaxis has elucidated important aspects of bacterial-root associations, including the
identification of chemoreceptor proteins like methyl-accepting chemotaxis proteins (MCPs),
chemotactic responses to various compounds (e.g. sugars, amino acids), and root colonization
by certain rhizobacteria (Bacilio-Jiménez et al., 2003; Feng et al., 2018). Delving deeper into
the specificity of several chemoreceptors, a recent systematic evaluation of 98 chemical
compounds by Feng et al. (2018) identified 5 chemorepellents and 39 chemoattractants for the
PGPR Bacillus amyloliquefaciens. After deleting eight chemoreceptor (MCP) genes, the
chemotactic ability to 44 compounds was totally lost. Moreover, the authors identified a major
chemoreceptor for several chemoattractants (McpA), chemoreceptors with narrow compound

range (McpC), and a specific chemoreceptor responsible for arginine chemotaxis (McpR).

Microorganisms communicate through a mechanism known as quorum sensing (QS), which
can occur among individuals of the same species (intraspecies communication), between
different species (interspecies communication), or even across different kingdoms
(interkingdom communication; Fig. 3) (Bramhachari, 2019). These cell-to-cell interactions
involve the production and detection of signaling molecules known as autoinducers (Als),
which sense bacterial population density, distribution, and diffusion space within their
environment. Moreover, QS has been related to the regulation of several functions, including
biofilm formation, root colonization, antibiotic resistance, and virulence factors (Reimmann et
al., 2002; Wei and Zhang, 2006). Biofilms are multicellular communities that adhere to surfaces
and are embedded in a polymeric matrix, recently referred to as the matrixome (for review:
Karygianni et al., 2020). This matrix confers structural stability, supporting the survival and
proliferation of the microbial community, and it is mainly composed of extracellular polymeric
substances (EPS), which include polysaccharides (e.g., exopolysaccharides Psl, Pel), proteins
(e.g., TasA), nucleic acids (extracellular DNA), lipids, and lipopolysaccharides (da Cruz Nizer
et al., 2024; DeFrancesco et al., 2017; Diehl et al., 2018; Spiers and Rainey, 2005). The
counterpart of QS is referred to as quorum quenching (QQ), which is responsible for disrupting
quorum sensing (Fig. 3; Dong et al., 2001). QQ inhibits QS through several enzymes and
chemicals (e.g. lactonases, catechin, quercetin) that interfere with cell-to-cell communications
and has been associated with the inhibition of biofilm formation and virulence factors, thus
becoming a key biological control mechanism (Adonizio et al., 2008; Ouyang et al., 2016;
Paluch et al., 2020; Vandeputte et al., 2010; Wang et al., 2004).
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During QS, gram positive bacteria use oligopeptides as Als, while gram negative bacteria
employ N-acyl homoserine lactones (AHLS) (Hartmann et al., 2014). In contrast, QQ utilizes
enzymes such as lactonases and acylases, which are responsible for hydrolyzing the lactone
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ring and amide bonds of AHLs, respectively (Wang et al., 2004). AHLs can regulate gene
expression, shape root architecture, and activate the systemic defense mechanisms in plants
(Fig. 3). It has been stated that expressing the AHL degradation gene (aiiA), which encodes the
AiiA lactonase from Bacillus sp., in Pseudomonas aeruginosa hinders its QS system, reducing
the production of virulence factors and swarming motility of this opportunistic pathogen
(Reimmann et al., 2002). Interestingly, AHL-mimic QS signals produced by bean (Phaseolus
vulgaris) and rice (Oryza sativa) can affect biofilm formation in a plant-bacterial specific
manner. While biofilm formation was improved in Sinorhizobium fredii by AHL-mimic QS
signals from both plants, in the PGR Pantoea ananatis, only bean AHL-mimic QS signals

inhibited biofilm formation (Pérez-Montafio et al., 2013).

Ortiz-Castro et al. (2008) identified several AHLs involved in root development in Arabidopsis
thaliana, with N-decanoyl-HL (C10-HL) being the main AHL responsible for reshaping root
morphology. Moreover, it has been reported that inoculation with AHL-producing PGPRs can
trigger induced systemic resistance (ISR) (Pang et al., 2009; Schuhegger et al., 2006;
Viswanath et al., 2016). For instance, Schuhegger et al. (2006) showed that AHLs elicited by
Serratia liquefaciens MG1 and Pseudomonas putida IsoF triggered ISR against Alternaria
alternata on tomato plants. A decrease of more than 70% in necrotic cell death was observed
after S. liquefaciens inoculation. Furthermore, AHL compounds were associated with salicylic
acid (SA) accumulation in roots, as well as with increased expression of genes involved in
ethylene signaling, antioxidant system, and defense responses in tomato plant leaves. This
study complements existing knowledge on ISR, which, along with systemic acquired resistance
(SAR), have been described as plant defense mechanisms against pathogens. Their
particularities are outlined in Table 1 (for review: Choudhary et al., 2007; Van Loon et al.,
1998).

Unveiling the intricate networks of rhizobacterial signaling has led to a better understanding of
their interactions, regulation, and suppression mechanisms with other microorganisms and host
plants. The main contribution of these discoveries has been the development of novel strategies
for pathogen suppression and the control of plant disease (Cannesan et al., 2012; Ortiz-Castro
et al., 2008; Pérez-Montafio et al., 2013; Reimmann et al., 2002).

Beyond agriculture, knowledge of bacterial signal-response has been applied in other fields,
such as the food industry and medicine. Resveratrol has been proven to disrupt biofilm
formation and interfere with QS in the foodborne pathogens Arcobacter butzleri and

Campylobacter spp. (Duarte et al., 2015). Similarly, curcumin has shown to inhibit the
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development of uropathogens due to its anti-QS and antibiofilm activities (Packiavathy et al.,
2014). Moreover, QS in Pseudomonas aeruginosa has been related to its CRISPR-Cas adaptive
immune system, suggesting medical applications through the use of anti-QS compounds to
suppress the bacterial CRISPR-Cas defense mechanism (Hgyland-Kroghsbo et al., 2017).
Nevertheless, plant-microbe interactions are still far from being completely understood,
especially when an external microorganism is introduced into the resident soil microbial
communities. The incorporation of other approaches such as metagenomics,
metatranscriptomics, metaproteomics, and metabolomics of rhizosphere communities can

contribute to fill this gap.

Table 1. Typical characteristics of ISR and SAR as plant immune systems (Choudhary et al.,
2007; Van Loon et al., 1998).

Plant immune systems
ISR SAR

Pathogen spectrum | - Broad - Broad

) _ - Non-pathogenic/beneficial ) )
Trigger mechanism ) ) - Pathogen infection
rhizobacteria

- Activation of defense related | - Expression of pathogenesis

S | Mode of action o
3 genes (priming) related genes (PRS)
©
L - - Jasmonic acid (JA) -
Signaling pathways - Salicylic acid (SA)
- Ethylene
Plant defense - Plant defense response - Plant defense response
mechanisms - Complex immune process - Complex immune process

1.3.  Microbial composition dynamics in response to the introduction of foreign

microorganisms

Microbial composition is constantly subjected to many disturbances, to which soil
microorganisms have evolved to react and adapt. Three possible ways in which microbial
communities respond to disturbances have been proposed (Fig. 4) (Allison and Martiny, 2008).
Microbial composition is considered resistant when a disturbance does not significantly alter
its original state. In fact, it has been stated that introducing an exogenous microorganism is
strongly buffered by native soil microbial communities (Bjorklof et al., 2003). When the
microbial composition is modified by an introduced disturbance but is able to rapidly recover
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to its original state, it is considered resilient. For instance, it has been shown that inoculation
with Bacillus subtilis caused a temporary shift, at different degrees, in lettuce rhizosphere
microbial communities, lasting three days in bacterial communities and 14 days in eukaryotic
communities (Qiao et al., 2017). Lastly, microbial composition is deemed functionally
redundant when, despite a disturbance affecting its structure, certain taxa with similar
ecological functions remain, preventing an alteration of the overall ecological process (Fig. 4).
In a microcosms experiment, Wohl et al. (2004) found that higher species richness is related to
higher cellulose decomposition rates, indicating that functionally redundant species can
positively influence ecosystem function. However, a better comprehension of functional genes
and the composition of microbial communities is required to elucidate the contribution of
functional redundancy to ecosystem processes.

Allison and Martiny (2008) analyzed several studies and found that microbial composition was
particularly sensitive to elevated CO> (60%), temperature (82%), carbon amendments (83%),
and N/P/K fertilization (84%). Moreover, the authors discovered that while microbial
communities are susceptible to disturbances, they do not rapidly return to their original state.
In fact, it was determined that after a couple years, the disturbances can still persist, and
functionally redundant taxa might not be as common as originally thought, potentially having
direct impacts on ecosystem processes. In this context, the impact of bioinoculants on soil
microbial composition has acquired more relevance in the last decades, especially with the
emergence of next generation sequencing (NGS) technologies that have enabled the analysis of
different aspects of microbial communities. In agreement with these authors, a recent analysis
of more than 100 studies determined that introducing exogenous microorganisms not only
shifted soil microbial communities in 86% of the cases but these communities also failed to
recover their original state in most of the cases (for review: Mawarda et al., 2020). Nevertheless,
only 36% of these studies have been conducted under field conditions, and even fewer have
been longitudinal studies (Quiroga et al., 2025). Given the marked differences between
laboratory or greenhouse and field experiments, it is necessary to evaluate these impacts in situ
conditions in order to elucidate the real effects of introducing living microorganisms into the
soil. Moreover, incorporating longitudinal analysis is crucial: (i) to assess the potential long-
lasting effects of bioinoculants in soil microbial populations and (ii) to gain deeper insights into

microbial community dynamics over time.
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Figure 4. Schematic representation of the three possible microbial community responses to a
disturbance. Figure adapted from Allison and Martiny (2008).

1.4.  Reported inconsistencies: Why do bioinoculants fail beyond the laboratory?

As mentioned above, the mechanisms that PGPR employ to promote plant growth have been
extensively studied over decades, primarily under gnotobiotic conditions or at a greenhouse
level. However, applying PGPR under field conditions involves additional challenges and
difficulties. Harsh and fluctuating environmental conditions, biotic and abiotic stresses, and
competition with the native soil microbial communities have created a discrepancy about the
efficiency of PGPR in situ conditions. This reported inefficacy is not recent. In fact, even before
Kloepper and Schroth (1978) introduced the term PGPR, Brown (1974) had already analyzed
inconsistencies in certain bacteria, showing that this was not the first study on this topic. Since
then, several authors have documented these incongruities up to the present day (Li et al., 2023;
Martinez-Viveros et al., 2010; Shaharoona et al., 2008). The reasons for the failure of

bioinoculants under field conditions are multiple, complex, and cannot be excluded from each
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other as they are interconnected. Starting with the soil matrix, which harbors plants and
microbes, its properties, along with the environmental conditions, can influence the success of
introducing a new microorganism (for review: Mendoza-Suéarez et al., 2021; Rodriguez-
Navarro et al., 2007). Hungria and Vargas (2000) reported that soil acidity, water stress, and
elevated temperatures are the main factors affecting the capacity of rhizobia to fix nitrogen
through nodulation with grain legumes in tropical soils. Interestingly, it was discussed that
improving grain yield in soybean and common bean can show promising results after screening
and inoculating indigenous rhizobia adapted to these abiotic stress conditions. From the plant
side, root exudates or plant variety can also influence the efficacy of a bioinoculant to varying
degrees (Kuzmicheva et al., 2017; Saadaoui et al., 2022; Valente et al., 2020). Saadaoui et al.
(2022) observed that the response of durum wheat to PGPR inoculation varied among varieties.
The Bousselam variety showed greater improvement in several parameters including
germination capacity, chlorophyll content, and reductions in malondialdehyde (MDA) and
proline levels, compared to Boutaleb wheat variety. More interestingly, Valente et al. (2020)
tested the effect of the PGPR Pseudomonas kilonensis on several modern and ancient wheat
varieties and found more positive interactions between PGPR and ancient wheat varieties (e.g.,
root colonization, gene expression) compared to the modern ones. These findings suggest that
high-yield wheat varieties do not promote plant genes involved in interactions with PGPR,
possibly due to the introduction of dwarf wheat varieties, as well as differences in root

architecture or metabolic composition compared to ancient varieties.

The scarce information about native soil microbial communities’ response to an allochthonous
microorganism, as well as the dynamics (e.g. root colonization, survival) of the introduced
microorganism, are important aspects for PGPR improvement. A recent publication showed
that Bacillus amyloliquefaciens population in the rhizospheric soil fluctuates throughout the
soybean plant life cycle, indicating its potential as a biocontrol agent. After root colonization,
the bacterial population of B. amyloliquefaciens decreased in an initial stage, reached its highest
concentration at flowering stage, and eventually decreased again while remaining detectable
108 days after seedling emergence (Zhang et al., 2020). Finally, the predominance of positive
PGPR results over negative ones due to the academic publishing system is an important factor
that can skew the real efficacy of bioinoculants (Cardinale et al., 2015; Mallon et al., 2018). In
wheat and barley, the positive effects of PGPR are more prevalent (Baffoni et al., 2015;
Canbolat et al., 2006; Liu et al., 2022; Turan et al., 2012), with only a few negative or
inconsistent results reported (Di Salvo et al., 2018; Javaid et al., 2008; Mayer et al., 2010).

Javaid et al. (2008) found non-significant effects in wheat grain yield, shoot, and root dry weight
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after the inoculation of a commercial biofertilizer combined with different soil amendments,
even finding adverse effects in the wheat grain yield in some of the treatments. The authors
attributed differences in soil type, soil nutrient status, plant species, and cultivation history as
possible factors that can affect plant responses. Similarly, in a four-year field trial conducted
on an organic farm with several crops, including wheat and barley, the spraying application of
two commercial bioinoculants showed significant but inconsistent effects over the years, and

only when combined with an organic substrate (Mayer et al., 2010).

1.5.  Monitoring Bioinoculants

Understanding how and to what extent living microorganisms colonize, compete, and survive
in the environment where they have been introduced can provide important information about
their success as plant growth enhancers, as well as their dynamics with the host during its life
cycle. However, monitoring of bioinoculants is not a common practice despite the availability
of several methods. Rilling et al. (2019) pointed out that less than 25% of studies use tracking
methods. Typically, the main parameters considered to determine the effect of PGPR on plants
are plant biomass or plant physiology. These authors categorized PGPR tracking methods into
three groups (Fig. 5): immune-associated methods such as ELISA, immunofluorescence, and
immunogold (Gyaneshwar et al., 2001; Lucas Garcia et al., 2003; Odell and Cook, 2013;
Yegorenkova et al., 2010), reporter gene-based methods such as lacZ, gusA, GFP, and luxAB
(De Weger et al., 1997; Krzyzanowska et al., 2012; Ramos et al., 2002; Solanki and Garg,
2014), and nucleic acid base methods like quantitative g°PCR or FISH (Rahman et al., 2018;
Stets et al., 2015; Urrea-Valencia et al., 2021).

ELISA is the most common immunoassay method, which detects PGPR through an enzymatic
reaction involving antigen-antibody reactions. For instance, Pseudomonas fluorescens was
detected in the rhizosphere but not in the endorhizosphere of pepper seedlings using strain-
specific monoclonal antibodies. This strain was found at high concentrations (CFU g* soil) up
to 45 days after inoculation, linking its competence and colonization capacity with biometric
plant parameters (Lucas Garcia et al., 2003). Nevertheless, immune-associated methods can be
time consuming and expensive due to antibody production or animal immunization. For
instance, Yegorenkova et al. (2010) developed polyclonal antibodies in rabbits against
Paenibacillus polymyxa exopolysaccharides to examine bacterial root colonization in wheat
seedlings. The study found a positive correlation between the detection of exopolysaccharides
and CFU counts, indicating that the concentration of P. polymyxa in the wheat roots increased
over the evaluated time periods.
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Figure 5. Plant growth promoting rhizobacteria tracking methods. FISH: fluorescence in situ
hybridization. LacZ: -galactosidase, gusA: B-glucoranidase, luxAB: bacterial luciferase, GFP:
green fluorescent protein, ELISA: enzyme-linked immunosorbent assay, DGGE: denaturing
gradient gel electrophoresis, ARISA: automatic ribosomal interspace spacer analysis, ARDRA:
amplified ribosomal DNA restriction analysis, T-RFLP: terminal restriction fragment length
polymorphism, MPN-PCR: most probable number PCR, cPCR: competitive PCR, qPCR:
quantitative PCR (for review: Rilling et al., 2019).

Reporter gene methods can detect the expression of a target gene and visualize it through
fluorescence (GFP), luminescence (luxAB), or color (lacZ, gusA) (De Weger et al., 1997;
Ramos et al., 2002; Villegas and Paterno, 2008). Employing the gusA gene marker, Villegas
and Paterno (2008) determined that a Pseudomonas strain colonized sugar cane roots through
root tips and lateral root fractures, as indicated by x-gluc blue-stained plants. However, one
limitation of this method is that it cannot be used on the field because genetically modified
bacteria could represent a biosafety risk if released into the environment. On the other hand,
nucleic-acid based methods address many of the disadvantages of the previously mentioned
methods, as they do not require genetic transformation or antibody production (Rahman et al.,
2018; Rodrigues et al., 2008; Stets et al., 2015). Fluorescence in situ hybridization (FISH) is a
nucleic-acid based method used for PGPR detection, where fluorescently labeled
oligonucleotide probes bind to specific ribosomal RNA (rRNA) sequences (16S or 23S). For
example, using 16S rRNA based oligonucleotide probes, Rodrigues et al. (2008) identified 42
isolates of Azospirillum amazonense through FISH. Another widely used nucleic-acid based

method is quantitative PCR (qPCR), which relies on the design of specific primers to ensure
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high accuracy and specificity. Moreover, qPCR allows for quantitative measurements
(Couillerot et al., 2010). Stets et al. (2015) detected and quantified Azospirillum brasilense in
wheat roots up to 13 days after bacterization, with concentrations over 10’ CFU g fresh root
under both sterile and non-sterile conditions (growth chamber). Moreover, the persistence of A.
brasilense in maize has been demonstrated under field conditions, where the bacterial
population was detected through gPCR in the soil at a concentration of 10° CFU g one day
after seeding (DAS), but was no longer detectable after the fifth day. In contrast, in the roots,
the bacterium was found 75 DAS at a concentration of 10* CFU g (Urrea-Valencia et al.,
2021).

1.6.  Hartmannibacter diazotrophicus strain E19™ as PGPR

Hartmannibacter diazotrophicus strain E19"7 is a gram negative plant growth promoting
rhizobacterium isolated from Plantago winteri, located in a natural salt meadow in
Minzenberg, Germany (Suarez et al., 2014). The genus Hartmannibacter has been related to
bacteria found in diverse environments such as the rhizosphere of Panax gingseng (Wei et al.,
2020), high elevations (1400 m) (Martinez et al., 2021), and extreme environments such as
thermal waters (Szuroczki et al., 2016). Recently, H. diazotrophicus, a member of the family
Pleomorphomonadaceae (Hordt et al., 2020), has been proposed for reclassification into a new

family, along with the genus Methylobrevis (Ludwig et al., 2021).

Research on H. diazotrophicus strain E19T has shown to increase water content, as well as root
and shoot dry weight, of barley plants under salt stress conditions in a greenhouse experiment
(Suarez et al., 2015). Inoculation of alfalfa with the strain improved growth performance in
both salt-tolerant and salt-sensitive cultivars under 10 dS m™. However, it was successful only
in salt-tolerant cultivars at high salinity (20 dS m™) (Ansari et al., 2017). The use of specific
FISH probes has demonstrated the presence of H. diazotrophicus strain E19™ mainly on the root
surface (Suarez et al., 2015). The complete sequencing of its genome has identified several
genes related to its plant growth promoting activities (Suarez et al., 2019).

1.7.  Aim of the study

PGPR have been extensively investigated over the past 50 years, providing valuable
information about the mechanisms they exert to promote plant growth (Section 1.2).
Nevertheless, the long-lasting effects of PGPR on indigenous soil microbial communities, as
well as their dynamics once released into the field, are not well understood (Sections 1.3 & 1.5).

In the context of sustainable agriculture and organic farming, it is essential to improve yield

21



Chapter |

and grain quality while minimizing environmental impacts (Section 1.1). Grain quality is
related to several parameters including protein and starch content, phytate, mineral elements,
baking quality, and protein fractions such as glutenin, gliadin, and albumin/globulin. These
quality parameters rely on specific requirements that vary according to the plant species. In
wheat, improving nitrogen supply while increasing protein content is needed. In contrast, for
brewery purposes, starch content prioritizes protein content in barley, which should be kept
below 11% (Diaz et al., 2022). To cope with these challenges, the use of PGPR has gained
important relevance alongside other technologies that need to be complemented (Section 1.1).
However, there is a reported inconsistency when living microorganisms are applied under field

conditions (Section 1.4).

Considering this background, the current research focuses more on the rhizosphere microbiome
and yield parameters rather than on grain quality parameters under reduced input in organic
farming. Therefore, the aims of the present study were: i) to evaluate the effects of
Hartmannibacter diazotrophicus strain E197, row spacing, and fertilizer application on the
rhizosphere bacterial communities of wheat and barley at two different organic farms over three
consecutive seasons (2020-2023) through metabarcoding characterization; ii) to determine the
bacterial dynamics and survival of H. diazotrophicus strain E19" under field conditions; iii) to
assess the effects of seed inoculation with H. diazotrophicus strain E197, row spacing, and

fertilizer application on plant yield parameters.
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Abstract

Monitoring of bioinoculants once released into the field remains largely unexplored; thus, more information is required about their
survival and interactions after root colonization. Therefore, specific primers were used to perform a long-term tracking to elucidate
the effect of Hartmannibacter diazotrophicus on wheat and barley production at two experimental organic agriculture field stations.
Three factors were evaluated: organic fertilizer application (with and without), row spacing (15 and 50 cm), and bacterial inoculation
(H. diazotrophicus and control without bacteria). Hartmannibacter diazotrophicus was detected by quantitative polymerase chain reaction
on the roots (up to 5 x 10° copies g ! dry weight) until advanced developmental stages under field conditions during two seasons, and
mostly in one farm. Correlation analysis showed a significant effect of H. diazotrophicus copy numbers on the yield parameters straw
yield (increase of 453kg ha ! in wheat compared to the mean) and crude grain protein concentration (increase of 0.30% in wheat
and 0.80% in barley compared to the mean). Our findings showed an apparently constant presence of H. diazotrophicus on both wheat
and barley roots until 273 and 119 days after seeding, respectively, and its addition and concentration in the roots are associated with

higher yields in one crop.

Keywords: coating; detection; gum arabic; PGPR; qPCR,; root colonization; seed inoculation; survival

Introduction

Since Kloepper and Schroth (1978) introduced the term plant
growth-promoting rhizobacteria (PGPRs), a broad spectrum of re-
search has focused on revealing the complexity of plant-microbial
interactions and how they are able to induce beneficial effects on
plant immunity, growth, and productivity (Kloepper 1981, Kirch-
hof et al. 1997, El Zemrany et al. 2006, Burns et al. 2015, Singh
et al. 2022). PGPRs enhance plant performance through different
mechanisms that have been widely reported over the years, such
as nitrogen fixation (Hartmann et al. 1988), phosphorus solubiliza-
tion (Wani et al. 2007), phytohormone production (Goswami et al.
2014), or triggering plant defense responses (Kloepper et al. 2004).
These advances in PGPR research over the last decade have been
linked to a paradigm shift toward sustainable agriculture (Singh
et al. 2011, Backer et al. 2018). The current global attempt to re-
duce the use of mineral fertilizers and chemical pesticides has
become an important issue, with special attention paid to most
cultivated crops because of their environmental, economic, and
social impacts (Thudi et al. 2021). The excessive use of mineral fer-

tilizers contributes to not only the release of nitrous oxide (N,0)
to the atmosphere but also soil erosion and nitrate (NOs~) leach-
ing into groundwater. The latter has become a serious problem in
Germany, reporting an excess of the maximum NOs;~ permissible
value (50mg 1) in several groundwater-sampling sites in recent
years (Sundermann et al. 2020).

Wheat and barley are among the six most produced cereals
around the world, being fundamental in human nutrition, but
at the same time, their cultivation may have a negative environ-
mental impact due to the energy consumption for the produc-
tion of fertilizers and pesticides, whose excessive use can lead
to eutrophication and contaminated drinking water. Thus, sev-
eral strategies have been considered to enhance yield from a sus-
tainable perspective, including molecular breeding (Wiirschum
et al. 2017), bioformulations (Yahya et al. 2022), or disease resis-
tance (Skoppek et al. 2022). In this context, the use of PGPR has
led to the release of several biofertilizers into the market. They
aim to avoid soil degradation, reduce greenhouse emissions, and,
at the same time, maintain soil fertility without reducing crop
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production (Aloo et al. 2022). However, PGPRs have to face and
overcome many challenges. The effectiveness of PGPRs tested in
vitro under field conditions is inconsistent (Cardinale et al. 2015,
Owen et al. 2015), and in contrast to the laboratory or green-
house, where several parameters, such as temperature, humidity,
water availability, or light regime, are controlled, the field condi-
tions vary depending on the season. Microorganisms that grow
in gnotobiotic conditions have to adapt and survive in the new
environment, compete with other microorganisms, and face dif-
ferent types of biotic and abiotic stresses (Backer et al. 2018). Un-
derstanding how these factors modulate and influence PGPR colo-
nization is fundamental to extending the knowledge about plant-
microbe interactions in situ as well as to improve the effective-
ness of bioinoculants (Burns et al. 2015). However, there is scarce
information regarding the tracking and monitoring of these inoc-
ulants once they are released in the field. In fact, < 25% of the
studies used tracking methods, even though their development
was not recent (for review, see Rilling et al. 2019). Among the dif-
ferent monitoring methods, the quantitative polymerase chain
reaction (qQPCR) is based on the design of specific primers that
confer high accuracy, specificity, and reproducibility. In contrast
to other methods for tracking PGPR, such as the use of reporter
genes (beta-glucuronidase gene, green fluorescent protein) (Ville-
gas and Paterno 2008, Krzyzanowska et al. 2012) or immunoassays
(enzyme-linked immunosorbent assay) (Yegorenkova et al. 2010),
which are semiquantitative, culture-dependent, or involve genet-
ically modified bacteria, qPCR enables the quantitative analysis
of nucleic acids used as templates. Most qPCR studies have been
performed to detect Azospirillum spp. in roots (Faleiro et al. 2013,
Stets et al. 2015, Coniglio et al. 2022) and bulk or rhizosphere soil
(Bashan et al. 1995). Nevertheless, these studies were conducted
under greenhouse conditions, considering short evaluation peri-
ods (mainly 14 days) and/or sterile/artificial environments that do
not reflect field conditions. qPCR has been used to monitor the
populations of various types of legume-nodulating rhizobia in the
field (Maluk et al. 2022, 2023). Only a few long-term studies under
field conditions have been performed to monitor the dynamics of
PGPR in the rhizosphere soil (Zhang et al. 2020), roots (Seares et al.
2021, Urrea-Valencia et al. 2021), or stalks (Fernandes et al. 2014)
of different plants, including maize, Brachiaria grasses, soybean,
and sugarcane.

In this study, we inoculated the plant growth-promoting rhi-
zobacterium Hartmannibacter diazotrophicus strain E197 on winter
wheat (WW) (Triticum aestivum L., cv. Aristaro) and spring bar-
ley (SB) (Hordeum vulgare L., cv. Odilia) seeds In order to eval-
uate its plant growth-promoting effects under field conditions.
In addition, we developed specific primers to perform a long-
term gPCR tracking of the bacterium at different stages in both
plants, quantifying and correlating these results with the differ-
ent yield parameters. Hartmannibacter diazotrophicus is a Gram-
negative, rod-shaped, strictly aerobic bacterium, isolated from the
thizosphere of Plantago winteri (Suarez et al. 2014). Plant growth
promoting (PGP) abilities in vitro and in vive (greenhouse) have
shown that H. diazotrophicus is able to fix nitrogen, solubilize insol-
uble phosphate, reduce stress through 1-amynocyclopropane-1-
carboxylate (ACC) deaminase activity, and promote plant growth
under salt stress conditions (Suarez et al. 2014, 2015). Previously,
successful root colonization by H. diazotrophicus was identified us-
ing specific Fluorescence in-situ hybridisation (FISH) probes in bar-
ley grown under greenhouse conditions (Suarez et al. 2015, Rah-
man et al. 2018), indicating its accumulation on the root surface,
except at the root tips.

Materials and methods

Experimental site

Field experiments were performed at the organic experimental
stations Gladbacherhof (GH) (50°23'N, 8°15'E), Giessen Univer-
sity, central Germany, and Kleinhohenheim (KH) (48°44'N, 9°11'E),
Hohenheim University, southwest Germany, during the seasons
2020-2021 (season I) and 2021-2022 (season II). The fields are lo-
cated 185 and 444 m above sea level, with an average annual pre-
cipitation of 592 and 591 mm and an annual average temperature
of 10.8 and 10.5°C, respectively (2020-2022). Both sites show Hap-
lic Luvisol (IUSS Working Group WRB 2015) as soil type and have
been organically managed since 1989 (GH) and 1994 (KH). The
soil properties of both fields are listed in Supplementary Table S1.
Additional soil properties have been described in detail by Elfadl
et al. (2010), Chen et al. (2014), Schulz et al. (2014), and Binac-
chi et al. (2023). At Gladbacherhof, an 8-year crop rotation with
2-year alfalfa grass (Medicago sativa), winter rye (Secale cereale),
potato (Solanum tuberosum), WW (T. aestivum), field beans (Vicia
faba), spelt (T. aestivum ssp. spelta), and SB (H. vulgare) has been cul-
tivated. Potato and spelt wheat were planted in the fields before
seeding WW and SB, respectively. In contrast, a 5-year crop rota-
tion at Kleinhohenheim with clover grass (Trifolium spp.), intensive
vegetables, summer cereal, vegetables with low N-requirement,
and emmer (T. dicoccum) was cultivated, with clover grass always
planted before WW and SB.

Bacterial culture, seed coating, and field
experiments

Hartmannibacter diazotrophicus strain E197 (LMG 274607), from the
culture collection of the Institute of Applied Microbiology (Justus
Liebig University, Germany), was cultured in a half-concentrated
marine bouillon (Carl Roth GmbH, Germany) and incubated on
an orbital shaker at 27°C and 1501pm for 48h. Then, 2000ml of
the liquid culture was centrifuged at 17700 x g for 20min and
re-suspended in 400ml of 0.03M MgSO.. The inoculation of H.
diazotrophicus was based on and modified from the seed-coating
technique described by Kloepper (1981). In our experiments, gum
arabic 25% (Fisher Scientific, UK) and talc (Carl Roth GmbH, Ger-
many) were autoclaved at 121.9°C for 25 min and pH adjusted to
7.0 £ 0.2 before coating. Subsequently, it was mixed with the bac-
terial re-suspension in a 1:1 ratio. Sterile MgSQy solution was used
as the control treatment. The gum inoculum (% = 1.62 x 107 +
4.89 x 10° bacteria ml!) was gently placed and spread over WW
(T. aestivum, cv. Aristaro) or SB (H. vulgare L., cv. Odilia) seeds, mixed
well, and covered with talc (2.2 times the volume of the gum in-
oculum). The seeds were stored at 4°C until sowing. For colony-
forming unit (CFU) determination, 0.1g of the seed-coated pow-
der was dissolved in 9.9 ml of 0.18% sodium pyrophosphate, fol-
lowed by serial dilutions in 0.9 ml of NaCl (0.9%), obtaining an av-
erage concentration for both seasons of x = 2.18 x 10% +9.56 x 107
CFU g~! powder. A randomized complete block design with four
replicates was performed under field conditions to evaluate the
following factors: bacterial inoculation (strain E197, ctrl without
bacteria), row spacing (15 and 50 cm), and fertilization (with fer-
tilizer, without fertilizer, only for WW). Approximately 400 seeds
m~? were sowed in plots of 7.5m? (5m x 1.5m). WW seeds were
sowed between October and November 2020 (season I) and Octo-
ber 2021 (season 1I) and fertilized with organic manure in March
2021 (100.2kg N ha™', season 1) and 2022 (107.1kg N ha!, sea-
son II) by the soil drenching method (Supplementary Table S2). SB
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seeds were sowed in April 2021 (season [) and March 2022 (season
11). Fertilization of SB was not performed, as it is not common in
organic farming.

Parallel greenhouse experiment to evaluate seed
coating and strain E197 survival

Hartmannibacter diazotrophicus has previously proved to effectively
colonize barley roots under salt stress conditions (Suarez et al.
2015). Therefore, in order to evaluate its root colonization abil-
ities in WW, 700¢g of soil from GH was milled, sieved (<4 mm),
and placed in square plastic pots of 14 x 14cm, containing 20
coated WW seeds used for seeding at GH during season I. In addi-
tion, we prepared pots with coated seeds with an initial concen-
tration of 100mM NaCl and then watered them three times with
50mM NaCl, reaching a final concentration of 250 mM NaCl. All
pots were maintained at 60% of their maximum water holding
capacity (WHC = 239ml). Coated seeds without bacterial inocula-
tion (control samples) were also included in the experiments with
and without salt stress, with three replicates per treatment.

Root sampling and DNA extraction
Field plants with soil at their roots were dug out from two dif-
ferent points in each plot (~1 m into the plot from the edge) 120
days after seeding (DAS) (only at GH, season 1), then at flowering
(BBCH-60), milk ripe (BBCH-75, season I), and fully ripe (BBCH-89,
season II) stages. Similarly, root samples from the greenhouse ex-
periment were collected 10 DAS (BBCH-12) and 30 DAS (BBCH-30),
considering the Zadoks growth scale (Zadoks et al. 1974). There-
after, samples were collected in plastic bags and stored at 4°C.
Once in the laboratory, the soil was discarded from the roots us-
ing sterilized forceps and scissors. Samples with seed inoculation
were processed at separate locations compared to those without
seed inoculation. Only the upper part of the roots was placed in
sterile plastic centrifuge tubes of 15 ml and stored at —80°C. For
the greenhouse experiment, the roots were cut immediately af-
ter removing the soil, and the lower, middle, and upper parts were
frozen separately in sterile plastic centrifuge tubes at —80°C.
Prior to DNA extraction, the roots were rinsed two to three
times with sterilized deionized water to remove the soil. They
were then ground with liquid nitrogen using a sterilized mortar
and pestle (180°C for 5 h). Approximately 100-200 mg of fresh root
weight was placed into a 2-ml screw-cap microcentrifuge tube
containing 700mg of heat-sterilized zirconium beads (0.1 mm).
For DNA extraction, 1ml of extraction buffer (0.2 M sodium phos-
phate buffer, 0.1 M NaCl, 0.05M EDTA, 25¢ 1! SDS, pH 8) was
added to the tubes. Root tissue was disrupted with a homogenizer
for 455 at 5.5m s (Fastprep-24™, Biomedicals, Santa Ana, CA,
USA) and later centrifuged at 17000 x g for 5min at 4°C. RNA was
digested by the addition of 2.5ul RNAse (20 mg ml~?), followed by
incubation for 30 min at 37°C. For DNA separation from lipids and
cell debris, 1 ml of phenol/chloroform/isoamyl alcohol (25:24:1)
was added to the tubes, mixed by inversion, and centrifuged at
17000 x g for S5min at 4°C. The upper agueous phase from the
tubes was recovered and transferred into a new 2 ml microcen-
trifuge tube. Subsequently, 1 ml of chloroform was pipetted into
the tubes and centrifuged at 17 000 x g for 5 min at 4°C. The super-
natant was collected in a new 2 ml microcentrifuge tube. DNA pre-
cipitation consisted of the addition of 1ml of precipitation buffer
(200 g 1-! polyethylene glycol 6000, 2.5 M NaCl), followed by incu-
bation for 30 min at 4°C. The tubes were centrifuged at 17000 x
g for 30min at 4°C and the supernatant was discarded by decant-
ing. Finally, a washing step with 800 pl of ice-cold 75% ethanol was
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performed. The tubes were mixed by inversion and centrifuged at
17000 x g for 10 min at 4°C. After ethanol removal, the DNA pellet
was dried next to the Bunsen burner flame and dissolved in 30 pl
of nuclease-free water.

Primer design

A specific primer pair (E19_F_932: 5'-GTCCGGCTATCCAGAGAGAT-
3, E19_R_1261: 5-ATTAGCTGACCCTCGCAGGT-3') targeting the
16S TRNA gene of strain E19T was designed by aligning the 16S
rRNA gene of strain E197 and its closest relatives. The sequences
were obtained from the SILVA database (Quast et al. 2012), aligned,
and merged with the LTPs111 (February 2013) database (Munoz et
al. 2011) using the ARB version 5.2 program (Ludwig et al. 2004).
The specificity of the primer pair was checked using the online
programs Probe Check (Loy et al. 2008) and SILVA TestPrime v1.0
(Klindworth et al. 2013). The specificity of the primers was also
tested by cloning, using the method described by Kampmann
et al. (2012a), with DNA isclated from the rhizosphere of differ-
ent plants. The cloned DNA sequences from the vectors were se-
quenced (LGC, Berlin, Germany), and only sequences identical to
the corresponding sequences of the strain E197 were found

Quantitative PCR standard curve

The copy numbers of the standard 165 rRNA gene segments were
calculated as described by Kampmann et al. (2012b). For gPCR,
5 pl of SYBR Green JumpStart" Ready Mix (Sigma-Aldrich, USA),
plus 0.2l of the primers 932F (10 M) and 1261R (10 uM), 0.1l
BSA (20 pg pl™?), 2l of PCR-water, and 2.5l of DNA were used
for a total volume of 10 pl. The DNA for the standard curve was
serially diluted 10-fold between the range in which H. diazotroph-
icus was detectable (from 6.88 x 10° copies pl~' until 6.88 x 10°
copies pl~1). Quantification of H. diazotrophicus in the samples was
performed in four replicates with a Rotor Gene Q (Qiagen, Hilden,
Germany) using the following program: 2 min at 94°C, followed by
40 cycles of 455 at 94°C, 455 at 63°C, 455 at 72°C, and 15s at 84°C.
Q-Rex software v1.1.04 (Qiagen, Hilden, Germany) was used for
absolute quantification, normalization, and Cq calculation.

Harvesting, yields, and copy number g-! DW

Harvesting of WW and SB took place in August in the years 2021
and 2022. Fresh and dry weights were determined from the seeds
and straw and adjusted to 12% moisture for grain yield and straw
yield calculations. In addition, the thousand-kernel weight was
also included. To determine the crude protein concentration, the
grain samples were dried and milled using a tube mill (MM301,
Retsch, Haan, Germany). The DUMAS combustion method was
used to determine the total N content in the individual flour sam-
ples using a Vario MACRO cube CHNS macro elemental analyzer
(Elementar Analysensysteme GmbH, Langenselbold, Germany).
Finally, the N content was multiplied by a factor of 5.7 (Sosulski
and Imafidon 1990).

The result of the qPCR in copies ul~! was converted to copies
g~! DW soil using the following formula:

_ CrxVuxVt

C= x 100%,
ms x dm

where C is the copies per dry weight sample (copies g~* DW sam-
ple), Cr is the copies per gPCR reaction (copies ul=1), Vu is the di-
lution factor of the DNA in the gPCR (usually 1:10), Vt is the total
volume of the DNA extract (30 l), ms is the mass of the extracted
environmental sample (g), and dm 1s the dry matter content of the
extracted environmental sample (%).
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Statistical analysis

Statistical evaluation of the copies g~! DW was carried out using
R studio software, v4.3.0 (R Core Team 2023). The gPCR data were
logl10 transformed. Analysis of varlance (ANOVA) and Tukey’s
honestly significant difference (HSD) were performed to compare
significant differences between treatments. Eventually, data visu-
alization was performed through R packages ggstatsplot v0.11.1
(Patil 2021), palmerpenguins v0.1.1 (Horst et al. 2020), and tidy-
verse v2.0 (Wickham et al. 2019).

A linear mixed-model approach was applied using the R pack-
age lme4 v1.1-26 (Bates et al. 2015). In order to assess the effect
of seed inoculation with H. diazotrophicus, each crop was analyzed
separately, and the factors bacterial inoculation (categorical vari-
able and continuous variable as logyo copies g~! DW sample), fer-
tilizer management (for WW), and row spacing were assessed as
fixed effects. On the other side, harvest season, field location, and
experimental block were used as random effects for model cre-
ation. Initially, it was determined the level of variance explained
by each one of the afore-mentioned factors. Subsequently, three
models were created, as described by the following formulas:

Model 1:

Yi= Bo+ argy +boi+ e,
by ~ NID(0, 0?) ande; ~ NID(0, ¢7).

Model 2:

YU-H = o+ BLj+ B2+ B3 +ary + by + by + EUH,

boi 0| |of om - 2
|:blii| NID([O:|, |:601 o2 and Cijkl NID(0, 7).
Model 3:

YUH = Po+ BLj+ B2 + B3 + (B1B2) ), + (BLB3); + (B2B3)y

+ (ﬁlﬁZﬁS)jkl +oergp) + boi + blzp + eijki’

by 0 ol oo . 2
|:h1;‘:| NID(|:O:|, [Um o? andeyy ~ NID(0, o%),

where Y; 1s the yield or response of the ith plant with j bacterial
inoculation, k fertilizer management, and [ row spacing. g is the
overall fixed intercept, 81; is the intercept for bacterial inocula-
tion, B2y, is the intercept for fertilizer management, and 83, is the
intercept for row spacing. (8162); corresponds to the intercept of
the interaction between bacterial inoculation and fertilizer man-
agement. (81p83); is the intercept of the interaction between bac-
terial inoculation and row spacing. (8382) corresponds to the in-
tercept of the interaction between fertilizer management and row
spacing. (B182f3);x is the intercept of the interaction of all fixed
effects. ar is the intercept of hierarchical random effects for the
ith plant, by and by; are the random intercept and random bac-
terial inoculation slope effects for the ith plant, and e is the ran-
dom error. With the typical assumption of mutual independence
of random effects and random error and normally and identically
distributed effects. Model 1 represented the dependent variable
without fixed effects and with only random effects. Model 2 in-
cludes fixed effects but does not assume any interaction among
them. Model 3 includes fixed effects, with the assumption of in-
teraction among them.

Following, the models were compared using the function
model.comparison from R package flexplot v0.19.1. (Fife 2022), using
the Akiake information criterion, Bayesian information criterion,
and Bayes factor as the criteria for model selection.

Later, the selected model was fitted using the restricted maxi-
mum likelihood (REML) and t-tests and Type IIl ANOVAs were per-
formed by applying the Satterthwaite’s method for approximating

the degrees of freedom for the t and F tests using the R package
ImerTest v3.1-3 (Kuznetsova et al. 2017).

Results

Long-term qPCR detection of the strain E197
under field conditions at different developmental
stages

Hartmannibacter diazotrophicus was successfully detected in the
roots of WW and SB during the two evaluated seasons, mostly at
Gladbacherhof (Fig. 1a). As the E19" detection was not found in
all the samples collected, treatments were clustered only by bac-
terial inoculation, and the detection rate was calculated to esti-
mate which percentage of the root samples under field conditions
were colonized by strain E197. The highest copy number of H. di-
azotrophicus was observed during season II at the flowering stage
for WW (R10510 copies = 5.32, Reopies = 3.1 x 10° copies g~! DW) and
milk ripe for SB (fiogi0 copies = 5.37, Reopies =5 x 10° copies g~ DW).
Although some significant differences between seasons or stages
were found, no clear trend was observed in either plant species
(Fig. 1a). Surprisingly, no significant reduction was observed in the
number of copies in WW at 120 DAS (x = 4.83, Fig. 1a) compared
to the advanced developmental stages (P > 0.05) (Fig. 1a). How-
ever, the detection rate declined with the highest value recorded
at 120 DAS (75%). Moreover, the strain E197 detected in samples
at flowering was not necessarily found in the next stage, and vice
versa. In contrast, the highest detection percentages in SB were
observed at the milk/fully ripe stage (100% and 88% detection
rates in seasons I and II, respectively). It is important to point out
that in WW, strain E197 was detected after a longer period of time
(up to 273 DAS, Fig. 1a) than in SB (up to 119 DAS, Fig. 1a). Fur-
thermore, strain E197 was not detected in any of the control sam-
ples (roots of wheat and barley that were not seed-inoculated with
E197), showing the specificity of the primers and the non-native
presence of H. diazotrophicus in the soil of both organic farms. As
the number of copies g=' DW was zero, they were not shown in
Fig. 1. Intriguingly, in the other experimental field (Kleinhohen-
heim), strain E19" could not be detected during season I; it was
only detected in two replicates of SB during season 1I (x = 4.87,
25% detection rate, Fig. 1a).

gPCR detection of the strain E19T under
greenhouse conditions

In parallel to sowing WW to the fleld in season I and due to acces-
sibility and better root examination, the same coated seeds were
used for the detection of strain E19" in an early growth stage of
the wheat plants in a greenhouse experiment. In addition to the
optimal growth conditions for wheat, salt stress was applied to
evaluate whether strain E197 could be detected under saline con-
ditions in WW (Fig. 1b). Ten DAS, the copy number of strain E19T
under salt stress (% = 6.33) was higher than that of the strain E197
without salt stress (x = 5.81). However, no significant differences
were found between treatments (P = 0.78; Fig. 1b). Remarkably,
the highest number of copies was detected in the upper part of
the root under salt stress (Xig10 copies = 6.36, Zeopies = 2.55 x 10°
copies g-! DW). Furthermore, no significant decrease over time
was observed in the middle and lower root sections under this
stress condition (Fig. 1b). This was in contrast with the results ob-
tained without salt after 30days, in which the concentration sig-
nificantly decreased in the middle (% = 4.05) and lower parts (%
= 4.14) of the roots but not in the upper part (Xego copies = 5.21,
Reopies = 1.82 x 10° copies g~! DW). The detection percentage was
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Figure 1. (a) Comparison of the number of copies per gram of DW (log10) of strain E197 for wheat and barley during the two seasons under field
conditions. Significance codes: < 0.05 =", Subsets for wheat (n = 5-12, Tukey's HSD, a = 0.05) and barley (n = 3-8, ANOVA, « = 0.05) were used for
statistical analysis. (b) Comparison of the number of copies per gram of DW (log10) of strain E197 for wheat under saline (salt) and non-saline
conditions (non-salt). Different letters show significant differences between treatments (Tukey’s HSD, @ = 0.05). DR = detection rate (%); DAS = days
after seeding; upper = upper section of the roots; middle = middle section of the roots; lower = lower section of the roots

100% in all treatments, except for the lower part of the roots after
30days without salt stress (67%, Fig. 1b).

Influence on bacterial inoculation, fertilizer, and
row spacing on plant parameters

At first glance, yield parameters collected during the seasons
2020-2021 and 2021-2022 showed better performance in terms of
grain yield, straw yield, and thousand-kernel weight in season II
in both fields compared to the previous season, not being the case
for crude protein concentration (Table 1). In fact, the linear mixed

model revealed that most of the variation was determined not
only by the season, but also by the location and the block (Fig. 2).
The variance of these three factors varied depending on the yield
parameters, with the season being the main source of variance in
SB and the location the main source of variance in WW. There-
fore, to control their contribution to the overall variance, season,
location, and block were modeled as random effects for the linear
mixed model.

Type [I ANOVA of the linear mixed models of WW showed a sig-
nificant effect on straw yield, with only a significant interaction
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Figure 2. Percentage of variance of the different factors used for modeling the linear mixed model in WW and SB.

Table 2. Type IIl ANOVA with Satterthwaite’s method based on linear mixed models of different yield parameters for WW and SB.

Bacterial
Bacterial inoculation:
Plant Yield parameter Factor inoculation Fertilizer Row spacing fertilizer
Ww Straw yield F value 2,12 0.78 1.19 7.36
Pr(>F) 0.17 038 028 8.08 x 10-3**
Grain yield F value 0.74 3.94 0.28 0.87
Pr(=F) 0.41 0.05 0.6 0.36
Thousand kernel weight F value 0.74 6.13 14.44 -
Pr(=F) 0.39 1.51 x 10-2* 2.58 x 10~4*** -
Crude protein concentration F value 8.15 37.43 - -
Pr(>F) 5.40 x 1073* 2.08 x 10-8%+ - -
SB Straw yield F value 0.70 - 267 -
Pr(=F) 0.41 - 0.11 -
Grain yield F value 0.14 - 4.03 -
Pr(>F) 0.71 - 0.05 -
Crude protein concentration F value 39.07 - 0.37 -
Pr(=F) 5.92 x 1078 - 0.54 -

Empty spaces belong to factors that were not included for the linear mixed model, Numbers in bold indicate significant differences. Significance codes: “***"<0.001,

“*"<0.01, "*"<0.05.

between bacterial inoculation and the addition of fertilizer (Ta-
ble 2). Moreover, the t-test using Satterthwaite's method showed
thatbacterial inoculation with strain E197 plus the addition of fer-
tilizer significantly increased straw yield by 836 kg ha~* compared
to the mean (x = 5915kg ha=™", P = 0.045) (Fig. 3a). In contrast, in
the absence of fertilizer, the bacterial inoculation could not per-
form properly, showing a significant decrease of 1080kg ha=' in
straw yield compared to the mean (P = 0.048) (mostly caused by
the absence of fertilizer, Fig. 3a). The grain yield results showed
a similar trend to straw yield, but with non-significant results
(Table 2, Fig. 3b). In addition, bacterial inoculation, fertilizer, and
row spacing showed a significant effect on the thousand-kernel
weight (fertilizer, row spacing, Table 2, Fig. 3d) and grain protein
concentration (bacterial inoculation and fertilizer, Fig. 3c). The t-
test using Satterthwaite’s method indicated that the absence of
fertilizer significantly decreased by 0.5 g and 1.25% the thousand-
kernel weight and protein concentration compared to their means
(x=43.9g,P=0.017; 8 = 12.34%, P = 3.41 x 10~% respectively). Re-

markably, bacterial inoculation significantly increased the protein
concentration (Fig. 3c) of WW by 0.56% compared to the mean (%
=12.34%, P = 5.80 x 107%).

Non-significant effect of the factors row spacing and bacterial
inoculation was found in SB for the straw yield, grain yield, and
thousand-kernel weight (reduced linear model with no interac-
tion between the fixed effects, Table 2). Nevertheless, the analysis
of protein concentration revealed that bacterial inoculation sig-
nificantly increased its concentration by 1.80% compared to the
mean (x = 10.51%, P = 1.19 x 1077, Supplementary Fig. S1b).

Similarly, mixed linear models were applied to correlate the
copies g~ DW of strain E19" obtained from qPCR with the differ-
ent yield parameters. The flowering stage was the best indicator
compared to the ripening stages for assessing the correlation be-
tween the concentration of H. diazotrophicus and crop yield param-
eters (Supplementary Table 53). Strain E19" copies g=' DW showed
the same significant effect on the straw yield of WW (Table 3),
with an increment of 453kg ha~! (Fig. 4a) compared to the mean
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Figure 3. Linear mixed models fit by REML for WW (a) straw yield, (b) grain yield, (c) protein concentration, and (d) thousand kernel weight.

Table 3. Type 11l ANOVA with Satterthwaite’s method based on linear mixed models of different yield parameters compared to the
number of copies g~ DW (log) of strain E19T for WW and SB.

Log copies E19:

Plant Yield parameter Factor Log copies E19 Fertilizer Row spacing fertilizer
WW Straw yield F value 9.97 3.25 0.76 4.55
Pr(>F) 2.15 x 107 3=* 0.08 0.39 3.56 x 10-2*
Grain yield F value 173 4.76 0.21 0.23
Pr(=F) 0.19 3.29 x 10-?* 0.65 0.63
Crude protein concentration Falue 8.46 31.98 1.57 -
Pr(=F) 4.50 x 10-3** 2.00 x 10- 4=+ 0.21 -
SB Straw yield F value 0.87 - 2.42 -
Pr(=F) 0.35 - 0.13 -
Grain yield F value 4.94 - 3.82 -
Pr(=F) 3.09 x 10-2* - 0.06 -
Crude protein concentration F value 24,74 - 0.06 -
Pr(>F) 5.34 x 10-6%* - 0.81 -

Empty spaces belong to factors that were not included for the linear mixed model. Numbers in bold indicate significant differences. Significance codes: “s#+"<0.001,

“xx"<0.01, “¥"<0.05

(x = 6486kg ha™!, P = 0.032, t-test using Satterthwaite's method) higher copies g=* DW of strain E197 or fertilizer application were

and the same non-significant tendency for grain yield (Fig. 4b). positively correlated with higher protein concentrations (Fig. 4c)
Remarkably, in both WW and SB, the crude protein concentra- Furthermore, higher concentrations of H. diazotrophicus detected
tion clearly showed the effect of fertilizer application (only WW) in the soil were positively correlated with a significant increase of

and the number of copies g=! DW of strain E197, indicating that 0.30% and 0.80% in protein concentration compared to the mean
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Figure 4. Linear mixed models fit by REML considering the log copies g~! DW of strain E197 for WW (a) straw yield, (b) grain yield, and (c) crude protein

concentration.

of WW (x = 12.96%, P = 0.0058, Fig. 4c) and SB (x = 11.45%, P =2
x 1071 Supplementary Fig. S1a).

Surprisingly, in the case of SB, the number of copies g~} DW
of strain E197 was negatively correlated with grain yield (Table 3).
The t-test using Satterthwaite's method indicated that by each in-
crement in a unit of log copies g=! DW, there was a significant de-
creased in the grain yield of SB by 171kg ha~! compared to the
mean (X = 3088kg ha~?, P = 0.025). Nevertheless, it is important
to note that rather low SB yields were obtained during the sea-
son 2020-2021 (<1500kg ha~?, Table 1) due to weather conditions
that caused fungal infection, affecting plant yield parameters and
probably contributing to the negative effect observed by bacterial
inoculation.

Discussion

In the last decade, bioinoculants have gained significant impor-
tance as a sustainable agricultural strategy. However, the lack

of information on plant microbial interactions coupled with the
reported inconsistency of their efficacy under agronomic condi-
tions, as well as their persistence once released into the soil, is
a current claim to be unveiled (for review, see Owen et al. 2015,
Thilakarathna and Raizada 2017, Salomon et al. 2022). In this
study, we developed specific primers to monitor the plant growth-
promoting bacterium H. diazotrophicus, focusing on three impor-
tant aspects: (i) bacterial root colonization after seed coating;
(ii) early and long-term persistence and quantification of H. dia-
zotrophicus under field experimental conditions; and (iii) the cor-
relation between the number of copies g=! DW of H. diazotrophi-
cus, as well as the different factors evaluated with certain yield
parameters of WW and SB.

We determined successful root colonization of H. diazotrophicus
through qPCR at the greenhouse level, simulating field conditions
(GH soil and coated seeds) for WW seeds. The bacterium was de-
tected 10 DAS in 100% of the samples analyzed at a high concen-
tration (Fig. 1b), indicating on one side the seed coating effective-
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ness technique and on the other side the root colonization ability
of H. diazotrophicus, not only for barley but also for wheat. In the
E19" genome, several genes have been related to rhizosphere/root
colonization, such as those involved in quorum sensing (aiiA, lux,
rhtB), chemotaxis (che, tsr), motility (flg, fli), secretory protein sys-
tems (tat, sec), and antibiotic resistance (acr, emr), which were de-
scribed in the detailed gene list of Suarez et al. (2019) in their Sup-
plementary Tables S12 and $15. Earlier, other groups, e.g. Com-
pant et al. (2010) and Schikora et al. (2016), pointed out that the
above-mentioned bacterial traits of PGPR are important for root
colonization. Furthermore, in a recent metatranscriptomic study
by Vannier et al. (2023), several genes have been associated with
root colonization success of PGPR. All these genes are also present
in the genome of E197, like the PstABCS operon, which encodes
the phosphate starvation system (Pst) and promotes phosphate
assimilation of E197. Similarly, the iron import gene exBD and the
general stress response gene typA, which are important for root
colonization (Vannier et al. 2023), were also present in the E197
genome.

In agreement with the results for barley seeds obtained by
Suarez et al. (2015), salt stress proved to play a fundamental role
in the performance and persistence of strain E197 on the roots of
WW (Xiog10 copies = 6.33, Fig. 1b). To this point of evaluation, our re-
sults were in agreement with similar results obtained at a green-
house level by gPCR in wheat roots (Stets et al. 2015) or maize roots
(Couillerot et al. 2010, Faleiro et al. 2013) observed up to 18 days
after inoculation with Azospirillum spp. Nevertheless, as time pro-
gressed, we observed at 30 DAS a significant decrease in the num-
ber of copies g~* DW in the middle (R10g10 copies = 4.05) and lower
parts (iloglo copies = 4.14), but not in the upper part ()-(loglo copies =
5.21, Fig. 1b) of the WW root samples without salt stress, indi-
cating that although the bacterium could be detected in all root
sections, its survival began to decline (Fig. 1b). Xiang et al. (2010)
propose three possible scenarios for introduced bacteria: a long-
term persistence, a sharp decline some days/weeks after inocula-
tion, or a gradual decrease of bacterial population. Based on our
results, we observed that H. diazotrophicus was able to colonize the
roots at an early stage (greenhouse results), gradually decrease its
cell number, and stabilize over time (detected in advanced devel-
opmental stages), but not in 100% of the plants (Fig. 1a), show-
ing lower detection percentages in WW (31%-63%, probably due
to time lapse and hard climate conditions) and higher percent-
ages in SB according to the results of field experiments (up to

100%). When an exogenous microorganism is introduced into a
new habitat, it has to find or compete with native microorganisms
for a niche that could be already occupied (niche overlapping), but
it could also lead to dynamic character displacement, resulting in
either competitive exclusion or coexistence with indigenous mi-
croorganisms (Hemmerle et al. 2022). Moreover, according to the
“kill the winner” hypothesis (Thingstad 2000), resident viruses are
able to maintain equilibrium and coexistence between bacterial
communities, attacking the highly abundant microbial popula-
tions, especially when foreign bacteria are introduced (Russ et al.
2023). Bioinoculants usually contain highly concentrated inocula
and mechanisms to ensure root colonization (Rocha et al. 2019),
as previously described for E197.

Monitoring of bioinoculants under field conditions has in-
creased in the last few years, revealing the dynamics of introduced
microorganisms (Zhang et al. 2020, Urrea-Valencia et al. 2021).
Soares et al. (2021) found differences between Brachiaria cultivars
after inoculation with Azospirillum baldaniorum. In our study, the
location was a determinant of H. diazotrophicus detection. We can-
not clearly explain its unsuccessful detection at KH during sea-
son [ and only in very few samples in season II (Fig. 1a). There-
fore, seed transportation, interference during DNA extraction, or
qPCR must be reconsidered. Nevertheless, we speculate that, al-
though the soils of both organic farms share the same type (Hap-
lic Luvisol) and similar soil properties (Supplementary Table S1),
the native soil microbial communities could be different and play
a pivotal role in the survival of H. diazotrophicus (Thingstad 2000,
Hemmerle et al. 2022).

An illustrative summary of the correlation results is presented
in Fig. 5. The addition of fertilizer to WW significantly improved
the performance of H. diazotrophicus in terms of straw yield (836 kg
ha~! compared to the mean). This correlation was also observed
with the copy number g=* DW (453 kg ha="'). Previous crop fer-
tilization (e.g. potato at GH) combined with the low fertilizer
level applied (<110kg N ha~!) could have contributed to the
non-significant differences obtained in grain yield. The combi-
nation of PGPR and fertilizer could be related to better crop
yield performance (Urrea-Valencia et al. 2021). Shaharoona et al.
(2008) obtained similar results for wheat with the inoculation of
Pseudomonas fluorescens and low levels of fertilizer, arguing that
ACC deaminase producers (like H. diazotrophicus) reduced the in-
hibitory effect of the ethylene secreted in the roots at low nutrient
levels, showing better growth and yield.
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Remarkably, H. diazotrophicus significantly increased the grain
raw protein concentration in both crops (0.56% and 1.80% for
wheat and barley, respectively, compared to the mean; Fig. 3¢ and
Table 2), correlating higher number of copies g~* DW with higher
protein concentrations (0.30% and 0.80% for wheat and barley;
Fig. 4c and Table 3). This increase could be indirectly related to
the nitrogen fixation activity reported for H. diazotrophicus (Suarez
et al. 2014) and the 14 nif genes and fixation-related genes identi-
fled in its genome (Suarez et al. 2019). Nevertheless, our approach
will be corroborated by further experiments, such as the use of
15N isotope techniques that have been used to determine the ni-
trogen fixation activity of other diazotrophs (Urquiago et al 2012).
In general, higher wheat grain protein concentrations, especially
in the conditions of organic agriculture, are required to improve
baking quality; however, relevant grain protein subunits should
also be considered (Rekowski et al. 2020). In contrast, for a beer
brewery, the barley protein concentration needs to be <11%in or-
der to favor carbohydrate levels and reduce off-flavors (Diaz et
al. 2022). In this context, inoculation with H. diazotrophicus is not
recommended for the production of barley for brewery purposes,
but for animal feed. Nevertheless, further research is required
to confirm this finding. The lack of consistent positive effects of
strain E19" on the other yield parameters of SB was hidden by
the susceptibility of the cultivar Odilia to fungal infections (Fed-
eral Plant Variety Office 2021) and subsequently low yields. Strain
E19T possesses genes that encode for phenazine biosynthesis and
y-aminobutyric acld (biocontrol agents) (Suarez et al. 2019). How-
ever, a threshold in the density of bioinoculants is required to
show an effective response against phytopathogens (Raaijmakers
et al. 1995). Similarly, the success of PGPR in controlling fungal
infections is usually limited to low fungal density (Siddiqui and
Shaukat 2002), which requires good fungal monitoring under field
conditions. Future experiments shall explore the biocontrol po-
tential, particularly because the genome of strain E197 contains a
quorum quenching system with a gene for N-acetyl-homoserine
lactone degradation. This system has the potential to influence
both pathogen infection and defense mechanisms.

Conclusion

In summary, the development of specific primers to track H. dia-
zotrophicus strain E19T has undoubtedly demonstrated its root col-
onization ability at early developmental stages, not only in bar-
ley as shown in previous research, but also in wheat, indicating
its adaptability to colonize different plant species. We success-
fully detected the strain E197 through gPCR from the greenhouse
level (30 DAS) until advanced developmental stages (milk/fully
ripe) under field conditions. Although high concentrations and
detection rates of strain E197, with or without salt stress, were
observed until 30 DAS, once beyond the greenhouse the detec-
tion rate was reduced. It gradually decreased but could be de-
tected until advanced developmental stages, which suggests pos-
sible bacterial stabilization in the roots over time. These results
also suggest that successful root colonization in the early stages
does not directly imply high survival rates in later growth stages.
Furthermore, the effect of exogenous bacterial inoculation on the
native microbial soil communities needs to be evaluated in ad-
dition to interactions among each other, which help to elucidate
the survival of strain E197. Finally, WW straw yield and grain
protein concentration were significantly enhanced by inoculation
with H. diazotrophicus and addition of organic fertilizer. Further-
more, H. diazotrophicus favored an increase in the SB crude protein
concentration.
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The effects of plant growth promoting bacteria used for inoculation on native microorganisms remain unexplored
under field conditions and, to a lesser extent, in longitudinal studies using different crops. This study, spanning
three seasons across two organic fields, examined through 165 rRNA gene sequencing how the seed inoculation
of Hartmannibacter diazotrophicus influenced the rhizosphere bacterial communities of wheat and barley. In
addition to bacterial inoculation, the effects of row spacing and organic fertilizer application were also assessed.
Together with previous results, we determined that H. diazotrophicus could improve crop yield parameters
without altering the bacterial community composition. Alpha and beta diversity indices showed non-significant
effects for most of the three factors evaluated. The 19 most prevalent taxa at the genus level were identified in
both crop species, which mainly encompassed the phyla Pseudomonadota, Acidobacteriota, and Actinomycetota.
Differential abundance analysis showed that the location significantly influenced the recruitment of different
bacterial communities by the same crop species. While in one organic farm, 2860 ASVs were affected by crop
species, 232 ASVs were impacted at the other location. Further analyses, including longitudinal analysis, linear
mixed model effects, and diversity indices, showed a significant effect of location, crop species, and season on the
dynamics of bacterial communities. Our results are unusual compared with most of the studies reported and
indicate the resilience of rhizosphere bacterial populations after the incorporation of an allochthonous micro-
organism such as H. diazotrophicus.

1. Introduction annual growth rate (CAGR) of 12.09 % by 2029 (Market Data Forecast,

2024). Along with this continuous increase, several concerns have arisen

The use of living microorganisms has emerged as a strategy to
address the unwanted effects of chemical pesticides and mineral fertil-
izers. By 2023, a market research report valued the global fertilizer
market at over 200 billion USD (Global Market Insights, 2024). For
biofertilizers, another report projects a market value of 2.70 billion USD
by the current year (Market Data Forecast, 2024). As a sustainable
agricultural strategy, biofertilizers are expected to grow, with pro-
jections indicating a market value of 4.78 billion USD with a compound

regarding the environmental impacts of using living microorganisms to
enhance plant performance. The current debate aims to elucidate the
effects of bio-inoculants, broadly referred to beneficial microorganisms,
once they are released into the soil. From an analysis of 108 studies,
Mawarda et al. (2020) determined that soil microbial communities were
altered in 86 % of cases when bio-inoculants were introduced. Only a
few studies have shown that shifts in microbial community structure can
negatively influence plant growth promotion (Ciccillo et al., 2002;
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Kozdroj et al., 2004). This bias towards reporting primarily positive
results may distort the perceived efficacy of bio-inoculants (Cardinale
et al., 2015).

Plant growth promoting rhizobacteria (PGPR), a category within bio-
inoculants, enhance plant growth through mechanisms including 1-ami-
nocyclopropane-1-carboxylate (ACC) deaminase activity, nitrogen fix-
ation, iron sequestration, or induction of systemic resistance (for review:
El-Saadony et al., 2022; Nagrale et al., 2023). Further studies have
determined that bio-inoculants can alter soil physicochemical properties
such as soil aggregation, soil organic matter decomposition, and nutrient
cycling (Dar et al., 2021; Sun et al., 2020; Zhou et al., 2020). Never-
theless, the positive or negative environmental impacts of introducing
bio-inoculants are complex and go beyond determining alterations in
soil microbial populations. In natural environments, microbial com-
munities shift in different plant compartments during the plant life cycle
(Wagner et al., 2016, 2014).

The introduction of PGPRs has been correlated with changes in
community composition and abundance of bacteria involved in plant
growth promotion (e.g. Chryseobacterium and Bradyrhizobium) (Zhong
et al., 2019). Interestingly, exogenous bacterial inoculation has been
related to an increase in the abundance of biocontrol agents (e.g.
Cryptococcus) during soil pathogen suppression (Fu et al., 2017). How-
ever, it is also crucial to consider factors prior to inoculation. Keswani
et al. (2019) highlighted the re-categorization of several PGPR as
biosafety level 2 microorganisms (moderate individual risk and low
community risk). To establish an appropriate environmental and human
safety index (EHSI) and adequate regulatory frameworks, whole genome
sequencing is highly recommended. In this regard, differentiating a
microorganism at species and strain levels can contribute to an accurate
assessment of its biosafety level based on phylogenomic information
(Vilchez et al., 2016; Keswani et al., 2019).

Field experiments often present complexities such as harsh envi-
ronmental conditions, competition with native soil microbial commu-
nities, and different agronomical practices. Interestingly, these
challenges have begun to provide valuable insights into the efficacy of
bio-inoculants. For instance, bio-inoculants have shown to be more
effective in dry regions compared to other climatic zones (Schiitz et al.,
2018) and re-inoculating microorganisms from local fields may offer
plant growth promotion advantages due to their intrinsic environmental
adaptability (Jiang et al., 2023). Furthermore, bacterial community
assembly has been shown to be influenced by different crop rotation
practices (Zhou et al., 2023). Nevertheless, the effects of PGPR in the
field are limited. Of the studies analyzed by Mawarda et al. (2020), only
36 % were conducted under field experimental conditions. Additionally,
25 % used surface-sterilized seeds prior to inoculation under greenhouse
conditions (Appendix A, Supplementary Table S1). This may give the
bio-inoculant a partial advantage that does not accurately reflect in situ
conditions and may manifest as part of the reported inconsistencies
observed when bio-inoculants are applied in the field (Mayer et al.,
2010; Jansson et al., 2023; de-Bashan and Nannipieri, 2024). Therefore,
understanding the dynamics of bio-inoculants with indigenous soil mi-
crobial communities and their surrounding environment is essential for
improving their efficacy. Current efforts to standardize the application
of bio-inoculants in field studies may enhance the validity and repro-
ducibility of these experiments (Neuhoff et al., 2024).

Hartmannibacter diazotrophicus strain E19" is a PGPR, originally
isolated from a natural salt meadow. In vitro and greenhouse experi-
ments with barley have demonstrated its capability to solubilize phos-
phate, fix nitrogen, and enhance plant growth through ACC deaminase
activity (Suarez et al., 2014, 2015). Later on, these PGPR abilities were
corroborated by the identification of several relevant genes in its
genome (Suarez et al., 2019). Recently, H. diazotrophicus strain E19" was
monitored on the roots of spring barley and winter wheat under field
conditions. The bacterium was detected on the roots of both crops up to
273 and 119 days after seeding, mainly in one of the two organic farms
evaluated. Additionally, its abundance was correlated with several yield
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parameters (Quiroga et al., 2024). Nevertheless, its impact on rhizo-
sphere bacterial communities has not been addressed. Current molecu-
lar and omics approaches can help to disentangle the interactions
between native microbial communities and allochthonous microorgan-
isms, as well as the effects of abiotic and biotic factors (for review: Rai
et al.,, 2023). Therefore, in this study, metabarcode sequencing was
performed on soil bacterial communities at two organic farms across
three seasons to examine how these populations were affected by strain
E197 inoculation, row spacing, and fertilizer application.

2. Materials and methods
2.1. Experimental site, seed coating, and field experiments

Two organic experimental stations were considered for the experi-
ments: Kleinhohenheim (KH) (48° 44’ N, 9° 11’ E) located in southwest
Germany and Gladbacherhof (GH) (50° 23'N, 8° 15'E) located in central
Germany. The organic fields belong to the Hohenheim and Giessen
universities, respectively. The experiments were conducted during three
consecutive seasons: season I (2020—2021), season II (2021 —-2022), and
season III (2022—2023). The soil type at each location was classified as
Haplic Luvisol (IUSS Working Group WRB, 2015). The farms have been
organically managed since 1994 (KH) and 1989 (GH). Detailed infor-
mation regarding the experimental sites, soil properties, and crop rota-
tion is provided in Appendix A (Supplementary Tables S2 and S4,) and
Appendix B (Supplementary Table S6). Seed-coating of winter wheat
(WW) and spring barley (SB) seeds was adapted from Kloepper (1981).
Briefly, a resuspension in 0.03 M MgSO4 of Hartmannibacter diazo-
trophicus strain E197 (LMG 27460%), cultured in a half-concentrated
marine bouillon (Carl Roth GmbH, Germany), was mixed in a ratio 1:1
with gum Arabic 25 % and pH-value adjusted to 7.0 + 0.2 (x = 1.73 x
10° + 7.86 x 10° bacteria ml'l). The mixture was spread over WW
(Triticum aestivum, cv. Aristaro), and SB (Hordeum vulgare L., cv. Odilia/
RGT-planet) seeds, properly mixed, and coated with talcum powder
(Carl Roth GmbH, Germany). Colony forming unit (CFU) from the seed
coated powder for all the seasons was estimated in X = 1.78 x 10% +
1.05 x 10 CFU g‘1 powder. To assess bacterial-specific effects, control
treatments included only 0.03 M MgSO, without bacteria, following the
previously described steps.

All field experiments were carried out similarly in a randomized
complete block design (RCBD). Four replicates for the combination of
the following factors were considered: fertilizer management (with
fertilizer, without fertilizer, only for WW), row spacing (15 c¢m, 50 em),
and bacterial inoculation (strain E197, ctrl without bacteria). About 400
seeds m ™~ were sown in plots of 7.5 m%. Winter wheat was sown between
October and November, whereas spring barley was sown between March
and May (Appendix A, Supplementary Table $2). Only WW was fertil-
ized with organic liquid manure by the soil drenching method with an
average of 97.6 + 11 kg N ha ! (<110 kg N ha™l, Appendix A, Sup-
plementary Table S3). Fertilization of SB was not carried out because
brewery standards require that protein concentration must be <11 %
(Diaz et al., 2022).

2.2. Rhizosphere soil sampling, DNA extraction, and soil analysis

Roots of field plants and corresponding soil were collected from two
distinct points in each plot (—~1 m from the edge of the plot) at two plant
growth stages: flowering (BBCH-60) and ripe (BBCH-75/BBCH-89), ac-
cording to the Zadoks growth scale (Zadoks et al., 1974), During
transportation, the samples were stored at 4 °C. The soil directly in
contact with the roots was sieved into a glass bowl next to a Bunsen
burner flame, using a metal sieve of 1.5 mm pore size and an ethanol-
sterilized spoon. To avoid cross-contamination, newly sterilized glass
dishes and sieves (180 °C for 5 h) were used for each sample. The tables
were cleaned, disinfected, and covered with sterile covers for each
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sample. Additionally, bacterial treatments and controls were processed
in separate areas within the same room while maintaining aseptic con-
ditions. The obtained rhizosphere soil was stored in sterile plastic
centrifuge tubes at —80 °C for DNA extraction and in plastic bags at
—20 °C for chemical analyses. DNA extraction and chemical analyses
were performed within three months and five months after storage,
respectively. To ensure cell disruption, approximately 700 mg of heat-
sterilized zirconia beads (0.1 mm) were placed inside two ml screw-
cap microcentrifuge tubes, prior to the addition of 400-500 mg of
rhizosphere soil. DNA extraction procedure was described in detail by
Quiroga et al. (2024). For this study, we modified the protocol by
adjusting the amount of rhizosphere soil used, as well as the volumes of
reagents: 0.7 ml of extraction buffer (0.2 M sodium phosphate buffer,
0.1 M NaCl, 0.05 M EDTA, 25 g 17! sDs, pH 8), 0.5 ml of phenol/
chloroform/isoamyl alcohol (25:24:1), and 0.5 ml of chloroform. Dried
DNA pellets were dissolved in 50 pl of nuclease-free water.

Ammonium (NHj4) and soil microbial biomass (SMB) were deter-
mined from rhizosphere soil samples from seasons I and II, as described
by Kandeler and Gerber (1988) and Turner et al. (2001), respectively.
For NH{, two grams of soil were used, and colorimetrically determined
after extraction with 1 M KCI at 660 nm. For SMB, 12.5 g of soil was
employed for each fumigated and unfumigated samples, and the UV
absorbance was measured at 280 nm with 0.5 M K,SO,4. Additional
chemical parameters that showed no significant differences, including
the carbon/nitrogen ratio, nitrate, and soil microbial respiration, were
measured as described by Rosado-Porto et al. (2023).

2.3. Metabarcoding characterization

Soil-extracted DNA was diluted (1:50) and the V4-V5 regions of the
168 rRNA gene were amplified by polymerase chain reaction (PCR)
using Kapa High Fidelity (KAPA/Hifi) polymerase (Roche diagnostics
GmbH, Mannheim, Germany). Universal 16S rRNA gene primers 520F
(AYTGGGYDTAAAGNG) and 926R (CCGTCAATTCMTTTRAGTTT) (In-
tegrated DNA Technologies, Belgium) were used for amplification
(Claesson et al., 2009; Engelbrektson et al., 2010). Detailed information
on PCR conditions, barcode and adapter addition, as well as elution,
purification, quantification, and sequencing of the PCR products via Ion
Torrent PGM is provided in the Supplementary section of Kaplan et al.
(2019). To avoid contamination, all sensitive steps were carried out
under a class II biosafety cabinet, and the corresponding negative con-
trols were included to detect possible contamination.

2.4. Bioinformatics and statistical analysis

Sequencing data were analyzed using QIIME2-2022.11 version
(Bolyen et al., 2019) and R studio software, v4.3.2 (R Core Team, 2023).
In QIIMEZ2, sequences were demultiplexed using the cutadapt QIIME2
plugin (Martin, 2011). Quality control, denoising, dereplicate of single-
end sequences, and chimera filtering were performed using the QIIME2
plugin of the software package DADA2 (Callahan et al., 2016). Se-
quences for all seasons were trimmed at 15 bp and truncated at 325 bp.
Amplicon Sequence Variants (ASVs) produced with DADA2 were taxo-
nomically affiliated with a trained fitted classifier (Pedregosa et al.,
2011; Bokulich et al., 2018b) based on the SILVA database (release 138)
(Quast et al., 2012). After taxonomic affiliation unassigned, mitochon-
drial and chloroplast sequences were filtered out.

The R package microViz v0.12.1 (Barnett et al., 2021) was used for
data curation. Subsequently, the 50 most prevalent taxa at genus level
were considered to create a heatmap with Kendall correlation and
compositional data based on centered log-ratio (clr) transformation. In
addition, the categorical variables grouped as location, bacterial inoc-
ulation, fertilizer management, crop species, row spacing, and plant
growth stage were transformed into a binary format. A value of 1 was
assigned to GH, strain E19”, with fertilizer, WW, 15 cm row spacing, and
flowering stage, respectively. Similarly, prevalent taxa at the genus level

Applied Soil Ecology 206 (2025) 105823

were filtered and plotted based on relative abundance considering ASVs
with a detection threshold of 0.20 % and a prevalence of 75 % through R
package Microbiome v1.24.0 (Lahti and Shetty, 2019). Differential
abundance of compositional data was conducted using the R package
ALDEx2 v1.34.0 (Fernandes, 2014) at different grouping levels,
including bacterial inoculation, row spacing, fertilizer, plant growth
stage, crop species, location, and season. Previously, ASV counts lower
than 99 were filtered out through the R package Phyloseq v1.46.0
(McMurdie and Holmes, 2013). To ensure the identification of taxa that
were substantially affected, effect size values (> 1 or < —1) and adjusted
p-values (p < 0.05) obtained from the Benjamini-Hochberg correction of
Welch's t-test (we.eBH) were utilized, as recommended by the authors.

Alpha diversity analyses were carried out using the R package Vegan
v2.6.4 (Oksanen et al., 2019). The samples were rarefied and the di-
versity indices Observed ASVs, Shannon-Wiener, and Gini-Simpson
were estimated and plotted. Pairwise comparisons of each alpha di-
versity index were obtained through Wilcoxon rank-sum test with Holm
adjustment. The QIIME2 Gemelli plugin with Robust Aitchison PCR
(RPCA) was used for beta diversity analysis. Subsequently, the signifi-
cant differences were identified through permutational multivariate
analysis of variance (PERMANOVA, 999 permutations) with Benjamini-
Hochberg correction (Martino et al., 2021). Similarly, to visualize which
taxa were related to changes over time, the q2-longitudinal plugin based
on machine learning regressors was used (“longitudinal feature-vola-
tility” action) (Bokulich et al., 2018a). Thereafter, the significant effects
across time were assessed using linear mixed-effects (LME) models based
on Shannon entropy included within the q2-longitudinal plugin (“linear-
mixed-effects” action). For the LME, location, crop species, and season
were treated as fixed effects. Finally, to evaluate the effect of bacterial
inoculation and fertilizer management on NH{ and SMB concentrations,
linear mixed models (LMM) were applied using the R packages Ime4
v1.1.35.1 (Bates et al., 2015) and ImerTest v3.1.3 (Kuznetsova et al.,
2017). Bacterial inoculation and fertilizer management (only for WW)
were considered as fixed effects. Whereas season, location, and experi-
mental block were set as hierarchical random effects, and three models
were developed using the following formulas:

Model 1:

Yi=py tam + boi + €

by ~ NID (0,6%) and e; ~ NID (0,6>)
Model 2:

Yix = fo + Pl + P2k + arg + boi + buj + e

boi 0 6% oo1
[b“} ~ NID ([0] {”01 o D and ey ~ NID (0, 6%)

Model 3:

Yipe = o + 1) + 2+ (FLP2)5 + arsy + bor + brp + ey

2
]~ ([5)-[F

01 1
Where Y; = chemical parameter concentration or response of the i-th
crop species, j = bacterial inoculation, k = fertilizer management, fg =
overall fixed intercept, §1j = intercept for bacterial inoculation, 2y =
intercept for fertilizer management, (#12); = intercept of the inter-
action between both fixed effects, and ay = intercept of hierarchical
random effects for the i-th crop species. Finally, bg; = random intercept,
bj; = random bacterial inoculation slope effects for the i-th crop species,
e = random error, and NID = normally and identically distributed ef-
fects. Model 1 illustrates the dependent variable (chemical parameter
concentration) with only random effects and without fixed effects.
Model 2 shows fixed effects but does not infer any interaction between

) and ey ~ NID (0, 06%)
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them. Model 3 considers fixed effects and assumes the interactions be-
tween them. Finally, the models assumed mutual independence among
the variability originated from differences between groups (random ef-
fects) and the unexplained variability within groups (random error).

3. Results

3.1. Nineteen prevalent bacterial taxa at genus level identified in winter
wheat and spring barley rhizosphere over a three-year field trial

A total of 13,052,032 sequences were obtained across all seasons,
with a minimum of 5037 sequences and a maximum of 65,316 se-
quences per sample obtained after demultiplexing and quality control
using QIIME2. After performing taxonomic cleaning in R, the taxa bar
plots were grouped according to crop species, location, and season. ASVs
with a relative abundance lower than 0.20 % were excluded. This
filtering enabled the identification of the 19 most prevalent taxa at the
genus level, along with their respective phyla, for each crop at GH and
KH, and over three consecutive seasons (Fig. 1). The results revealed
that the rhizosphere of WW and SB shared 19 taxa at the genus level,
encompassing five phyla (Pseudomonadota, Acidobacteriota, Actino-
mycetota, Bacillota, and Candidatus Methylomirabilota). Of the most
prevalent taxa, 47 % were within the phylum Pseudomonadota, whereas
89 % belonged to the phyla Pseudomonadota, Acidobacteriota, and Acti-
nomycetota. Differences in the percentage of relative abundance were
observed across crop species, location, and seasons in genera considered
as PGPR (e.g. Bradyrhizobium, Lysobacter, and Microvirga) or involved in
nutrient cycling (e.g. Arenimonas, Luteimonas).

3.2. Alpha diversity indices significantly varied between locations

After conducting an exploratory analysis, these differences were
evaluated using different species diversity measurements. No significant
effects of bacterial inoculation, fertilizer, or row spacing were observed
on any of the alpha diversity indices evaluated over the three seasons (p
> 0.05). Instead, the treatments were categorized according to location
(GH, KH), crop species (WW, SB), and plant growth stage (flowering/
ripe) for each individual season. In addition, the species richness for

Spring barley Winter wheat
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those indices was estimated (rarefaction, 95 % confidence intervals,
Fig. 2). A significant influence of location on all alpha diversity indices
was determined across all three seasons for both crops. This was
observed in comparisons between GH (WW/SB at the flowering stage)
and KH (WW/SB at the flowering/ripe stage). In the case of WW, the
Shannon-Wiener and Gini-Simpson indices at KH were significantly
higher than those at GH for all alpha diversity indices. In contrast, this
trend was not completely followed by SB, where the indices were
significantly higher at KH than at GH during seasons II and III, but not in
season 1 (Fig. 2A). Interestingly, a significant variation between the
flowering and ripe stages was observed only for WW across all seasons in
the three alpha diversity indices (comparison only at GH), with the
exception of Simpson index in season II (Fig. 2B). In the case of SB, this
trend could not be observed beyond season I (Fig. 2A), when no sig-
nificant differences were detected for any of the indices during seasons IT
(Fig. 2B) and III (Fig. 2C). Conversely, crop species showed significant
differences mainly in all alpha diversity indices at the same location and
stage across seasons. However, exceptions occurred in season I (Simpson
index for KH, Fig. 2A) and season II (Observed ASVs for KH, and
Simpson index for GH, Fig. 2B), when WW and SB were not significantly
different.

3.3. Strain E19" did not alter the rhizosphere bacterial microbiome,
whereas bacterial communities were significantly different between
locations

Rhizosphere bacterial communities in WW and SB were assessed by
RPCA through the Gemelli plugin. The findings showed that bacterial
inoculation, fertilizer management, and row spacing did not signifi-
cantly alter the bacterial community structure. This was consistent
across all seasons, as confirmed by the PERMANOVA analysis, showing
no significant differences (p > 0.05, 999 permutations). The only
exception was observed in the last season, when a significant effect of
fertilizer on WW was found at GH during the ripe stage (Table 1).
Additionally, significant differences were detected in season III, when
fertilizer and bacterial inoculation were combined, attributing the main
effect to the fertilizer (Table 1). This trend was not observed in the other
two seasons or locations (p > 0.05). Similar to the alpha diversity, we

Genus - Phylum
Phenylobacterium - Pseudomonadota
Solirubrobacter - Actinomycetota
Lysobacter - Pseudomonadota
Family Xanthobacteraceae - Pseudomonadota
Phylum Acidobacteriota Subgroup 11

. Family Pyrinomonadaceae - Acidobacteriota
Luteimonas - Pseudomonadota
Order "Rokubacteriales" - Candidatus Methylomirabilota
Romboutsia - Bacillota
Microlunatus - Actinomycetota
Reyranella - Pseudomonadota
Phylum Pseudomonadota SC-I-84
Microvirga - Pseudomonadota
Class Blastocatellia - Acidobacteriota
Gaiella - Actinomycetota
Arenimonas - Pseudomonadota
Nocardioides - Actinomycetota
Order Vicinamibacterales - Acidobacteriota
Bradyrhizobium - Pseudomonadota

Fig. 1. Rhizosphere bacterial composition based on the relative abundance (%) of winter wheat and spring barley at different locations over three seasons. Taxa were
collapsed at the genus level after removing ASVs with a relative abundance lower than 0.20 %.
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Fig. 2. Wheat and barley rhizosphere bacterial alpha diversity indices across seasons. The observed ASVs, Shannon-Wiener, and Gini-Simpson indices were grouped
according to location, crop species, and plant growth stage during (A) season I (2020-2021), (B) season II (2021-2022), and (C) season III (2022-2023).
Normalization was performed using rarefaction. NS, not significant. Significance codes: <0.001 “***’, <0.01 “**’, <0.05, “*’.

determined how the rhizosphere bacterial communities were affected by
location, crop species, and plant growth stage in each season (Fig. 3).
The RPCA showed clear distinctions between location and crop species
across seasons. These findings were corroborated by the PERMANOVA
analysis (Table 1), indicating that the rhizosphere bacterial communities
at GH differed significantly from those at KH. Additionally, the results
revealed that, within the same location, crop species were able to recruit
different bacterial communities. However, these differences varied
depending on the location. At GH, distinct clusters were consistently
found between WW and SB during the three seasons. Conversely, at KH
although these clusters were closer together in the RPCA, PERMANOVA
analysis showed significant differences only during seasons I and III
(Fig. 3B-C).

When the plant growth stage was evaluated, the same consistent
trend observed in the alpha diversity was found. WW bacterial com-
munities (only at GH) significantly changed from the flowering to the
ripe stage in all seasons (Table 1). In contrast, this pattern was not
observed in SB, in which the bacterial communities differed between
stages only during season I (Fig. 3A).

3.4. Differential abundance showed the effect of location on the
recruitment of different bacterial communities by the same crop species

Following the analysis of ecological diversity indices in terms of
bacterial diversity, we delved deeper to determine the taxa that were
influenced by fertilizer, bacterial inoculation, and row spacing. Addi-
tionally, the variation of these taxa across location, plant growth stage,

crop species, and season was also examined. This issue was addressed in
two ways: first, through a correlation heatmap using Kendall correla-
tion, and second, by analyzing the differential abundance employing
ALDEx2 and considering effect size values >1 or < —1.

Most correlations determined in the heatmap were given by location,
crop species, season, and, to a lesser extent, by fertilizer and plant
growth stage (Fig. 4A). The correlation heatmap mainly showed nega-
tive correlations for location and crop species, indicating that the 50
most prevalent taxa at the genus level were negatively correlated with
GH and WW (Fig. 4A). Interestingly, several taxa were positively
correlated as time progressed from season I to III. In contrast to bacterial
inoculation and row spacing, in which almost no correlations were
found, fertilizer application showed negative correlations. Based on
these findings, we transitioned our approach to conduct a more specific
analysis using ALDEx2 differential abundance. To corroborate whether
the three factors evaluated had an effect on taxa abundance, each
location, crop species, and season were analyzed separately at the
flowering stage for comparison purposes. This approach was based on
the observation that most of the variation in taxa abundance (Fig. 4A)
was explained by these variables. ALDEx2 differential abundance
showed no significant differences for the we.eBH (p > 0.05) with effect
size values> -1 and < 1 for any of the factors evaluated. These findings
indicate that fertilizer management, bacterial inoculation, and row
spacing had no significant effect on taxa abundance. Thereafter, the
effect of crop species on differential abundance was examined at both
locations for each season. The results showed that depending on the
location, crop species were significantly influenced by different taxa
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Table 1

PERMANOVA pairwise comparisons of beta diversity. Treatments were grouped
according to location, crop species, and plant growth stage as well as by fertilizer
and bacterial inoculation plus fertilizer.

Comparison Evaluated factor Season [ Season II Season III
GH WW Flowering stage 0.001***  0.0012**  0.0011**
vs
‘GH WW Ripe
GH WW Flowering location 0.001***  0.0012**  0.0011%**
Vs
KH WW Flowering
GH SB Flowering stage 0.361 0.903
vs
GH SB Ripe
GH SB Flowering location 0.001***  0.0012**  0.0011**
vs
KH SB Flowering
GH WW Flowering crop species 0.001***  0.0012**  0.0011**
vs
GH SB Flowering
KH WW Flowering crop species 0.001***  0.953 0.0011**
Vs
KH SB Flowering
GH WW Ripe with
fertilizer
vs fertilizer 0.758 0.250 0.0023**
GH WW Ripe
without fertilizer
GH WW Ripe Ctrl with fertilizer
fertilizer +
vs bacterial 0.763 0.699 0.028*
GH WW Ripe E19 inoculation
without fertilizer
GH WW Ripe E19 with fertilizer
fertilizer +
vs bacterial 0.906 0.344 0.0073**
‘GH WW Ripe inoculation
Ctrl without fertilizer
GH WW Ripe E19 with fertilizer
fertilizer +
vs bacterial 0.917 0.459 0.0015**
GH WW Ripe inoculation

E19 without fertilizer

Gladbacherhof (GH), Kleinhohenheim (KH), winter wheat (WW), spring barley
(SB). The adjusted p-value is shown, considering 999 permutations. Significance
codes: <0.001 “****, <0.01 **', <0.05, “*".

(Pwe.c < 0.05). In fact, it was originally intended to plot all taxa at the
genus level with effect size values > 1 and < -1. Nonetheless, due to the
large number of taxa significantly affected between SB and WW, higher
effect size thresholds were set for plotting at GH (> 2.3 to 2.6 and < -2.3
to —2.6) and at KH (> 1.2 to 1.6 and < -1.2 to —1.6) (Fig. 4B). At GH,
2860 ASVs were significantly affected by crop species in at least one
season, including 15 of the 19 most prevalent taxa. While at KH, 12
times fewer ASVs were found (232 ASVs), including ten of the 19 most
prevalent taxa (Appendix B, Table S5). Despite the difference between
locations, the taxa in Fig. 4B clearly illustrate that identifying a
consistent trend in differential abundance for a specific taxon was
difficult. For instance, while the prevalent genus Microlunatus was
negatively affected by WW at GH across all seasons, the genera Lutei-
monas, Arenimonas, and Bradyrhizobium were only negatively influenced
by WW in one of the three seasons. In contrast, at KH, Nocardioides was
negatively influenced by WW compared to SB in seasons I and III, but
positively affected during season II. These findings show, first, the
pivotal role of location in the recruitment of different taxa by the same
crop species, and second, the positive or negative influence of season on
the same taxa.
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3.5. Longitudinal analysis revealed the effects of location, crop species,
and season on bacterial community dynamics

To shed more light on how these taxa fluctuated over time, longi-
tudinal feature volatility analysis was performed using the q2-
longitudinal plugin. The 35 most potentially relevant taxa were identi-
fied (Table 2). These results were in accordance with the 13 prevalent
taxa observed in Fig. 1, and were also detected in the correlation heat-
map and ALDEx2 analysis (Fig. 4). The feature volatility plot showed
how the relative frequency varied according to different factors over
time for each taxon. From all of them (Table 2), four prevalent taxa were
selected: Luteimonas (top one, Table 2), Reyranella (top two, Table 2),
Arenimonas, and Lysobacter (observed in both fields after differential
abundance analysis, Fig. 4B). Thereafter, their fluctuations were moni-
tored according to crop species and location (Fig. 5).

In general, the relative frequency changed depending on the location
and crop species, differentiating GH and KH, as well as WW and SB,
mainly in all taxa. This differentiation was not observed when the other
previously analyzed factors were considered (e.g. bacterial inoculation).
The fluctuations in Arenimonas, Lysobacter, and Luteimonas (Fig. 5A-C)
correctly fit the results obtained after differential abundance analyses, at
least with high effect size values (Fig. 4B, Appendix B, Table S5). For
instance, the relative frequency of Arenimonas increased during season I
(sample point 2.0, Fig. 5B) for SB at GH, whereas the differential
abundance showed a negative correlation with WW during this season
(Fig. 4B). At KH, the relative frequency was higher in season III (sample
point 3.0) for SB than for WW, which was in accordance with the
ALDEx2 negative correlation between WW and SB. Similarly, the posi-
tive WW correlation obtained for the differential abundance of Lyso-
bacter at GH during season II and Reyranella for all seasons (Appendix B,
Table S5) was related to higher relative frequencies in WW at those
sample points (Fig. 5C-D). Nevertheless, several taxa, including some of
the taxa analyzed, did not fully match with the differential abundance
results (Appendix B, Table S5).

The inconsistent trend observed after differential abundance ana-
lyses was better understood with the longitudinal feature volatility plot
visualization. A taxon that initially did not show any difference at one
sampling point, could increase/decrease at the next point, or converged
at another (e.g. Arenimonas). These findings indicate that plant-microbe
interactions are affected over time by different variables. To corroborate
this, LME models based on Shannon entropy within the q2-longitudinal
plugin were used to determine the effects of location, crop species, and
season (fixed effects) on microbial communities. None of the fixed
variables showed any significant effects (Table 3). Nevertheless, Shan-
non entropy was significantly associated with the interaction of sample
point (season) and location (p = 0.001), sample point and crop species
(p < 0.001), and sample point, location, and crop species (p = 0.001,
Table 3). The findings revealed that the Shannon entropy of the bacterial
rhizosphere microbiome significantly increased by a factor of 0.24 at KH
as the season progressed. In contrast, the bacterial microbiome
decreased by a factor of 0.18 in WW across all seasons. Finally, LME also
showed that the bacterial rhizosphere microbiome increased over time
by a factor of 0.29 in KH and WW. These results corroborated and
complemented the alpha and beta diversity results, unveiling how the
rhizosphere microbiome is influenced across seasons, which could not
be clearly determined by previous analyses.

3.6. Strain E19" plus fertilizer showed a positive trend increasing
ammonium and microbial biomass concentrations

The last approach attempted to correlate the differential abundance
with several soil chemical parameters, including ammonium, microbial
biomass, carbon/nitrogen ratio, nitrate, and respiration activity, using
different carbon sources (glucose, galactose, N-acetylglucosamine, and
arginine). Nevertheless, ALDEx2 analysis did not show any relevant
correlation for any of the parameters previously mentioned (data
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available at the BONARES repository). Instead, we decided to evaluate
through LMMs whether the combination of fertilizer management and
bacterial inoculation (fixed effects) had a significant effect on the soil
chemical parameters. For this purpose, location, season, and block were
modelled as hierarchical random effects. Significant effects on ammo-
nium and microbial biomass were found in WW (Fig. 6), but not in SB (p
> 0.05). A t-test using Satterthwaite's method showed significant dif-
ferences only in the variable fertilizer management for microbial
biomass (Table 4). However, type III analysis of variance revealed sig-
nificant effects of fertilizer management on both parameters, ammo-
nium (p = 0.0021) and microbial biomass (p = 0.0004). The results
indicated a significant decrease when fertilizer was not applied by 39.4
ig SMB C g~! DW soil compared to the mean (X = 415.5 jig SMB C g~!
DW soil, Table 4). Even though a significant effect of bacterial inocu-
lation or its combination with fertilizer could not be found (Table 4), a
positive trend was observed for E197 plus the addition of fertilizer to
increase ammonium and microbial biomass concentrations (Fig. 6).

4. Discussion

4.1. Resilience of rhizosphere bacterial communities after non-native
inoculation of H. diazotrophicus under field conditions

Few studies have focused on the effects of bio-inoculants under field
conditions, and to a lesser extent, over an extended period (Fu et al.,
2017; Gui et al., 2017; Xu et al., 2018). This study evaluated whether
H. diazotrophicus strain E197 could alter the rhizosphere bacterial
community structure and how the interactions with these communities
differed depending on crop species and location. Remarkably, strain
E19" did not alter the rhizosphere bacterial communities across all
seasons (alpha and beta diversity indices). Resident microbial pop-
ulations can exhibit resistance, resilience, or functional redundancy
against disturbances (Allison and Martiny, 2008). It has been stated that
an exogenous microorganism can be strongly buffered by native soil
microbial communities (Bjorklof et al., 2003). However, through
mechanisms such as niche competition or antagonism, an external
microorganism can be incorporated into native soil microbial commu-
nities (Russ et al., 2023). The findings in this study showed the resilience
of the resident soil bacterial populations to restructuring themselves
after probable disruptions in early plant growth stages due to the high
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Table 2
Top 35 most potentially relevant taxa at the genus level obtained from longitudinal feature volatility analysis. The taxa were organized according to their importance.
Prevalent taxa are highlighted in bold.

Taxa Importance Cumulative average change Global variance Global mean
Luteimonas 0.192 0.012 5.5x 107° 0.010
Reyranella 0.161 0.014 6.4 x 107" 0.019
Vicinamibacteraceae 0.128 —-0.037 23x10°* 0.038
Tepidisphaerales WD2101 0.098 0.008 6.0 x 10°° 0.010
Uncultured Gemmatimonadaceae 0.071 —0.025 1.7 x10°* 0.046
Gaiella 0.061 0.036 3.0 x 10°° 0.040
Opitutus 0.052 —0.012 3.0 x107° 0.014
Nitrospira 0.044 —0.006 1.7 x 107° 0.011
Candidatus Latescibacterota 0.041 -0.017 1.6 x10°* 0.033
Entomoplasmatales type 111 0.024 0.000 4.7 x 10°° 0.008
Vicinamibacterales 0.020 —0.002 3.4 x 10°° 0.018
Microvirga 0.018 —0.004 7.2x 1075 0.021
Pyrinomonadaceae RB41 0.010 -0.018 1.0 x 107* 0.025
Anaerolineaceae UTCFX1 0.008 0.001 3.6 x 107° 0.013
Uncultured Gaiellales 0.007 0.020 2.2 x107* 0.032
Candidatus Solibacter 0.007 —0.002 57 x 10" 0.024
Holophagae Subgroup 7 0.006 —0.012 6.4 x 10°° 0.013
Burkholderiales SC-1-84 0.006 0.032 21 %1074 0.057
“Pedosphaeraceae” 0.005 -0.001 4.0 % 10°° 0.013
Candidatus Entotheonellaceae 0.005 0.010 1.6 x 107* 0.020
Microlunatus 0.003 0.030 2.0x10°* 0.025
Bacillus 0.003 0.002 5.3 % 107° 0.012
Solirubrobacter 0.003 0.007 1.3x10°° 0.010
“Pajaroellobacter” 0.003 0.007 1.6 x 10°° 0.011
Xanthomonadaceae 0.003 0.002 3.5x107° 0.010
Myxococcota bacteria p25 0.002 —0.011 5.5 x 107° 0.019
Uncultured Sandaracinaceae 0.002 —0.005 2.3 x10°° 0.012
Bradyrhizobium 0.002 0.000 1.4 x10°* 0.036
Lysobacter 0.002 0.017 9.1 x 1078 0.027
Arenimonas 0.002 0.039 3.6 x 1074 0.036
Blastocatellia 11-24 0.002 —0.002 1.1x 107" 0.022
Nocardioidaceae 0.001 0.004 7.7 x 107° 0.012
Acidobacteriota Subgroup 11 0.001 —0.004 1.3x10°° 0.012
Acidobacteriota Subgroup 5 0.001 —0.006 23%x10°° 0.014
Romboutsia 0.001 0.008 33 x 1074 0.020
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Fig. 5. Longitudinal feature volatility plot for the rhizosphere bacterial microbiome of WW and SB at the two locations. Relative frequencies of the genera (A)
Luteimonas, (B) Arenii , (C) Lysobacter, and (D) Reyranella were plotted from the 35 most potentially relevant taxa identified in Table 2. Sample point 1, season I
flowering; sample point 1.5, season I ripe; sample point 2, season II flowering (ripe only for KH-SB); sample point 2.5, season II ripe; sample point 3, season III
flowering; sample point 3.5, season III ripe.
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Table 3

Linear mixed-effects model for the rhizosphere microbiome based on Shannon
entropy across three consecutive seasons (2020—-2023). Location, crop species,
and sample point were considered as fixed effects.

Variables Estimate  Z- P>z
score
Intercept 8.77 26.03 <0.001***
Location [Kleinhohenheim] —-0.49 -1.02 0.31
Crop species [winter wheat] -0.18 —-0.38 0.701
Location[Kleinhohenheim]:crop species —-0.01 —-0.02 0.985
[winter wheat]

Sample point -0.03 -0.77 0.442
Sample point:Location [Kleinhohenheim] 0.24 3.41 0.007**=
Sample point:crop species [winter wheat] -0.18 —3.88 <0.001%#*
Sample point:Location [Kleinhohenheim]:Crop 0.29 3.21 0.001***

species [Winter wheat]

Significance codes: <0.001 “****, <0.01 “**', <0.05 “*".

bacterial concentration (Coniglio et al., 2022). A few studies conducted
under field conditions have shown that resilient microbial populations
can completely or partially recover their original state after several days
or weeks (Krober et al., 2014; Liu et al., 2018; Yin et al., 2013). The
observed plasticity in microbial communities is unusual. In 80 % of the
extended studies outlined by Mawarda et al. (2020), these communities
failed to reestablish their original state. Nevertheless, it is important to
emphasize that these studies represent a minor portion of the studies
analyzed, as most of them were performed in the short term under
greenhouse conditions (Appendix A, Supplementary Table S1). Further
research is required to elucidate whether these alterations are transient
or permanent.

4.2. Different rhizosphere bacterial communities could affect the
persistence of H. diazotrophicus strain E1 9

Previously, strain E19" showed its adaptability to colonize WW and
SB roots, as well as its persistence over time in both crops, but was only
detected through gqPCR at GH (Quiroga et al., 2024). Our findings
demonstrated that the rhizosphere bacterial communities varied
significantly between the two locations in both diversity indices,
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indicating that soil bacterial communities play a fundamental role in the
survival of strain E19". In addition, the higher values in alpha diversity
indices (seasons II and III) and the different bacterial communities
assembled at KH compared to GH suggest stronger competition of strain
E197 for a niche. It has been reported that high species richness is
inversely correlated with successful microbial invasion due to resource
competition (Van Elsas et al., 2012). This may result in niche overlap
with native communities at KH, impacting its persistence over time.
However, species richness alone is insufficient to explain microbial in-
vasion success, as specific network configurations have also been shown
to play a role (Wei et al., 2015). At GH, a possible lower niche overlap
could lead to dynamic character displacement, which eventually led to
competition but also coexist with the resident rhizosphere bacterial
communities (Hemmerle et al., 2022; Russ et al., 2023).

Equally important, environmental factors like pH-value and precip-
itation are important drivers of soil bacterial communities (Xue et al.,
2018; Zhou et al., 2018). In this study, both locations had similar soil
characteristics, including soil type, pH-value, total N, and C/N ratio
(Appendix A, Supplementary Table S4). Lower precipitation at GH and
higher levels at KH during season II (Appendix B, Supplementary
Table S6) could be related to higher alpha diversity indices observed at
KH in this season, but not in the other two. Li et al. (2022) found that the
alpha diversity indices were not significantly affected by precipitation in
alpine grasslands. Nonetheless, precipitation significantly altered bac-
terial community composition and may contribute to the substantial
changes observed between stages of WW at GH, where precipitation
varied considerably between sampling points (June and July). In
contrast, this might partially explain the stage shifts in SB only during
season I, but not in the other seasons. Although environmental factors
are key drivers of microbial communities, our results align more closely
with several studies indicating the role of plant species in recruiting
different microbial communities (Abedini et al., 2021; Burns et al.,
2015; Kuzmicheva et al., 2017). These populations can vary throughout
plant development, primarily due to differences in root exudation over
time (Chaparro et al., 2013; Zhalnina et al., 2018). Plant developmental
stage has been reported as an important driver of microbial communities
(Chaparro et al., 2014; Xiong et al., 2021). Marked changes have been
identified at initial stages (e.g. seedling) compared to advanced stages
(e.g. reproductive stage), where microbial communities tend to stabilize
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Bacterial inoculation

Fig. 6. Linear mixed models fit by REML for WW related to (A) ammonium and (B) microbial biomass concentrations.
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Table 4

Linear mixed models fitted by REML for WW related to ammonium and micro-
bial biomass concentrations. Fertilizer management and bacterial inoculation
were considered as fixed effects.

Soil Variables Estimate ¢ value P> |t
parameter
Ammonium Intercept 134.8 6.42 0.005**
Bacterial inoculation 7.9 0.92 0.360
[E19]
Fertilizer managment —12.0 —1.46 0.149
[without]
Bacterial inoculation -13.4 -1.19 0.239
[E19]: Fertilizer
managment [without]
Microbial Intercept 415.5 16.97 1.06 x 10 '3wrx
biomass Bacterial inoculation 14.0 0.81 0.418
[E19]
Fertilizer managment -39.4 —2.54 0.013*
[without]
Bacterial inoculation -0.9 —0.042  0.967

[E19]: Fertilizer
managment [without]

Significance codes: <0.001 “***, <0.01 “**, <0.05 ‘*°.

(Zhang et al., 2018). Nevertheless, a recent study has shown that time
influences microbial communities to a greater extent than plant devel-
opmental stage per se (Dibner et al., 2021).

The evaluation of different fertilizers has been shown to influence the
bacterial communities of WW, increasing the Shannon index, as well as
the relative abundance of the phylum Pseudomonadota (Liang et al.,
2020). The non-significant effects of organic fertilizer application in two
of the three seasons could be related to the low concentration used
during the experiments (<110 kg N ha‘l) compared with that used in
the aforementioned study (200 kg N ha~!). To enhance robustness of the
results, simplified experimental designs with four to six replicates are
recommended for field experiments involving PGPR (Neuhoff et al.,
2024). Our study considered four replicates for the combination of the
three factors, resulting in a complex design.

Differential abundance analysis, including chemical parameters,
corroborated the non-significant effects observed in the diversity
indices, showing that no relevant taxa were affected by the factors
evaluated. Based on this, questions arise about the mechanisms
employed by strain E19" to improve yield parameters without altering
chemical parameters, or shifting bacterial community structure, or
being undetected in advanced developmental stages at one organic farm
(Quiroga et al., 2024). In recent years, new mechanisms have begun to
shed light on how PGPR can promote plant growth (for review: Kong and
Liu, 2022). Kong et al. (2019) found that PGPR inoculation increased co-
occurrence interactions among bacterial communities. Although the
bacterial community composition changed minimally a few days after
inoculation, the more complex co-occurrence associations were linked
to plant growth promoting effects. Additionally, Chen et al. (2022)
associated changes in DNA methylation in roots during the early phase
with lasting PGPR effects observed in later phases, even after the
removal of the inoculant from the microbiome. Although genes related
to nitrogen fixation have been identified in the genome of
H. diazotrophicus strain E19" (Suarez et al., 2019), ACC-deaminase ac-
tivity appears to be one of the mechanisms by which strain E197 pro-
motes plant growth (Suarez et al., 2015). Additionally, these new
insights into microbiome improvement may be related to strain E197
plant growth promotion and the positive but not significant trend
observed in ammonium and microbial biomass concentrations obtained
from LMM analyses.

Several authors have emphasized the importance of investigating
plant-microbial dynamics over time (Horton et al., 2014; Wagner et al_,
2016; de-Bashan and Nannipieri, 2024). Of the four prevalent genera
included in the longitudinal analysis, Reyranella and Arenimonas have
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been identified as denitrifiers (Duan et al., 2023; Xing et al., 2018),
while Luteimonas and Lysobacter have been associated with disease
suppression (Liu et al., 2020). Arenimonas has shown to be more abun-
dant in early stages and decreased as the plant grew. Similarly, Lyso-
bacter has been negatively associated with root growth response but has
also shown opposite results depending on the plant species (Li et al.,
2014; Zhalnina et al., 2018). As aforementioned, our alpha and beta
diversity results are consistent with the role of plant species in modu-
lating microbial communities between stages. Nevertheless, the differ-
ential abundance, linear mixed models, and longitudinal analyses
conducted in this study over three consecutive seasons at two locations
revealed that bacterial community dynamics can be not only plant-
driven but also multifactorial (Becker et al., 2022; Wei et al., 2022).
Zhang et al. (2020) determined that geographic distance had a greater
influence on modulating microbial communities than seasonal varia-
tions. Nonetheless, rapidly changing environmental conditions were
associated with the seasonal variability of microbial community
structure.

4.3. Different crop rotation management strategies could result in
different microbial communities

The results, based on alpha and beta diversity indices at different
locations, were consistent with the extended concept that soil is an
important force modulating microbial populations (Bulgarelli et al,
2012; Oberholster et al., 2018; Schreiter et al.,, 2014). Intriguingly,
although both organic fields contained Haplic Luvisol soil types and
similar soil properties, crop rotation was different and could be related
to the differences observed in the diversity indices. In fact, agricultural
management practices have shown to influence microbial populations
(Schmidt et al., 2019; Zhou et al., 2023). Interestingly, at GH, the pre-
vious crops for WW and SB were potato and spelt, respectively. While at
KH, clover grass was commonly used as an intercrop before sowing both
cereals (Appendix A, Supplementary Table S2). Several of the most
prevalent taxa observed in our study have been reported as part of the
rhizosphere microbiome of these crops. The phyla Pseudomonadota and
Actinomycetota have shown to dominate the rhizosphere and root
microbiome of the clover grass species Trifolium pratense (Wahdan et al.,
2021). Similarly, genera such as Bradyrhizobium, Arenimonas, Lysobacter,
Microvirga, Nocardioides, and Gaiella have been associated with the co-
occurrence network of several potato varieties (Martins et al., 2024).
While no reports exist on the rhizosphere bacterial microbiome of spelt,
the endophytic microbiome in different plant compartments has been
documented (Kuzniar et al., 2020). These different crop management
strategies could be related not only to the differences already described
between both locations, but also to the marked difference between the
bacterial community composition of WW and SB at GH (p < 0.01,
Table 1). In contrast to KH, where WW and SB were not significantly
different during season II (p = 0.953, Fig. 3).

4.4. Recruitment of different bacterial communities by the same crop
species is affected by location

Our findings are in agreement with previous reports indicating that
microbial communities are recruiting and shaping in a plant-dependent
manner, even varying at different plant growth stages (Oberholster
et al.,, 2018; Smalla et al., 2001; Wagner et al., 2016). Nevertheless,
bacterial communities between flowering and ripe stages were more
stable for SB than for WW (Table 1). These results suggest that fluctu-
ations across stages could also be plant-dependent. Further research is
required to confirm this hypothesis. Additionally, differential abun-
dance analysis corroborated how bacterial communities were signifi-
cantly influenced by crop species, but also varied depending on location
and season (ALDEx2 analysis, Appendix B, Supplementary Table S5).
Despite these fluctuations, the 19 most prevalent taxa at the genus level
were identified in both crops across seasons. The phyla Pseudomonadota,
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Acidobacteriota, and Actinomycetota, which encompassed 89 % of the
most prevalent taxa, were consistent with the rhizosphere core micro-
biome phyla previously identified in wheat and barley (Escudero-Mar-
tinez et al., 2022; Simonin et al., 2020), Nevertheless, there is still
controversy regarding the use of the term ‘core microbiome’ (Risely,
2020). It has become challenging to identify, for instance, a common
genus in all studies due to the different methods and tools employed
(Kavamura et al., 2021).

4.5. Limitations of 16S rRNA gene sequencing

H. diazotrophicus was only detected in one sample belonging to WW
with fertilizer plus E197 during season III at flowering stage. The limi-
tations of 165 rRNA gene sequencing include short-length reading,
intragenomic gene redundancy, sequencing errors, and other factors
that can lead to difficulties during sequence assembly (Poretsky et al.,
2014). Considering these constraints, H. diazotrophicus was detected
through qPCR on the roots of WW and SB under field conditions up to a
concentration of 5 x 10° copies g'l DW (Quiroga et al., 2024). Never-
theless, metagenomic analyses are still limited to microbial composition.
Therefore, for future research, we suggest a metatranscriptomic
approach to better understand the associations of functional genes and
metabolic pathways in these communities. Even though there are
certain challenges to be addressed regarding metatranscriptomics, such
as sample collection and preservation, mRNA enrichment, or restricted
transcriptome databases (Bikel et al,, 2015; Bashiardes et al., 2016;
Rosado-Porto et al., 2023).

5. Conclusion

Seed inoculation of H. diazotrophicus strain E19” in a three-year field
trial showed no significant alteration in the diversity indices of the
rhizosphere bacterial microbiome of wheat and barley. Differential
abundance and linear mixed models corroborated the non-effect of
bacterial inoculation and row spacing. Although fertilizer management
significantly affected the bacterial microbiome during one season (beta
diversity), a significant trend over time was not identified, probably
because of the low nitrogen application rate. Furthermore, although
both organic fields share the same Haplic Luvisol soil type, the rhizo-
sphere bacterial communities were different, possibly due to different
crop management practices. These findings showed not only how the
same crop species recruited, assembled, and influenced different bac-
terial communities depending on the location but also how this influ-
ence was affected to different degrees over time. Finally, these results
highlight the importance of longitudinal studies in understanding mi-
crobial dynamics and the long-lasting effects of introducing bio-
inoculants into the soil.
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Abstract

During metabarcoding characterization, few studies have compared environmental DNA
(eDNA) and environmental RNA (eRNA). Given that eRNA can reveal active biological
communities, it has emerged as a powerful tool for studying responses to environmental
changes. This study compares eDNA and eRNA from rhizosphere samples of wheat and barley
across two consecutive seasons in two organic fields. Additionally, we aimed to elucidate the
extent to which an eRNA-approach can reveal shifts in bacterial communities after seed
inoculation with Hartmannibacter diazotrophicus strain E197, as well as other factors in both
crops and locations. While metabarcoding characterization identified a high proportion of
ASVs common to both environmental nucleic acids (eNA) (up to 90%), eRNA revealed a
notable percentage (27%) of ASVs that differed from eDNA. Moreover, alpha diversity indices
varied between eNA depending on the season and did not consistently show higher metrics for
eDNA. Rhizosphere bacterial communities identified through eRNA differed significantly from
those identified through eDNA but exhibited similar differences previously reported for eDNA.
Remarkably, differential abundance analysis revealed certain taxa that were either positively or
negatively affected between eDNA- and eRNA-approach. More interestingly, most of the
identified taxa (e.g. family Candidatus Entotheonellaceae) followed the same trend regardless
of plant species, location, and season. Our results indicate that an eRNA-approach is a
complementary tool in metabarcoding characterization, revealing active taxa that may be
masked by eDNA and are likely more sensitive to be detected by eRNA.

Keywords

Metabarcoding, eNA, eRNA, eDNA, PGPR, rhizosphere, bacterial communities
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Introduction

Environmental DNA (eDNA) and environmental RNA (eRNA), both referred as environmental
nucleic acids (eNA), have been extensively used to characterize community composition and
diversity across a wide range of habitats (Adamo et al., 2020; Zhang et al., 2024). However,
high-throughput sequencing technologies primarily focus more on environmental eDNA than
eRNA. This imbalance is explained as eDNA possesses more stability, less degradation to
environmental factors (e.g. temperature, UV, pH-value), and lower analysis cost compared to
eRNA. Nevertheless, eDNA cannot differentiate between deceased populations (“legacy”
DNA) and living organisms (Macher et al., 2024; Taberlet et al., 2012). In contrast, since eERNA
is less stable, it degrades quickly, and thus reflects a snapshot of living organisms, metabolically
active, at a specific time (for review: Veilleux et al., 2021). This differentiation has become
particularly relevant and more studied in marine environments, which face several challenges
including wide biological spectrum (from bacteria to arthropods), complex dynamics, and
specific requirements for marine biosecurity (Zaiko et al., 2018; Zhang et al., 2024).
Conversely, the use of eRNA, as well as comparisons between eDNA and eRNA in soil
environments is limited and remains unexplored. The findings coming from these studies have
mainly revealed significant changes in the bacterial and fungal community composition
between eRNA and eDNA of different crop species including wheat, maize, and oilseed rape
(Gkarmiri et al., 2017; Kuramae et al., 2013; Li et al., 2021). However, species richness has
shown variable results ranging from lower to higher or nuanced differences between eRNA and
eDNA (Kuramae et al., 2013; Lasa et al., 2019; Li et al., 2021). In recent years, it has been
shown a direct influence of cropping systems in the active rhizosphere and endosphere bacterial
community (Bay et al., 2021). More interestingly, eRNA has contributed to disentangle the
effect of elevated CO2 on soil microbial populations, which differences where previously
attributed to moisture gradient or soil conditions (Rosado-Porto et al., 2023). Similarly, more
positive network correlations between bacterial communities have been found in the eRNA
compared to eDNA of a 27 year fertilization trial, which included wheat and maize rotation (Ll
et al., 2021). Therefore, analyzing eRNA and eDNA can offer a more comprehensive view of
the microbial community dynamics. Previously, we employed only eDNA to analyze the effect
of introducing the plant growth promoting rhizobacterium (PGPR) Hartmannibacter
diazotrophicus strain E197 on the rhizosphere bacterial communities of wheat and barley. The
results showed no alteration in the bacterial community structure of wheat and barley due to
PGPR inoculation, but marked differences in the recruitment of bacterial communities in both

crops at different locations (Quiroga et al., 2025). In the current study, we aimed to evaluate
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the extent to which the rhizosphere bacterial communities of wheat and barley differ between
eRNA and eDNA from field samples collected for two consecutive seasons at the two organic
farms. Moreover, we also analyzed whether eDNA masked a possible shift in the bacterial

community structure due to the seed inoculation with strain E197.
Materials and Methods
Field experiments

A detail explanation about the experimental site characteristics, field experiments, sample
collection, DNA extraction, metabarcoding characterization, and statistical analysis are
provided in our previous studies (Quiroga et al., 2025, 2024). Briefly, field experiments were
performed at two organic fields located in Germany: Gladbacherhof (GH) (50° 23' N, 8° 15'E)
and Kleinhohenheim (KH) (48° 44' N, 9° 11' E). Seasons considered for this study were season
| (2020-2021) and season 11 (2021-2022). Inoculation of Hartmannibacter diazotrophicus strain
E19T (LMG 274607) on Triticum aestivum, cv. Aristaro (winter wheat, WW) and Hordeum
vulgare L., cv. Odilia (spring barley, SB) seeds was modified based on the seed coating protocol
described by Kloepper (1981), using gum arabic 25%, pH-value adjusted to 7.0 + 0.2, and talc
powder, reaching a final concentration of ¥ = 2.18 x 108 + 9.56 x 10" CFU g* powder (Quiroga
etal., 2024). Three factors were evaluated during field experiments: bacterial inoculation (strain
E19T, ctrl without bacteria), fertilizer management (with fertilizer, without fertilizer), and row
spacing (15 cm, 50 cm). Fertilization was performed only on WW. Rhizosphere soil samples
collected at the flowering stage (BBCH-60) were considered for this study, with the exception

of SB at KH during season 11, which was collected at milk ripe stage (BBCH-75).
eDNA and eRNA extraction, metabarcoding characterization

Extraction of both eNA was performed from the same rhizosphere soil sample (400-500 mg of
rhizosphere soil). In total, 1.4 ml of extraction buffer was used (0.2 M sodium phosphate buffer,
0.1 M NaCl, 0.05 M EDTA, 25 g It SDS, pH 8), separating half of the supernatant in two
different microcentrifuge tubes (one for eDNA, one for eRNA) after cell disruption and
centrifugation, and following the steps described by Quiroga et al. (2025) and Quiroga et al.
(2024). In the case of eRNA, the addition of RNase and the incubation for 30 min at 37°C were
not performed. Both eNA were dissolved in 50 ul nuclease-free water. DNA digestion was
carried out using the RNase-Free DNase set (QIAGEN GmbH, Germany) following the
manufacturer’s instructions. A PCR was performed using the universal 16S rRNA gene primers
27F (AGAGTTTGATCMTGGATCMTGGCTCAG) and 1492R
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(GGTTACCTTGTTACGACTT) (Lane, 1991; Weisburg et al., 1991) followed by
electrophoresis to confirm the absence of remaining DNA. Subsequently, RNA cleanup and
reverse transcription were performed using the RNA clean & concentrator™-5 Kit (Zymo
Research, Irvine, CA, USA) and the AccuScript High Fidelity 1% Strand cDNA Synthesis Kit
(Agilent Technologies, Inc., Cedar Creek, TX, USA), respectively, according to the
manufacturer’s instructions. For metabarcoding characterization, the universal 16S rRNA gene
primers 520F (AYTGGGYDTAAAGNG) and 926R (CCGTCAATTCMTTTRAGTTT)
(Claesson et al., 2009; Engelbrektson et al., 2010) (Integrated DNA Technologies, Belgium)
were used for PCR amplification through the Kapa High Fidelity (KAPA/Hifi) polymerase
(Roche diagnostics GmbH, Mannheim, Germany). More detailed information about subsequent
steps is provided by Kaplan et al. (2019).

Bioinformatics and statistical analysis

Sequencing analyses were performed in QIIME2 version 2022.11 (Bolyen et al., 2019) and R
studio software, v4.3.2 (R Core Team, 2023). Sequences of both eNA were trimmed and
truncated at 15 bp and 325 bp, respectively. The subsequent steps were identically performed
as mentioned by Quiroga et al. (2025). Data curation was carried out through the R package
microViz v0.12.1 (Barnett et al., 2021). To identify and visualize the most prevalent taxa at the
genus level, a detection threshold of 0.25% and a prevalence of 75% were applied separately to
the amplicon sequence variants (ASVs) of each eNA based on relative abundance. This analysis
was performed with the R package Microbiome v1.24.0 (Lahti, L., Shetty, 2019).

Alpha and beta diversity analyses were performed through the R package Vegan v2.6.4
(Oksanen et al., 2019) and the QIIME2 Gemelli plugin with Robust Aitchison PCA (RPCA),
respectively (Martino et al., 2021). Pairwise comparisons for alpha diversity indices (Observed
ASVs, Shannon-Wiener, and Gini-Simpson) were conducted using the Wilcoxon rank-sum test
with Holm adjustment. For beta diversity, permutational multivariate analysis of variance
(PERMANOVA, 999 permutations) with Benjamini-Hochberg correction was employed to

identify significant differences between treatments.

Filtering of ASV counts lower than 99 was carried out through the R package Phyloseq v1.46.0
(McMurdie and Holmes, 2013). Thereafter, differential abundance of compositional data
between eDNA and eRNA at different grouping levels was performed using the R package
ALDEX2 v1.34.0 (Fernandes et al., 2014). Treatments were organized by location (GH, KH),
eNA (eDNA, eRNA), and plant (WW, SB), and plotted for both seasons.
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Results

Analysis in QIIME?2 revealed a total of 16,632,222 sequences for both eNA, with a minimum
of 3,167 sequences and a maximum of 165,222 sequences per sample. To compare the most
prevalent taxa at genus level, each eNA was separately analyzed using the same thresholds, and
the results were plotted as shown in Fig. 1. Ten and 11 prevalent taxa were identified for eEDNA
and eRNA, respectively. Differences in relative abundance (%) were clearly observed between
eDNA and eRNA, and to a lesser extent between locations and seasons. Both eNA shared three
phyla, being the phylum Pseudomonadota the most abundant, with 50% and 45% of all
prevalent taxa for eDNA and eRNA, respectively. This phylum together with the phyla
Acidobacteriota, and Bacillota encompassed 90% (eDNA) and 73% (eRNA) of all prevalent
taxa. Nevertheless, while only one phylum was different for eDNA (Actinobacteriota), eRNA
comprised three different phyla (Candidatus Entotheonellaeota, Myxococcota, and Candidatus
Latescibacterota) which represented 27% of all the taxa. Similarly, four prevalent genera
including Bradyrhizobium, Microvirga, Romboutsia, and Reyranella, and the prevalent order

Vicinamibacterales were shared by both eNA.
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genus level were obtained after filtering out ASVs with a relative abundance lower than 0.25%.
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Treatments were grouped by eNA and season, and alpha diversity indices were analyzed after
confirming that the factors bacterial inoculation, fertilizer, and row spacing did not show
significant differences over the two seasons for each eNA (p > 0.05). When treatments were
grouped by location and crop species, similar results were obtained for eRNA as previously
reported for eDNA (Quiroga et al., 2025). Instead, a comparison between each eNA over the
seasons was carried out. Significant differences were found between eRNA and eDNA for all
alpha diversity indices over the two seasons, with the exception of Shannon-Wiener index
between eRNA and eDNA during season | (p = 0.24) (Fig. 2). Interestingly, season influenced
each alpha diversity index to varying degrees. While consistent significant differences were
found between eDNA and eRNA in the Gini-Simpson index over the two seasons, this trend
was not observed with the Shannon index, in which eDNA was significantly different from
eRNA during season Il but not at season I. In contrast, eRNA showed significantly higher

values than eDNA for Observed ASVs during season | and opposite results during season Il
(Fig. 2).
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Fig. 2. Alpha diversity indices observed ASVs, Shannon-Wiener, and Gini-Simpson for eDNA
and eRNA over two seasons. Normalization was performed using rarefaction. NS, not
significant. Significance codes: <0.001 “***’, <0.01 “**’, <0.05, “*’.
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Similar to alpha diversity, PERMANOVA analysis for beta diversity of bacterial communities
revealed no significant effects from the three evaluated factors for each eNA (p > 0.05, 999
permutations). An exception was observed during the season IlI, where eRNA showed
significant differences in spring barley at KH between E19" and Ctrl (PERMANOVA, p =
0.019, 999 permutations) whereas this difference was not observed with eDNA
(PERMANOVA, p = 0.91, 999 permutations). This trend was not observed during season I,
where no significant effects were found for either eNA (p > 0.05, 999 permutations). Therefore,
RPCA was plotted and analyzed for each season based on location, plant, and eNA. In general,
a clear separation between eDNA and eRNA was identified in both seasons, indicating that
rhizosphere bacterial communities differed significantly between eDNA and eRNA
(PERMANOVA, p = 0.001, 999 permutations) (Fig. 3). During season I, eDNA differed from
eRNA between SB and WW at KH. While eRNA showed no significant effect (PERMANOVA,
p = 0.18, 999 permutations), eDNA revealed significant differences between the two plants at
KH (PERMANOVA, p = 0.0011, 999 permutations). Nevertheless, this trend was reversed in
the subsequent season, where eRNA showed significant differences between SB and WW at
KH (PERMANOVA, p = 0.0011, 999 permutations), while eDNA did not (PERMANOVA, p
= 0.056, 999 permutations). Aside from these differences, the remaining treatments varied

significantly by plant, location, and eNA.

Differential abundance between eDNA and eRNA through ALDEX2 was determined according
to plant species and location as shown in Fig. 4. Considering effect size values > 1 and < -1,
SB showed more ASVs significantly affected than WW in both locations. While 839 ASVs at
GH and 431 ASVs at KH were identified for SB, 347 ASVs at GH and 286 ASVs at KH were
identified for WW. Given the varied number of affected ASVs, effect size thresholds were
adjusted to visualize the most representative taxa at genus level (Fig. 4). Interestingly, special
trends could be identified across both seasons. The first clear observation was that the family
Candidatus Entotheonellaceae was positively affected by eRNA, regardless of plant or location,
with a particularly noticeable effect at GH (Fig. 4). Interestingly, most of the shared taxa, such
as Microvirga, Phenylobacterium, Gaiella, and Nocardioides, were either positively or
negatively affected by eRNA in at least one season, with the same effect consistently observed
across plants and locations. Although this trend cannot be generalized to all taxa (e.g.
Nitrospira) and seasons, we observed that only 0.29% of the ASVs at GH and 1.75% of the
ASVs at KH for WW showed a significant reverse effect between seasons. In the case of SB,
these differences reached 13.5% at GH and 12.3% at KH. These findings suggest that the
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abundance of certain taxa, including beneficial bacteria or prevalent taxa, can be either masked

or revealed depending on the eNA used.
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Fig. 4. Heatmaps using ALDEx2 differential abundance between eDNA and eRNA. Each
heatmap compares seasons | and Il for treatments grouped according to eNA, plant species, and
location. Effect sizes: for WW at GH during season I: > 1.5 and < -1.5, for WW and SB at GH
during seasons | (only SB) and Il and > 2.5 and < -2.5, for WW and SB at KH during seasons
I and Il (only WW): > 1.75 and < -1.75, and for SB at KH during season II: > 2 and < -2.

Discussion

The results of the present study are in accordance with several reports indicating a clear
differentiation in the microbial community composition between eDNA and eRNA (Angel et
al., 2013; Baldrian et al., 2012; Giroux et al., 2022). Importantly, we conducted a deeper
analysis, identifying ASVs significantly impacted not only between both eNA, but also how
they varied across seasons, plant species, and location. A consistent positive trend in detecting
the family Candidatus Entotheonellaceae by eRNA was observed, independently of location,
plant, or season. Members of this family are known for their role in producing secondary
metabolites and have been primarily investigated in marine environments due to their symbiotic
relationships with sponges like Theonella swinhoei (Schmidt et al., 2000; Wilson et al., 2014).
These investigations have unveiled a promising medical potential, including the identification
of bioactive compounds such as the polyketide psymberin, which exhibits anticancer properties
(Peters et al., 2023). Additionally, the niche occupancy of these organisms has also been
extended to freshwater and soil habitats, including the rhizosphere or root endosphere (Garcia
Mendez et al., 2024; Vendruscolo et al., 2022). Remarkably, our results aligned with the
findings performed by Bai et al. (2023) in which the phyla Entotheonellaeota and Myxococcota
were also identified as prevalent taxa in the active bacterial community of slow sand filters used
for drinking water production. Our results agree with these and other authors’ assertions
regarding that eRNA can unveil low abundance but active taxa, which could probably exert a
significant role in the microbial communities but masked by the inflated abundance of eDNA
(Giroux et al., 2022; Lasa et al., 2019). Interestingly, the consistent responses (positively or
negatively) of certain ASVs across locations, plants, and seasons suggests that eRNA could be
more sensitive for characterizing certain taxa compared to eDNA. This can become particularly
meaningful when a specific taxon needs to be identified or evaluated, for instance, as a
biomarker (Bai et al., 2023).

In general, microbial communities are susceptible to different environmental changes such as
temperature, pH-value, precipitation, or to the incorporation of non-native species (Allison and
Martiny, 2008; Mawarda et al., 2020). It has been claimed that these factors could be more

pronounced in eRNA than eDNA (Bay et al., 2021; Littlefair et al., 2022). Our analyses partially
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corroborated this assertion as similar results were obtained with eRNA and eDNA, which could
clearly identify significant effects in the bacterial community composition between locations
and plant species across two consecutive seasons (Quiroga et al., 2025). We originally
hypothesized that eRNA could reveal, more broadly than eDNA, an alteration in the bacterial
community structure due to the inoculation with H. diazotrophicus. Nevertheless, although
finding significant differences between E19T compared to the Ctrl using eRNA only for SB at
KH during season I, this trend was not followed in the other plant species, location, or season
at KH. This lack of consistency could be attributed to other factors such as low statistical power
due to statistical replicates or a more complex experimental design than a real alteration caused
by the inoculation of H. diazotrophicus (Neuhoff et al., 2023). However, these limitations were
compensated when different locations over consecutive seasons were included for the
evaluation of the impacts of H. diazotrophicus. Longitudinal evaluation requires special
emphasis not only to provide more robustness to the analysis but also to get a better
comprehension of microbial community dynamics (Becker et al., 2022; Wagner et al., 2016).
In this regard, in contrast to beta diversity, we observed varying results for the alpha diversity
indices, especially between seasons. Our results showed that alpha diversity metrics for eDNA
are not always higher than those for eRNA. This may be influenced by seasonal changes and
could provide insights into the variability observed in the metrics reported by other studies
(Kuramae et al., 2013; Lasa et al., 2019; Li et al., 2021).

Conclusion

The evaluation of the rhizosphere bacterial communities of wheat and barley revealed primarily
similarities but also notable differences in the most prevalent taxa between eDNA and eRNA.
Differential abundance between both eNA determined which taxa were significantly affected.
Most of the taxa such as the family Candidatus Entotheonellaceae or the genus Gaiella that
were positively or negatively affected between eDNA and eRNA mainly followed the same
trend regardless of location, plant species, or season. Our results suggest that eRNA not only
can reveal hidden taxa, but also that certain taxa are more likely to be detected using eRNA
during metabarcoding characterization. In addition, the comparison between eNA
complemented and corroborated our previous findings, indicating no significant effects on the
total (eDNA) and active (eRNA) rhizosphere bacterial communities due to the inoculation with
H. diazotrophicus strain E197. Moreover, although both eNA significantly differed in the
bacterial community composition, similar changes were obtained when location, plant species,

and season were evaluated.
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Chapter V

Abstract

The benefits of plant growth-promoting rhizobacteria (PGPR) are currently considered an alternative
for sustainable agriculture including ornamental plants. Roses (Rosa sp.) occupy a considerable part
of the ornamental plant market worldwide and require resources, such as water, fertilizer, and crop
protection. Herein, we evaluated the PGPR abilities of three bacterial strains (Bacillus subtilis,
Bacillus amyloliquefaciens, and Paenibacillus polymyxa) on the development of Rosa sp. ‘Flower
Carpet’” with and without salt stress and the changes in the bacterial microbiome of the rhizosphere
caused by the addition of PGPR and salt by metabarcoding of the 16S rRNA gene. While no effect of
PGPR addition on salt stress was found in the plant parameters, the bacterial microbiome analysis
revealed differences both between PGPR addition and no addition, and salt and no salt. Both with and
without salt stress, and with and without PGPR, the alpha diversity indices were different. The
diversity was reduced due to salt and bacteria addition. Beta diversity analysis showed significant
differences before and after salt stress (p = 0.001) and with and without PGPR addition (p = 0.002).
Differential abundance analysis with ALDEx2 showed salt stress affected 14 amplicon sequence
variants (ASVs). After addition of B. amyloliquefaciens and P. polymyxa, there was a different
abundance in more ASVs (27 and 32 ASVs) than after addition of B. subtilis (2-3 ASVs) due to

bacterial inoculation.

Keywords

Rosa sp., 16S rRNA genes, salt stress, rhizosphere microbiome, PGPR inoculation
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Introduction

Since ancient times, roses (Rosa sp.) have sparked human interest because of their use in
gardening, industry (perfumery, vitamin C), and medicine (natural oils) (Gudin, 2000). Rose
trade around the world encompasses nearly 30% of the ornamental plant market (Smulders et
al., 2011). A large part of the roses are grown in greenhouses and irrigated artificially. In recent
years, due to the lack of good irrigation water, poorer-quality water or recycled/reused water is
used, leading to an accumulation of salts in the greenhouse soil (Cabrera et al., 2009; Nirit et
al., 2006). The environmental and economic impacts of salinity are hastened by climate change.
As temperature rises, surface evaporation and plant transpiration also increase, leading to
salinization (Zaman et al., 2018). In addition, roses in humid cold areas are often exposed to
higher salt concentrations due to road salting, as they are popularly planted as ornamental plants
in front gardens, traffic islands, etc. Moreover, the use of de-icing materials instead of salt is

known to induce toxic effects on plants near streets (Cekstere et al. 2008).

While in recent years the rose breeders have focused on establishing robust cultivars that do not
require the use of pesticides or high—-maintenance, the number of publications dealing with salt
tolerance is limited (for review: Niu and Sun 2019). Roses are in general salt-sensitive, capable
to tolerate up to 3.5 dS m™ electrical conductivity (EC) (Cabrera and Perdomo, 2003), with
resistant cultivars such as Rosa x hybrida L. “New Dawn” or “RADrazz” whose growth is not
substantially affected at higher concentrations (8.0 dS m™ EC). However, under salt stress, roses
undergo biochemical changes such as accumulation of Na* and CI" ions in the leaves, decrease
of stomatal conductance, or alteration of photosystem Il efficiency, which eventually lead to

tissue damage, growth damage, and therefore, loss of aesthetic value (Cai et al., 2014).

Besides breeding more salt resistant cultivars, another option for making roses more salt-
resistant is to use plant growth-promoting rhizobacteria (PGPR). In general, PGPR are capable
of inducing plant growth, reduce abiotic and biotic stress, and even trigger plant defense
mechanisms (e.g., induced systemic resistance) that act as antagonists of several pathogens
(Van Loon et al., 1998). Among the wide variety of PGPR, the genus Bacillus is one of the
most extensively reported, and Bacillus subtilis is considered the main growth promoter (Islam
et al. 2016). Several B. subtilis strains synthesize phytohormones (e.g., abscisic acid or indole
acetic acid) that contribute to plant growth enhancement, immune defense responses, or salt
stress tolerance (Mohamed and Gomaa, 2012). Another Bacillus species, B. amyloliquefaciens,
not only stimulates plant growth or confers tolerance to abiotic stress (Liu et al., 2017), but also

shows extraordinary potential to produce antimicrobial metabolites (Chen et al., 2007).
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Similarly, Paenibacillus polymyxa (previously known as Bacillus polymyxa) can synthesize
either phytohormones that improve plant growth, or peptide antibiotics such as fusaricidins and
polymyxins against fungi and bacteria (Luo et al., 2018). These three bacterial strains are also
capable of producing and releasing volatile organic compounds (e.g. acetoin), which have been
identified as an alternative way to promote plant growth or induce systemic resistance (Lee et
al., 2012; Ryu et al., 2003). Although the beneficial effects of PGPR have been evaluated in
several plants (mainly crop plants), only few studies have been focused on roses (Karthikeyan
et al. 2007; Tariq et al. 2016; Araujo et al. 2020). Likewise, metagenomic analyses of the
rhizosphere soil of roses are rare and shed light on its rhizosphere microbiome (Yuan et al.,
2022) and how it can be affected by diseases (Yim et al., 2020). Even more unusual, the impact
of exogenous bacterial inoculation (bioproducts) in the soil microbial communities is poorly
understood, even in crop plants, and it has been only a concern in the last recent years (Yasuda
et al. 2022; Daraz et al. 2021; Shi et al. 2022). Understanding plant-microbe interactions is
required to elucidate the mechanisms that could contribute to flower development, stress
tolerance, or disease resistance in Rosa sp.

Therefore, in this study, we evaluated plant growth promoting abilities of B. subtilis,
B. amyloliquefaciens, and P. polymyxa on the development of Rosa sp. ‘Flower Carpet’ (Noack,
1990), a common ground cover rose (also known as ‘Heidetraum’ or ‘Naotraum’) used as
decoration and ornament in many outdoor areas due to its easy handling and disease resistance
against the main rose pathogens like rust, black spot, and powdery mildew (Noack 1990, 1998).
In addition, we used metabarcoding to characterize soil bacterial communities and evaluate the

influence of exogenous PGPR inoculation on these communities before and after salt stress.

Materials and methods

Plant material and bacterial strains

An overview of the experimental design is presented in Table 1. B. amyloliquefaciens (BA) and
P. polymyxa (PP) were grown in a high-density sporulation medium (DMS medium), whereas
B. subtilis (BS) was grown in DMS medium and in a low density (non-sporulation) or Bio
Medium A (BioA). Culture media and bacterial strains were provided by Fritzmeier
Umwelttechnik GmbH & Co.KG (Aying, Germany) and tested for plant growth promotion
using ‘Flower Carpet’ rose variety. To obtain bacterial-free cultural supernatant, bacterial
cultures were centrifuged for 15 min at 3345 x g and 25 °C (Heraeus Megafuge 1.02, Thermo
Fisher Scientific, Asheville, USA), and then filtered using sterile syringe filters with a pore size
of 0.2 um (Sarstedt AG & Co. KG, Niimbrecht, Germany). The bacteria-free culture filtrate
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contained bacterial soluble substances and remaining substrates. In addition, unsterile tap water
(Ctrl water), sterile DMS, and BioA culture media without inoculated bacteria (Ctrl DMS and
Ctrl BioA, respectively) were used as controls.

For each treatment, four or five bare-root roses (Rosenhof Schultheis e.K., Bad Nauheim,
Germany) were planted in Mitscherlich pots of 8.8 L capacity (28 cm high, 20 cm diameter),
and filled with approximately 8 L of rose soil (4.6 kg DW) (Rosenerde EUFLOR GmbH,
Schermbeck, Germany). All treatments were randomized and watered by the soil drenching
method once per week for 14 weeks with 10 ml of different bacterial cultures at the
manufacturer’s concentration expressed as colony-forming unit (CFU) mI* (BioA BS = 3.4 x
10% CFU mlt, DMS BS = 3.9 x 108 CFU mI*Y, DMS PP = 5.4 x 10’ CFU mlI*, DMS BA =5 x
108 CFU ml?) or the culture media without bacteria (controls) dissolved in 90 ml of unsterile
tap water. Plant growth tests were performed at the plant experimental station of Justus Liebig
University located in Giessen, Germany, between April and October 2019 (23 weeks). The light
and temperature conditions were determined by the external environment. As a marker of
health, the total number of flowers in the filtered and unfiltered treatments was determined at
the 12" week of treatment, when most of the roses bloomed. Completely opened rose buds were

considered to be blooming.
Rhizosphere soil sampling and induction of salt stress

Rhizosphere soil samples from only the unfiltered treatments (32 pots, Table 1) were collected,
sifted, and stored at -80 °C before (week 15™) and after salt stress (week 23™) for further
microbiome analysis. For salt stress induction, unfiltered treatments were watered four times
with 800 ml of a solution of NaCl 600 mM (1% NaCl) until reach a final concentration of 4%
NaCl. The application of salt started in the 16™ week of treatment and continued for
approximately two weeks. After salt application (18" week), the roses were rewatered with tap
water for five weeks, and finally, the fresh and dry weight were determined. Fallen leaves were

not considered for the dry weight.
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Table 1 Experimental design for rose growth promotion and salt stress

Abbreviation Culture Bacterial strain  Filtered / N° Salt stress at
of treatment medium unfiltered replications 16" week
Ctrl water Water - - 5 Applied
Ctrl Bio A Bio A - - 4 Applied
BioA BS Bio A B. subtilis Unfiltered 5 Applied

BioA BS filt Bio A B. subtilis Filtered 5 -
Ctrl DMS DMS - - 4 Applied
DMS BS DMS B. subtilis Unfiltered 5 Applied

DMS BS filt DMS B. subtilis Filtered 5 -
DMS PP DMS P. polymyxa Unfiltered 5 Applied

DMS PP filt DMS P. polymyxa Filtered 4 -
DMS BA DMS B Unfiltered 4 Applied

amyloliquefaciens

DMS BA filt DMS B. Filtered 4 -
amyloliquefaciens

Bulk soil - - - 2 -

Metabarcoding characterization

DNA extraction was performed using the NucleoSpin® Soil kit (Macherey-Nagel GmbH &
Co.KG@G, Diiren, Germany), following the manufacturer’s instructions. Soil-extracted DNA was
diluted (1:10) and amplified by polymerase chain reaction (PCR) using Kapa High Fidelity
(KAPA/HIfi) polymerase (Roche diagnostics GmbH, Mannheim, Germany) and the universal
16S rRNA gene primers 520F (AYTGGGYDTAAAGNG) (Claesson et al., 2009) and 926R
(CCGTCAATTCMTTTRAGTTT) (Engelbrektson et al., 2010) (Integrated DNA
Technologies, BVBA, Leuven, Belgium). PCRs and sequencing of the PCR products were
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performed using an lon Torrent PGM (Thermo Fisher Scientific, Asheville, USA) according to
Kaplan et al. (2019).

Bioinformatics and statistical analysis

Statistical evaluation of the total number of flowers and plant dry weight was performed using
R studio software, v4.3.0 (R Core Team, 2023). Analysis of variance (ANOVA) or the Kruskal-
Wallis test were performed to compare significant differences between treatments. Sequencing
data were analyzed using QIIME2 version 2020.6 (Bolyen et al., 2019) and R studio software,
v4.3.0. In QIIMEZ2, sequences were demultiplexed with cutadapt QIIME2 plugin (Martin,
2011). Quality control, denoising, dereplicate of single-end sequences, and chimera filtering
were performed using the QIIME2 plugin of the DADAZ2 software package (Callahan et al.,
2016). All sequences were trimmed at 15 bp and truncated at 360 bp. The amplicon sequence
variants (ASVs) produced with DADA2 were taxonomically affiliated with a trained fitted
classifier (Bokulich et al., 2018; Pedregosa et al., 2011) based on the SILVA database (release
138) (Quast et al., 2012). After taxonomic affiliation, mitochondrial and chloroplast sequences

were filtered out.

Prevalent taxa at the genus level were filtered and plotted based on relative abundance
considering ASVs with a detection threshold of 0.35% and a prevalence of 99% through R
package Microbiome v1.10.0 (Lahti and Shetty, 2019). A Venn diagram at the genus level was
constructed using the full dataset of Ctrl water before, Ctrl water after, and Bulk soil with the
package MicEco v0.9.11 (Russel, 2021). Differential abundance of compositional data was
conducted using the R package ALDEx2 v1.20.0 (Fernandes et al., 2014). Previously, ASVs
with relative abundances lower than 0.25% were filtered out (min. samples = 2, min. reads =
5554, min. abundance = 0) through R package DAtest (Russel et al., 2018). A heat map was
plotted at different grouping levels considering effect size values > 1 or < -1 and significant p-
values (p < 0.05) with Benjamini-Hochberg correction of Welch’s t-test (we.eBH) (Welch,
1947). Alpha and beta diversity analyses were carried out using the R packages Phyloseq
v1.32.0 (McMurdie and Holmes, 2013) and Vegan v2.5-6 (Oksanen et al., 2019). For alpha
diversity, samples were rarefied, and the diversity indices (Observed ASVs, Shannon-Wiener,
and Gini-Simpson) were estimated and plotted. Pairwise comparisons of each alpha diversity
index were obtained through the Wilcoxon rank-sum test (Wilcoxon, 1945) with Holm
adjustment. For beta diversity analyses, dissimilarity distance matrices based on Aitchison
distance of compositional data were created and visualized through Principal Component

Analysis (PCA) (Jollife and Cadima, 2016). Significant differences were determined by
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permutational multivariate analysis of variance (PERMANOVA) with Hochberg's adjustment
and 999 permutations using the Adonis method (Anderson, 2001). Due to the low number of

replications (n = 2), “Bulk soil” was not included for multiple comparisons.

All DNA sequences are available in the NCBI/GenBank database repository under the
bioproject accession number PRINA9412009.

Results

Evaluation of plant growth promotion and induction of salt stress

The exploratory data analysis of the total number of flowers at the 12" week of treatment is
depicted in Fig. 1, when most treatments reached the highest number of flowers bloomed.
However, some replications (especially in “DMS BA”) did not bloom at the time of data
collection (Fig. S1), but in the following weeks. The bloom heterogeneity, with both low and
high numbers of flowers in the same treatment led to high standard deviations that were detected
in most of the treatments even after filtering out the outliers (Komsta, 2011) (Fig. 1). The
controls “Ctrl BioA” (X = 59.25), “Ctrl DMS” (X = 69.50), and “BioA BS” (X = 56.60) showed
the highest number of flowers compared with “Ctrl water” (X = 46.33) and the other bacterial
strains (filtered and unfiltered). Similarly, the mean values of “DMS BS” (X = 48.33), “DMS
BS filt” (X = 50.20), “DMS PP” (X = 55.25), and “DMS BA filt” (X = 55.75) were higher than
“Ctrl water” but lower than “Ctrl DMS”. Statistical analysis revealed no significant differences
among the treatments, neither for the number of flowers (p = 0.66, ANOVA, a=0.05), or dry
weight (p = 0.162, Kruskal-Wallis, a=0.05, Fig. S2). As the ANOVA test did not reveal any
differences between the filtered and unfiltered treatments, only unfiltered treatments were

considered for salt stress induction.

100- =F

75- }’
“7 [ Controls
50-
[[] Bacteria unfiltered
J e ! Bacteria filtered
25. - J

Ctrl water Ctrl BioA CtrlDMS BioABS BioABS DMSBS DMSBS DMSPP DMSPP DMSBA DMSBA
filtered filtered filtered filtered

_

Total number of flowers

Treatments

Fig. 1 Bar plot of the total number of flowers at the 12" week of treatment. Non-significant
differences were found between the treatments (n = 3-5 + SD, ANOVA, a = 0.05).
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Metagenomic analysis of bacterial microbiota in Rosa sp. Rhizosphere

Sequencing analysis performed in QIIME2 revealed 2,221,571 sequences (min: 15,540; max:
59,985 sequences per sample) after demultiplexing and quality control. Taxa bar plots were
grouped into treatments before and after salt stress, as well as controls (Ctrl water, Ctrl DMS,
and Ctrl Bio A) and bacteria (Bio A BS, DMS BS, DMS PP, and DMS BA), and plotted with
the bulk soil (Fig. 2a). At different grouping levels, the 20 most prevalent ASVs (after removing
ASVs with relative abundances lower than 0.35%) at the genus level were identified in the bulk
soil and in the rhizosphere soil of either the controls or bacteria, before and after salt stress. The
20 most prevalent ASVs belonged to nine genera, as well as to unidentified ASVs in five
families, five classes, and one order (Fig. 2a). In addition, the Venn diagram at the genus level
between “Bulk soil” and rhizosphere soil of roses, which were only treated with water “Ctrl
water” before and after salt stress showed 49% common genera, representing the highest

percentage shared between the rhizosphere and the bulk soil (Fig. 2b).
Alpha diversity

Boxplots of species richness using rarefaction with 95% confidence intervals were grouped
before and after salt stress to evaluate the effects of salinity (Fig. 3). The indices Observed
ASVs, and Shannon-Wiener showed significantly higher richness before salt stress compared
with those after salt stress (pobserved Asv = 0.0036, Pshannon-wiener = 0.014). In contrast, no
significant differences were found in the Gini-Simpson index (p = 0.25) (Fig. 3a). On the other
hand, the highest richness observed in the Ctrls before significantly decreased compared to
bacteria before (pobserved aAsv = 0.00154, pshannon-wiener = 0.00107, paini-simpson = 0.00016),
indicating that richness is affected by bacterial inoculation. Moreover, the significant decrease
in bacteria after (Pobserved Asv = 0.00660, pshannon-wiener = 0.00474, paini-simpson = 0.00067) was
influenced more by salt stress than bacteria inoculation (no significant differences between Ctrls
after and bacteria after, p > 0.05) (Fig. 3b).
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Beta diversity

Beta diversity was visualized in R software using principal component analysis (PCA) after
“clr” transformation (Fig. 4). A significant shift in the rhizosphere bacterial communities due
to salt stress (PERMANOVA with Hochberg's adjustment, p = 0.001) was observed when
samples were clustered before and after salt stress, distinguishing two clear groups in the PCA

space (Fig. 4a).
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Fig. 4 PCA based on “clr” transformation and Aitchison distance. Treatments grouped (a)
before and after salt stress and (b) control treatments and PGPR (bacteria) before and after salt
stress.

Similarly, rhizosphere bacterial communities were significantly altered due to bacterial
inoculation, when treatments were grouped into controls and bacteria before and after salt stress
(Table 2). Distinct clusters were identified in the PCA space, especially for the controls and
bacteria before (Fig. 4b). Remarkably, the rhizosphere bacterial community composition was
significantly affected by the inoculation of each individual bacterial strain compared to “Ctrl
water before” (Table 3). In addition, salt stress did not significantly change the bacterial
community in the treatments inoculated with B. amyloliquefaciens “DMS BA” (p = 0.054) and
P. polymyxa “DMS PP” (p = 0.054) after its application.

Differential abundance (ALDEX2) before and after salt stress

As we detected a shift in the alpha and beta diversity indices caused by either bacterial
inoculation or salt stress, we considered ALDEx2 effect size (values > 1 and < -1) to identify a
significant differential abundance of taxa at the genus level in order to observe the influence of
these two main factors. In total, 42 ASVs (20 could be identified at genus level, 9 at family
level, 5 at class level, 3 at order level, and 5 at phylum level) were significantly affected by the

arrangement of different treatments (Fig. 5). Salt stress negatively affected six of 14 taxa (effect
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Table 2 PERMANOVA pairwise comparisons of beta diversity from rhizosphere bacterial
communities based on “clr” transformation between treatments grouped as Controls and
Bacteria. p-values are shown considering Hochberg's adjustment and 999 permutations.

Treatment Ctrls before Bacteria before Ctrls after
Bacteria before 0.002** - -
Ctrls after 0.002** 0.002** -
Bacteria after 0.002** 0.002** 0.030*

Significance codes: <0.01 “**’, <0.05, “*’

Table 3 PERMANOVA pairwise comparisons of beta diversity from rhizosphere bacterial
communities based on clr transformation between bacterial strains compared with Ctrl water
before and after salt stress. p-values are shown considering Hochberg's adjustment and 999
permutations.

Ctrlwater BioABS Ctrlwater DMSBS DMSPP DMS BA

Treatment before before after before after before

BioA BS before 0.034* - - - - i

Ctrl water after 0.034* 0.034* - - - .

BioA BS after 0.034* 0.034* 0.035* - - -
DMS BS before 0.022* - 0.022* - - -
DMS BS after 0.022* - 0.483 0.022* - -
DMS PP before 0.026* - 0.026* - 0.054 -
DMS PP after 0.026* - 0.026* - - -
DMS BA before 0.02* - 0.02* - - 0.054
DMS BA after 0.02* - 0.02* - - -

Significance codes: <0.05, ‘*’
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size < -1, red), including three of the nine most prevalent genera (Dongia, "Lacunisphaera”,
and Opitutus) reported above (Fig. 2a). While, salt application positively affected eight taxa
(effect size > 1, blue) including the prevalent genus Hydrogenispora and the prevalent class
Anaerolineae SBR1031.

When we compared the effect of bacterial inoculation (all the strains) with the controls before
stress, eight taxa showed a significant effect, but only the prevalent genera Dongia and
Spirochaeta were negatively affected by bacterial inoculation (effect size < -1, red Fig. 5).
However, when each bacterial strain was individually compared to the controls, taxa were
affected at different degrees depending on the strain. The inoculation of DMS PP (P. polymyxa)
and DMS BA (B. amyloliquefaciens) significantly influenced 27 and 32 taxa, respectively. In
both cases, five prevalent taxa (Dongia, Spirochaeta, uncultured Alphaproteobacteria,
uncultured Vicinamibacterales, and Vicinamibacteraceae) were negatively influenced (effect
size < -1, red), whereas only an ASV of the prevalent uncultured family Sandaracinaceae
showed a significant positive effect (Fig. 2a). Moreover, the inoculation with DMS BA had a
significant effect on five additional prevalent taxa (Anaerolineae SBR1031 A4b, Arenimonas,
Dehalococcoidia S085, Lacunisphaera, and Opitutus). In contrast, DMS PP had only a positive
influence on one additional prevalent genus (Nocardioides). Additionally, the inoculation with
BioA BS (B. subtilis) only positively affected the genus Methylomicrobium, and negatively
affected the genus Pseudolabrys. While DMS BS (B. subtilis) negatively affected an ASV of
the family Nitrosomonadaceae MND1, and ASVs of the phyla Candidatus Parcubacteria and
"WS2". Finally, we reported only the taxa with an effect size > 1 and < -1, which showed
significant p-values (p > 0.05) obtained from Welch’s t-test with Benjamin-Hochberg
correction (we.eBH) (Table S1). An additional evaluation of genus-genus co-occurrences
before and after salt stress using the R packages SPIEC-EASI v1.1.1 (Kurtz et al., 2015) and
the Semi-Parametric Rank-based approach for INference in Graphical model (SPRING) v1.0.4
(Yoon et al., 2019) can be found in Fig. S3.

Discussion

Although the beneficial effects of PGPRs have been extensively reported over the last decades
(Glick 1995; Islam et al. 2016), a complete understanding of the complex plant-microbe
interactions involved in plant growth promotion is still lacking (Cardinale et al., 2015). In this
work, no statistically positive relationship was found between the three bacterial strains and
their influence on the number of rose flowers as an indicator of plant growth promotion (Fig.

1, S1) or salt stress tolerance (Fig. S2). Inoculation of PGPR at the seedling stage could be a

99



Chapter V

fundamental factor that notably changes the rhizosphere microbiota and improves crop yield
(Zhang et al., 2019). However, rose plants and many others are not only propagated by seeds
but also by cuttings, grafting, or stenting in order to obtain more uniform and high-quality plants
(Van De Pol and Breukelaar, 1982). Moreover, characteristic features of ‘Flower Carpet’ rose
variety like its extraordinary resistance against several pathogens (Noack 1990, 1998), and the
optimal growth conditions (Fig. S1) could have interfered with the observation and correlation
of additional beneficial effects of PGPRSs. In fact, many PGPR experiments are carried out under
certain stress conditions (e.g. biotic and abiotic stress, nutrient limitation) to determine how
PGPRs enhance plant growth or reduce stress (Luo et al., 2019). Therefore, the effects of PGPR
under salt stress conditions were also tested (Fig. S2). However, the final salt concentration
used in our experiment (4% NacCl, 4 times 600 mM NaCl) caused severe detrimental effects on
the ‘Flower Carpet’ variety (e.g. defoliation of most of the leaves), and was a critical factor in
determining whether these strains could mitigate the effect caused by salt (Fig. S2). Lower NaCl
concentrations (200 mM) are often used to induce salt stress (Singh and Jha, 2017), but similar
salt concentrations have also been tested. Suarez et al. (2015) reached a concentration of 4.4%
NaCl, with a significant increase in the root and shoot dry weight of barley plants inoculated
with Hartmannibacter diazotrophicus E19". Similarly, Babar et al. (2021) found an increase in
plant height and leaf area of wheat plants treated with two halo-tolerant bacteria (SBNO1 and
SBNO2) and 600 mM NacCl.

Metabarcoding characterization of the rhizosphere bacterial microbiome of ‘Flower Carpet’
rose variety revealed a high diversity in all the treatments, including bulk soil (Fig. 2). The
Venn diagram showed that the highest percentage of common genera (49%) was shared
between bulk and rhizosphere soil (Fig. 2b). These results are in agreement with previous
studies, which indicated that the rhizosphere microbial community is appreciably influenced by
bulk soil (De Ridder-Duine et al., 2005; Zhao et al., 2019), as well as by plant roots (Smalla et

al., 2001) or stress conditions such as pH-value or salinity (Lozupone and Knight, 2007).

Acidobacteriota (Thermoanaerobaculaceae, Vicinamibacteraceae, Vicinamibacterales),
Actinomycetota  (Nocardioides),  Chloroflexota  (Anaerolineaceae,  Anaerolineae,
Dehalococcoidia), Bacillota (Hydrogenispora), Gemmatimonadota (Gemmatimonadaceae),
Myxococcota (Sandaracinaceae), Pseudomonadota (Arenimonas, Dongia,
Alphaproteobacteria, Phenylobacterium), Spirochaetota (Spirochaeta), Deinococcota

(Truepera), and Verrucomicrobiota (Opitutus, "Lacunisphaera”), were the ten phyla that

100



Chapter V

encompassed the 20 most prevalent taxa at the genus level identified in the rhizosphere of

‘Flower Carpet’ rose variety.
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In accordance with our findings, the phyla Acidobacteriota, Actinomycetota, Pseudomonadota,
and Verrucomicrobiota have also been reported as part of the main bacterial communities in
the rhizosphere soil of Rosa rugosa (Yuan et al., 2022) and Rosa corymbifera (Yim et al., 2020).
However, the phyla Chloroflexota, and Bacillota were found only in R. corymbifera, while
Gemmatimonadota was found only in R. rugosa, suggesting variations in the bacterial

community structure among different rose species.

A significantly higher number of observed ASVs before salt stress as well as the Shannon-
Wiener index, but not in the Gini-Simpson index, indicates a general trend of decreasing
bacterial richness after salt application (Fig. 3a). However, salt stress may also increase the
community richness, leading to the emergence of opportunistic pathogens due to shifts in the
bacterial communities (Yaish et al. 2016). On the other hand, a significant reduction in bacterial
treatments in all alpha diversity indices was observed only before salt stress (Fig. 3b). This
contrasts to the results obtained by Zhang et al. (2019), who found that inoculation of pepper
(Capsicum annuum) with B. velezensis significantly increased the rhizosphere bacterial richness

(Chaol and Shannon-Wiener indices) at a mature stage.

Beta diversity analysis showed significant differences between the treatments grouped before
and after salt stress (Fig. 4), suggesting that salinity altered the rhizosphere bacterial community
composition after its application. Similar findings were reported by Mukhtar et al. (2018), who
analyzed rhizospheric soil from various saline environments and concluded that the significant
differences found in alpha and beta diversity analyses are correlated with the increase in soil
salinity. The most remarkable result from the PERMANOVA analysis was the statistically
significant differences observed between bacterial inoculation, either individually (Table 2) or
grouped (Table 3), when compared to “Ctrl water” or “Ctrls” before and after salt stress. These
results indicate that inoculation with B. subtilis, P. polymyxa and B. amyloliquefaciens may be
correlated with a shift in the community composition of the rhizosphere soil of ‘Flower Carpet’
rose variety. The effects of PGPR inoculation on rhizosphere community composition remain
underexplored. Recent studies using 16S rRNA gene sequence have shown how PGPRs can
influence and alter soil bacterial communities (Ju et al., 2019; Zhang et al., 2019). The impact
of salinity on microbial communities is well documented, which is not the case for PGPR
inoculation and its impact on soil microbial communities, and even less in non-crop plants such

as Rosa sp.

ALDEX2 analysis between the control treatments and bacterial strains before salt stress showed

that only the prevalent genera Dongia and Spirochaeta were significantly affected.
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Nevertheless, in a closer comparison, ASV abundances were affected at different levels by each
individual bacterial strain. DMS BA and DMS PP significantly affected 16 and seven prevalent
ASVs, respectively (Fig. 5), showing a considerable impact of bacterial inoculation on bacterial
communities. In contrast, no prevalent ASVs were affected by inoculation with BioA BS and
DMS BS (Fig. 6). Although it has been reported that exogenous inoculation of Bacillus sp. is
able to modulate the bacterial community structure (Daraz et al., 2021; Shi et al., 2022), Xie et
al. (2022) observed more significant changes in soil bacterial diversity after B. subtilis

application than with the inoculation of B. amyloliquefaciens in ginger plants.
Conclusion

The rhizosphere bacterial microbiome of Rosa sp. consists of ASVs identified in the rhizosphere
of many plants. However, very typical for the rose rhizosphere were Acidobacteriota,
Actinomycetota, Chloroflexota, Bacillota, Gemmatimonadota, Myxococcota,
Pseudomonadota, Spirochaetota, Deinococcota and Verrucomicrobiota, which encompassed
the most prevalent genera of the phyla identified in this study. Furthermore, high salinity was
not only able to cause significant modifications in the abundance but also to alter the co-
occurrences established between genera of several prevalent taxa, showing the effect of salt on
the microbial communities. Although a clear effect of PGPRs on plant growth promotion and
salt stress alleviation could not be observed, alpha and beta diversity indices indicated that
species richness and bacterial community composition present in the rhizosphere of ‘Flower
Carpet’ are influenced by salt. Finally, exogenous PGPR inoculation was able to alter the
bacterial community composition of this rose variety.
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Supplementary Material

Absence of aboveground effects may conceal changes

underground: Plant-growth promoting rhizobacteria and salt

stress altered the rhizosphere microbiome of roses

Santiago Quiroga, Stefan Ratering, David Rosado-Porto, David Kostner, and Sylvia Schnell

Table S1 Effect size and p-values for the Welch’s t-test with Benjamini-Hochberg correction
(we.eBH) obtained from ALDEX2 analysis at different grouping levels after filtering out ASVs
less than 0.25%. Only effect size values > 1 or < -1 and significant p-values < 0.05 were

considered.

Taxa

Effect

we.eBH

Anaerolineae SBR1031
Bryobacteraceae
Dokdonella
Dongia
Fimbriimonadaceae
Hydrogenispora
"Lacunisphaera”
Limnobacter
Luteimonas
Opitutus
Pseudolabrys
Pseudoxanthomonas
Reyranella
Treponema

Anaerolineae SBR1031
Bradyrhizobium
Bryobacteraceae

Burkholderiales TRA3-20
Candidatus Kaiserbacteria
Candidatus Saccharimonadales
Candidatus Sumerlaea
Dokdonella
Dongia
Limnobacter
Nitrosomonadaceae Ellin6067
Nitrosomonadaceae MND1
Nocardioides
Pseudolabrys
Pseudoxanthomonas
Reyranella

Salt before vs salt after

1.1 1.17 x 107
-1.0 1.03 x 10°®
2.0 1.12 x 104
1.4 4.72 x 10710
-1.2 1.19 x 10°®
1.1 1.36 x 107
-1.4 3.03x 101°
1.1 1.02 x 107
1.2 1.71x 108
-1.0 6.38 x 10”7
1.2 8.85 x 108
1.5 1.12 x 10710
1.2 1.08 x 10°®
-1.7 6.91 x 10°°
Ctrls before vs DMS PP
1.2 4.30 x 107
-1.9 2.60 x 103
2.7 2.96 x 107
1.8 2.92 x 10°®
2.4 1.25 x 10
4.1 9.54 x 107
-1.7 2.63 x 107
1.7 3.42 x 107
-2.5 2.34x10°
1.3 1.27 x 102
2.8 8.41 x 10
-2.3 2.05 x 107
1.4 1.43x 10°®
1.7 2.78 x 107
1.7 2.40 x 107
2.2 1.85 x 10
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Spirochaeta
Thermomonas
Thiobacillus
Treponema
Uncultured Alphaproteobacteria
Uncultured Reyranellaceae
Uncultured Rhodothermaceae
Uncultured Sandaracinaceae
Uncultured Vicinamibacterales
"Vermiphilaceae”
Vicinamibacteraceae

Anaerolineae SBR1031 A4b
Arenimonas
Bradyrhizobium
Bryobacteraceae
Candidatus Parcubacteria
Candidatus Saccharimonadales
Dehalococcoidia S085
Desulfuromonadia PB19
Dongia
Fimbriimonadaceae
Gemmatimonadota S0134
"Lacunisphaera”
Limnobacter
Luteitalea
Methylomicrobium
Nitrosomonadaceae Ellin6067
Nitrosomonadaceae MND1
Opitutus
Pseudoxanthomonas
Reyranella
Spirochaeta
Thermomonas
Thiobacillus
Treponema
Uncultured Alphaproteobacteria
Uncultured "Desulfobacterota”
Uncultured Reyranellaceae
Uncultured Rhodothermaceae
Uncultured Sandaracinaceae
Uncultured Vicinamibacterales
"Vermiphilaceae”
Vicinamibacteraceae

Methylomicrobium
Pseudolabrys

Candidatus Parcubacteria

-1.5 433 x 107
2.0 4.82 x 107
2.2 1.22 x 10’3
-2.8 3.34x10*
-1.8 2.61 x 102
-1.9 7.89 x 103
4.1 4.25 x 107
2.2 8.94 x 10™*
2.3 1.77 x 10°®
1.8 1.42 x 102
2.7 8.36 x 10

Ctrls before vs DMS BA
-1.2 2.16 x 102
2.2 8.10 x 10*
-3.6 1.97 x 10
-3.2 9.15x 107
-1.3 1.61 x 102
2.1 2.98 x 102
-1.1 4.02 x 107
-1.6 1.68 x 102
-3.6 1.15x 10°®
-1.8 1.88 x 102
1.7 2.49 x 10°°
-2.6 9.19 x 10
2.0 5.15x 10*
-1.9 2.41x 10
1.8 3.55x 10
2.3 4.36 x 107
-1.6 4.44 x 107
-1.9 5.60 x 10°°
1.7 1.76 x 102
1.7 8.13x 10™
-1.6 1.77 x 102
2.0 9.57 x 10
2.6 8.60 x 10°
-35 4.08 x 10
2.3 6.97 x 10
-5.5 9.52 x 10
2.4 1.94 x 10’3
2.4 551 x 103
2.0 3.02 x 107
4.3 3.74x 10
1.4 2.68 x 102
-6.0 3.17 x 10

Ctrls before vs BIOA BS
2.1 2.31 x 102
-2.0 2.24 x 102

Ctrls before vs DMS BS

-1.5

4.28 x 10
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Nitrosomonadaceae MND1
”WSzH

Bradyrhizobium
Bryobacteraceae
Dongia
Nitrosomonadaceae Ellin6067
Nitrosomonadaceae MND1
Spirochaeta
Uncultured "Desulfobacterota”
Uncultured Rhodothermaceae

-2.0 1.51 x 102
-1.4 4.43 x 107
Ctrls before vs bacteria before
-1.4 1.03 x 10
-1.2 6.66 x 10™
-1.1 8.13 x 10*
1.2 1.21 x 103
-1.1 5.32 x 10
-1.0 2.68 x 107
-1.2 1.05 x 102
1.6 2.92 x 10°
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DMS PP Filt

DMS PP

B3

DMS BA Filt

Fig. S1 Front view of rose replicates at the 12! week of treatment. Control treatments without
PGPR are shown on the top. PGPR strains grown in BioA or DMS media are shown on the left,
whereas their corresponding filtered treatments are shown on the right.
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Fig. S2 Dry weight of leaves and stems after salt stress. Non-significant differences were found
between treatments (n= 4-5 £ SD, ANOVA, a = 0.05).
112



Chapter V

113

) and SPRING

10N

lar sect

iangu

SpiecEasi

Easi (lower tr

IeC

Sp

ONIRIdS
ONIYdS 9€1-SD-MD EjOXaY0IOND) [ ]
WSSLLNGN. _ _ = _ __ 8eaoRIGOLINLIBUOT
eoojdolo|yg snyepipued 0IML joxaljolofy
eiodsunynseq BUBIOEqUIEZY SJEPIPUED
aFaedOMs . 82-Yrs ejopioisjoeg
.S8[RI8)S[3 paInynoun,,
safpso10Rq0SAT PaInynoUn WJ9ZTONVd 9ELRJIBGOPIY.,
esdsiujes || 9BS0BRIOYOOULLIT \-
¥-ONEA Se/eselRqosqld 1BjoRqIIDY .l
BJOPELOWIREULY PRINYNIUN . oeauosoe
BUSDBQUEZY SNIBPIPURD _l Si-vrs e Uy
GL-Vrs eeaujjosaELy ||H- B JOPRUOLIRBULY PAINYNOUN
As{ || ebunoynsag
WInNGoIONUOIAYION winjgossjoydAH
P¥-S| 9830BPEUOLLOSON d Goyd
safeqobLuay painynaun . £ dnouBans eeeydojor
aeaoe|n|fald painynoun . B oeaoesuapauabolphH,
i - S wininoeqosseely,
ZSM. ]
. = 9€IH-SOHd Sajeusjoeqineub]
oBaOB|[aUBSUS)SLYD PRINYNIUN [-%
. w wniqoJONUOAYIeN .
9B20BSUSPOUSBOIPAH,, _ WnLBJoRGOIGUIAS
eyajoegineT] sniepipued || EIIB}OBQISSIEY SNJEPIPUED
eljaueifoy SeuowowIaY], |
BoBUAWNG SNIBPIPUBD =
L909Ul||3 8B39EPEUOLLOSOIIN 02-€Y L soreLapioying -
weluezey), q seuowreng
Jepeqoneg | | BUAOBAAAGT SHIEPIDUED
Baul0IoBUY -
wniqoziiApesg || || snjpoeqons | | .
01 dnoiBgng aeaoenoeqoIeRUROULIBY ] . erisoneg
18J0RQOAYION viodon *
§80S BIPI000000/RYSa | W BIBBYASIUNOET,
6-7S-€1-08Y aeauljosseuy . . m\ﬁ "
618d BUeIEqosjOIIBIOT RRaotasi
1€01 4GS araulolRRUY ejisuopxoaq
[lerydsiunoe, smnydo L
TTOoOWLOE® ~ oo B TE2DI DT ® QY
< mmmwm 258 mm £ & I5E% m.wmmn, & esodsiuaboipht |
oy 5 & g == == - =
2 $E3oeScBRSgERE z E35tgdesEegs 5 PEehniocEf AR eREEREG L ERERLREERE2 RS
g g28a £z a8 £33t BRB5dRs2% - SRR ERE R R R R R RRD RER LS P
R 9 = = S& T 2 ° 3 O ) 2 28 ESS5889 2 238F 485 % 9 3 g Q
S sg £5<E8 3 IS 2 g SEFE SN gL EFRE S RO REEE IR st E s
o J5%e S s J = 3 Q£ = lsm,v.mmH 3 S o = T & X =
g s s ¢ g5%3 S 8% 2 s 2 2« T = § § a53gl8s85 8 .mmm.mla g
g <583 9 =2 & 3¢ S & 2 e 9 3 = 5 = 2 g s T 8 &8 3
= | 88 S =3 83+ £ 5 s g 8 § 3% g §88°°%
< 5 | § T ¥ § £% §%8 8
£ (& a 8 g & ] S
5
=
© o2

-genus co-occurrences using

Fig. S3 Genus
(upper triangular section), (a) Co-occurrences before salt stress and, (b) Co-occurrences after

salt stress considering genera with at least one strong co-occurrence > |0.4.|



Chapter VI

General Discussion

114



Chapter VI

With increased awareness about reducing chemical fertilizers and pesticides, the use of
bioinoculants has gained relevance over the past few decades. Current efforts are not only
shedding light on the monitoring of these inoculants in natural environments but also unveiling
the impacts of their incorporation into the soil (Fu et al., 2017; Urrea-Valencia et al., 2021; Xu
et al., 2018; Zhang et al., 2020). Addressing these gaps is critical both for developing more
efficient inoculants and for understanding their interactions with native soil microbial
communities and their long-lasting environmental repercussions. However, several factors
influence the success of a bioinoculant, including the selection of potential microbial
candidates, the initial microbial concentration, biotic and abiotic stresses, the ability to compete
and survive in an external environment, and the plant/location specificity required for the desire
inoculant (Bjorklof et al., 2003; Valente et al., 2020; Van Elsas et al., 2012). Cardinale et al.
(2015) questioned the effectiveness of current pure culture screening methods for identifying
the best PGPR candidates. Interestingly, isolates with several plant growth promoting traits,
such as Pseudomonas brassicacearum and Microbacterium natoriense, did not enhance plant
growth in a pot experiment, with the exception of H. diazotrophicus, which was selected
between the three most potential candidates. Instead, an isolate with fewer PGPR activities, like
Curtobacterium flaccumfaciens, significantly increased barley growth under salt stress. The
authors suggested re-evaluating these methods in order to avoid missing potential PGPR
candidates.

Although greenhouse experiments under controlled conditions are fundamental for scaling up
to agronomic applications, several established protocols need to be re-formulated and adapted
for this scale (For review: O’Callaghan et al., 2022; Santos et al., 2019). Suarez et al. (2015)
used disinfected barley seeds (less than 1000 seeds, ~ 0.050 kg) and incubated them for one
hour in a suspension of H. diazotrophicus. Nevertheless, inoculating several kilograms of seeds
using this methodology would be time consuming and resource intensive. Therefore, the seed
coating technique suggested by Kloepper (1981) was modified by reducing the gum Arabic
concentration from 50% to 25%, and adjusting the amount of talc from five to 2.2 times the
volume of the gum-inoculum. Additionally, pH-value was adjusted to neutral to minimize stress
on H. diazotrophicus, considering that autoclaved gum Arabic at 25% has a pH-value of 4.5,
while the pH-value of the H. diazotrophicus culture medium was 7.73. Some publications
include pH-value adjustment as part of their formulations (Ramamoorthy et al., 2002; Zhang et
al., 2022). In contrast, in case of plants such as roses (Chapter V), which aim uniform high-
quality plants, seed coating cannot be considered as they are usually propagated by cuttings,

stenting, or grafting (Van De Pol and Breukelaar, 1982). Instead, soil drenching method was
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chosen. Significant effects between inoculation methods such as seed coating, seed soaking,
and soil drenching have been reported (Mangmang et al., 2015; Moussa et al., 2013) and could
probably influence plant growth promoting abilities of the three different bacterial strains used

for roses (Chapter V).

Although gPCR confirmed successful root colonization of H. diazotrophicus under both
greenhouse and field conditions (Quiroga et al., 2024), further research is needed to scale the
seed coating technique for industrial use. To guarantee proper root colonization, multiple
applications as in the case of roses (during 14 weeks at concentrations between 108 and 108
CFU ml?, Chapter V) or a high initial inoculum concentration is typically suggested (108- 10°
CFU ml?, E19T = 1.78 x 108 CFU g powder), which eventually will increase production and
application costs (Gholami et al., 2009; Martinez-Viveros et al., 2010; Moussa et al., 2013).

However, ensuring a sufficient threshold bacterial concentration might be sufficient to obtain
similar results (Bankhead et al., 2004; Renoud et al., 2022; Stoll et al., 2021). Bankhead et al.
(2004) demonstrated that a concentration of 10* CFU g soil of different Pseudomonas
fluorescens strains was sufficient to colonize wheat roots, indicating the high rhizosphere
competence of the strains. Renoud et al. (2022) showed that low concentrations of Azospirillum
lipoferum (10*° cells seed) were still able to promote maize growth at different levels
compared to the standard inoculation (10°° cells seed™). Interestingly, Stoll et al. (2021)
reported positive results using an adjusted concentration of Bacillus velezensis (reduced from
~10° CFU ml? to ~10” CFU ml™), highlighting the effectiveness of inoculation during early
crop stages. Initially, it was hypothesized that H. diazotrophicus might not require a high
concentration to ensure root colonization and persistence. Al Ibrahim (2023) demonstrated that
H. diazotrophicus was able to survive at a high concentration (over 108 CFU ml™) for 61 days
at 5°C when it was mixed with xanthan gum at concentrations ranging from 0.125% to 0.5%
under sterile conditions. In contrast, once in contact with undisinfected barley seeds, the
bacterial population drastically declined from 1.87 x 10 to 3.33 x 10> CFU ml* within 16 days,
despite using 0.5% xanthan gum and storing at 4°C (Zill, 2024). To extend the shelf-life of the
coated seeds, the inclusion of adjuvants in the formulation, such as trehalose or molasses could
be beneficial (Marina et al., 2018; Mhada et al., 2021). Indeed, the unsuccessful detection of
strain E19" at Kleinhohenheim during the first season and only in a few samples in the second
season drove us to speculate that a possible explanation may be the reduction in viable cells
during transportation. Despite ensuring improved transportation of coated spring barley seed in
season Ill, the percentage of detection at KH remained low (12.5%), compared to GH at the
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flowering stage. However, at 30 DAS, root samples at Kleinhohenheim showed a high
concentration and detection percentage (Xcopies = 3.51 X 10° copies g™ DW, Xiog10 copies = 5.55,
75% DR). Our results align with those mentioned above, suggesting that bacterial concentration
may not be a determining factor for root colonization and persistence. Instead, the competition
and adaptation of H. diazotrophicus with the indigenous microbial communities in both the soil
and on the seeds appear to be critical for its survival. Interestingly, the non-detection of H.
diazotrophicus at KH did not affect the positive significant effects observed on grain protein
concentration, straw yield (Quiroga et al., 2025), and protein fractions such as hordeins and
albumin/globulin-protein Z (Supplement 1). The advantages provided by qPCR for monitoring
strain E197, could not be applied for tracking the three bacterial strains in roses. This would be
particularly interesting as compared with E197, all the strains altered the rhizosphere
microbiome of roses but could not be identified after metabarcoding characterization. As result,
the same 16S rRNA gene sequencing limitations discussed by Quiroga et al. (2025) were found

for roses (Chapter V).

Frey-Klett et al. (1997) found that a high initial bacterial concentration and extended survival
period of Pseudomonas fluorescens were not necessary to observe a helper effect during the
mycorrhizal establishment between the fungus Laccaria bicolor and the tree Pseudotsuga
menziesii. They found out that after nine weeks, the bacterial population in the rhizosphere had
decreased below the detection threshold. In addition, the mycorrhizal index was enhanced five
weeks after inoculation, when the bacterial population was only 30 CFU g* DM, suggesting
that beneficial effects could take place in early stages of fungal growth. Consistent with the last
statement, a recent study showed that early developmental stages of wheat, such as seedling
and tillering, can determine wheat grain quality. Moreover, several parameters, including the
abundance of key N-cycle genes (amoA, nosZ, nirK), alpha diversity indices, beta diversity
dissimilarity values, and the consumption of substrates for carbon utilization (putrescine, L-
Arginine, alpha-cyclodextrin) were chosen as the best predictors of grain quality (Asad et al.,
2023). Forecasting these parameters at early stages could be a valuable tool for developing
prevention and improvement strategies. Furthermore, these results challenge the former belief
that the grain filling stage is the crucial period for determining grain quality (for review:
Barneix, 2007; Zo6rb et al., 2018).

Previous studies have demonstrated that H. diazotrophicus enhances plant growth under salt
stress conditions in barley (Cardinale et al., 2015; Suarez et al., 2015). More recently, high

concentrations of the bacterium were detected in winter wheat under the same stress conditions
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in a greenhouse experiment (Quiroga et al., 2024). Although H. diazotrophicus was detected at
advanced developmental stages under field conditions, it was not present in 100% of the
samples. However, it is likely that the bacterium could exhibit higher concentrations, detection
percentages, and improved plant yield performance under salinity conditions, given its original
natural environment (Hungria and Vargas, 2000; Suarez et al., 2014, 2015). A reduction in
bacterial population and a shift in soil microbial communities due to the high initial inoculum
is usually expected (Coniglio et al., 2022; EI Zemrany et al., 2006; Liu et al., 2018). Besides
competition with indigenous microbial communities or the “kill the winner” hypothesis,
bacterial predation by protozoa could also be involved in the decline of H. diazotrophicus
populations (Frey-Klett et al., 1997; Heynen et al., 1988; Thingstad, 2000). Heynen et al. (1988)
reported that the addition of bentonite can modify soil structure, creating micro-niches that are

inaccessible to predators like protozoa, thereby conferring bacterial protection against them.

Native soil microbial communities can exhibit resistance to allochthonous microorganisms,
creating an initial barrier alongside the abiotic stress conditions of the new environment
(Bjorklof et al., 2003). High species richness has been shown to be inversely correlated with
successful microbial invasion, principally due to high resource competition (Van Elsas et al.,
2012; Vivant et al., 2013). Consistent with this statement, the higher alpha diversity indices
observed at Kleinhohenheim during seasons Il and I11, compared to Gladbacherhof, as well as
the differences in microbial community structure between the two organic farms, could be
related to the unsuccessful detection of H. diazotrophicus at advanced developmental stages.
This may be due to stronger competition for resources at one location (Quiroga et al., 2025). In
addition to high species richness, specific network configurations have also shown to influence
microorganism invasion (Poisot et al., 2013; Thébault and Fontaine, 2010). Wei et al. (2015)
found that communities in tomato rhizosphere with high connectance, low nestedness, and high
niche overlap were more effective in preventing Ralstonia solanacearum invasion. The authors
stated that a high interaction density within bacterial communities (high connectance) creates a
stabilized configuration where generalist and specialist species coexist without intense
competition for the same resources (low nestedness). Additionally, similar resource
competition among native communities and the invader (niche overlapping) enhanced
protection against pathogen invasion. In other words, high resistance to invasion appears to be
influenced more by the native community's capabilities to consume different nutrient sources
and its network configuration, rather than by species richness per se. This results in less
competition among indigenous species but greater competence in resisting invaders

(Eisenhauer et al., 2013; for review: Saleem et al., 2019).
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H. diazotrophicus did not significantly alter the bacterial community structure over three
consecutive seasons at any location and plant species evaluated (Quiroga et al., 2025).
Moreover, these results were also corroborated in the active rhizosphere bacterial microbiome,
using eRNA, of wheat and barley rhizosphere soil during seasons | and Il (Chapter V).
Remarkably, H. diazotrophicus was detected in one sample of the active rhizosphere
microbiome. To be specific, in sample 49 belonging to spring barley inoculated with E197
during season I. This complements the detection in sample 422 corresponding to winter wheat
with fertilizer inoculated with E197, during season 111 reported by Quiroga et al. (2025). This
result is particularly relevant as detection of E19" by gPCR or 16S rRNA sequencing with its
limitations (Poretsky et al., 2014) was performed using eDNA. This raised questions about the
status of the detected H. diazotrophicus, as eDNA cannot differentiate between living and
deceased organisms (Pochon et al., 2017; Yates et al., 2021). Therefore, the detection of E197
using eRNA suggests that this bacterium remains active on the roots at least until flowering

stage, when it was detected (Chapter 1V).

While an ideal bioinoculant, especially for organic farming, should improve plant performance
without significantly impacting the microbial community structure, it is important to mention
that alterations in microbial populations are not always detrimental (Eltlbany et al., 2019;
Magalhées et al., 2024; Zhou et al., 2023). While much more research is needed to understand
the relationship between bioinoculants and their surrounding environment, including potential
risks (Keswani et al., 2019; Vilchez et al., 2016), any changes should be interpreted within the
specific context and dynamics of the environment (Abdullaeva et al., 2024; Rosado-Porto et al.,
2022; Zhou et al., 2023). For instance, alterations in the rhizosphere microbiome caused by
elevated atmospheric CO2 can impact the nitrogen cycle by increasing nitrogen-fixing and
denitrifying taxa, which may eventually lead to higher N2O emissions (Rosado-Porto et al.,
2022). Moreover, shifts in microbial populations have also been identified in the rhizosphere
microbiome of wheat as a consequence of domestication, associating them with a reduced
natural capability to mitigate fungal pathogens (Abdullaeva et al., 2024). In contrast, Magalhdes
et al. (2024) discovered positive interactions among the rhizosphere and plant pollinators. After
inoculating different tomato accessions with B. amyloliquefaciens, the authors observed
improvements not only in floral volatile organic compound emission but also in pollen levels,
which impacted the foraging behavior of Melipona quadrifasciata. In addition, the introduction
of bioinoculants could contribute to stabilizing microbial populations, as well as restoring or
enhancing microbial community structure in order to suppress pathogen infections (Bharti et

al., 2015; Song et al., 2022; Zhou et al., 2023).
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Bharti et al. (2015) indicated that the mitigation by PGPR of a substantial shift due to stress
such as salinity can improve the resilience of microbial communities. These authors found that
after inoculating three PGPR strains with and without salt stress, the microbial communities did
not differ to the same extent as the control especially after salt stress conditions. Interestingly,
we found the same trend with bacterial communities of rosa sp. after the application of Bacillus
subtilis (DMS BS), B. amyloliquefaciens (DMS BA), and Paenibacillus polymyxa (DMS BP)
under salt stress. Although a shift in the rhizosphere bacterial microbiome before salt stress was
observed, the bacterial communities did not significantly vary compared to the control after salt
stress (DMS BS) or with their respective treatment under salinity conditions (DMS BA and
DMS BP). More interestingly, differential abundance analysis showed that each strain altered
the bacterial communities to different degrees (Chapter V).

In the last decade, longitudinal studies have shown that microbial communities are not static;
rather, their structure and functionality can undergo significant shifts throughout the plant life
cycle, even without the introduction of an exogenous microorganism (Horton et al., 2014;
Wagner et al., 2016). Research on Arabidopsis thaliana and maize has indicated that microbial
communities experience compositional changes that are clearly distinguished at early
developmental stages (e.g. seedling) (Chaparro et al., 2014, 2013; Li et al., 2014). In A.
thaliana, alpha diversity indices did not show significant changes across all the stages
evaluated, whereas beta diversity, as measured by the Bray-Curtis index, showed significant
differences at the seedling stage compared to vegetative, bolting, and flowering stages
(Chaparro et al., 2014). In contrast, the findings of the present study identified significant
changes in both alpha and beta diversity indices between the flowering and ripe stages in winter
wheat across all seasons (Quiroga et al., 2025). However, this trend was not observed in spring
barley, suggesting that the dynamics of bacterial communities may be plant-dependent.
Zhalnina et al. (2018) demonstrated that root exudates influenced microbial communities in a
species-specific manner. The authors found that the highest concentrations of homoserine and
sucrose in Avena barbata occurred at the seedling stage. During the vegetative stage, carboxylic
acids with aromatic rings and amino acids increased, while plant hormones and quaternary
ammonium salts were more abundant during senescence. These changes in root exudate
abundance led to shifts in bacterial phyla, with Pseudomonadota increasing and

Actinomycetota, decreasing their relative abundances as A. barbata grew.
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Changes in microbial composition can also vary across different plant compartments (Agoussar
etal., 2021; Edwards et al., 2015; Quizaet al., 2023). Edwards et al. (2015) found that microbial
communities in rice differed in the rhizosphere, rhizoplane, and endosphere. However, under
field conditions, plant compartment was relegated to the second most significant driving force
of microbial composition, with location exerting a greater influence on shaping the microbial
community structure. Indeed, cultivation practices (organic vs. conventional) explained a
considerable part of the variation in microbiome assembly. Similar results were found in the
bacterial communities of the wheat rhizosphere at two locations, where, in addition to
differences in soil types, crop rotation also varied among locations (Donn et al., 2015). Our
results are consistent with these studies, despite sharing the same soil type, differences in crop
rotation practices showed clear distinctions between Gladbacherhof and Kleinhohenheim in
terms of differential abundance, longitudinal analysis, and alpha and beta diversity indices over

three consecutive seasons.

Although a row spacing of 15 cm did not show significant effects on grain and straw yield, a
general trend toward improvement in both yield parameters was observed, especially in spring
barley (Quiroga et al., 2024). Similar results suggest that narrow row spacing of 15 cm leads to
better yield parameters (Safdar et al., 2022). McCollough and Melander (2022) assessed the
influence of row spacing (15 cm and 20 cm) and crop density (plants m) in spring barley,
determining better yield performance with 15 cm, and better weed control, though without yield
enhancement, as crop density increased. Soil moisture, light interception for plant maintenance,
evapotranspiration, and nutritional seed composition could also be influenced by row spacing
(Flaj$man et al., 2019; Timlin et al., 2001).

Sustainable agriculture aims to maintain plant productivity while reducing input energy loss
and minimizing detrimental effects on biodiversity and soil quality (Kennedy and Smith, 1995).
To evaluate the influence of strain E197 on soil quality, several soil parameters including
microbial biomass, ammonium, nitrate, sulfate, and C:N ratio were determined before sowing
and after harvesting for both crops during seasons | and 11 at Gladbacherhof (Jungbecker, 2023).
Although some parameters significantly increased after harvesting in the inoculated treatments
with H. diazotrophicus alone or with the addition of fertilizer, no significant trend could be
determined for any parameters, with the exception of sulfate, in any crop over the seasons.
Jungbecker (2023) determined an increase in the soil ammonium and nitrate between strain
E19" and Ctrl (SB, season I1). This could be related to the PGPR ability to fix nitrogen originally
reported in H. diazotrophicus (Suarez et al., 2014) and later corroborated with the identification
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of nif genes in its genome (Suarez et al., 2019). Similarly, this capability could be attributed to
the significant increase observed in the total protein concentration of barley grains, along with
its protein fractions such as albumin/globulin-protein Z and hordeins (Supplement 1).
Nonetheless, nitrogen fixation could be either indirectly related as discussed by Quiroga et al.
(2024), or more likely, it could not represent a substantial contribution to plant growth as
recently reported (Giller et al., 2024). At this point, a pivotal question arises about how H.
diazotrophicus could improve some soil, yield, and grain quality parameters, as nitrogen
fixation cannot significantly contribute to this aim. More intriguingly, without altering the
rhizosphere bacterial microbiome, or even could not be detected at the threshold level in one of
the organic fields (Kleinhohenheim). Several authors suggest that PGPR can enhance plant
growth through mechanisms such as increasing root density, root biomass, and root
architecture, improving mineral uptake, or reducing stress through ACC deaminase (Hansen et
al., 2020; Schultz et al., 2017; Stearns et al., 2012), rather than through nitrogen fixation or
phosphorus solubilization (Giller et al., 2024; Raymond et al., 2021). Likely, the main
mechanism employed by strain E19" is ACC deaminase, as well as increasing root biomass, as
reported by Suarez et al. (2015). On the other hand, we align with novel studies suggesting that
bioinoculants can provoke changes in other plant compartments during early plant
developmental stages or improve the co-occurrence interactions between microbial
communities (Chen et al., 2022; Kong et al., 2019; Kong and Liu, 2022). In this regard, we
have found evidence of higher co-occurrences in the root microbiome of winter wheat plants

inoculated with H. diazotrophicus E19" but not yet published (Supplement 2).

In summary, the results of this study demonstrated that H. diazotrophicus strain E19T was
detected on the roots of wheat and barley until advanced developmental stages, in at least one
organic farm, and remained likely active up to the flowering stage. Moreover, significant
correlations were found between the bacterium abundance and the improvement of plant yield
parameters such as straw yield and grain protein concentration, including the protein fractions
hordeins and albumin/globulin-protein Z. Nevertheless, evaluating this bacterium under field
conditions determined that its survival does not occur in 100% of the plants, providing deeper
insights into its dynamics. These findings were complemented by alpha and beta diversity
indices, which indicated a non-significant shift in rhizosphere bacterial communities due to
seed inoculation but significant changes between the two locations across three consecutive
seasons. These differences may be related to the non-detection of H. diazotrophicus strain E197
in one of the farms, where microbial competition for niches and resources might be higher,

thereby impacting the bacterium’s survival. Additionally, we observed that location played a
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significant role in assembling bacterial communities within the same plant species. While
longitudinal analyses revealed fluctuations in these communities, indicating that their complex
dynamics can be influenced by several factors such as location, plant species, and season.

Finally, similar trends were found when eRNA and eDNA were compared.
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Abstract

Background: The organic cultivation of spring barley is becoming increasingly popular, but
the prohibition of using herbicides as well as the reduction of mineral fertilizers bear difficulties
to achieve optimal yield and quality. While the use of Plant Growth Promoting Rhizobacteria
(PGPR) has been suggested to enhance soil fertility and crop productivity, its impact on the

starch and protein quality of malting barley remains unclear.

Aims: This study seeks to assess whether the application of PGPR (strain E197) and wide row
spacing influence grain storage protein subunits and starch concentrations in spring barley, and

whether the effect of E197 varies across different locations.

Methods: The study was conducted over two consecutive years at three locations in Germany.
Protein subunits were analyzed using SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel

electrophoresis), while amylose and total starch content were determined fotometrically.

Results: Bacterial inoculation with strain E197 significantly increased total protein and amylose
concentrations, as well as specific protein fractions such as hordeins and albumin/globulin-
protein Z, particularly under organic farming conditions. The effects of E197 varied by location,
reflecting the influence of environmental factors on its efficacy. Wider row spacing slightly
increased hordein and glutelin levels, likely due to improved light absorption of the plant

canopy and improved nutrient availability.

Conclusions: Microbial inoculation with strain E19T and wider row spacing can contribute to
improve the quality traits of spring barley by enhancing nutrient availability and protein
synthesis. However, the effectiveness of these practices varies by location, highlighting the
need for a site-specific approach to optimize barley production. Integrating microbial inoculants
with strategic agronomic practices supports sustainable agriculture while improving crop

performance.

Key words: Spring barley, Seed inoculation, Protein concentration and composition, Starch,

Malting quality
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Abstract

The utilization of plant growth-promoting rhizobacteria (PGPR) for seed, soil, and plant
inoculation is gaining momentum due to the environmental pressures resulting from the
extensive use of chemical treatments in plant production. In this study, we investigated the
impact of Hartmannibacter diazotrophicus E19" seed inoculation on the winter wheat
microbiome composed of bacteria, fungi, and Cercozoan protists. Our findings reveal that the
inoculation of H. diazotrophicus E197 has no significant effect on the microbiome of bacteria,
fungi, and Cercozoan protists in the bulk soil, rhizosphere soil and roots of winter wheat.
Instead, the composition of the winter wheat microbiome appears to be more influenced by the
analysed plant material and sampling time. Minor effects, manifested through positive and
negative correlations with various amplicon sequence variants, were observed. These findings
confirm that the microbiome composition of winter wheat undergoes only minimal changes

upon inoculation with H. diazotrophicus E197.
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